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A B S T R A C T

Cooling-rate dependent multistep phase transition of 1-decyl-3-methylimidazolium nitrate ([C10mim][NO3])
was investigated at low temperature (LT) by conducting simultaneous small- and wide-angle X-ray scattering and
differential scanning calorimetry (DSC) measurements. Above 9 ℃/min (nonequilibrium), crystallization of
[C10mim][NO3] was suppressed upon cooling, whereas cold crystallization appeared upon heating. At the cool-
ing rate region between 5℃/min and 8℃/min (quasiequlibrium), a multistep phase transition was identified on
the DSC thermal traces. The Bragg reflection at the lowest scattering angle was located at a different position
from that of the prepeak in the liquid state. A long periodic layered structure was formed at LT.

© 2021

1. Introduction

Ionic liquids (ILs) emerged as novel solvents [1,2] with unique charac-
teristics. For instance, ILs exhibit nanoheterogeneity even in the liquid
state [3–11]. For 1-alkyl-3-methylimidazolium ([Cnmim]+)-based ILs,
where n indicates the alkyl chain length, nanoheterogeneity was theo-
retically demonstrated on the basis of molecular dynamics (MD) simu-
lations [3–6]. In a simulation box, nanoheterogeneity can be easily
tuned by the n value. Experimentally, a prepeak of [Cnmim]+-based ILs
was observed by small- and wide-angle X-ray scattering (SWAXS)
[7–11]. Recently, the nanoheterogeneity of ILs is summarized in the lit-
erature [12–14]. In addition to the nanoheterogeneity of the [Cnmim]+

cations, their molecular conformations contribute to the liquid or solid
properties of ILs. The degrees of freedom of the conformations of the
[Cnmim]+ cations were estimated by density functional theory (DFT)
calculations [15–19], indicating that their conformational stabilities ex-
tensively varied depending on n. The observed Raman bands were also
assigned using DFT calculations [16,18,20].

Meanwhile, the anion component of ILs also plays an important role
in its properties and is a key factor for the design of task-specific ILs

Abbreviations: DFT, Density functional theory; DSC, Differential scanning
calorimetry; HP, High pressure; IL, Ionic liquids; LC, Liquid crystal; LT, Low
temperature; MD, Molecular dynamics; SWAXS, Small- and wide-angle X-ray
scattering

E-mail address: ab@nda.ac.jp (H. Abe).

[21]. For instance, calculation of the interaction energy of [C4mim][X]
provided the anion ranking with basicity values [22], showing that the
interaction energy decreases in the order of
F− > Cl− > Br− > [NO3]− > I− > SCN−. At low temperature (LT), the
crystal structure of [C2mim][NO3] is monoclinic (P21/n) [23], and a
nonplanar conformer of [C2mim]+ existed in the unit cell. Phase transi-
tions of [C2mim][NO3] were examined at LT [24] and high pressure
(HP) [25,26], and an HP-crystal polymorph and phase transitions with
multiple pathways could be clearly distinguished using HP-SWAXS
[26]. The presence or absence of an HP-inherent planar’ conformer of
[C2mim][NO3] can alter the pathways of the phase transitions. In the
case of [C4mim][NO3], subsequent phase changes were detected upon
heating via heat capacity measurements [27]. By conducting simultane-
ous wide-angle X-ray scattering and differential scanning calorimetry
(DSC), two crystal phases were identified upon heating [28]. In contrast
to [Cnmim][NO3] (n = 2 and 4), [C6mim][NO3] and [C8mim][NO3] did
not crystallize either upon cooling or heating [29]. Furthermore, the ef-
fect of the long alkyl chain on the phase transitions of [Cnmim][NO3]
was examined using MD simulations [30–32]. Several kinds of crystal
structures of [C14mim][NO3] were obtained in the simulation box [31].
Near the temperature of the phase transition from crystal to liquid crys-
tal (LC), an intermediate molecular order as a metastable state was
formed upon losing the polar bilayers.

Glass transition dynamics and crystallization kinetics of pyrroli-
dinium-based ILs were examined by changing the cooling rate [33]. The
crystallization tendency of ILs was obtained by the crystallization rate.
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Nonequilibrium behaviors of ILs were observed in the LT- and HP-phase
transitions [34]. Crystal polymorphs and multiple pathways of the
phase transitions are understood by introducing a crystal energy land-
scape [35], which is described by various energy minima of crystals re-
flecting conformational flexibility. Conversely, the crystal nucleation
process of propylene carbonate was represented on a time − tempera-
ture transformation diagram [36], which indicated that the nucleation
process was sensitive to the cooling rate. More interestingly, the hetero-
geneous dynamics of two-dimensional aggregates was demonstrated,
considering the morphological hierarchy [37]. The formation of a non-
equilibrium pattern was induced by a competition between pairwise
short-range attraction and long-range repulsion.

In this study, we investigated the LT-phase behaviors of
[Cnmim][NO3] (n = 2, 4, 6, 8, and 10) by changing the cooling rate. A
multistep phase transition of 1-decyl-3-methylimidazolium nitrate
([C10mim][NO3]) was clarified via simultaneous SWAXS and DSC mea-
surements. Moreover, we found that the LT crystal phase possessed a
long periodic layered structure and that the lattice constant along the
stacking direction was entirely different from the correlation length in
the liquid state.

2. Experimental section

Commercially available [C2mim][NO3] (assay > 98.0%) from
Tokyo Chemical Industry Co., Ltd. and [C4mim][NO3] from Sigma-
Aldrich were used. [C6mim][NO3], [C8mim][NO3], and
[C10mim][NO3] (assay > 98.0%) were purchased from Angene Chemi-
cal. For all samples, vacuum drying was conducted for 48 h. Simultane-
ous SWAXS and DSC measurements were conducted using a vertical go-
niometer (SmartLab, Rigaku) [38] to clarify the complicated phase be-
haviors [39,40]. Cu Kα radiation (λ = 1.542 Å) was used for incident
X-ray. The DSC windows used for SWAXS were metal-coated Mylar
films. For the simultaneous measurements, a temperature range
of − 100 ℃ to 50 ℃ was used, and the cooling and heating rates were
0.75 ℃/min − 16 ℃/min. During the simultaneous measurements, dry
nitrogen gas was passed at 20 mL/min to reduce moisture. The scatter-
ing vector Q was defined as 4π(sin θ)/λ (Å−1), where the scattered angle
was 2θ.

The observed SWAXS patterns were analyzed using the CONO-
GRAPH software [41] and the ab initio structure determination program
in FOX [42]. CONOGRAPH determined the crystal system and lattice
parameters, and the molecular arrangements in the unit cell were simu-
lated using FOX, which uses global optimization algorithms.

3. Results

3.1. Phase behaviors of [Cnmim][NO3] (n = 2, 4, 6, 8, and 10)

Fig. 1 displays the LT-phase transitions of [Cnmim][NO3] (n = 2,
4, 6, 8, and 10) at a cooling and heating rate of 5 ℃/min. As can be
observed in the figure, which also indicates the temperatures of crys-
tallization, cold crystallization, melting, and glass transition (TC, TCC,
Tm, and Tg, respectively), the phase transitions were influenced by the
alkyl chain length, n. Generally, cold crystallization is defined by the
stabilization process from the metastable phases to the stable crystal
phases upon heating [43]. No prepeak was observed for
[C2mim][NO3] in the liquid state, suggesting that this IL did not ex-
hibit nanoheterogeneity [29]. Thus, a charge network was preferred
in [C2mim][NO3]. The molecular arrangement in the unit cell satisfied
the charge network [23]. Upon cooling, [C2mim][NO3] crystallized
at − 10.7 ℃ (TC) [26], and the crystal melted at 42.6 ℃ (Tm) upon
heating. Meanwhile, the crystallization was completely suppressed in
[C4mim][NO3] upon cooling (5 ℃/min) [28], indicating that the su-
percooled effect was enhanced in [C4mim][NO3]. Upon heating, cold
crystallization occurred at −40.9 ℃ (TCC), and the crystal structure

Fig. 1. Phase changes of [Cnmim][NO3] (n = 2, 4, 6, 8, and 10) at 5 ℃/min.
TC, TCC, Tm, and Tg represent the temperatures of crystallization, cold crystal-
lization, melting, and glass transition, respectively. The blue and red arrows in-
dicate the cooling and heating processes, respectively.

was found to be monoclinic. Further heating induced a solid–solid
phase transition resulting in the formation of an orthorhombic lattice.
Upon heating, the crystal polymorph of [C4mim][NO3] reflected com-
plicated molecular interactions. A small-angle neutron scattering
analysis revealed a distinct prepeak in ILs with larger n, i.e.,
[C6mim][NO3] and [C8mim][NO3] [29]. The nanoheterogeneity was
well developed in both ILs and could influence the crystal nucleation
and growth at LT. In fact, neither crystallization nor cold crystalliza-
tion occurred in [C6mim][NO3] and [C8mim][NO3] (Fig. 1). For
[C10mim][NO3], a long periodic layered structure was observed upon
cooling. The phase transition behavior of [C10mim][NO3] is described
in Section 3.3.

The different phase transition behaviors of the [Cnmim][NO3] series
can be explained in terms of the duality of their ionic and organic na-
ture [44]. Thus, on the one hand, crystallization and cold crystallization
were observed in [C2mim][NO3] and [C4mim][NO3], respectively, be-
cause of their ionic nature. On the other hand, an LC-like phase was ob-
served in ILs with large n, namely, [C10mim][NO3], as a result of its or-
ganic nature. In this case, the packing efficiency of the long alkyl chain
of the [C10mim]+ cation was preferred over the charge network. Addi-
tionally, the alkyl chain length dependence of the density of
[Cnmim][NO3] (n = 2, 4, 6, and 8) [29,30] supports the ionic and or-
ganic duality. High density is derived from Coulombic interactions,
whereas low density is observed in ILs with long alkyl chains, because
of their loosely packed nanoheterogeneity. The ionic nature (n = 2 and
4) and organic nature (n = 10) were clearly distinguished according to
the LT phase behaviors, with the glass transition of [C6mim][NO3] and
[C8mim][NO3] appearing as an intermediate state. Because of a compe-
tition between ionic and organic interactions, small crystal embryos
could not exceed the critical size of crystal nucleation. The duality of
the ionic and organic nature of [Cnmim]NO3] is illustrated by the phase
behavior plot shown in Fig. 1.

3.2. Cooling rate effect of [Cnmim][NO3] (n = 2, 4, 6, and 8)

Recently, a significantly slow phase transition of [C8mim][BF4] was
reported [45]. Generally, the phase transitions of the ILs are sensitive to
thermal treatments. The cooling rate effect of the phase transitions is
caused by a nonequilibrium property as seen in glassy materials. Glass
transition of ILs is influenced by the cooling rate, and dynamic fragility
as a function of glass transition temperature is plotted to classify the an-
ion effect [46]. Thus, the cooling rate dependence of the phase transi-
tions of [Cnmim][NO3] (n = 2, 6, and 8) was examined by DSC (Fig.
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2a). The phase transition of [C2mim][NO3] was simple both upon cool-
ing and heating [26]. With increasing cooling rate, the crystallization
temperature (TC) of [C2mim][NO3] increased. However, at 16 ℃/min,
TC decreased because of rapid cooling. Conversely, [C6mim][NO3] and
[C8mim][NO3] showed a glass transition without crystallization at a
cooling rate of 1 ℃/min − 17 ℃/min (Fig. 2a). Upon heating, cold
crystallization was also suppressed in [C6mim][NO3] and
[C8mim][NO3]. Significantly, glass was formed in [C6mim][NO3] and
[C8mim][NO3] even by changing the cooling rate. In other [Cnmim][X]
systems (X = BF4 or PF6), the glass transition of [C6mim][X] and
[C8mim][X] occurred [47]. With increasing cooling rate, the glass tran-
sition temperature (Tg) of [C6mim][NO3] and [C8mim][NO3] slightly
increased. This tendency was also seen in other ILs [46].

[C4mim][NO3] showed a complicated phase behavior on the cool-
ing rate scale (Fig. 2b). At a cooling rate below 2.0 ℃/min, the crystal
polymorph of [C4mim][NO3] appeared upon cooling (Fig. S1). The
multistep phase transition of [C4mim][NO3] was sensitive to the cool-
ing rate and represented a nonequilibrium effect [34]. At a cooling
rate above 3.0 ℃/min, crystallization was not induced upon cooling
(Fig. S1). Therefore, [C4mim][NO3] is regarded as an intermediated
state between the crystal (n = 2) and glass (n = 6 and 8) states. In a
crossover alkyl chain length (n = 4), the phase transition behaviors of

Fig. 2. (a) Cooling rate dependence of the crystallization temperature (TC) of
[C2mim][NO3] and glass transition temperature (Tg) of [Cnmim][NO3] (n = 6
and 8). (b) Cooling rate dependence of crystallization upon cooling and cold
crystallization upon heating of [C4mim][NO3].

[C4mim][NO3] were easily influenced by the cooling rate as a nonequi-
librium factor. Not only upon cooling but also upon heating, the cool-
ing rate effect was observed. The glass transition and cold crystalliza-
tion of [C4mim][NO3] upon heating appeared at a heating rate above
1.0 ℃/min (Fig. S1). In quaternary ammonium ILs [48], the thermo-
gram upon heating indicated that the glass transition and cold crystal-
lization occurred at − 75 °C (Tg) and − 45 °C (TCC), respectively. In
the case of [C4mim][NO3], at a cooling rate of 1.0C/min −2.0 °C/min,
glass and crystal coexisted at the minimum temperature. Moreover,
upon heating, two exothermal peaks were observed at a heating rate of
1.0C/min −2.0 ℃/min. Here, it is emphasized that a glassy state was
superimposed at a cooling rate of 1.0C/min −2.0 ℃/min in addition to
a crystal state.

3.3. Cooling rate effect of [C10mim][NO3]

Generally, as a nonequilibrium process, the formation of solid states
depends on the cooling rate, and rapid cooling resulted in glass transi-
tion [49,50]. Fig. 3 shows the DSC thermal traces of [C10mim][NO3] at
various cooling and heating rates. At a cooling rate of 14.3 ℃/min,
crystallization did not occur upon cooling. Tg was found to be −57.5℃.
Upon heating, the glass transition took place almost at the same Tg.
With increasing temperature, cold crystallization was observed, which
was accompanied by a sharp exothermal peak. Finally, the crystal
melted, affording an endothermal peak. At a cooling rate of 9.0℃/min,
partial crystallization was detected by the appearance of small exother-
mal peaks with weak Bragg reflections at −16.6 ℃, denoted by the blue
open circles in Fig. S2. Since the Bragg reflections appeared in the halo
pattern derived from the supercooled liquid or in an amorphous state
(Fig. S2), the latter coexisted with a partially crystalline state. Upon
heating at a heating rate of 9.0 ℃/min, cold crystallization occurred
above Tg. On the DSC thermal traces upon heating, the weak exother-
mal peak at −13.6 ℃ and the weak endothermal peak at 8.3 ℃ were
observed (Fig. S2). Because of the rapid scan of the SWAXS patterns at
9.0 ℃/min, we cannot detect the structural changes at all. Bragg inten-
sities were insufficient to distinguish the phase transitions. We deduce
that these small peaks on the DSC thermal trace are derived from the
conformational changes on the lattice sites. If conformational changes
occur without orientational and positional changes in the unit cell, the
SWAXS pattern could change a little. Overall, Tg, TCC, and Tm at a cool-
ing rate of 9.0 ℃/min were comparable with those observed at a cool-
ing rate of 14.3 ℃/min (Fig. 3).

Drastic phase changes were induced at a cooling rate below
8.1 ℃/min for [C10mim][NO3]. Three broad exothermal peaks ap-
peared upon cooling at a cooling rate of 8.1 ℃/min (Fig. 3). Since the
cooling rate was high, the phase changes were not distinguished on the
SWAXS patterns during the three-step crystallization. The observed
multistep phase transition can be qualitatively understood by nonequi-
librium theories [51], although a quantitative theoretical description
has not been provided. Compared with the small exothermal peak at a
cooling rate of 9.0 ℃/min, a distinct multistep crystallization occurred
despite the small difference in the cooling rate. It should be noticed that
the crossover cooling rate of the phase transition of [C10mim][NO3]
was found to be 9.0 ℃/min. The crossover cooling rate is an important
glass-forming factor. Considering that no halo pattern was observed
(Fig. S3), [C10mim][NO3] fully crystallized upon cooling at a cooling
rate of 8.1 ℃/min. This result was in accordance with the absence of Tg
on the thermal trace. Moreover, upon heating, a solid–solid phase tran-
sition with a small endothermal peak occurred near Tm. When the cool-
ing rate was reduced to 6.8 ℃/min, the exothermal peak ratio drasti-
cally changed. The lowest exothermal peak decreased, and the phase
behavior upon heating was almost equivalent to that at 8.1℃/min. The
decreasing tendency of the lowest exothermal peak was enhanced at
5.0 ℃/min. The lowest exothermal peak was not observed on the DSC
thermal trace (Fig. 3), indicating the occurrence of a two-step phase
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Fig. 3. Differential scanning calorimetry traces of [C10mim][NO3] depending on the cooling rate. The numbers in the figure correspond to the cooling and heating
rates. The multistep phase transitions upon cooling are indicated by the closed blue circles. Upon heating, the glass transition and cold crystallization are indicated
by the green and red circles, respectively.

transition at 5.0 ℃/min. Furthermore, at 3.5 ℃/min, a single-phase
transition occurred. Particularly below 5.0 ℃/min, the TC value in-
creased, and the exothermal peak became sharper with a decrease in
the cooling rate. Noteworthily, intrinsic multistep transitions were ob-
served at intermediate cooling rates. Fig. 4 shows the cooling rate de-
pendence of the transition temperatures. The cooling effect of the phase
transition of [C10mim][NO3] can be classified into three regions. Specif-
ically, a nonequilibrium state was realized above 9 ℃/min, because of
the lack of crystallization (a fully frozen state) upon cooling. Con-
versely, a single-phase transition temperature occurred below
5 ℃/min, which can be attributed to an equilibrium state. Between
these cooling rate regions, the glass transition and cold crystallization
upon heating were suppressed in [C10mim][NO3] (Fig. 3). Compared
with the crystal polymorph with glass forming of [C4mim][NO3] at
1.0 ℃/min −2.0 ℃/min (Fig. S1), crystal polymorph without glass
forming was observed in [C10mim][NO3] at 5.0 ℃/min − 8.1 ℃/min.
In [C10mim][NO3] during the above cooling rate region, the coexis-
tence of glass and crystal was not realized at the minimum temperature.
The distinct boundaries on the cooling rate scale (Fig. 4) imply that the
intermediate cooling region of 5.0 ℃/min − 8.1 ℃/min is a quasiequi-
librium state. Recently, the concept of a quasiequilibrium state was in-
troduced to describe the kinetic behavior of supercritical fluids [52].
The crystal polymorph without glass forming of [C10mim][NO3] corre-

sponds to quasiequilibrium, which does not belong to the equilibrium
or nonequilibrium state.

3.4. Crystal structure of [C10mim][NO3]

Fig. 5 displays the representative simultaneous SWAXS and DSC
measurements at 5.0 ℃/min. At 23 ℃, a prepeak distinctly appeared
at 0.23 Å−1 and a broad halo pattern centered at 1.5 Å−1. When crys-
tallization occurred at −17.3 ℃ (TC1), sharp Bragg reflections (repre-
sented by the blue curve in Fig. 5) appeared on the SWAXS patterns,
whereas the prepeak disappeared. The lowest Q position of the Bragg
refraction was 0.145 Å−1, which is not seen at the prepeak position.
Generally, the LC phase of ILs is characterized by a sharp Bragg re-
flection at the prepeak position [53]. Therefore, the discrepancy be-
tween the positions of the prepeak and the lowest Q positioned Bragg
reflection in the HP region for the crystal of [C10mim][Cl] is notewor-
thy [54]. The lowest peak of [C10mim][Cl] was identified as the 001
Bragg reflection. Moreover, the appearance of a series of 00ℓ Bragg
reflections (ℓ = 1–5) was indicative of an HP-hybrid layered struc-
ture containing stacking and folding layers, where the stacking se-
quence is characterized by a long periodicity of 43 Å. At ambient
pressure, the 00ℓ Bragg reflections (ℓ = 1, 2, 3, and 5) of
[C10mim][NO3] are represented by the closed blue circles in Fig. 5.
Even at ambient pressure, a long periodic layered structure appeared
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Fig. 4. Cooling rate dependence of the phase transitions. Crystallization upon
cooling and cold crystallization upon heating are indicated by the blue and red
circles, respectively. Above 9 ℃/min, upon cooling, crystallization was sup-
pressed.

in [C10mim][NO3]. Meanwhile, upon heating, a solid–solid phase
transition was observed at −15.5 ℃ (TC2) as a weak endothermal
peak. This new phase is represented by green curves on the SWAXS
patterns, where a new peak additionally appeared (denoted by the
purple triangle in Fig. 5). The phase transition behavior of
[C4mim][PF6] upon heating [20] was characterized by solid–solid
phase transitions that involved (i) conformational changes of
[C4mim]+ and (ii) appearance of endothermal peaks. Hence, in the
case of [C10mim][NO3], a conformational change of [C10mim]+ could
be induced upon heating. In fact, one of the new peaks at low Q posi-
tion appeared between 001 and 002 Bragg reflections, and the new
peak position coincided with that of the prepeak position (the purple
closed triangle in Fig. 5). This suggests that a LC-like structure could
be partially activated. Finally, the crystal melted at 22.1 ℃ (Tm),
which was accompanied by the disappearance of the Bragg reflec-
tions.

Slow cooling experiments can probe the phase changes in detail.
Fig. 6 reveals the simultaneous measurements of SWAXS and DSC at
1.0 ℃/min. Even upon cooling, the LC phase appeared accompanying
the crystal phase at TC1. The sharp Bragg reflection appeared below TC1
(Fig. S4). Strong Bragg reflections of the crystal phase and a weak but
sharp LC peak imply that the LC phase existed partially inside the crys-
tal, permitting a lattice mismatch. With decreasing temperature, the LC
phase vanished at Tm1 with a small exothermal peak. Inversely, upon
heating, the LC phase was observed with a weak endothermal peak. The
LC phase of [C10mim][NO3] is regarded as a stable phase. In the
[Cnmim][Cl] and [Cnmim][PF6] systems [53], the stable LC phase ap-
peared above n = 9. Hence, the stable LC phase of [C10mim][NO3]
could be induced at n = 10.

To gain more insight into the HP-hybrid layered structure of
[C10mim][Cl] [54], a crystal structure analysis was conducted. Fig. 7
displays the observed and calculated SWAXS patterns, and Table 1 lists
the crystallographic data. The 00ℓ Bragg peaks indicated by the closed
blue circles in Fig. 7 are sharp and large, which implies that the stack-
ing layering was arranged favorably. Geometrically, the long lattice
constant along the stacking direction (42.1 Å) hinders [C10mim]+ from
adopting all-trans conformation, which contrasts with the LC phase
(28.4 Å). In fact, the HP crystal of [C10mim][Cl], whose structure was
determined using synchrotron radiation [54], contains the folded con-
former of [C10mim]+. The determination of the detailed molecular
arrangement of the [C10mim][NO3] crystal was out of the scope of this
study.

3.5. Model of the multistep phase transition processes

The multistep phase transition of [C10mim][NO3] at LT provided a
new insight for nonequilibrium science. To interpret the complicated
behaviors observed, the following multistep factors must be considered:
(i) long periodic layered structure, (ii) cooling rate dependence, (iii) ro-
tational modes of the alkyl chain of [C10mim]+, (iv) nanoheterogeneity
and density, and (v) duality of the ionic and organic nature. Fig. 8 illus-
trates one of the possible multiple phase transition processes as quasi-
equilibrium states. The morphological images in Fig. 8 are based on a
series of the MD simulations of [Cnmim][NO3] [30-32]. According to its
large prepeak, the nanoheterogeneity of [C10mim][NO3] developed
well in the liquid state, where the correlation length was estimated to
be 28.4 Å. With increasing alkyl chain length of [Cnmim]+, the liquid

Fig. 5. Simultaneous small- and wide-angle X-ray scattering and DSC measurements at 5.0 ℃/min. The open square represents scattering from an inner shroud of
DSC. The closed red and blue circles indicate the prepeak and 00ℓ Bragg reflections, respectively. The closed purple triangle corresponds to additional Bragg reflec-
tion of a stable LC phase upon heating. The low Q position of the new Bragg reflection coincided with the prepeak position.
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Fig. 6. Simultaneous measurements of SWAXS and DSC at 1.0 ℃/min. The open square reveals scattering from an inner shroud of DSC. The closed red and blue cir-
cles indicate the prepeak and 00ℓ Bragg reflections, respectively. The closed purple triangle corresponds to an additional Bragg reflection of a stable LC phase.

Fig. 7. Observed and calculated small- and wide-angle X-ray scattering patterns
at − 95 ℃. The cooling rate was 5.0℃/min. The closed blue circles indicate the
00ℓ Bragg reflections.

Table 1
Crystallographic data of [C10mim][NO3].

a (Å) b (Å) c (Å) α
(°)

β (°) γ
(°)

Z ρ
(g/cm3)

Rw
(%)

R (%)

P21/
c

15.426 42.065 6.660 90 99.12 90 12 1.33 18.1 13.2

density decreased [29], and the nanoheterogeneity developed further.
Thus, in [C10mim][NO3], the density fluctuation between relatively
low- and high-density nanoregions is thermally activated. In the high-
density nanoregion, the alkyl chains are well packed, whereas a cavity
or folding of the [C10mim]+ cation is present in the low-density nanore-
gion. Moreover, in the simulation box of [C12mim][NO3] [32], nonpo-
lar nanodomains (cationic tail groups) indicated that parallel order of
cationic side chains appears over the short range, with losing the orien-
tational order between each nanodomains. It can be concluded that the
cooling rate-dependent dynamics of the alkyl chain determines the
phase transition processes. At high cooling rates (9 ℃/min < dT/dt),
the rotational motions of the alkyl chains are randomly frozen, thereby

preventing crystal nucleation as a nonequilibrium effect. Below
9 ℃/min, the thermally excited rotational modes are gradually sup-
pressed. The collective motions of the alkyl chains are promoted, and
crystal nucleation and growth locally and individually occur. Thus, in
the early stage of crystal nucleation and growth, nanocrystal domains
are randomly distributed with an orientation disorder. Here, the lattice
constant along the stacking direction was 42.1 Å (Table 1).

Considering the intermediate interaction energy of [NO3]– [22], it
can be assumed that the ionic nature of [C10mim][NO3] is not domi-
nant. Since the nanoheterogeneous alkyl chain packing and motions as
the organic component are effective, crystal growth on the nanoscale
cannot continuously occur. At this stage (the first exothermal peak),
small crystal domains were independently formed, and an arrangement
of the nanocrystal domains is required for further cooling. Next, the ori-
gin of the second exothermal peak is discussed. In the second process of
the phase transition, the orientational correlation among the nanocrys-
tal domains in the medium range is indispensable to reach a long-range
order. The orientational order of the nanocrystal domains induces the
development of crystal domains on the mesoscopic scale. Finally, the
third exothermal peak corresponds to the appearance of a homoge-
neous layered structure in the long range. At intermediate cooling rates
(5.0–8.0 ℃/min), a quasiequilibrium state can be realized, and the
growth process cannot continuously occur upon cooling. This might be
due to the occurrence of a partial pinning effect induced by nanohetero-
geneity and weak ionic interaction between cations and anions. Conse-
quently, the LT phase transition of [C10mim][NO3] can be categorized
into the above three processes.

4. Conclusions

The phase transition of [C10mim][NO3] was examined using simul-
taneous SWAXS and DSC measurements. The phase transition was
found to be quite sensitive to the cooling rate. At
5.0 ℃/min − 8.0 ℃/min (quasiequilibrium), three subsequent
exothermal peaks were detected on the DSC thermal traces. Hidden in-
formation about the multistep phase transition could be extracted by
analyzing the phase behaviors at the intermediate cooling rate. On the
basis of the correlation length determined from the prepeak observed in
the liquid state, an all-trans conformation can be deduced for
[C10mim]+. The LT crystal structure of [C10mim][NO3] was character-
ized by a long periodic layered structure, whose lattice constant was
longer than that of the LC phase. Upon heating, an additional Bragg re-
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Fig. 8. Multistep phase transition processes upon cooling. The red closed triangles reveal the [NO3]− anions.

flection was located at the prepeak position, which indicates that the LC
crystal was a stable phase. Overall, the equilibrium, quasiequilibrium,
and nonequilibrium phase behaviors of [C10mim][NO3] could be
clearly distinguished by changing the cooling rates.
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