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A B S T R A C T

The phase behavior of 1-decyl-3-methylimidazolium nitrate ([C10mim][NO3]) was investigated at a low tempera-
ture (LT) under ambient pressure and a high pressure (HP) under ambient temperature. [C10mim][NO3] is an
ionic liquid (IL) possessing a long alkyl chain length. Detailed crystal structures of the IL at LT and HP were deter-
mined by synchrotron radiation experiments. The weak Bragg reflections in the low wavevector (Q) region were
clearly observed. At LT, the Bragg reflection at the lowest Q was positioned differently than the prepeak in the
liquid state. The 00ℓ Bragg reflections at Q00ℓ

indicate a hybrid-layered structure with a lattice constant of
4.3 nm. In addition to the 00ℓ Bragg reflections, the double peak occurred in the region of Q002 at HP; thus new
HP crystal structures were observed in [C10mim][NO3].

1. Introduction

Flexible metal–organic frameworks (MOFs) have been investigated
at low temperature (LT) and high pressure (HP) [1–7]. The flexibility of
the pore space-tunable MOFs indicated a large pore to narrow pore
phase transition with changing their molecular conformation. The
MOF-like crystal polymorphs were observed in ionic liquids (ILs). The
ILs consisting of a cation and an anion are characterized by nanohetero-
geneity even in the liquid state [8,9]. The representative cation is 1-
alkyl-3-methyl imidazolium, [Cnmim]+, where n indicates the alkyl
chain length. Nanoheterogeneity is developed depending on the alkyl
chain length of the cations. Moreover, in [Cnmim][X], phase diagrams
as a function of n were determined at LT [10–12]. At LT, IL-based liquid
crystals (LCs) appeared in large n. In addition, LCs are synthesized to
regulate the dimensionality of the mesoscopic organization [13–21].
For instance, cylinder and layered LCs are easily self-assembled on the
mesoscopic scale. One-dimensional (1D) and two-dimensional (2D)
morphologies are tuned using the anisotropic motifs. For instance, mi-
celles, vesicles, lamellar, hexagonal, and cubic morphologies are self-
organized. The photochromic properties in the functionalized ILs have
been reported for applications [22,23]. Moreover, IL-based LC com-
plexes have been developed as mechanical actuators [24], and the fre-
quency dependence of the deflection has also been determined.

The crystal structures of ILs reveal the molecular interactions of a
cation and an anion. The crystal structures have been determined to es-

timate the ion pair interactions, including hydrogen bonding. At HP,
the hybrid-layered structure with stacking and folding layers appeared
as the specific crystal structures under ambient temperature [25]. The
hybrid-layered structure is entirely different from the LC-based layered
structure. Moreover, crystal polymorphs and multiple pathways of the
phase transitions have been clarified at LT under ambient pressure and
HP under ambient temperature [26–35]. The conformational poly-
morph and packing polymorph both influence the complex phase be-
havior; the conformational polymorph corresponds to conformational
flexibility. Density functional theory (DFT) calculations have revealed
that the conformational degrees of freedom increase as the alkyl chain
length increases [36]. Raman spectroscopy revealed a link between the
conformational changes of the cation and anion and the crystal poly-
morphs at LT under ambient pressure [37]. The packing efficiency is
significant in the phase transitions at HP under ambient temperature.
Benzocaine, one of the commercially available drugs, indicates the HP
crystal polymorph at ambient temperature [38]. A hydrogen-bonded
ribbon of benzocaine plays a crucial role as a motif for the packing poly-
morph.

Molecular dynamics (MD) has been used to simulate [Cnmim][NO3]nanostructures [39–41]; the predicted crystal structures are for n = 4,
6, 8, 10, and 12. Moreover, solid–solid phase transitions, including the
LC phases, have been demonstrated. The layered structures for n = 8,
10, and 12 show a weak interaction between the polar layers and
higher-ordered alkyl chain orientation. The simultaneous measure-
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ments of X-ray diffraction and differential scanning calorimetry have
been used to investigated the LT phase behavior of [C10mim][NO3][42]. It was found that the cooling rates extensively influence phase
transitions, and the multistep phase transition has been observed as a
quasi-equilibrium state at the intermediate cooling rate.

In this study, we used synchrotron radiation experiments to investi-
gate the phase behavior of [C10mim][NO3] at LT under ambient pres-
sure and HP under ambient temperature. Complex crystal structures
were observed with large lattice constants; however distinct crystal
polymorphs were found at LT and HP.

2. Experimental section

The IL used in this study was hydrophilic [C10mim][NO3], which
was purchased from Angene Chemical Co. Vacuum drying was con-
ducted for 48 h.

On the BL-8B beamline of the Photon Factory at the High-Energy Ac-
celerator Research Organization (KEK) in Japan, LT powder X-ray dif-
fraction at ambient pressure was performed utilizing a high-speed spin-
ner to remove the preferred orientation of the Debye rings. 2D diffrac-
tion patterns were obtained using a cylindrical imaging plate (IP) sys-
tem (R-AXIS, Rigaku Co.). The liquid sample was placed in the 0.3 mm-
diameter quartz capillary tube. The cooling system used was GN2-SN
(Rigaku Co.), with cooling and heating rates of 2 K/min. The scattering
wavevector Q was defined as 4π(sin θ)/λ (nm−1), where the scattered
angle was 2θ. The incident wavelength (λ = 0.1378 nm) was calibrated
using a CeO2 polycrystalline standard.

HP X-ray diffraction experiments at ambient temperature were car-
ried out using a Mao–Bell-type diamond anvil cell (DAC) in the BL-18C
of the Photon Factory at KEK [43]. The sample and ruby balls were
loaded into the hole (diameter, 0.30 mm) of the pre-indented stainless

gasket (thickness, 0.15 mm) in the DAC, under a dry-flowing helium at-
mosphere in a glove bag. A microbeam of diameter 35 μm was obtained
using double collimators, and 2D diffraction patterns were obtained us-
ing an IP system (BAS2500, Fuji-Film Co., Japan) [43]. IP was set at dis-
tance of 166.4 mm for X-ray diffraction. The 2D data were converted
into 1D intensity data to minimize the preferred orientation on the De-
bye rings. A vacuum chamber with polyimide (Kapton)-film windows
(125 μm thickness) was used to eliminate air scattering. The pressure
was determined from the spectral shift of the R1 fluorescence line of the
ruby balls placed in the sample chamber of the DAC. The scattered an-
gles 2θ and the incident wavelength, λ (=0.08293 nm), were calibrated
using a standard CeO2 polycrystalline.

The observed X-ray diffraction patterns were analyzed using the
CONOGRAPH software [44] and the ab initio structure determination
program in FOX [45]. CONOGRAPH determined the crystal system and
lattice parameters. In addition, the molecular arrangements in the unit
cell were simulated using FOX, using global optimization algorithms.

3. Results

3.1. LT phase behavior of [C10mim][NO3] at ambient pressure

Fig. 1(a) and 1(b) show the LT phase transitions of [C10mim][NO3]at cooling and heating rates of 2 K/min. The black and colored curves
in Fig. 1(a) and 1(b) correspond to the observed and calculated X-ray
diffraction patterns, respectively. Over the whole Q region, the calcu-
lated diffraction patterns including the weak Bragg reflections were re-
producible. A prepeak appeared at 2.4 nm−1 (Qpre) in the liquid (L)
phase at room temperature, which shifted to the lower Q position with
decreasing temperature. At 250 K (TC1), the sharp Bragg reflections in-
dicate the crystallization of [C10mim][NO3], and this phase is defined

Fig. 1. Temperature dependences of X-ray diffraction patterns in [C10mim][NO3] upon (a) cooling, and (b) heating. Blue and green closed circles reveal the pre-
peak position (Qpre) and QLC of a liquid crystal-like layered structure, respectively. Red closed circles indicate the 00ℓ Bragg reflections exhibiting the hybrid-
layered structure. The red open square indicates the Q2 peak in the CII phase. The numbers in the figure reveal temperatures (K).
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as CI. The ideal Debye rings of the CI phase were obtained on the IP.
The sharp but weak Bragg reflection denoted by the green closed circle
(Fig. 1(a)) was observed at 2.2 nm−1 (QLC), close to the prepeak posi-
tion (Qpre). In a previous study [42], the weak Bragg reflection was am-
biguous using the in-house X-ray generator. The Bragg peak is derived
from the LC-like layered structure. In addition to the QLC Bragg peak,
the 00ℓ Bragg reflections appeared at Q00ℓ

, as indicated by the red
closed circles (Fig. 1(a)). The 001 Bragg reflection was positioned at
1.5 nm−1 (Q001), which is lower than QLC, indicating that the hybrid-
layered structure was formed in LT [C10mim][NO3] in the same way as
HP [C10mim][Cl] was formed in the previous study [25]. The Bragg re-
flection at QLC shifted continuously to 2.0 nm−1 with decreasing inten-
sity from 250 K to 220 K. Here, we emphasize that the peak shift of the
weak Bragg reflection at QLC was extracted by the synchrotron radia-
tion experiments. This is in contrast to the normal temperature depen-
dency of lattice constants. In general, Q shifts to higher Q positions at
LT, reflecting on the smaller lattice constants, whereas, the QLC shifting
to the lower Q means that the lattice modulations become opposingly
large. In addition, the Q00ℓ

positions were slightly dependent on the
temperature. In case of the peak shifting of the Qhk0 Bragg reflections at
the high Q region, lattice contraction on the (hk0) planes occurred with
decreasing temperature. The crystal structure of the CI phase at 220 K
was determined to be tetragonal (Table 1). It should be noted that the
crystal structure of [C10mim][NO3] was wrongly determined to be
monoclinic [42]; the number of Bragg reflections was too small due to
the weak incident X-ray from the in-house X-ray source. In the present
study, a lot of sharp Bragg reflections without the preferred orientation
of the Debye rings provide the right crystal structures at LT. P422
(tetragonal) was identified as one of the possible space groups using
the global optimization method. However, the exact molecular config-
uration of the CI phase was not determined uniquely due to a relatively
limited number of Debye rings and a large molecular size of [C10mim]+

in the large unit cell. The long stacking sequence of c = 4.2 nm corre-
sponds to the 00ℓ Bragg reflections. Fig. S1(a) illustrates one of the
possible hybrid-layered structures of the CI phase. The layered struc-
ture at 220 K is expressed in the unit cell. Further cooling resulted in a
phase transition at 210 K (TC2) and the disappearance of the QLC Bragg
peak. Here, the new phase (CII phase) was identified by the additional
weak Bragg reflections (Fig. 1(a)). For instance, one of the weak peaks
denoted by the red open square in Fig. 1(a) appeared at 2.5 nm−1 (Q2),where the peak position had little temperature dependence below TC2.The temperature invariance of Q2 peak was detected for the first time
in this study using the synchrotron radiation experiments. The Q2 peak
was closely positioned to Qpre. The CII phase was found to be or-
thorhombic from structure analysis, and its crystallographic parame-
ters were obtained (Table 1); the space group was restricted to C222 or
Cmmm. The orientational and positional orders of [C10mim][NO3]

were not alternatively obtained due to a lack of the Bragg reflections in
the large unit cell. The minimum temperature (Tmin) was 150 K in the
LT X-ray diffraction. Using the X-ray diffraction pattern at Tmin, the ad-
ditional phase transition was not detected at Tmin < T < TC2. Conse-
quently, the CI-CII crystal polymorph was observed in [C10mim][NO3]upon cooling.

Fig. 1(b) shows the phase transition upon heating. The reverse CII-CI phase transition occurred at 240 K (TC2), and the hysteresis of the
phase transition was found to be 20 K. The phase transition in LT
[C10mim][NO3] is regarded as a weak first-order phase transition be-
cause of the small hysteresis. The Q2 peak disappeared at TC2, while
the QLC Bragg reflection was detected again. The QLC peak shifted in-
versely to the higher Q position with increasing temperature. Hence,
the shift of the QLC peak during cooling and heating cycles is consid-
ered as the distinctive characteristic of the CI phase. The CI phase
melted at 290 K (Tm). Above Tm, the broad prepeak in the L phase ap-
peared at Qpre (Fig. 1(b)). In the thermal cycle, a reversible crystal
polymorph was first observed in [C10mim][NO3] by the synchrotron
radiation experiments. In case of LT 1-alkyl-3-methylimidazolium per-
fluorobutanesulfonate, [Cnmim][PFBS] (n = 4, 6, and 8) [34], irre-
versible crystal polymorphs were observed. Moreover, it was found
that the conformational changes of both the cations and anion induced
additional crystal phases at LT [37]. In contrast, the conformational
degrees of freedom of the [C10mim]+ cation could be restricted to fa-
voring the alkyl chain packing. Therefore, an additional crystal phase
was suppressed in [C10mim][NO3] at LT.

3.2. HP phase behavior of [C10mim][NO3] at ambient temperature

At room temperature, phase transitions of [C10mim][NO3] under HP
were initially studied using synchrotron radiation experiments. Fig. 2
(a) and 2(b) reveal the X-ray diffraction patterns upon compression and
decompression, respectively. The observed and calculated X-ray diffrac-
tion patterns are shown by the black and colored curves, respectively.
The optical microscope image showed that crystal domains developed
inside the liquid at 0.7 GPa (PC1) (Fig. 3). The distinct Debye rings were
detected on the IP. As shown in Fig. 2(a), at PC1, the HP crystal (α
phase) provided an entirely different X-ray diffraction pattern com-
pared with those of the LT phases (Fig. 1(a)). Moreover, a novel discov-
ery of HP crystal structures was obtained in [C10mim][NO3]. The fea-
tures of the α phase are (i) the 00ℓ Bragg reflections denoted by red
closed circles, and (ii) double peak at low Q. In (i), the 001 Bragg reflec-
tion at the lowest Q did not overlap the prepeak at Qpre, denoted by the
blue closed circle in Fig. 2(a). The double peak consisted of the
2.7 nm−1 and 002 Bragg peaks. The 2.7 nm−1 peak was not equivalent
to Qpre or Q2. By the structure analysis, the crystal structure of the α
phase was orthorhombic (Table 1). The large unit cell can explain the

Table 1
Crystallographic data of [C10mim][NO3].
T (K) a (nm) b (nm) c (nm) α (°) β(°) γ (°) Z ρ (g/cm3) Rw (%) R (%)

220 P422 CI 1.5673 1.5673 4.3047 90 90 90 26 1.165 10.55 5.31
150 C222 CII 1.3381 5.0703 4.2394 90 90 90 72 1.186 8.61 4.07

P (GPa) a (nm) b (nm) c (nm) α (°) β(°) γ (°) Z ρ (g/cm3) Rw (%) R (%)
0.7 Imm2 Α 1.5445 4.1751 8.6423 90 90 90 144 1.224 10.96 9.84
1.0 Imm2 Α 1.5446 4.1633 8.5723 90 90 90 144 1.238 9.91 6.93
1.6 Imm2 β 1.0083 4.1901 8.4609 90 90 90 96 1.273 9.51 7.85
2.5 Imm2 β 0.9988 4.1781 8.3949 90 90 90 96 1.298 9.26 7.71
4.4 Imm2 γ 0.5084 4.0897 8.3113 90 90 90 48 1.316 12.59 12.54
5.5 Imm2 γ 0.5151 4.0645 8.2288 90 90 90 48 1.320 11.40 14.91
7.1 Imm2 γ 0.5148 4.0453 8.2138 90 90 90 48 1.330 12.00 15.40
8.3 Imm2 γ 0.5069 4.0449 8.2151 90 90 90 48 1.350 12.00 15.42
4.4 Imm2 γ 0.5011 4.1143 8.3206 90 90 90 48 1.326 12.44 10.85
3.9 Imm2 β 1.0037 4.1600 8.3644 90 90 90 96 1.302 8.06 8.14
2.6 Imm2 β 0.9971 4.1433 8.5791 90 90 90 96 1.283 5.27 5.29
1.2 Imm2 α 1.5447 4.1361 8.6653 90 90 90 144 1.232 7.16 6.07
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Fig. 2. Pressure dependences of X-ray diffraction patterns in [C10mim][NO3] upon (a) compression, and (b) decompression. Red closed circles indicate the 00ℓ
Bragg reflections of the hybrid-layered structure. The blue closed circle reveals a prepeak position (Qpre). The numbers in the figure indicate pressure (GPa).

Fig. 3. Images of the diamond anvil cell (DAC) upon compression and decompression. Two ruby balls were inserted into the DAC.

observed 00ℓ Bragg reflections and the double peak. Previously, a dou-
ble peak at low Q was observed in HP [C10mim][Br] [46]. The double
peak in HP [C10mim][Br] existed in the absence of 00ℓ Bragg reflec-
tions. In HP [C10mim][Br], the double peak was linked to the large unit
cell via a 3D network structure. For HP [C10mim][NO3], the simultane-
ous appearance of the above (i) and (ii) features resulted in a relatively
large unit cell (Table 1). Despite the large unit cell, the α phase struc-
ture was not identified uniquely due to a lack of Bragg reflections. The

unit cell at 0.7 GPa is illustrated in Fig. S1(b) as an example of α phase
structure with a double peak. Compared with the unit cell of the 2D lay-
ered structure (LT CI phase in Fig. S1(a)), the 3D network developed in
the HP α phase of [C10mim][NO3] (Fig. S1(b)). The α phase existed even
at 1.0 GPa (Fig. 2(a)). At 1.6 GPa (PC2), the weak Bragg reflections
abruptly vanished. This new phase is called β phase, characterized by a
smaller lattice constant, a (Table 1). By further compression, the crystal
domain boundaries in Fig. 3 became ambiguous at 4.4 GPa (PC3), as ob-
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served by the optical microscope. A new γ phase appeared at PC3. Al-
though the 001 Bragg reflection and double peak at low Q were still
sharp, the Bragg reflections at the high Q region representing the (hk0)
plane became broad. Moreover, at PC3, the peak splitting of the double
peak increased, and the intensity ratio of the double peak varied, along
with lowering of the lattice constant (Table 1). As listed in Table 1, the
specific relation of a in the α, β, and γ phases was fond under HP. Here,
the a lattice constant at PC3 (γ phase) is denoted, a

γ
(≈ 0.5 nm). The lat-

tice constants of the α phase (P < PC2) and β phase (PC2 < P < PC3) are
expressed by 3a

γ
and 2a

γ
, respectively. Although the stacking sequence

was preserved, the molecular orientation and position arrangements on
the (hk0) plane became disorder as the unit cell was reduced. The maxi-
mum pressure (Pmax) in the pressure cycle was 8.3 GPa. In Fig. 3, the
sample at 7.2 GPa (Pg) and Pmax was transparent, as evidenced in a
glassy state of [C4mim][PF6] [27]. If we consider that some partial
amorphization could occur inside the (hk0) plane with orientational
disordering of [C10mim]+, the transparent sample featuring the partial
amorphization did not contradict the peak broadening of the hk0 Bragg
reflections at high Q in Fig. 2(a). In contrast, the γ phase was present
even above Pg with the sharp 001 Bragg reflection and double peak.
Consequently, α-β-γ phase transitions occurred in the compression
process by reduction in the unit cell sizes, and the HP crystal structures
differed from LT ones.

Generally, the second-order Birch-Murnaghan (BM) equation ex-
presses compression as a function of pressure [47]. The second-order
BM equation is provided by,

(1)

where K is the isothermal bulk modulus. Blow PC2 (=1.6 GPa), com-
pression was well fitted using the BM equation (Fig. 4). The bulk modu-
lus below PC2 was found approximately to be 20 GPa, expressed by the
grey curve in Fig. 4. The bulk modulus of [C10mim][NO3] was compara-
ble to that of the flexible MOFs [4,48]. Hence, the α phase is regarded as
the flexible crystal. It is noteworthy that the flexible MOF having a
large pore transformed to the rigid crystal having a narrow pore, with
changing the molecular conformations [48]. Similarly, above Pg, the

Fig. 4. 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 20 GPa and 50 GPa, re-
spectively.

bulk modulus of 50 GPa in [C10mim][NO3] was obtained by extrapolat-
ing the observed values (the green curve in Fig. 4). In case of
[C10mim][NO3], the flexible–rigid phase transition was also induced
under HP. Considering the hk0 Bragg peak broadening (Fig. 2) and the
partial amorphization (Fig. 3) above Pg, disordering could promote the
densely packing at HP. In the previous study [27], the disordering and
densely packing were also seen in HP [C4mim][PF6]. It was considered
that the partial amorphization of [C4mim][PF6] is caused by the folded
cationic conformers and their orientational disorder. A concept of the
conformational glass was introduced to explain the experimental re-
sults in [C4mim][PF6]. By referring the previous study [27], HP phase
behaviors of [C10mim][NO3] were systematically interpreted by the
densely packed and rigid phase, where conformational disordering, ori-
entational disorder on the (hk0) planes, and partial amorphization are
regarded as HP-inherent factors. Consequently, on the compression plot
(Fig. 4), HP regime is divided into the three pressure regions: (i) the
flexible IL below PC2, (ii) the rigid IL above Pg, and (iii) the transient re-
gion between PC2 and Pg.Fig. 2(b) depicts X-ray diffraction patterns upon decompression. A
phase transition did not occur at 4.4 GPa; hence, the γ phase was sta-
ble with the disordering inside the (hk0) plane down to 4.4 GPa. A re-
versible γ-β phase transition was observed at 3.9 GPa (PC3), and the
crystal domain boundaries became distinct, as shown in Fig. 3. The
hysteresis of the HP phase transition was minimal, similar to the LT
phase transitions. This led to the discovery that the HP phase transi-
tion is also a weak first-order phase transition. The β phase appeared
subsequently at 2.6 GPa and later transformed to the α phase by fur-
ther decompression at 1.2 GPa (Fig. 2(b)). More importantly, the opti-
cal microscope revealed a noticeable morphological change at 0.15
GPa (Fig. 3). It should be noted that the domain wall motion led to the
movement of the ruby balls (Fig. 3). The preferred orientation of the
Debye rings was discovered on the IP. Thus, the crystal structure at
0.15 GPa was not resolved due to the strong preferred orientation. The
U phase denotes the unknown crystal phase. At 0.15 GPa, a phase tran-
sition occurred, and a prepeak was superimposed in the X-ray diffrac-
tion pattern resulting in the coexistence of L and U phases in Fig. 2(b).
Finally, the crystal melted completely at 0 GPa with the disappearance
of the Bragg reflections. Without considering the U phase, an ideal and
reversible crystal polymorph (α → β → γ → β → α) was also obtained
in HP [C10mim][NO3]. Here, we emphasize that [C10mim][NO3] is re-
garded as an ideal and reversible crystal polymorph at both LT under
ambient pressure and HP under ambient temperature, although the HP
crystal polymorph was different from the LT crystal polymorph (Table
1).

3.3. Complicated layered structures of [Cnmim][X]

The LT crystal structure of [C10mim][NO3] was predicted by MD
simulations [39]. Moreover, at 270 K, a solid–solid phase transition was
shown to occur in the simulation box. Two crystal structures of LT
[C10mim][NO3] were estimated to be triclinic ( ), having the all-trans
conformers of [C10mim]+ [39]. The estimated X-ray diffraction pattern
was superimposed on the observed pattern at 220 K using the lattice
constants calculated from DFT (Fig. S2). The results of the DFT calcula-
tions cannot account for the low-Q Bragg reflections of the observed X-
ray diffraction pattern. Hence, the calculated lattice constant,
c = 2.226 nm, which merely represents an LC-like stacking sequence,
was not achieved in LT [C10mim][NO3].The IL crystals with large unit cells are classified to emphasize the
structural anomalies of LT and HP [C10mim][NO3] (Table 2). The struc-
tural features are distinguished by the X-ray diffraction patterns, which
are schematically illustrated in Fig. 5. Inherent properties in the ILs are
extracted for various crystal structures of [Cnmim][X] in Table 2. The
hybrid-layered structure was observed in HP [C6mim][PFBS] at ambi-
ent temperature [35], with a relatively short alkyl chain length,
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Table 2
Geometrical classification of the ionic liquids at low temperature (LT) under
ambient pressure and high pressure (HP) under ambient temperature. Crys-
tals are distinguished by the liquid crystal (LC)-based layered structure, the
hybrid-layered structure, and the three-dimensional (3D) network structure.
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] HP [C10mim][Br]

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

whereas no layered structure was observed in LT [C6mim][PFBS] at am-
bient pressure [34]. Particularly at HP under ambient pressure, a long
periodic structure was introduced by the various conformers of
[C6mim]+. Focusing on the [C10mim]+-based ILs, the other HP-induced
hybrid-layered structure was identified in [C10mim][Cl] [28]. At ambi-
ent temperature, the HP hybrid-layered structure was made of the fold-
ing and stacking layers of [C10mim]+. In contrast, LT [C10mim][Cl] at
ambient pressure belonged to the LC-based layered structure (Table 2).
[C10mim][Br] was similarly classed as an LC-based layered structure at
LT under ambient pressure (Table 2) [46]. The phase behavior of HP
[C10mim][Br] at ambient temperature differed from that of HP
[C10mim][Cl] at ambient temperature while being an identical halogen
anion. For instance, the crystal structure of HP [C10mim][Br] did not
coincide with that of HP [C10mim][Cl]. The HP structural discrepancy
between [C10mim][Cl] and [C10mim][Br] is described by the double
peak without the 00ℓ Bragg reflections, representing the 3D network
(Fig. 5). Despite having same halogens, different molecular packings
were realized at HP under ambient temperature.

The crystal structures of [C10mim][NO3] in this study are listed in
Table 2 to emphasize the anomalous crystal phases. LT [C10mim][NO3]at ambient pressure is characterized by the 2D hybrid-layered structure.
On the other hand, HP [C10mim][NO3] at ambient temperature was
found to be a new type of crystal structure with the 00ℓ Bragg reflec-
tions and the double peak (Fig. 5). This is explained by the 3D network
in the large unit cell (Fig. S1(b)). In Table 2, the LT and HP crystal struc-
tures of [C10mim][NO3] are categorized as novel-complicated lattice
modulations compared with the other ILs. Moreover, the crystal struc-
tures possessed extremely large lattice constants, which implied the dif-
ferent orientational ordering in the unit cells.

4. Conclusions

The LT and HP phase transitions of [C10mim][NO3] were examined
using synchrotron radiation experiments. The reversible crystal poly-
morph formed with small hysteresis in the LT cycle at ambient pressure.
The hybrid-layered structure was observed in LT [C10mim][NO3]. The
abnormal peak shift of QLC peak showed lattice modulation of the CIphase. A more complicated crystal polymorph was observed at HP un-
der ambient temperature. The 00ℓ Bragg reflections (hybrid-layered
structure) and the double peak identified non 2D layered structure of
HP [C10mim][NO3]. The crystal structures of HP [C10mim][NO3] pos-
sessed an extremely long lattice constant, permitting lattice modula-
tions. Partial amorphization occurred above Pg. Using the BM equation,
flexible and rigid bulk moduli were identified below PC2 and above Pg,respectively. The HP crystal polymorph was influenced by the flexible
and rigid phase transition. HP small hysteresis and reversible phase
transition, combined with LT small hysteresis, suggest that
[C10mim][NO3] is a weak first-order phase transition. Due to the pack-
ing efficiency, the HP crystal polymorph at ambient temperature dif-
fered from the LT crystal polymorph at ambient pressure. Compared
with other [C10mim][X] systems, the LT and HP phase behaviors of
[C10mim][NO3] were regarded as a new group of phase transitions, rep-
resenting intricate molecular interactions.
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Fig. 5. Schematic X-ray diffraction patterns in [Cnmim][X] at a low temperature under ambient pressure and high pressure under ambient temperature. The prepeak
appeared in the liquid (L) phase. The liquid crystal (LC)-like crystal structure is characterized by the sharp Bragg reflection at the prepeak position. The hybrid-
layered structure possessed a longer lattice constant along the stacking direction.

6



CO
RR

EC
TE

D
PR

OO
F

H. Abe et al. Chemical Physics Letters xxx (xxxx) 140685

2019G006, 2020G598, and 2021G004). Crystal structures were dis-
played using VESTA 3 [49].
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