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A B S T R A C T

The phase transitions of a fluorinated ionic liquid (fIL) were examined at low temperature (LT) by X-ray diffrac-
tion and Raman spectroscopy. The fIL was 1-ethyl-3-methylimidazolium perfluorobutanesulfonate ([C2mim]
[PFBS]). The cation and anion possessed conformational degrees of freedom. The trans and gauche conformers of
[PFBS]– coexisted in the liquid state. The LT crystal polymorph of the [C2mim][PFBS] was observed, and
[C2mim][PFBS] possessed the large unit cells. The gauche’ conformer of [PFBS]– appeared, accompanying with
the phase transition at 220 K.

1. Introduction

Amorphous compounds, crystals, or their combinations in a molecu-
lar system are selected mainly by their molecular conformations. Amor-
phous and supercooled liquids are analyzed using a free energy land-
scape (FEL) [1]. In crystals, large unit cells, including lattice modula-
tions, are induced by a variety of molecular conformations. The number
of molecules in the unit cell, Z, is governed by the conformational de-
grees of freedom [2].Moreover, crystal polymorphs with changing mol-
ecular conformations and packing are observed at temperature and
pressure scales [3]. The computer-aided predictions of crystal struc-
tures have been highlighted for the last two decades [4,5]. To describe
the crystal polymorphs in molecular systems, the crystal energy land-
scape (CEL) was established by applying the concept of the FEL. The
crystal structure predictions are significant for pharmaceutical poly-
morph screening [6]. The physicochemical properties of pharmaceuti-
cal compounds are easily modified using crystal polymorphs. Thus,
crystal polymorph screening is important in the pharmaceutical indus-
try.

Various scientific fields have been interested in ionic liquids (ILs).
The unique properties and applications of the ILs are summarized in the
literature [7,8]. The glass transition and crystallization temperatures of
the ILs are obtained systematically [8]. Furthermore, the crystal poly-
morphs and multiple crystallization pathways in the ILs are clarified at
low temperature (LT) and high pressure (HP) [9–11]. The CEL supports
the complicated phase behaviors of the ILs, depending on the cooling

rate. The crystal polymorphs and multiple crystallization pathways of
the ILs are regarded as non-equilibrium phenomena. Using the 1-alkyl-
3-methylimidazolium cations, [Cnmim]+, the anion effects in the solid
states are examined [12],where n is the alkyl chain length of the cation.
In [C6mim][X], the anionic size effects on solidifications are observed,
where X is an anion. In [C2mim]-based ILs, the crystal structures are de-
termined at room temperature [13]. The anion effect in the crystal is
clarified in the unit cells.More importantly, for [C2mim][NO3], the HP-
inherent molecular conformer of [C2mim]+ results in HP multiple crys-
tallization pathways and HP crystal polymorphs [14]. The large unit
cells under HP imply that the modulated lattice is induced by high mol-
ecular packing. Further, for the crystal structures of [C2mim][X], the LT
phase behaviors and heat capacities are examined at ambient pressure
[15,16]. The perfluorobutanesulfonate anion ([PFBS]–) as a fluorinated
IL (fIL) has two stable conformations: trans (t) and gauche (g) [17]. In
the LT crystal of [C4mim][PFBS], the t conformer of the [PFBS]– is pre-
ferred. Despite the simple molecular structure of the [C2mim]+, crystal
polymorphs appear under HP in the [C2mim][Cl] system [18]. The
complicated phase transitions in the [C2mim][Cl] are induced by the
molecular conformational changes of [C2mim]+. The HP crystal poly-
morphs of the [C4mim][PFBS] [19] and [C6mim][PFBS] [20] are ob-
served by X-ray diffraction and Raman spectroscopy. The crystal poly-
morphs are attributed to the molecular conformations of the cation and
anion.

In this study, we investigate the relationship between the conform-
ers and crystal structures of the [C2mim][PFBS] at LT. A variety of LT
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phases of a simple molecular system is derived from the conformational
degrees of freedom of the cation and anion.

2. Experiments

The [C2mim][PFBS] IL used in this study was provided by GS Al-
liance Co. The [C2mim]+ cation possesses three kinds of conformer: pla-
nar (P), non-planar (NP), and planar’ (P’) [21], and the t, g [17], and
gauche’ (g’) [22] of [PFBS]– are depicted in Fig. 1.

Fig. 1. Molecular conformations of the [C2mim]+ cation and [PFBS]– anion.
NP, P, and P’ are the non-planar, planar, and planar’ conformations of the
[C2mim]+, respectively. The [PFBS]– conformers are trans (t), gauche (g), and
gauche’ (g’).

To determine the LT phases, simultaneous X-ray diffraction and dif-
ferential scanning calorimetry (DSC)measurements were performed us-
ing SmartLab (Rigaku Co.) [23]. The wavelength of incident X-ray (Cu
radiation) was selected as λ = 0.1542 nm with 2θ as the scattering an-
gle. The wave vector, Q, was 4π (sinθ)/ λ. The cooling and heating rate
was 2 K/min.

Powder X-ray diffraction using a high-speed spinner was performed
to remove the typical preferred orientation of the Debye rings on the
BL-8B beamline of the Photon Factory at the High-Energy Accelerator
Research Organization (KEK) in Japan. Two-dimensional diffraction
patterns were obtained using a cylindrical imaging plate system (R-
AXIS, Rigaku Co.). The liquid sample was put into the quartz capillary,
whose diameter was 0.3 mm. The cooling system used was GN2-SN
(Rigaku Co.), with heating rate of 2 K/min. The incident wavelength
(λ = 0.09957 nm) was calibrated using a CeO2 polycrystalline stan-
dard. Conograph [24] and FOX [25] were used to analyze the crystal
structures. Conograph was used to calculate the possible lattice parame-
ters and space groups, and FOX was used to identify the space groups
through global optimization.

Raman spectra were measured using a Via Reflex (RENISHAW). A
785 nm semiconductor laser was used as an excitation source with a
power of 0.35 mW, A helium flow cryostat (Microstat He, Oxford) was
installed to cool samples. In the thermal cycle, the cooling and heating
rate was not constant. The Raman spectra were collected at fixed tem-
peratures. The resolution of the Raman spectroscopy was 1 cm−1.

3. Results and discussion

3.1. Crystal polymorphs of the 1-ethyl-3-methylimidazolium
perfluorobutanesulfonate by simultaneous measurements

The phase behaviors of the [C2mim][PFBS] were examined using si-
multaneous X-ray diffraction and DSC measurements. A LT crystal poly-
morph was observed in [C2mim][PFBS] (Fig. 2). Upon cooling, crystal-
lization occurred at 276 K (TC1) with an exothermal peak and sharpBragg peaks, herein, referred to as the CI phase. Subsequently, a smallexothermal peak appeared at 274 K (TC2), which is the CII phase, i.e.,the phase transition at TC2, as shown in Fig. 2. Since TC2 was close toTC1, the crystal structure of the CI phase was not distinguished from that
of the CII phase. By further cooling, the additional phase transition wasprobed on the DSC thermal trace. At 202 K (TC3), a weak exothermal

Fig. 2. X-ray diffraction patterns and DSC thermal traces of the [C2mim][PFBS]. TC1, TC2, and TC3 are the phase transition temperatures. Tm is the melting pointupon heating. Open circles indicate the Bragg reflections from an Al sample pan, whereas the additional scattering from the DSC inner shroud is shown by the
green closed square.
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peak was obtained, accompanied by additional weak Bragg reflections,
as observed in the X-ray diffraction pattern (Fig. 2). The CIII phase ap-
peared below TC3, although the difference between the CII and CIIIphases was small. The minimum temperature (Tmin) in the simultaneousmeasurements of X-ray diffraction and DSC was 173 K.

In the ILs, reversible or irreversible crystal polymorphs were classi-
fied in the thermal cycle. In the [Cnmim][PFBS] (n = 4, 6, and 8), the
irreversible crystal polymorphs were obtained at LT [17]. Upon heating
(Fig. 2), in the [C2mim][PFBS], the endothermal peak was detected at
221 K (TC3). Judging from the X-ray diffraction pattern, the CIII–CIIphase transition occurred reversely with disappearing weak Bragg re-
flections, and the hysteresis was small (ΔTIII = 19 K). With the increase
in temperature, TC2 was observed at 290 K (Fig. 2). Considering the
temperature region of the CII phase upon cooling and heating, the hys-teresis (ΔTII) was 16 K. Above TC2, the X-ray diffraction pattern, as re-
vealed by the orange curve in Fig. 2, is different from that of the CIIphase. Thus,we deduce that the CII phase transformed to the CI phase at290 K. When the CII–CI phase transition occurred reversely upon heat-ing, the LT crystal polymorph of the [C2mim][PFBS] exhibited a com-
plete reversible phase transition with a small hysteresis. Finally, the
crystal melted at 301 K (Tm) (Fig. 2). In the liquid state, the prepeak
representing the nanoheterogeneity did not exist in the [C2mim]
[PFBS].

3.2. Crystal polymorphs and conformations of the 1-ethyl-3-
methylimidazolium perfluorobutanesulfonate by simultaneous
measurements

The conformations of the [Cnmim][PFBS] (n = 4, 6, and 8) at LT
were determined using Raman spectroscopy [26]. The occurrence of
different crystal polymorphs is due to the presence of different anion or
cation conformers. For the [C2mim]+, the P’ conformer (Fig. 1) was in-
duced under HP. By density functional theory (DFT) [21], the P’ con-
former was evaluated to be unstable. Moreover, the g’ conformer of the
[PFBS]– (Fig. 1) was formed under HP [22].

Fig. 3 indicates the temperature dependence of the Raman spectra
of the [C2mim][PFBS]. Using an optical microscope, it was found that
the [C2mim][PFBS] was in a liquid state at 290 K. The P and NP of the
[C2mim]+ exhibited weak and broad Raman bands. The Raman bands
of the [C2mim][PFBS] coincided with those of the [C2mim][X] [27].
Additionally, the [PFBS]– Raman bands of the [C2mim][PFBS] in the
liquid state were comparable to those of the [Cnmim][PFBS] (n = 4, 6,
and 8) [26]. The time interval between the 290 K and 280 K measure-
ments was 37 min, including the temperature stabilization time. At
280 K, crystal domains were observed using the optical microscope.
The crystallization temperature was higher than 276 K (TC1), whichwas determined by the simultaneous measurements of X-ray diffraction
and DSC (Fig. 2). One of the reasons is that the cooling rate of the LT
Raman spectroscopy was considerably low. Although the crystalliza-

Fig. 3. Temperature dependences of the Raman spectra of the [C2mim][PFBS] upon cooling and heating. Spectrum changes correspond to the LT crystal polymorph.
The numbers in the figure indicate temperatures.
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tion occurred, the P and NP Raman bands of the [C2mim]+ coexisted,
and the Raman bands of the [PFBS]– did not change (Fig. 3). The con-
formational feature was attributed to the CI phase. In the crystal stateat 260 K, the Raman band of the P of the [C2mim]+ disappeared com-
pletely, and the Raman bands of the [PFBS]– became relatively broad.
Previously, in the unit cells of the [C2mim][X], the NP conformer of the
[C2mim]+ was formed at LT [28,29]. In contrast, under HP, the crystal
consisted only of the P conformer for a relatively high packing effi-
ciency [30]. Hence, the [C2mim]+ conformers were influenced exten-
sively by the molecular packing circumstances. The drastic changes in
the Raman spectra occurred at 240 K. The intensity of the NP Raman
bands of the [C2mim]+ increased, although the g Raman band of the
[PFBS]– decreased. If the Raman spectrum at 240 K was derived from
the CII phase, the Raman spectrum at 260 K was a transient state be-
tween the CI and CII phases. Moreover, at 240 K, an additional Raman
band of the [PFBS]– appeared at approximately 367 cm−1. The new
band was assigned as the g’ conformer using DFT [22]. Since the g’
conformer appeared in the well-packed circumstance under HP [22],
the CIII phase at LT could be a densely packed crystal structure. At
200 K, the Raman spectra did not change distinctly. The CII–CIII phasetransition upon cooling did not occur at 200 K, although TC3 occurredat 202 K, as observed by the simultaneous measurement (Fig. 2). By
further cooling, at 175 K, the intensity of the NP Raman band drasti-
cally decreased, and the peaks of the [PFBS]– Raman bands became rel-
atively sharp. Thus, the CIII phase was formed below 200 K. The con-
formational features of the CIII phase are observed by the decrease inthe NP conformer. This tendency was also seen at 150 K. Nevertheless,
at 125 K, the intensity of the NP band increased inversely. The sharp
and intense NP band was induced by the CIII–CIV phase transition. Since
the Tmin in the simultaneous measurement was 173 K, the CIV phasewas not observed. Despite the simple molecular system, the compli-
cated crystal polymorph of the [C2mim][PFBS] was derived from a va-
riety of the [C2mim]+ and [PFBS]– conformers.

Upon heating, the CIV phase transformed to the CIII phase at 125 K(Fig. 3). The Raman spectra of the CIII phase did not change up to 200 K.
At 220 K, a sudden increment in the NP band of the [C2mim]+ was ob-
served. Additionally, the g’ conformer of [PFBS]– almost vanished, and
the broadening of the t and g bands was predominant. Therefore, the re-
verse CIII–CII phase transition occurred at 220 K upon heating. The tran-
sition temperature upon heating was comparable to TC3 (Fig. 2). With
the increase in the temperature, the crystal domains did not vary even
at 280 K, as observed using the optical microscope. However, at 295 K,
the CI phase appeared with the P conformer of the [C2mim]+ (Fig. 3).
Additionally, the reversible crystal polymorph of the [C2mim][PFBS]
was confirmed at LT by Raman spectroscopy,

3.3. Crystal structures of the 1-ethyl-3-methylimidazolium
perfluorobutanesulfonate

The crystal structures of the [C2mim][PFBS] were determined by
synchrotron radiation experiments using a high-speed spinner. The pre-
ferred orientation of the Debye rings was reduced as shown in Fig. S1.
Fig. 4 indicates the X-ray diffraction patterns of the [C2mim][PFBS]
upon heating. Here the liquid density, ρ, of the [C2mim][PFBS] was
1.552 g/cm3 [31]. By structure analysis, the possible crystal structures
of the CII phase at 247 K were found to be, P2/c, P21/c, or P2/m. The
crystal structure of monoclinic P21/c as one of the candidates is pre-

Fig. 4. X-ray diffraction patterns of the [C2mim][PFBS] upon heating using syn-
chrotron radiation.

sented in Table 1. Despite the simple molecular system, the unit cell of
the CII phase was described by the large lattice constants. The moleculararrangements of the [PFBS]– in the unit cell are illustrated in Fig. 5(a).
For simplicity, the [C2mim]+ cations are omitted. The NP conformers of
the [C2mim]+ were formed in the unit cell. In other systems, such as
[C2mim][NO3] [14], large unit cells at LT and HP were induced by the
positional modulation of the [NO3]–. For the [C2mim][PFBS], the mole-
cular orientational orders and molecular conformations of the [PFBS]–

contributed to the large unit cell. No g’ conformer of the [PFBS]–, as in-
dicated by the Raman spectrum shown in Fig. 3, was observed in the
above unit cell. From the crystal structure analysis, the conformation
ratio of t:g= 1:1 was obtained (Fig. 5(a)). Conversely, the Raman spec-
trum of the CII phase suggests that t:g = 2:1 at 240 K (Fig. 3). The pop-
ulation discrepancy between the X-ray diffraction and Raman spec-
troscopy was due to the difficulty to determine the molecular conforma-
tions using X-ray diffraction.

Table 1
Crystallographic data at low temperatures. a, b, c, α, β, and γ are the lattice parameters in the unit cell. Z is the number of cation–anion pairs in the unit cell. wRand R indicate the weighted reliability factor and reliability factor, respectively.

Space
group

a
(nm)

b
(nm)

c
(nm)

α
(°)

β
(°)

γ
(°)

Z ρ
(g/cm3) wR(%)

R
(%)

CII P21/c 1.0084 1.2393 2.6457 90 90.31 90 8 1.648 6.38 7.91
CIII 0.9707 1.7067 2.0152 90.15 81.64 87.59 8 1.651 5.76 6.06
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Fig. 5. Unit cells of the (a) CII phase (P21/c) at 246.7 K and the (b) CIII phase ( ) at 131.4 K. The g conformers in the unit cells are expressed by the orange circles.

The X-ray diffraction pattern of the CIII phase at 131 K was entirelydifferent from that of the CII phase (Fig. 4). The characteristic feature of
the CIII phase was that the lowest Q peak appeared at 3.66 nm−1. The
lowest peak of the CIII phase did not exist in the CII phase. Another pointis that the 00ℓ Bragg reflections representing the layered structure in
the HP [C6mim][PFBS] [20] were not observed in the CIII phase. Fromthe X-ray diffraction pattern at 131 K, the crystal structure of the CIIIphase having the large unit cell was determined to be triclinic (Table 1).
The [PFBS]– molecules in the unit cell are displayed in Fig. 5(b), where
the omitted [C2mim]+ conformers are NP. In the unit cell, the [PFBS]–

conformational ratio was found to be t:g = 3:1. Considering that
t:g = 4:1 using Raman spectroscopy at 125 K (Fig. 3), the conforma-
tional ratio in the unit cell had a discrepancy in the same manner as the
CII phase. However, the relative changes in the conformational ratiosbetween the CII and CIII phases were explained qualitatively by the
structure analysis. The g conformers decreased in the CIII phase becauseof relatively high molecular packing.

4. Conclusions

The LT crystal polymorph of the [C2mim][PFBS] was clarified by X-
ray diffraction and Raman spectroscopy. The LT phases were attributed
to the molecular orientational orders and conformations, which con-
tributed to the large unit cells. The CIII crystal structure of the well-packed phase was attributed to the small amount of the g and g’ con-
formers of the [PFBS]– with relatively high molecular packing. The
ideal and reversible crystal polymorph of the [C2mim][PFBS] was real-
ized at LT.
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