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A B S T R A C T

Ionic liquids, specifically 1-alkyl-3-methylimidazolium nitrate, [Cnmim][NO3] (n = 4, 6, and 8), underwent
pressure-induced amorphization. High-pressure-driven multiple-glass transitions were clarified through Raman
spectroscopy. Both double- and triple-glass transitions were observed in [Cnmim][NO3]. Small- and wide-angle
X-ray scattering revealed a prepeak representing nanoheterogeneity in [Cnmim][NO3] (n = 6 and 8) at ambient
pressure. Despite the decrease in intensity at glass transition pressure, the prepeak of [C8mim][NO3] still existed.
In [C8mim][NO3], the first glass–glass transition occurred a nanoheterogeneous double glass. The second
glass–glass transition marked the transition from a heterogeneous to a homogeneous glass.

1. Introduction

Water, a simple molecule yet complex liquid, is fundamental to our
understanding of molecular structures. The complexity of water be-
comes evident under high pressures (HPs) as this reveals a complex
phase diagram of ice, reflecting the intricate hydrogen bonding net-
work [1]. Researchers have discovered low-density amorphous (LDA)
and high-density amorphous (HDA) structures, introducing the concept
of water polyamorphism [2–4]. Further studies have led to the concept
of “liquid polymorphism,” also known as “liquid–liquid transition (LLT)
” [5]. The phase diagram predicts that a critical point [4,6] was linking
low- and high-density liquids with LDA and HDA, respectively [7,8].
Recent literature summarizes these notable behaviors of water under
HP [9].

Ionic liquids (ILs) serve as functional liquid materials [10–12]. The
ILs comprising a cation and an anion exhibit nanoheterogeneity. A rep-
resentative cation is 1-alkyl-3-methylimidazolium ([Cnmim]+), where
n indicates the alkyl chain length. Molecular dynamics (MD) simula-
tions [13] have shown that the nanoheterogeneity in the ILs increases
with increasing the alkyl chain length. Experimental observations have
identified a prepeak on the small- and wide-angle X-ray scattering
(SWAXS) patterns, representing the nanoheterogeneity [14]. At low
temperature (LT), [Cnmim][NO3] (n = 6 and 8) amorphized, while
other [Cnmim][NO3] (n = 2, 4, and 10) crystalized [15]. Researchers
have determined the LT crystal structures of [Cnmim][NO3] (n = 2, 4,
and 10). [C2mim][NO3] crystallizes simply at LT [16]. In

[C4mim][NO3], crystallization was suppressed upon cooling [17]. Upon
heating, cold crystallization was induced and LT crystal polymorph ap-
peared in [C4mim][NO3]. The LT crystal polymorph originates from the
conformational polymorph of [Cnmim]+ [18]. In [C10mim][NO3], the
phase transition behaviors were extensively influenced by a cooling
rate [15]. In addition to the crystal (C) phases, the liquid crystal (LC)
phase emerges at LT in [C10mim][NO3]. Upon heating, the C-LC phase
transition occurred reversely [15,19]. By using Raman spectroscopy,
conformational changes occurred upon phase transition [20]. In the
crystal states, four types of [C10mim]+ conformers appeared at LT. The
MD simulations demonstrate the liquid (L), LC, and C phases of
[Cnmim][NO3] in the simulation box [21–23]. Each system contains
432 ion pairs in the simulation boxes. The force field parameters [24]
were used.

Observations at room temperature revealed HP glasses of [Cnmim]
[X] [25–28]. For instance, [Cnmim][BF4] [27] and [Cnmim][TFSI] [28],
where [TFSI]– is bis(trifluoromethanesulfonyl)imide, occurred glass
transitions. In molecular systems, packing polymorphs and conforma-
tional polymorphs influence the HP crystal structures [29]. Even in the
simple [C2mim][NO3] system, under HP, it induces a complex crystal
polymorph [16]. Moreover, multiple pathways of phase transitions
emerge under HP. Further, the HP crystal polymorph of [C10mim][NO3]
was determined using SWAXS [19], which is entirely different from the
LT one. The complicated LT and HP crystal polymorphs in the ILs are
summarized in Table 1.
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Table 1
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]

In this study, we used Raman spectroscopy and SWAXS to examine
the HP-driven glass transition of [Cnmim][NO3]. We formed a heteroge-
neous glass in [C8mim][NO3]. Under HP, we induced multiple-glass
transitions in [Cnmim][NO3].

2. Materials and methods

2.1. Materials

Herein, we used hydrophilic [Cnmim][NO3] (n = 6 and 8), pur-
chased from Angene Chemical, Co. We also used another IL, which was
[C4mim][NO3] from (IoLiTec GmbH). We vacuum-dried the received
samples at room temperature for 48 h using a diaphragm vacuum pump
(DTU-20, Ulvac Co.), where the minimum pressure was 200 Pa. The dry
diaphragm vacuum pump without oil was required a clean atmosphere
that is not contaminated by oil vapor. Moisture analyzer (MS-70, A & D
Instruments Co.) was used to estimate the water contents in the ILs after
vacuum drying. The water contents of [C4mim][NO3], [C6mim][NO3],
and [C8mim][NO3] were found to be 0.93, 0.98, and 0.67 mol% H2O,
respectively. We optimized the molecular structures and calculated the
wavenumbers of the Raman band using density functional theory (DFT)
(Fig. 1).

2.2. Raman spectroscopy

We utilized a diamond anvil cell (DAC) for conducing HP Raman
spectroscopy. The sample and ruby balls were loaded in the 0.25 mm
hole of a pre-indented stainless gasket, which had a thickness of
0.10 mm, within a nitrogen-filled glovebox. To acquire the HP Raman

spectra, we employed an NRS-5100 Raman Spectrometer (JASCO Co.)
equipped with a monochromator, alongside a Peltier-cooled camera for
measurements. Excitation was initiated by a 5.8-mW green laser (wave-
length: 532 nm).

2.3. SWAXS

We conducted HP SWAXS experiments at ambient temperature us-
ing a Mao–Bell-type DAC in the BL-18C of the Photon Factory at KEK
[30]. Loading the sample and ruby balls into the hole (diameter:
0.25 mm) of the preindented stainless gasket (thickness: 0.10 mm)
within the DAC occurred under a dry-flowing nitrogen atmosphere in a
glove bag. Employing double collimators, we obtained a microbeam of
diameter 35 μm, and captured 2D diffraction patterns using an imaging
plate (IP) system (BAS2500, Fuji-Film Co., Japan) [30]. IP was posi-
tioned at a distance of 1273.4 mm for SWAXS. Converting the 2D data
into 1D intensity data helped minimize preferred orientation on the De-
bye rings. To eliminate air scattering, we utilized a vacuum chamber
with polyimide (Kapton)-film windows (125-μm thickness). Pressure
measurement relied on the spectral shift of the R1 fluorescence line of
the ruby balls placed in the sample chamber of the DAC. We calibrated
the scattered angles 2θ and the incident wavelength, λ (0.080719 nm)
using a standard CeO2 polycrystalline sample.

2.4. DFT calculations

DFT optimized the conformations of [C8mim]+ and identified Ra-
man bands assigned to the molecular vibrations. The DFT calculations
of [C4mim]+ and [C6mim]+ were calculated in the previous study [18]
(Fig. 1). Here, n, t, g, and g' denote non-planar, trans, gauche, and
gauche', respectively [18]. The energy difference ΔE of each conformer
was calculated based on the standard of the non-planar and all trans con-
former. All stable conformers of [C4mim]+ are shown in Fig. 1. In
[C6mim]+, 13 stable conformers were obtained [18]. Only well-
stabilized conformers of [C6mim]+ are represented in Fig. 1. We uti-
lized the B3LYP-D3 including empirical dispersion corrections [31] and
hybrid functional and 6–311++G(d,p) basis set of GAMESS for all DFT
calculations [32]. Three conformers of [C8mim]+ were calculated pre-
viously using the DFT calculations [33]. Referring the well-stabilized
conformers of [C6mim]+, the initial conformations of [C8mim]+ in the
DFT calculations were selected.

Fig. 1. Molecular structures of [Cnmim]+ (n = 4, 6, and 8). Conformations were optimized, and the wavenumbers of the Raman bands (cm−1) were calculated us-
ing the DFT calculations. The numbers in the figure reveal the energy difference, ΔE (in kJmol−1), of each conformer from the non-planar and all trans conformer.
ΔE of [C4mim]+ and [C6mim]+ was obtained in the previous study [18].
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3. Results and discussion

3.1. High-pressure glass on [Cnmim][NO3] (n = 4, 6, and 8)

The method for determining the glass transition pressure (Pg) was
proposed through the line-broadening of ruby R1 fluorescence [34]. Ini-
tially, Pg upon compression was determined for [C2mim][BF4] [25].
Specifically, the full width at half-maximum (FWHM) of the ruby R1 flu-
orescence line exhibited a sudden increase at Pg. In addition, the pres-
sure dependence of the difference in FWHM (ΔFWHM) between FWHM
at HP and FWHM0 at ambient pressure was revealed the multiple-glass
transitions of the ILs [27,28].

Fig. 2(a)–2(c) illustrate the pressure dependencies of ΔFWHM in
[Cnmim][NO3] (n = 4, 6, and 8) at room temperature, respectively. Us-
ing a few ruby balls inside the DAC, the observed FWHM and pressure
were averaged. ΔFWHM was calculated by subtracting of FWHM0.
Upon compression, ΔFWHM increased drastically at approximately 2.5
GPa (Pg), leading to the amorphization of [C4mim][NO3] (Fig. 2(a)).
Crystallization was suppressed in [C4mim][NO3], upon compression.
Although ΔFWHM slightly decreased above 4.8 GPa, line-broadening
occurred above 6.5 GPa (P1) with increasing pressure (Fig. 2(a)). Simi-
lar to the multiple-glass transition observed in [C4mim][BF4] [27] ex-
hibited a double-glass transition of [C4mim][NO3] under HP. To exam-
ine effect of alkyl chain length on multiple-glass transitions, we mea-
sured pressure-dependent line-broadening in [C6mim][NO3]. Fig. 2(b)
shows the pressure dependence of ΔFWHM in [C6mim][NO3]. The in-
crease in ΔFWHM at 2.7 GPa (Pg) indicates the glass transition of
[C6mim][NO3]. Pg of [C6mim][NO3] was comparable to that of
[C4mim][NO3]. Upon further compression, the first glass–glass transi-

Fig. 2. Difference in full width at half-maximum (ΔFWHM) for ruby R1 fluores-
cence line as a function of pressure in (a) [C4mim][NO3], (b) [C6mim][NO3],
and (c) [C8mim][NO3]. Lines serve as visual guides. Pg, P1, and P2 denote the
glass transition pressure, the first glass–glass transition pressure, and the second
glass–glass transition pressure, respectively.

tion of [C6mim][NO3] was observed at approximately 6.7 GPa (P1).
Both [C4mim][NO3] and [C6mim][NO3] exhibit a double-glass transi-
tion when considering their pressure behaviors. In a previous study
[27], [C6mim][BF4] demonstrated a triple-glass transition under HP,
thereby clarifying the anion effect for multiple-glass transitions in the
[C6mim][X] system. Fig. 2(c) illustrates an entirely different HP behav-
ior observed in [C8mim][NO3]. [C8mim][NO3] underwent amorphiza-
tion at lower pressure (Pg = 1.8 GPa). Additionally, P1 (5.7 GPa) of
[C8mim][NO3] was smaller than those of [C4mim][NO3] and
[C6mim][NO3]. Moreover, the second glass–glass transition occurred at
P2 (7.1 GPa) only in [C8mim][NO3]. Subsequently, complicated glassy
states emerged in [C8mim][NO3], resulting in changes in the local dis-
orders.

Fig. 3(a)–3(c) plot the glass transition pressures of [Cnmim][X] to
emphasize the anion effect of the glass transitions as an inherent HP
property. For a comparison, the previously obtained glass transition
pressures of [Cnmim][TFSI] [28] and [Cnmim][BF4] [27] are shown in
Fig. 3(a) and (c), respectively. The interaction energy between
[C4mim]+ and anions was estimated previously [35,36]. For instance,
the interaction energy increases in the order of [TFSI]– < [PF6]– <
[BF4]– < [ClO4]– < [SCN]– < [I]– < [NO3]– < [Br]– < [OAc]–, and

Fig. 3. Crystallization and glass transition pressures in (a) [Cnmim][TFSI], (b)
[Cnmim][NO3], and (c) [Cnmim][BF4]. PC, Pg, P1, and P2 denote the crystal-
lization pressure, the glass transition pressure, first glass–glass transition pres-
sure, and second glass–glass transition pressure, respectively. The circles re-
veal the glass transition pressures. The closed and open squares reveal crys-
tal-crystal phase transitions upon compression and decompression, respec-
tively.
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[Cl]– < [F]–. Here, [TFSI]– is categorized as a weak interaction. The
molecular shape of [TFSI]– is anisotropic, and [TFSI]– possesses a di-
pole moment [37]. Further, [TFSI]– possesses two stable conformers
(cis and trans) [37]. [Cnmim][TFSI] was characterized by prepeaks,
which represent the nanoheterogeneity [38]. Fig. 3(a) exhibits the HP-
driven glass transition of [Cnmim][TFSI] [27]. A single glass transition
appeared in [Cnmim][TFSI] (3 ≤ n ≤ 10). The Pg values of [C9mim]
[TFSI] and [C10mim][TFSI] increased slightly due to nanoheterogene-
ity as it developed with increasing alkyl chain length. The random
freezing of anionic cis and trans conformers was considered as a glass-
forming factor in [Cnmim][TFSI]. We deduced that random freezing of
the cis and trans conformers of [TFSI]–, which causes the HP-
amorphization. The prepeak in [C10mim][TFSI] [38] did not vanish
above Pg; therefore, super-pressurized liquid (spL) was amorphized to
exhibit nanoheterogeneity. Meanwhile, [C2mim][TFSI] simply crystal-
lized at approximately 1 GPa [39]. In contrast to anisotropic [TFSI]–,
[PF6]– has no conformational degrees of freedom. Due to the weak in-
teraction energy of [PF6]– [34], [Cnmim][PF6] (n = 6 and 8) indicated
glass transition under HP [26]. In the [Cnmim][NO3] system, [NO3]–

belongs to the medium interaction energy group [35]. [C2mim][NO3]
presented the HP crystal polymorph and multiple pathways of phase
transition [16]. Additionally, we observed a reversible crystal poly-
morph of [C10mim][NO3] under HP [19]. The glass transition pres-
sures including the crystal phases are plotted in Fig. 3(b). In spite of
the medium interaction energy of [NO3]–, HP-driven multiple-glass
transitions were induced in [Cnmim][NO3] (n = 4, 6, and 8). In partic-
ular, the triple-glass transition of [C8mim][NO3] appeared upon com-
pression. [BF4]– is characterized as the weak interaction energy [35].
HP behaviors in [Cnmim][BF4] as another IL system are indicated on
the alkyl chain length scale (Fig. 3(c)). Upon compression, HP glass ap-
peared in [C2mim][BF4] [25]. In contrast, the crystal polymorph of
[C2mim][BF4] occurred upon decompression. Also, decompression-
induced crystallization was observed in [C8mim][BF4] [27]. Mean-

while, HP-driven multiple-glass transitions were detected upon com-
pression. The multiple-glass transitions occurred without crystalliza-
tion in the intermediate alkyl chain length (n = 3–7), (Fig. 3(c)). Even
in [C5mim][BF4], the triple-glass transition was due to under HP.
Moreover, the prepeak of [C8mim][BF4] disappears at Pg.
[C8mim][BF4] exhibits a homogeneous glass, contrasting with the
nanoheterogeneous glass of [C10mim][TFSI]. The alkyl chain length
region of the triple-glass transition of [Cnmim][BF4] is enlarged com-
pared with that of [Cnmim][NO3].

3.2. Conformational changes in [Cnmim][NO3] under high pressure

Raman spectroscopy determined the complicated crystal polymorph
of [C10mim][NO3] at LT [20]. When crystallization occurred at LT, the
broad Raman bands in the liquid state transformed into sharp Raman
bands, allowing the distinction between ordered and disordered states
based on the bandwidth.

Fig. 4(a) shows the pressure dependence of [C4mim]+ conformers.
We utilized the asymmetric profile fitting to decompose the observed
Raman bands employing the asymmetric pseudo-Voigt function. The
stable conformers (ntt, ngt, ng’t, and ng’g’) of [C4mim]+ were calcu-
lated using DFT (Fig. 1) [18]. Here, n, t, g, and g’ denote non-planar,
trans, gauche, and gauche’, respectively [18]. In a previous study of fluo-
rinated ILs [40], sharp Raman bands of [C4mim]+ (ntt, ngt, ng’t, and
ng’g’) were observed alongside accompanying the LT crystallization.
For [C4mim][NO3], Raman bands of the trans and gauche conformers of
[C4mim]+ in the liquid state appeared at 580–630 cm−1 (Fig. 4(a)).
The Raman spectra at the above wavenumber region originated from
the CH2 rocking mode of [C4mim]+. The gauche band of [C4mim]+ at
ambient pressure was broader than the trans band. One of the reasons is
that the broad gauche band contains the ngt, ng’t, and ng’g’ conformers
[40], whose wavenumbers are different (Fig. 1). Peak sharpening was
not observed up to the maximum pressure. This means that HP crystal-

Fig. 4. Raman spectra at room temperature of (a) [C4mim][NO3], (b) [C6mim][NO3], and (c) [C8mim][NO3]. Cationic Raman bands are observed at 580–630 cm−1.
The numbers in the figure indicate the pressure values (GPa).
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lization was suppressed in [C4mim][NO3] upon compression. The Ra-
man intensities varied with pressure. For instance, above 5.9 GPa, the
trans band intensity became larger than the gauche intensity. Fig. 4(b)
presents the pressure-dependent Raman spectra of [C6mim][NO3]. The
stable conformers of [C6mim]+ that were calculated using the DFT
[18], are represented in Fig. 1. In the same manner at ambient pressure
with [C4mim]+, the trans conformer (ntttt) of [C6mim]+ was shaper
than the gauche conformers (ng'g'tt, ng'g'tg', and ng'ttt). Additionally,
with increasing pressure, peak broadening of the trans conformer was
observed in [C6mim][NO3]. The Raman intensity of the trans conformer
exceeded the gauche one and the long alkyl chain effect under HP was
examined in [C8mim][NO3]. The stable [C8mim]+ conformers were es-
timated using DFT in this study, referring to the conformers of
[C6mim]+ (Fig. 1). The ntttttt conformer of [C8mim]+ belongs to the
trans group. The other ngttttt, ng'ttttt, ng'g'tttt, and ng'g'tg'tt conformers
are classified into the gauche group. We express the HP tendency of the
[C8mim]+ conformers by the trans dominant pressure region above 3.5
GPa. Compared with [C4mim]+ and [C6mim]+, the trans [C8mim]+

was preferred as a major conformation in the lower pressure region,
which means that trans conformers such as [C8mim]+ could be favor-
able for longer alkyl chain packing under densely packed conditions.

Quantitative conformational analysis is important for detailed mole-
cular behaviors, which relate to the HP-driven multiple-glass transition.
Fig. 5(a)–5(c) show the conformational ratios of [C4mim][NO3],
[C6mim][NO3], and [C8mim][NO3], respectively. The pressure depen-
dence of intensity fractions, fi, were obtained from profile fitting. fi of
the [Cnmim]+ conformers is provided by,

(1)

where It and Ig are the Raman intensities of the trans and gauche con-
formers, respectively. The conformations of [C4mim][NO3] drastically
changed upon compression, which is related to the glass transitions
(Fig. 5(a)). At P < Pg in the spL state, the gauche conformers (ng'g', ng't,
and ngt) of [C4mim]+ increased gradually as pressure increases The ntt
conformer changed to a folding conformer during spL. In contrast,
above Pg, conformational fraction of the gauche conformers (ng'g', ng't,
and ngt) in the glassy state decreased proportionally with pressure. The
trans alkyl chains for a higher packing efficiency could be promoted for
further packing in the glassy state. Approximately at around P1, a major
conformer was exchanged with the trans conformer of [C4mim]+. The
first glass–glass transition at P1 was caused by conformational switch-
ing.

Fig. 5(b) plots the pressure properties of [C6mim]+, in which the
gauche conformers (ng'g'tt, ng'g'tg', and ng'ttt) in the spL was mainly

occupied. Nevertheless, at approximately Pg, trans [C6mim]+ became
the major conformer instead of the gauche conformer. The trans con-
former contributed to the higher molecular packing efficiency in the
glass state. At P1, a discontinuous increase in the trans fraction was ob-
served. We explained the double-glass transition of [C6mim][NO3]
through the conformational changes of [C6mim]+.

[C8mim][NO3] provided the pressure-sensitive conformations of
[C8mim]+ (Fig. 5(c)). A relatively large portion at ambient pressure of
the gauche conformers (ng'g'tg'tt, ng'g'tttt, ng'ttttt, and ngttttt) was ob-
served. By pressing the sample, the gauche conformers such as ng'g't-
g'tt, ng'g'tttt, ng'ttttt, and ngttttt increased during spL. Once the pres-
sure reached Pg, the gauche fraction decreased inversely. The rapid
conformational changes of [C8mim]+ above Pg could modify the local
arrangement for dense packing. The conformational crossover pres-
sure from the gauche-dominant conformers (ng'g'tg'tt, ng'g'tttt, ng'ttttt,
and ngttttt) to the trans-dominant conformers was 3 GPa. Without the
glass–glass transition (Pg < P < P1), the rapid increment of the trans
[C8mim]+ conformer could be caused by densely molecular packing
(Fig. 1). The [C8mim]+-inherent trans conformers enable us the en-
largement of the trans fraction (ft = 0.65). However, in the first
glass–glass transition at P1, a conformational change was not observed
(Fig. 5(c)). We characterized the new glassy state by pressure-
invariant conformational fractions at P1 < P < P2. Notably, the sec-
ond glass–glass transition at P2 was influenced by the conformational
changes. Above P2, the gauche conformers (ng'g'tg'tt, ng'g'tttt, ng'ttttt,
and ngttttt) of [C8mim]+ increased again. The HP glassy states in
[C8mim][NO3] are classified into pressure-variant and pressure-
invariant conformations.

3.3. Pressure dependence of nanoheterogeneity in [Cnmim][NO3]

The nanoheterogeneities of [Cnmim][NO3] (n = 4, 6, and 8) were
investigated using SWAXS. The SWAXS patterns at ambient pressure
are shown in Fig. 6. We normalized the SWAXS intensities by the scat-
tering intensity of the Kapton film. Obviously, the prepeak intensity of
[C8mim][NO3] was large, and the prepeak was located at the low-Q po-
sition, which indicates the correlation length (2.3 nm) between the
nonpolar nanodomains. For instance, the MD simulation of [C10mim]
[TFSI] presents that the 2-nm−1 prepeak is derived from the ion − ion
distances mediated by nonpolar nanodomains [38]. The MD simulation
of [C8mim][NO3] provided a 2.26-nm stacking sequence of the crystal
phase [21]. Moreover, a snapshot in the liquid state supported a corre-
lation length of 2.3 nm. Thus, the local structure of [C8mim][NO3] in
the liquid state at ambient pressure could be represented by a partial-
LC-like stacking structure. Further, a broad and weak prepeak was ob-
served in [C6mim][NO3] (Fig. 6). The distribution of the correlation

Fig. 5. Pressure dependences of intensity fractions, fi, in (a) [C4mim][NO3], (b) [C6mim][NO3], and (c) [C8mim][NO3]. Pg, P1, and P2 denote the glass transition
pressure, the first glass–glass transition pressure, and the second glass–glass transition pressure, respectively.
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Fig. 6. Pressure dependence of the SWAXS patterns of [Cnmim][NO3] (n = 4, 6,
and 8) at room temperature and ambient pressure.

length reflected the prepeak width. The broad prepeak at ambient pres-
sure was originated from various conformers and the orientational dis-
order of [C6mim]+. The 3.2-nm−1 prepeak corresponds to a shorter cor-
relation length of 2.0 nm. In case of [C4mim][NO3], there was no pre-
peak at ambient pressure. Therefore, the homogeneous spL in
[C4mim][NO3] transformed into homogeneous glass under HP. The
nanoheterogeneity of [Cnmim][NO3] was found to develop proportion-
ally to the alkyl chain length at ambient pressure.

Fig. 7(a) presents the pressure-dependent SWAXS patterns of
[C6mim][NO3]. By pressing, the SWAXS intensity decreased immedi-
ately and the prepeak almost vanished at 0.5 GPa (<Pg). Further, the
nanoheterogeneity of [C6mim][NO3] in the spL state collapsed easily,
and the nanoheterogeneity was flexible. At Pg, the homogeneous glass
was completely formed in [C6mim][NO3] due to no prepeak. Entirely
different HP SWAXS patterns were obtained in [C8mim][NO3] (Fig. 7
(b)). The prepeak intensity gradually decreased up to 1.1 GPa (<Pg)
without changing the prepeak width. Some parts below 1.1 GPa of
the nanoheterogeneity changed to the homogeneous part with de-
creasing prepeak intensity. Homogeneous and nanoheterogeneous
parts coexisted in the spL state of [C8mim][NO3]. Notably, at 2.0 GPa
(>Pg), the prepeak did not vanish completely but the prepeak broad-
ening occurred distinctly (Fig. 7(b)). At Pg, some parts of the
nanoheterogeneity remained even in the glass transition. Thus, the
nanoheterogeneity of [C8mim][NO3] was found to be relatively rigid
compared with [C6mim][NO3]. A new finding is that the glass transi-
tion of [C8mim][NO3] in the spL caused a change in the nanohetero-
geneous morphology due to prepeak broadening at Pg. Inside the ho-
mogeneous part of the [C8mim][NO3] glass, various kinds of nan-
odomains, which obey the wide distribution of the correlation
lengths, exist, compensating for their size mismatches. By further
compression, the line profile of the prepeak changed at 5.0 GPa. The
peak shape was represented by a superposition of two prepeaks.
Hence, two components of the nanoheterogeneities were expressed by
correlation lengths of 1.68 and 2.24 nm. Here, we predict that the
nanodomains with a wide size distribution are restricted to two char-
acteristic sizes of the nanoheterogeneities inside the homogeneous
glass. The complicated nanoscaled morphology was maintained up to
P2. Moreover, the conformational fractions became almost constant
between 5.0 GPa and P2. At P2, the second glass–grass transition
caused the disappearance of the prepeaks. Finally, homogeneous glass
in [C8mim][NO3] was obtained above P2. The heterogeneous
glass–homogeneous glass transition at P2 resembles the polyamor-
phism of water [2–4]. From the viewpoint of the cationic conforma-

Fig. 7. Pressure-dependent SWAXS intensities of (a) [C6mim][NO3] and (b)
[C8mim][NO3] at room temperature. SWAXS intensities were normalized to the
Bragg intensity of the Kapton film.

tions, the gauche fraction increased again above P2. The homogeneous
glassy state could promote molecular packing efficiency using folding
conformers.

4. Conclusions

Herein, HP-driven multiple-glass transitions of [Cnmim][NO3]
(n = 4, 6, and 8) were clarified through Raman spectroscopy and
SWAXS. [C4mim][NO3] exhibited a simple glass transition from homo-
geneous spL to homogeneous glass. The nanoheterogeneity of
[C6mim][NO3] completely disappeared during spL. The HP glass of
[C6mim][NO3] was homogeneous. A complicated triple-glass transition
was observed in [C8mim][NO3]. Even at Pg, nanoheterogeneity re-
mained with decreasing prepeak intensity and prepeak broadening.
Broad prepeak split close to P1. The nanoheterogeneous double state
was induced only in [C8mim][NO3]. The two prepeaks vanished at P2,
and a homogeneous glassy state was formed. The heterogeneous
glass–homogeneous glass transition of [C8mim][NO3] was similar to
the polyamorphism of water. The alkyl chain length of the cations ex-
tensively influenced the HP-driven multiple-glass transitions of
[Cnmim][NO3].
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