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A B S T R A C T

The phase behavior of an ionic liquid (IL) was investigated at low temperature (LT) and high pressure (HP). The
utilized IL was 1-decyl-3-methylimidazolium bromide ([C10mim][Br]), whose cation possesses a long alkyl side-
chain. The LT- and HP-crystal polymorphs of [C10mim][Br] were observed conducting small- and wide-angle X-
ray scattering (SWAXS) experiments. Upon cooling, a liquid crystal was formed, which subsequently transformed
into crystalline species with the modulated layered structure possessing the double Bragg reflection. In addition
to the layered structure, the hybrid layered structure coexisted upon heating. At HP, 00ℓ Bragg reflections repre-
senting the layered structure were not observed in SWAXS patterns. The HP-crystal phase of [C10mim][Br] was
characterized by double Bragg reflection in the low scattering wavevector region. The non-layered HP-crystal
caused the large bulk modulus.

1. Introduction

Ionic liquids (ILs) consisting of a cation and an anion have been uti-
lized in various fields [1-10]. The representative cations of ILs are mem-
bers of the 1-alkyl-3-methylimidazolium ([Cnmim]+) ion family, where
n indicates the alkyl side-chain length. The unique properties of ILs de-
scend from their nano-heterogeneity [11-14]. The nano-heterogeneities
of [Cnmim][Cl] (n = 3, 4, 6, 8, and 10) have previously been identified
experimentally by conducting small-angle and wide-angle X-ray scat-
tering (SWAXS) measurements [15]. Prepeak on the SWAXS patterns
shifted to a lower Q value as the alkyl side-chain length increased. A
[Cnmim]+ cation with a long alkyl side-chain caused the liquid crystal
(LC) phase at low temperature (LT) and ambient pressure [16-18]. A
sharp Bragg reflection of the LC phase at QLC appeared at the prepeak
position in the liquid state.

The molecular conformations of the [Cnmim]+ cations have been in-
vestigated by performing Raman spectroscopy experiments in combina-
tion with density functional theory (DFT) calculations [19]. Based on
the DFT-identified Raman bands, we can predict the local structures of
the ILs with stable conformations. Conformational degrees of freedom
indicate molecular flexibility, and ion pairing relating with molecular
packing efficiency. The conformers, flexibility, and molecular packing
influence a phase variety. According to the results of DFT calculations,

the number and characteristics of the stable conformers of asymmetric
[Cnmim]+ cations varied depending on the alkyl side-chain length
[20]. For instance, three stable conformers of [C8mim]+ were calcu-
lated to exist by DFT [21]. Experimentally, the Raman bands of
[Cnmim][PFBS] (n = 4, 6, and 8) were obtained at LT [22] ([PFBS]−:
perfluorobutanesulfonate ion). The characteristics of the complex LT-
crystal polymorphs were investigated conducting simultaneous SWAXS
and differential scanning calorimetry (DSC) measurements. Relating to
the LT-crystal polymorphs of [Cnmim][PFBS] [23], the cationic and an-
ionic conformers changed subsequently [22]. In the case of [C8mim]
[PFBS], the trans-based conformers were preferred to the cis-based con-
formers due to their superior molecular packing efficiency at LT. At
high pressure (HP) and ambient temperature, HP-crystal polymorph,
which is different from LT-crystal polymorph, occurred in [C4mim]
[PFBS] [24]. The results of HP-Raman spectroscopy indicated that, as
the pressure increased, the proportion of the gauche conformer of
[C4mim]+ increased in the unit cells. In addition to the HP-crystal poly-
morphs, HP-multiple pathways of the phase transitions in [C6mim]
[PFBS] appeared as an intrinsic property [25]. The 001 Bragg reflection
at Q001 of [C6mim][PFBS] was observed to be located in the lower Q re-
gion of QLC. The 00ℓ Bragg reflections at Q00ℓ in the SWAXS pattern of
HP-[C6mim][PFBS] indicated that the sample was characterized by a
hybrid layered structure, which is different from the stacking sequence
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of LC-based layered structure. Moreover, a hybrid layered structure was
also induced in HP-[C10mim][Cl] [26]. By contrast, at LT and ambient
presure, the LC-based layered structure was found to be preferred by
LT-[C10mim][Cl], as made evident by the results of simultaneous
SWAXS and DSC measurements. More interestingly, a hybrid layered
structure was formed even at LT [27,28]. In contrast, HP-
[C10mim][NO3] possessed the layered structures and the small bulk
modulus [28].

In the present study, the LT- and HP-phase behaviors of [C10mim]
[Br] were determined based on the results of SWAXS experiments.
Upon cooling, the modulated layered structure having the double Bragg
reflection, was observed. The hybrid layered structure was induced
upon heating. By a rapid scan, a relationship between the double Bragg
reflection-driven layered structure and the hybrid layered structure was
clarified. In the HP-phase transitions at ambient temperature, non-
layered structures possessing the double Bragg reflection were deter-
mined to appear, following both the compression and decompression
processes. Under HP, the large bulk modulus of [C10mim][Br] was de-
rived from the non-layered structure.

2. Materials and methods

The IL, [C10mim][Br] (IoLiTec GmbH, Germany), was used in this
study. Due to high viscosity of [C10mim][Br], water impurity was not
examined using Karl Fischer titration. Thus, the purity was estimated
using the van’t Hoff equation [29]. The heat fusion (J/mol) was ob-
tained using simultaneous LT-(SWAXS + DSC) measurements. The as-
received samples were vacuum dried at 80 °C using a diaphragm vac-
uum pump (DTU-20, Ulvac Co.). By changing the vacuum drying time,
the purity of the samples were obtained (Fig. S1). We collected data us-
ing the vacuum dried sample (24 h and 80 °C). Since the IL is hy-
drophilic, the sample was prepared in a dry box filled with dry helium
gas so as to perform the LT experiments at ambient pressure. For the HP
experiments, the sample was placed into a diamond anvil cell (DAC) in-
side a glove bag under a flow of dry helium gas.

Powder X-ray diffraction using a high-speed spinner was performed
to remove the typical preferred orientation of the Debye rings on the
BL-8B beamline of the Photon Factory at the High-Energy Accelerator
Research Organization (KEK) in Japan. Two-dimensional (2D) diffrac-
tion patterns were obtained using PILATUS 3 S 1 M (DECTRIS Ltd.)
[30], where the pixel size is 172 μm × 172 μm, and the detector area is
83.8 mm × 33.5 mm. Subsequently, the 2D data were converted to 1D
intensity data to minimize the preferred orientation on the Debye rings.
By a combination of the 2D detector and synchrotron radiation, the
rapid scan was feasible, and hidden information was extracted. The liq-
uid sample was put into the quartz capillary, whose diameter was
0.5 mm. The cooling system used was GN2-SN (Rigaku Co.). Since the
K-edge of Br is 0.09199 nm, an incident wavelength of
λ = 0.094644 nm was selected. The incident wavelength and the scat-
tering angle, 2θ, were calibrated using a CeO2 polycrystalline standard.
The scattered wavevector, Q, is provided as 4πsin(θ)/λ (nm−1). Using a
small beam stop, the minimum Q (Qmin) was 1.16 nm−1.

A Mao-Bell type DAC was used to conduct the HP-SWAXS experi-
ments. The sample and ruby balls were loaded into the 0.35 mm hole of
a pre-indented stainless-steel gasket, which was 0.15 mm thick. HP-
SWAXS experiments were conducted on the BL-18C beamline of the
Photon Factory, KEK [31,32]. 2D diffraction patterns were obtained us-
ing an imaging plate (IP) system (BAS2500, Fuji-Film Co., Japan) [31,
32]. The IP was a digital X-ray film. In the center of the IP, the 2 mmϕ
hole was punched to pass the incident X-ray (Fig. S2 (a) and (b)) [32].
The intensity of incident X-ray was monitored directly using an ion
chamber. The scattered intensity was measured without using a direct
beam stop. Qmin was 0.71 nm−1. In order to eliminate air scattering, a
vacuum chamber with polyimide (Kapton)-film windows was used (125
μm thickness). An incident microbeam was obtained using a double col-

limator system, wherein the diameter of the first collimator was 35 μm
and that of the second collimator was 130 μm. Pressure was determined
from the spectral shift of the R1 fluorescent line of the ruby balls in the
DAC. The incident wavelength was 0.09424 nm. λ and 2θ were cali-
brated using a CeO2 polycrystalline standard.

The observed powder diffraction patterns were analyzed using
CONOGRAPH software [33] and the ab initio structure determination
program in FOX [34]. CONOGRAPH afforded the determination of the
crystal system, while the lattice parameters and the molecular arrange-
ments in the unit cell were simulated using FOX, which relies on global
optimization algorithms.

3. Results and discussion

3.1. LT behavior of [C10mim][Br]

In Fig. 1 (a) and (b), SWAXS experiments are conducted at ambient
pressure that provide information on the LT phase behavior of
[C10mim][Br]. Given the large value of the X-ray atomic scattering fac-
tor of 35Br, only information on 35Br in [C10mim][Br] is enhanced in the
SWAXS patterns. The applied cooling and heating rates were 3 and
5 °C/min, respectively. At room temperature, [C10mim][Br] was in the
liquid (L) phase, and the prepeak was observed at 2.36 nm−1 (Fig. 2).
Upon cooling, the LC phase appeared at −10.5 °C (TLC) (Fig. 1(a)). In
the SWAXS pattern revealed by the red curves, a sharp Bragg reflection
was observed at QLC = 2.30 nm−1 (Fig. 2), whose location was close to
the position of the prepeak in the L phase. In a previous study [35], the
imidazolium-based LCs were synthesized, and sharp Bragg reflections
appeared in the center of the prepeak position. By further cooling, the
LC phase of [C10mim][Br] was transformed into the crystal (CI’) phase,
as was evinced from the specific double Bragg reflection at − 42.9 °C
(TC1). The CI’ phase was represented by the blue curves in Fig. 1(a). The
SWAXS pattern was characterized by the double Bragg reflection at low
Q region and the LC-like layered structure (Fig. 2). The peak positions
of the double Bragg reflection were found to be 2.21 nm−1 (Q1) and
2.39 nm−1 (Q2). If we assume that the Q2 peak corresponds to 001 Bragg
reflection of the LC-like layered structure, the 00ℓ Bragg reflections in-
dicated by the blue circles in Fig. 2 are assigned systematically. There-
fore, the Q1 peak of the double Bragg reflection could cause the lattice
modulation of the LC-like layered structure. With decreasing tempera-
ture, the Q2 peak increased gradually. Below − 50 °C, the Q2 peak be-
came almost constant. The crystal structure of the CI’ phase was deter-
mined to be monoclinic having long lattice constants (Table 1). The
density (ρ) of the L phase at room temperature was 1.128 g/cm3 [36].
The calculated ρ of the CI’ phase was 1.189 g/cm3, a value only slightly
larger than that of the L phase. Even as the temperature was made to
decrease to the minimum temperature (Tmin = − 100 °C) in the ther-
mal cycle, the CI’ phase existed. Therefore, structure analysis was per-
formed using the SWAXS pattern recorded at Tmin (Fig. 3(a)). Conse-
quently, upon cooling, the LT-crystal polymorph is characterized by the
L–LC–CI’ phase transitions. Upon heating, the CI’ phase existed from
Tmin to − 50 °C (Fig. 1(b)). Above − 50 °C, the Q1 peak became smaller,
while the Q2 peak intensity increased drastically. This means that the
modulated effect was weakened, accompanied with increasing temper-
ature. The green curves in Fig. 1(b) indicate that only double Bragg re-
flections changed distinctly on the SWAXS patterns. At − 6.5 °C (TC2),
the Q1 peak vanished completely and the additional Bragg reflections
appeared. The disappearance of the Q1 peak implies that the CI’ phase
became the non-modulated LC-like structure (CI) just below TC2. Using
the SWAXS pattern at − 18.6 °C (<TC2) in Fig. 3(b), we resolved the
crystal structure of the non-modulated CI phase, whose space group was
orthorhombic. The crystal structural parameters of the CI phase are
listed in Table 1. Considering the drastic change on the SWAXS pattern,
a crystal–crystal phase transition was observed to be induced at TC2.
Here, the new phase is named CII. It is noteworthy that the lowest peak
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Fig. 1. Results of small- and wide-angle X-ray scattering (SWAXS) measurements conducted on [C10mim][Br] upon (a) cooling and (b) heating. The labels “TLC”
and “TC1” indicate the liquid (L)–liquid crystal (LC) phase transition temperature and LC–crystal (CI) phase transition temperature observed upon cooling, respec-
tively. TC2 and Tm indicate the temperature of the crystal 1 (CI)–crystal 2 (CII) phase transition and the melting point observed upon heating, respectively.

Fig. 2. Small- and wide-angle X-ray scattering (SWAXS) patterns obtained for
[C10mim][Br] at low temperature. L, LC, CI’, CI, and CII indicate the liquid, liq-
uid crystal, modulated crystal 1, crystal 1, and crystal 2 phases, respectively.
The double Bragg reflection of the CI’ phase appeared at Q1 and Q2. QLC denotes
the peak position of the LC phase. The SWAXS patterns of CI’, CI, and CI + CII
are plotted by 10 times magnified intensities.

of the CII phase located at 1.43 nm−1, which was lower than the Q1 posi-
tion (Fig. 2). Thus, the CII phase is regarded as the hybrid layered struc-
ture in the same manner with LT-[C10mim][NO3] [28]. Here, the pres-
ence of a hybrid layered structure is considered to be confirmed if the
following observations are made: (i) the lowest Q of Bragg reflection is
lower than QLC, and (ii) the 00ℓ Bragg reflections representing the lay-
ered structure. In fact, the Bragg reflections of the CII phase at low Q re-
gion are explained by the 00ℓ Bragg reflections indicated by the purple
closed circles in Fig. 2. Compared with the SWAXS patterns (Fig. 2), we
deduce that the non-modulated CI phase and CII phases coexisted above
TC2. Due to the coexistence of the CI and CII phases, the hybrid layered

structure of the CII phase was not obtained by the structure analysis. Fi-
nally, the CI and CII phases were observed to disappear at 7.6 °C (Tm),
concomitantly with the disappearance of the Bragg reflections. The
complicated phase changes upon heating are summarized as CI’ →
CI → CI + CII. Here, we emphasize that in LT-[C10mim][Br], the lay-
ered structures were preferred in the CI’, CI, and CII phases in spite of
different stacking sequences.

3.2. HP behavior of [C10mim][Br]

Generally, under HP conditions, molecular packing efficiency is the
main factor determining a sample’s crystal structure. The hybrid lay-
ered structure of HP-[C10mim][Cl] [26] consisted of a folding layer (the
gauche-like conformer) and a stacking layer (the trans-like conformer).
The former is regarded as the glass-forming factor, while the latter is
derived from the high molecular packing efficiency.

The halogen anion effect on the HP-crystal structure was investi-
gated by HP-SWAXS at ambient temperature. Since the HP-phase be-
haviors of [C10mim][Cl] have been investigated [26], the HP-SWAXS
patterns in [C10mim][Br] were collected to clarify the anion effect (Fig.
4(a) and (b)). The black and red curves represent the observed and cal-
culated SWAXS patterns, respectively. Upon compression, crystalliza-
tion of [C10mim][Br] was observed to occur at 0.2 GPa (PC1) in Fig. 4
(a). The obtained crystalline phase was named the α phase. The ideal
Debye rings of the α phase were obtained in the IP (Fig. S2(a)). The 00ℓ
Bragg reflections were not observed in the α phase of [C10mim][Br].
Hence, HP-[C10mim][Br] was not characterized by a layered structure.
More importantly, a double peak appeared at low-Q values in the case
of the HP α phase (Fig. 4(a)). The double-peak positions were
2.90 nm−1 (Q1) and 3.11 nm−1 (Q2), which meant that this peak ap-
peared at higher Q values than the prepeak recorded for the L phase.
Considering that no 00ℓ Bragg reflections were present and that the
double peak appeared at low-Q values, the HP-crystal structure of
[C10mim][Br] was determined to be different from LT-crystal structure
of the CI’ phase. Furthermore, the double Bragg reflection of
[C10mim][NO3] [28] did not coincide with that of the LT-CI’ and HP- α
phases of [C10mim][Br]. By structure analysis, the crystal structure of
the α phase was determined to be monoclinic (C2/m) in Table 1. The
long lattice constants in Table 1 can explain the double peak at low-Q
values. The fact that the α phase did not exhibit a layered structure
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Table 1
Crystallographic data of [C10mim][Br].
T (°C) a (nm) b (nm) c (nm) α β γ Z ρ (g/cm3) wR (%) R (%)

−100 (CI’) C2/m 2.4280 4.4212 1.9285 90 111.432 90 46 1.202 13.1 16.0
−18.6 (CI) Pmm2 1.4261 2.2142 2.6997 90 90 90 20 1.181 14.6 13.6
P (GPa) a (nm) b (nm) c (nm) α β γ Z ρ (g/cm3) wR (%) R (%)
0.2 C2/m 2.4286 4.3430 1.8924 90 109.97 90 46 1.235 6.38 5.92
0.8 C2/m 2.4086 4.3424 1.9036 90 110.06 90 46 1.239 8.08 7.36
1.6 C2/m 2.3742 4.3336 1.9336 90 111.18 90 46 1.249 8.46 8.53
2.3 C2/m 2.3681 4.3270 1.9377 90 111.51 90 46 1.254 6.76 7.10
4.0 C2/m 2.3602 4.3306 1.9366 90 111.98 90 46 1.262 5.53 6.06
5.1 C2/m 2.3573 4.3134 1.9308 90 113.20 90 46 1.284 7.43 8.03
6.0 P2/m 0.5712 1.9104 2.1315 90 95.088 90 6 1.304 6.73 7.05
6.8 P2/m 0.5691 1.9101 2.1300 90 95.09 90 6 1.310 7.39 7.84
7.6 P2/m 0.5687 1.9101 2.1253 90 95.27 90 6 1.314 8.51 9.17
4.6 P2/m 0.5711 1.9126 2.1351 90 95.33 90 6 1.301 7.62 7.45
3.3 P2/m 0.5680 1.9344 2.1561 90 94.71 90 6 1.280 8.63 7.51
0.5 C2/m 2.3868 4.2646 1.8890 90 110.52 90 46 1.286 6.20 5.30

Fig. 3. Small- and wide-angle X-ray scattering (SWAXS) of the CI’ and CI
phases. The black and red curves indicate the observed and calculated SWAXS
patterns of the CI’ and CI phase, respectively. The crystal structure of the CII
phase was not resolved due to the two-phase coexistence.

could be supported by a lack of the 00ℓ Bragg reflections. As the pres-
sure increased, the β angle of the monoclinic structure increased in
value (Table 1). At 1.6 GPa, peak broadening became predominant in
the high Q region, although the double peak at low Q was still sharp. At
2.3 GPa, the intensity ratio of the double peak changed. Indeed, the in-
tensity of the Q1 peak decreased substantially. The decrease of the Q1
peak indicates the reduced modulation as well as the LT-CI’ phase.
Moreover, a weak side-peak denoted by the closed green circle in Fig. 4
(a) appeared. This side-peak could be due to cationic conformational
changes taking place. Since the atomic scattering factor of [C10mim]+

is quite small compared with that of 35Br, cation changes only make a
slight contribution to the Bragg intensity. Since the lattice parameters
of the sample thus obtained were almost the same as those of the α
phase (Table 1), the modulated lattice obtained at a 2.3 GPa value for
the pressure was called the α’ phase. As the sample was further com-
pressed up to 6.0 GPa (PC2), the side-peak disappeared. Additionally,

Fig. 4. Small- and wide-angle X-ray scattering (SWAXS) patterns obtained for
[C10mim][Br] upon (a) compression and (b) decompression. L and U indicate
the liquid phase and an unknown crystal phase, respectively. The blue closed
circles and green closed circles indicate the prepeak position in the SWAXS pat-
tern of the L phase and the weak side-peak position in the α’ phase, respec-
tively.

the peak splitting of the double peak increased in size. Based on struc-
ture analysis, a new crystalline phase (dubbed β phase) was determined
to form at PC2. The crystal structure of the β phase was monoclinic (P2/
m) in Table 1. Notably, at 5.1 GPa, the α and β phases coexisted, be-
cause the observed SWAXS pattern was fitted by both crystal structure
models. The β phase was determined to be characterized by a smaller
unit cell and a smaller β angle size than the α phase. The maximum
pressure (Pmax) applied in this study was 7.6 GPa. Even at Pmax, the Q2
component of the double peak was sharp, and the weak and broad Q1
peak still existed.

Fig. 4(b) represents SWAXS patterns recorded during the decom-
pression process. At 4.6 GPa, the lattice constants increased in value
(Table 1), although the crystal structure of the sample was the same as
that observed at Pmax. Further decompression at 3.6 GPa resulted in the
peak splitting of the double peak to become narrower. Indeed, as the
pressure decreased from 4.6 GPa to 3.6 GPa, the characteristics of the
crystal structure did not vary at all. Below 2 GPa, the pressure of the
DAC immediately decreased. Using an optical microscope, a drastic
change in crystal morphology was observed at 0.5 GPa. At this value
for the pressure, moreover, the SWAXS patterns also changed (Fig. 4
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(b)). By structure analysis, it was found that, at 0.5 GPa, the β phase re-
turned to the α phase (Table 1). As the pressure decreased further, on
the way to the melting process, a new crystal phase and liquid phase
coexisted at 0.0 GPa. In addition to the prepeak, a preferred orienta-
tion on the Debye rings was detected (Fig. S2(b)). Thus, the crystal
structure of the new phase was not resolved. The unknown phase was
denoted by U (Fig. 4(b)). Finally, the sample melted completely at am-
bient pressure. During the HP cycle, a series of reversible phase transi-
tions were observed in [C10mim][Br].

High pressure compression behavior has been analyzed using the
second-order Birch-Murnaghan (BM) equation [37]. The second-order
BM equation is provided by,

(1)

where K is the isothermal bulk modulus. In fact, K of
[C10mim][NO3] was estimated using the second-order BM equation
[28]. K of [C10mim][NO3] at low pressure region was 20 GPa, which
was comparable to that of the flexible metal–organic frameworks. How-
ever, at high pressure region, K increased up to 50 GPa [28]. HP hard-
ening occurred in [C10mim][NO3]. In case of [C10mim][Br], the entirely
opposite behavior was observed (Fig. 5). Below PC2, K of [C10mim][Br]
was found approximately to be 150 GPa. Inversely, K decreased to 100
GPa above PC2. With increasing pressure, HP softening was obviously
observed in [C10mim][Br], even though the K values were larger than
those of [C10mim][NO3]. Considering the common [C10mim]+ cation,
the anion species caused the different compression behaviors.

3.3. Crystal structural analysis of the LT and HP phases

The crystal structures of [C2mim][Br] [38] and [C4mim][Br] [39]
were determined by conducting single-crystal X-ray structural analyses.
The space group of LT-[C2mim][Br] was P21/c (monoclinic), while that
of LT-[C4mim][Br] was Pna21 (orthorhombic). The lattice constants for
both crystals did not exceed 2 nm. For instance, the unit cell of [C4mim]
[Br] is reported in Fig. 6(a) [39]. The crystal structures both of [C2mim]

Fig. 5. Pressure increment by the isothermal bulk modulus. Two solid curves
are calculated using second-order Birch–Murnaghan equation. The grey and
green curves were calculated using bulk moduli of 100 GPa and 150 GPa, re-
spectively.

[Br] and [C4mim][Br] indicate the presence of a 3D network of the
cation and anion in the unit cells. Generally, the ability of a molecular
system to exhibit 2D structural characteristics is determined by the
stacking sequence [40]. As a result of competitive interactions and
changes in the length of the alkyl chains of the ILs, LT-crystal poly-
morphs exhibiting various stacking sequences were produced at LT. Fo-
cusing on [Cnmim][NO3], the presence of 2D networks in the L, LC, and
crystal phases, including the metastable phases, were demonstrated by
the results of molecular dynamics simulations [41,42]. Moreover, two-
step transitions were demonstrated in the simulation box. Particularly
in [C10mim][NO3], it was found that the HP-layered structure con-
tributes to the small bulk modulus [28].

In the case of [C10mim][Br], the LT-crystal structure of the modu-
lated CI’ phase is reported in Fig. 6(b). The [C10mim]+ cations are omit-
ted in the unit cell due to small atomic scattering factors of the cations.
The trans and gauche conformers of [C10mim]+ and orientational order
were not clarified in this study. The LT layered structure is expressed by
the 2D arrangement of Br, and the visualized unit cell was calculated by
the occupation probability of Br of 0.5. The double Bragg reflection and
00ℓ Bragg reflections of the CI’ phase reported in Fig. 2 reflected the
large size of the unit cell, reflecting the modulated stacking sequence.
Further, the non-modulated lattice of the CI phase without forming the
double Bragg reflection is expressed as the smaller layered structure in
Fig. 6(c), where the occupation probability of Br is 0.5 (Fig. 6(c)). On
the other hand, under HP conditions, a 3D network of Br atoms devel-
oped in the α phase upon compression (Fig. 6(d)). At 0.2 GPa, the sharp
Bragg reflections observed in the SWAXS pattern reported in Fig. 4(a)
indicate that the α phase is characterized by a high level of crystallinity.
The large size of the unit cell of the α phase, which is reflected by the
data listed in Table 1, provides the low-Q double peak. Generally, under
HP, the ILs have been observed to be characterized by layered struc-
tures (Table 2) [25-28]. However, in the case of HP-[C10mim][Br], a
non-layered structure was obviously realized relating with the large
bulk modulus. Fig. 6(e) indicates the unit cell of the β phase at Pmax. Ob-
viously, the 3D network of the Br atoms was preserved at the mentioned
pressure. Thus, under HP, the layered structure did not develop in
[C10mim][Br]. At 7.6 GPa, a low degree of crystallinity was obtained in
the β phase due to lattice strain (Fig. 4(a)). We deduce that, at the speci-
fied pressure, gauche-like conformations of [C10mim]+ appear and ori-
entational disorder is promoted. Since the equivalent lattice sites in-
creased due to the orientational disorders, smaller unit cell of the β
phase is reported in Fig. 6(d).

The double peak at low-Q values for LT- and HP-[C10mim][Br] was
observed in this study for the first time. The layered and non-layered
structures of the various ILs are reflected by the data listed in Table 2.
Notably, [C10mim][Cl] and [C10mim][Br] were determined to belong to
different space groups, in spite of the same halogen anions (X = Cl and
Br). By contrast, the orthorhombic LT-[C4mim][Cl] and LT-[C4mim]
[Br] belonged to the same space group, and their lattice parameters
were similar [38]. Hence, the length of the alkyl side-chains could con-
tribute to [C10mim][Cl] and [C10mim][Br] being characterized by dif-
ferent crystal structures. In particular, the inherent crystallographic
features of HP-[C10mim][Br] are its large unit cell and the absence of a
layered structure. Here, under HP, the fact that a non-layered structure
for the [C10mim]+-based ILs was observed for the first time in this
study should be emphasized.

4. Conclusion

The LT- and HP-phase transitions of [C10mim][Br] were examined
conducting SWAXS experiments. LT- and HP-crystal polymorphs were
observed for [C10mim][Br]. By a rapid scan, in LT-[C10mim][Br], the
hidden phases such as the modulated LC-based layered and hybrid lay-
ered structures were extracted. The double Bragg reflection in the LC-
like layered structure contributed the lattice modulation. On the other
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Fig. 6. Unit cells of (a) low-temperature (LT)-[C4mim][Br] [36], (b) modulated crystal 1 (CI’) phase of LT-[C10mim][Br], (c) crystal 1 (CI) phase of LT-[C10mim][Br],
(d) α phase of high-pressure (HP)-[C10mim][Br] (0.2 GPa), and (e) β phase of HP-[C10mim][Br] (7.6 GPa).

Table 2
Classification of layered and non-layered structures of the various ionic liq-
uids.
Layered (00ℓ Bragg reflections) Non-layered (double peak)

LC-based layered Hybrid-layered 3D network

HP-[C6mim][PFBS]

LT-[C10mim][Cl] HP-[C10mim][Cl]
LT-[C10mim][Br] LT-[C10mim][Br] HP-[C10mim][Br]

LT-[C10mim][NO3]
HP-[C10mim][NO3] HP-[C10mim][NO3]

hand, under HP conditions, the double peak also appeared at low-Q val-
ues in the SWAXS pattern, in the absence of the 00ℓ Bragg reflections.
Based on the results of crystal structure analysis, HP-[C10mim][Br] was
determined to possess a large unit cell and to be characterized by a non-
layered structure. The 3D network of HP-[C10mim][Br] was connected
with the large bulk modulus. Notably, the crystal structure of HP-
[C10mim][Br] was completely different from that of HP-[C10mim][Cl].
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