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Crystal polymorphs and multiple crystallization pathways of a room-temperature ionic liquid (RTIL) were observed
only under high pressure (HP). The RTIL was 1-ethyl-3-methylimidazolium nitrate, [C2mim][NO3]. The HP-crystal
polymorphs were related to conformations of the C2mimþ cation, and theHP-crystal pathways determined by the presence

or absence of the planar0 (P0) conformation of theC2mimþ cationwere switched at the bifurcation pressure (PB). AbovePB,
5 modulated crystal structures derived from the HP-inherent P0 conformer. Simultaneous X-ray diffraction and differential

scanning calorimetry measurements, accompanied by optical microscope observations, confirmed the normal low-

temperature crystallization of [C2mim][NO3] under ambient pressure.
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Introduction

Kinetic crystal polymorphs have been investigated in various
branches of material science as a universal phenomenon.[1–5]

For instance, elemental silicon exhibits complicated crystal
5 polymorphs either at high temperature or high pressure (HP).

The unstable or metastable phases appear at each pressure or
temperature scale. Moreover, irreversible pathways of crystal-
lization relate to a non-equilibrium state. MnO2 polymorphs for

crystallization have been examined at low temperature (LT)
10 experimentally and theoretically.[2] A path-dependent inter-

mediated phase was clearly observed by in situ X-ray diffraction

and transmission electron microscopy. The complicated phase
behaviours of MnO2 were derived from the non-equilibrium
nature of LT crystallizations.

15 Room-temperature ionic liquids (RTILs) exhibit outstanding

properties despite their simple (cation and anion) structure. The
liquid structure of RTILs is characterized by nanoscale hetero-
geneities. Polar and non-polar nano-domains have been simu-

lated bymolecular dynamics (MD).[6–8] The nano-heterogeneity
20 develops proportionally to the alkyl chain length n of the 1-

alkyl-3-methylimidazolium (Cnmimþ) cation. Experiments

have shown that the pre-peaks of X-ray diffraction derive from
correlations among the nano-domains of RTILs.[9–11]Moreover,
as systematically examined by quasielastic neutron scattering,

25 the dynamics of [C8mim][Cl] are hierarchical.[12] The authors of
ref. [12] classified the relaxation processes during the glass
transition in RTILs.

Ethylammonium nitrate (EAN, with a simple molecular

structure) shows LT crystal polymorphs.[13] Recently, multiple
crystallization pathways in protic RTILs were observed in
simultaneous X-ray diffraction and differential scanning calo-

5rimetry (DSC) measurements. EAN demonstrates complicated

phase behaviours under a constant cooling and heating rate at
LTs.[14] The crystallization pathway heavily depends on the
minimum temperature. Meanwhile, the crystal polymorph of

EAN depends on the solidification pathway.[14] Almost the
10same phase behaviours were seen in propylammonium nitrate

(PAN), another protic RTIL.[15] EAN and PAN are character-

ized both by LT crystal polymorphs and multiple pathways of
crystallization. In aprotic RTILs, complicated phase behaviours
have also been observed both at LT and HP. In the case of

15[C4mim][PF6], LT crystal polymorphs were represented by

three crystal phases.[16] Each crystal phase corresponds to
molecular conformations of the C4mimþ cation.[17] Further-
more, by single-crystal X-ray diffraction, it was clarified that

positional and orientational disorder of the PF6
� anion occurs in

20the unit cell.[18] The HP phase behaviours of [C4mim][PF6]
have been examined by Raman spectroscopy and X-ray

diffraction.[19] The crystal polymorphs differ between the
HP and LT preparations. The C4mimþ cation folds only under
HP, as predicted in MD simulations.[20] In [C10mim][Cl],

25the long alkyl chain enables multiple crystallization pathways
at LT and crystal polymorphs at HP.[21] UnderHP, the extremely
long lattice constant implies a hybrid crystal structure of
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[C10mim][Cl]: one is the folding layer of the folding C10mimþ

cation and the other is the stacking layer of the trans one.
The present study examines a complicated HP-crystal poly-

morph of [C2mim][NO3] by X-ray diffraction. The crystal

5 phases were related to the conformations of the C2mimþ cation.
Multiple HP crystallization pathways were observed at the
bifurcation pressure (PB). X-ray diffraction and DSC measure-
ments revealed a simple phase transition at LT. Despite its

simple molecular structure, [C2mim][NO3] exhibited a clear
10 non-equilibrium nature only under HP, as evidenced by the

specific conformation-driven phase transitions above PB.

Results and Discussion

Low-Temperature Phase Transition at Ambient Pressure

Fig. 1 reveals the DSC thermal trace and X-ray diffraction
15 patterns of [C2mim][NO3] under ambient pressure. The simul-

taneous X-ray diffraction and DSC measurements clarified a
phase change in this compound. When cooled at a rate of

1.08C min�1, obvious crystallization was detected at �10.78C
(the crystallization temperature TC), manifesting as a distinct

20 exothermal peak on theDSC thermal trace andBragg reflections

on the X-ray diffraction patterns (blue curves in Fig. 1). The LT
crystal structure of [C2mim][NO3] was identical to that obtained
in a previous study (Table 1),[22] with a non-planar (NP) con-

formation of the C2mimþ cation (see Fig. 2). In contrast, the
25 crystal structure of [C2mim][NO2] in the NO2

� anion system
features a planar (P) conformation of C2mimþ.[22] The presence
of NO2

� or NO3
� greatly influences the C2mimþ conformers

and the crystal structures in the crystal states. The molecular
orientational orders of the cation and anion pairs were different

30 to each other. As the temperature was reduced to �908C, no

LT-crystal polymorph was seen. During heating at 58C min�1,
the LT crystal simply melted at 42.58C (Tm). The LT-phase
behaviours of [C2mim][NO3] were normal, but the hysteresis

(DT¼ Tm – TC) was quite large.
35 The morphological changes in [C2mim][NO3] at LT were

observed under an optical microscope. When cooled at rate of

18C min�1, the [C2mim][NO3] morphologically changed at TC
(Fig. 3). Apparent crystal domains were formed at TC, which
melted after further heating to Tm (Fig. 3). Both TC and Tm were
comparable with the TC and Tm determined in the simultaneous

5X-ray diffraction and DSCmeasurements. Direct optical micro-
scope observations support the simultaneous X-ray diffraction
and DSC results.

Crystal Polymorphs During High-Pressure Compression

Fig. 4a shows the X-ray diffraction patterns after compression at
10room temperature. At 0.5 GPa (PC1), the optical microscope

observations revealed the sudden growth of crystal domains, and

the coexistence of a liquid phase (L) and single-crystal-like
domains. Hereafter, the HP-crystal is named the a phase. In
Raman spectroscopy, this phase was characterized by the NP

15and P conformations of the C2mimþ cation (Fig. 2).[23] In the
liquid state, the NP conformation was predominant rather than
the P one. Once crystallization occurred at PC1, the intensity

fraction of the P conformer (fP) reached 0.8 (fNP¼ 0.2). At PC1,
single crystal-like sharp Bragg spots without Debye rings were

20detected on the imaging plate (IP). As the Bragg reflectionswere
insufficient for analysing the crystal structure, we could not

compare the HP and LT phases. The HP-a phase will likely
differ from the LT crystal structure of [C2mim][NO3], which
comprises only the NP conformation.[22] The HP-a phase was

25represented by the coexistence of the NP and P conformers.[23]

Under further compression to 1.4 GPa, new fine crystal domains
appeared in the a phase, as evidenced under the optical micro-

scope. Moreover, distinct Debye rings appeared on the IP. The
subsequent HP-crystal (b phase) coexisted with the partial a

30phase. In Raman spectroscopy,[23] the intensity fraction of the
NP conformer (fNP) of the a phase was 0.16 just below 1.2 GPa

and the NP conformer disappeared completely at 1.2 GPa. At
2.1 GPa (PC2), the sharp Bragg spots of the HP-a phase
disappeared completely. Thus, the coexistence of aminor part of

35a phase and a major part of b phase occurred at ,1.4–2.1 GPa
from HP X-ray diffraction. Considering fNP¼ 0.16 and the
small volume ratio of the a phase at ,1.4–2.1 GPa, the NP
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Fig. 1. X-ray diffraction patterns and DSC thermal traces of [C2mim][NO3] during cooling and heating. Open circles and

green closed squares are the Bragg reflections of the Al sample pan and the scattering from the inner shroud of the DSC

equipment respectively. TC and Tm denote the crystallization and melting temperatures respectively.
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conformer derived from the HP-a phase could not be deter-

mined. TheHP-b phase possesses only the P conformer, because
the single HP-b phase above 2.1 GPa was assigned only to the P
conformer. It should be noted that the HP-a phase is represented

5 by (NPþ P) and the LT phase is NP. This means that packing
efficiency is expressed by the order NP, (NPþ P), P. The
crystal structure of the HP-b phase was accompanied by a
conformational change of the C2mimþ cation. The HP-b crystal

structure had a monoclinic structure that differed from the
10 LT-phase structure (Table 1 and Fig. S1, Supplementary

Material). Increasing the density at PC2 increasingly favoured

the P conformer of C2mimþ for dense molecular packing.
When the pressure increased to 5.2 GPa (PC3), a new crystal

morphology was observed by optical microscope. The new

15 crystal phase (designated the HP-g phase) was distinguished
by additional Debye rings in the X-ray diffraction pattern
(Fig. 4a and Fig. S2, Supplementary Material). In previous
Raman experiments,[23] a planar0 (P0) conformation (Fig. 2)

appeared at approximately 4GPa. The intensity fraction of the P0

20 conformer gradually increased up to 5.1 GPa. In the HP-g phase,
the P conformation of the C2mimþ cation coexisted with the P0

conformation (Fig. 2).[23] The P0 Raman band is located at a

higher wavenumber than the P band (wavenumber in order

NP, P, P0). Consequently, the molecular packing efficiency
of each phase is expressed as NP, (NPþ P), P, (Pþ P0). In
the case of the HP-crystal polymorphs of [C4mim][PF6], the

5cation conformational changes occurred to higher packing
efficiency with HP phase transitions.[19] The HP-g phase has
an orthorhombic structure with a large unit cell (Z¼ 16, where Z
reveals the number of pairs of cation and anion) (Table 1). The

possible space groups are Pbmn and Pbnn. The gradual forma-
10tion of the P0 conformer discontinuously increased the density of

the HP-g phase by promoting efficient packing of the C2mimþ

cation. Above 6 GPa, the HP-g phase exhibited small lattice
modulations. The minor structural modulations of the HP-g
phase were defined as the HP-g0 and HP-g00 phases. The HP-g0

15phase, which appeared above 6.2 GPa, presented as an addi-
tional peak in the X-ray diffraction pattern (red closed circle in
Fig. 4a), whereas the HP-g00 phase, appearing above 7.3 GPa,
was expressed by a new Bragg peak at the lowest Q position

(blue closed circle in Fig. 4a) whereQ indicates the wave vector.
20In the HP-g0 and g00 phases, the Bragg reflections at lowQ imply

the induction of periodic lattice modulations by P0 conformer-

driven molecular rearrangement. Raman spectroscopy[23]

Non-planar Planar Planar�

Fig. 2. Molecular conformations of the C2mimþ cation.

Tm � T T ≈ TC T ≈ Tm

500 μm

(a) (b) (c)

Fig. 3. Polarizing optical microscope images of [C2mim][NO3] during cooling and heating.

Table 1. Crystallographic data of [C2mim][NO3] under HP and at LT

LT

a [nm] b [nm] c [nm] b [8] Z r [g cm�3] wR [%] R [%]

P21/n 0.4540(3) 1.4810(9) 1.3445(9) 95.74(6) 4 1.279 10.4 8.3

HP

b C2/c 1.052 0.6273 1.428 121.5 4 1.430 19.7 16.5

g Pbmn 0.670 1.941 2.326 90 16 1.520 7.9 6.6

Crystal Polymorphs and Multiple Pathways C



PR
OO

F
ON

LY

revealed a near-constant P0 ratio in the HP-g0 and g00 phases
above 6.2 GPa. We hence deduced that the structural modula-
tions took place while the P0 ratio was unchanged. In a previous
study, the HP-crystal polymorph of [C4mim][PF6] was charac-

5 terized by various conformations of the C4mimþ cations and
orientational and positional disorders of the PF6

– anion.[19] The
HP-crystal polymorph of [C10mim][Cl], which is strongly

affected by the long alkyl chain, forms hybrid stacking layers
and folding layers.[21] However, the HP-crystal polymorph of

10 [C2mim][NO3] is influenced by the P, P
0, and NP conformations

of the C2mimþ cation. They are sensitive to molecular packing
under HP. Therefore, the HP-crystal polymorphs of RTILs
largely depend on the degrees of freedom of their cation
conformations, and on anionic disorders.

15 Multiple Crystallization Pathways During Decompression

During the decompression process, a clear morphological
change (observed by optical microscopy) appeared at 2.8 GPa.

Crystal domain walls dynamically moved and new domain
structures appeared. The X-ray diffraction pattern was almost

20 identical to that at 4.5 GPa, but with a subtle shift in the peak

position from highQ to slightly lowerQ (green closed circles in
Fig. 4b). Moreover, peak splitting at ,22 nm�1 occurred,
accompanied by peak shifting (Fig. 4c, where Fig. 4c is the

enlarged plot of Fig. 4b). This implies that molecular orienta-
25 tional and positional orders are modified by a minor structural

change. The lower Q shift of the Bragg reflection implies a
lattice expansion, confirming that the lattice relaxed at 2.8 GPa.

The relaxation induced a minor structural change. The mor-
phological change, peak splitting, and peak shift indicated a new

30 modulated phase called the g000 phase. After further decom-

pression to 0.8 GPa, a different kind of fine crystal domain
appeared. The X-ray diffraction pattern in Fig. 4b is explained
by a superposition of Bragg reflections of the b and g000 phases.

The partial b phase was transformed from the g000 phase. Pre-
ferred orientations on the Debye rings were not ignored. Thus,
peak intensities of the b phase during decompression (Fig. 4b)
do not coincide with those during compression (Fig. 4a). We

5emphasize that during the decompression, the modulated g00

phase at 8.4 GPa did not return to the g0 and g phases during
the decompression process. The P0 conformer that increased the

packing efficiency was retained down to 1.5 GPa, with a little
structural modulation. The b phase appeared after further

10decompression, meaning that the P0 conformer had disappeared

and the crystal was fully relaxed. At 0.6 GPa, the crystal mor-
phology was dominated by fine crystal domains. Besides the
Debye rings, sharp Bragg spots representing a single crystal
appeared on the IP. This confirms the reforming of the single

15crystal-like a phase during the decompression process. Further
decompression to 0.5 GPa caused simultaneous partial melting
and domain coarsening. The Debye rings almost disappeared

on the IP, indicating coexisting L phase and a phase. The
decompression-induced g000 phase during the decompression

20process reflects the intrinsic properties of the multiple pathways

in HP-crystals.

Normal Crystallization Pathway without P0 Conformer
under High Pressure

Fig. 5a, b shows the pressure dependence of the X-ray diffrac-
25tion patterns at room temperature. Under compression, [C2mim]

[NO3] crystallized with the liquid phase (L) at 0.6 GPa (Fig. 5a).
The sharp Bragg spots correspond to the single-crystal-like

domains (a phase) on the IP. The single-crystal domain easily
rotated in the liquid. Then, the Bragg spots on the IP drastically

30changed with increasing pressure. Although X-ray diffraction

patterns at 0.6, 0.7, and 1.0 GPa (Fig. 5a) were different, the
Lþa phase did not vary by optical microscopy. At 1.4 GPa, the
L phase disappeared and fine crystal domains (HP-b phase)
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under high pressure. Fig. 4c is an enlarged plot of Fig. 4b.
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partially grew in the a phase. As observed in the first pressure
cycle, the a phase was fully transformed into the b phase at
2.0 GPa (the transformation was verified by both X-ray

diffraction and optical microscope observation). To examine
5 how the P0 conformer influences the C2mimþ cation, we

decreased the pressure to 2.0 GPa in the second pressure cycle.

During the decompression process with no g phase formation,
the a phase-like crystal domains were reversibly observed in the
b phase at 1.5 GPa (Fig. 5b). On the IP, sharp Bragg spots were

10 observed with Debye rings. As the pressure further decreased,
the HP-b phase disappeared at 1.0 GPa, followed by the (Lþa)
phase at 0.8 GPa. The HP phase transitions in the first and
second pressure cycles are schematically compared in Fig. 6.

We emphasize that when no P0 conformer was formed, the phase
15 transition was normal and reversible. The phase switching at PB

is uniquely determined by the presence of the P0 conformer. The

series of phase transitions (to the g, g0, g00, and g000 phases) reveal
non-equilibrium states under HP. By forming the P0 conformer,
the states of the g, g0, g00 phases could be frozen to preferentially

20 improve packing efficiency. During the decompression process,
themetastableg00 phase suddenly relaxed to theg000 phase, with a
slight change in the crystal structure.

Conclusion

HP-crystal phases of [C2mim][NO3] were determined by X-ray
diffraction and optical microscopy. The experimental results
are supported by the Raman spectra obtained under HP in a

5previous study. The HP-intrinsic P0 conformer of the C2mimþ

cation improves the packing efficiency in [C2mim][NO3],
governing the crystal formation pathways of this compound.

The pathways changed at the bifurcation pressure (PB). Beyond
PB, the P

0 conformer was formed and caused subsequent lattice
10modulations. Although the LT-phase transition was simple,

the P0 conformer-driven HP phase transitions were complicated.
At pressures above PB, the P0 conformer induces not only the
HP-crystal polymorph, but alsomore latticemodulations. Under

HP, [C2mim][NO3] is regarded as an ideal non-equilibrium
15liquid.

Experimental

The examined RTIL was [C2mim][NO3] (Tokyo Chemical

Industry Co., Japan). Because the IL is hydrophilic, themixtures
were prepared under flowing helium gas in a glovebox.

20Optical Microscopy

Microscopy observations were collected with a charge coupled

device (CCD) camera (SR130M, Wraymer Co.) attached to a
polarizing optical microscope (BH2-UMA, Olympus Co.).
Cooling was provided by a Peltier type cooling system

25(VTH-5000, VICS Co.) mounted on the optical microscope.
The temperature range of the VTH-5000 is �60 to 1008C,
and the glass window was maintained clear by an internal flow

of dry N2 gas.

Crystallography

30The LT phases of [C2mim][NO3] were determined by
simultaneous X-ray diffraction and DSC (SmartLab, Rigaku

Co.). The diffraction measurements were carried out at an
incident X-ray wavelength of l¼ 0.1542 nm (Cu radiation).
A one-dimensional detector (D/tex, Rigaku Co.) was employed

35for rapid scanning.

HP X-ray diffraction experiments were carried out on the
BL-18C beamline of the Photon Factory at the High-Energy
Accelerator Research Organization (KEK) in Japan,[24] using a

Mao–Bell-type diamond anvil cell (DAC). The sample and ruby
40balls were loaded into the 0.35-mm hole of the preindented

stainless steel gasket (thickness 0.18 mm). Two-dimensional

(2D) diffraction patterns were obtained by an IP system
(BAS2500, Fuji-Film Co., Japan).[24] Subsequently, the 2D data
were converted to one-dimensional intensity data to minimize

45the preferred orientation on the Debye rings. The pressure was
determined from the spectral shift of the R1 fluorescence line of
the ruby balls in the DAC. The scattered angles (2y) and the
incident wavelength (l¼ 0.06191 nm) were calibrated using a

CeO2 polycrystalline standard. The wave vector Q was defined
50as 4p(siny)/l.

Crystal and Refinement Data

The observed X-ray diffraction patterns were analysed using
the Conograph[25] and FOX[26] tools, which are freely available

for crystallography studies. The possible lattice parameters
55were calculated with Conograph, and the global optimization

was performed with FOX.

10 20 30 40 50 60

0

1000

2000

3000

4000

5000

6000

7000

8000

β

L + α

α + β

L + α

(a)

2.0

1.4

1.0

0.7

In
te

ns
ity

 [a
.u

.]

Q [nm�1]

0.6
L + α

10 20 30 40 50 60

α 

L + α

α + β

0.8

1.0

1.5

(b)

Fig. 5. X-ray diffraction patterns during (a) compression, and (b) decom-

pression processes under high pressure (up to 2.0 GPa).

Liquid

NP � P P

Liquid

Liquid

α β γ γ� γ �

α β

α β

P � P�

γ� γ �

Pressure

PB

Fig. 6. Schematics of the HP-crystal polymorphs and multiple crystalliza-

tion pathways of [C2mim][NO3]. The crystallization pathways changed at

the bifurcation pressure (PB).

Crystal Polymorphs and Multiple Pathways E



PR
OO

F
ON

LY
Supplementary Material

X-ray diffraction patterns of the HP-b and HP-g phases are
available on the Journal’s website.
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[26] V. Favre-Nicolin, R. C. Ïerny, J. Appl. Cryst. 2002, 35, 734. doi:10.

1107/S0021889802015236

F H. Abe et al.

http://dx.doi.org/10.1103/PHYSREVB.96.184101
http://dx.doi.org/10.1038/S41467-018-04917-Y
http://dx.doi.org/10.1038/S41467-018-04917-Y
http://dx.doi.org/10.1073/PNAS.1604938113
http://dx.doi.org/10.1073/PNAS.1604938113
http://dx.doi.org/10.1038/SREP32968
http://dx.doi.org/10.1038/NATREVMATS.2015.11
http://dx.doi.org/10.1038/NATREVMATS.2015.11
http://dx.doi.org/10.1021/JP056006Y
http://dx.doi.org/10.1021/JP108545Z
http://dx.doi.org/10.1021/JP502968U
http://dx.doi.org/10.1021/JP067705T
http://dx.doi.org/10.1088/0953-8984/21/42/424121
http://dx.doi.org/10.1088/0953-8984/21/42/424121
http://dx.doi.org/10.1021/ACS.JPCB.5B01080
http://dx.doi.org/10.1063/1.3622598
http://dx.doi.org/10.1039/C2CP43079G
http://dx.doi.org/10.1016/J.MOLLIQ.2017.05.150
http://dx.doi.org/10.1016/J.MOLLIQ.2018.08.038
http://dx.doi.org/10.1021/CG401293G
http://dx.doi.org/10.1021/JP909256J
http://dx.doi.org/10.1039/C2SC21959J
http://dx.doi.org/10.1021/JP409924H
http://dx.doi.org/10.1021/JP3070568
http://dx.doi.org/10.1021/JP3070568
http://dx.doi.org/10.1002/CPHC.201701273
http://dx.doi.org/10.1016/J.MOLLIQ.2015.02.010
http://dx.doi.org/10.1063/1.1143793
http://dx.doi.org/10.1107/S1600576714000922
http://dx.doi.org/10.1107/S1600576714000922
http://dx.doi.org/10.1107/S0021889802015236
http://dx.doi.org/10.1107/S0021889802015236

