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A B S T R A C T

The high-pressure (HP) crystal polymorph of a fluorinated ionic liquid (fIL) was determined using X-ray diffrac-
tion and Raman spectroscopy. The irreversible crystal polymorph of 1-butyl-3-methylimidazolium perfluorobu-
tanesulfonate ([C4mim][PFBS]) was observed upon compression and decompression using X-ray diffraction. Con-
formational variance/invariance of [C4mim]+ and [PFBS]− in the Raman spectra corresponded to the HP crystal
polymorph. By the degrees of freedom of the conformations and their conformational flexibilities, the confor-
mational variance was switched at the specific pressure for a volume contraction under HP, at which point the
crystal system changed. The HP crystal polymorph was entirely different from the low-temperature crystal poly-
morph.

© 2021

1. Introduction

Crystal polymorphs are observed in molecular crystals owing to the
degrees of freedom of the molecular conformations [1]. Computer-aided
crystal structure prediction (CSP) supports experimentally obtained
crystal polymorphs [2–4]. Furthermore, CSP is utilized in crystal poly-
morph screening in pharmaceuticals [5–7]. Under high pressure (HP),
the physicochemical properties of pharmaceuticals are largely influ-
enced by the crystal polymorphs. Thus, polymorph screening is an ur-
gent issue in the pharmaceutical industry. To further develop CSP, the
crystal energy landscape [8–12] has been introduced in the same man-
ner as the free energy landscape [13] in supercooled liquids and amor-
phous.

Ionic liquids (ILs) have been investigated from a viewpoint of liquid
structures and molecular conformations. ILs consist of a cation and an
anion. Previously, the molecular conformations of 1-alkyl-3-methylim-
idazolium ([Cnmim]+) cations have been were calculated [14–17],
where n represents the alkyl chain length. In [C4mim]+, three stable
conformations TT, GT, and G’T were optimized using ab initio calcula-
tions [15]. Also, the Raman bands of each conformer were assigned ac-
cording to the calculations. Recently, the torsional potential of perfluo-
robutanesulfonate (C4F9SO3−, [PFBS]−) was evaluated by density func-
tional theory (DFT) calculations [18]. The stable conformers of [PFBS]−

were found to be trans and gauche. The calculation results were similar
to those of the [C4F9BF3]− [19].

Phase behaviors of fluorinated ionic liquid (fILs) have been exam-
ined at low temperature (LT), using differential scanning calorimetry
(DSC) [20,21]. By changing the type of the fIL cation, the compli-
cated crystal polymorphs induced by [PFBS]− were found. The variety
of crystal polymorphs for fILs could be related to their specific nano-het-
erogeneities in the liquid state of fILs [22]. The crystal structures of
1,2,4-triazolium [PFBS] were determined using single-crystal X-ray dif-
fraction [23]. Despite the simple molecular structure of the cation, the
crystal structures had large lattice constants. In the unit cell, the trans
conformer of [PFBS]− was formed, and the non-negative charge distri-
bution of the perfluorobutyl chains in [PFBS]− contributed to the long
crystallographic c-axis, which was preferred molecular packing. Very re-
cently, the LT crystal structures of [Cnmim][PFBS] (n = 4, 6, and 8)
were determined using simultaneous X-ray diffraction and DSC measure-
ments [18]. The trans conformer of [PFBS]− existed in the unit cell of
[C4mim][PFBS], and the crystals of [Cnmim][PFBS] (n = 4, 6, and 8)
possessed long lattice constants at LT. Moreover, the crystal polymorphs
of the fILs became proportionally more complicated with the length of
the alkyl chain length in [Cnmim]+.

In this study, the phase behaviors of [C4mim][PFBS] were investi-
gated under HP. The HP crystal polymorph of the fIL was measured us-
ing X-ray diffraction and Raman spectroscopy. The complicated and ir-
reversible HP crystal polymorph was determined by the degrees of free-
dom of the cationic and anionic conformers, and their conformational
flexibility.

https://doi.org/10.1016/j.molliq.2021.116415
0167-7322/© 2021.
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2. Materials and methods

The fIL used in this study was [C4mim][PFBS] (FUJIFILM Wako Pure
Chemical Co.). We used the as-received samples without further purifi-
cation, as vacuum contamination easily occurred.

HP X-ray diffraction experiments were performed using a Mao-Bell
type diamond anvil cell (DAC) in the BL-18C of the Photon Factory
at the High Energy Accelerator Research Organization in Japan [24].
In a glovebox with dry flowing nitrogen, the sample and ruby balls
were loaded into the hole (0.25 mm) of the pre-indented stainless gas-
ket with a thickness of 0.18 mm in the DAC. A microbeam with a di-
ameter of 35 μm was obtained using double collimators. Two-dimen-
sional (2D) diffraction patterns were obtained using an imaging plate
(IP) system (BAS2500, Fuji-Film Co., Japan) [24]. The IP was a digital
X-ray film. Subsequently, the 2D data were converted into 1D intensity
data to minimize the preferred orientation on the Debye rings. To elim-
inate air scattering, a vacuum chamber with polyimide (Kapton) film
windows was used (125 μm thickness). The pressure was determined
from the spectral shift of the R1 fluorescence line of the ruby balls in
the sample chamber of the DAC. The scattered angles, 2θ, and the in-
cident wavelength, λ (=0.08293 nm), were calibrated by using a stan-
dard CeO2 polycrystalline. The scattered wavevector, Q, is represented
by 4πsin(θ)/λ (nm−1). The crystal structures were analyzed by a combi-
nation of FOX [25] and Conograph [26]. First, Conograph was used to
calculate the possible lattice parameters and space groups. Then, global
optimization by FOX identified the space group.

An NRS-5100 Raman Spectrometer (JASCO Co.) equipped with a
monochromator and a Peltier-cooled camera was used for the measure-
ments. The excitation was triggered by a 5.8 mW green laser (wave-
length of 532 nm).

DFT calculations were performed to assess the interactions between
the cations and anion with Raman bands assigned to the molecular vi-
brations. The conformations of the cations and [PFBS]− were optimized
by DFT. All DFT calculations were performed using the B3LYP hybrid
functional and 6–31++G(d,p) basis set of the Firefly package [27,28].

3. Results and discussion

3.1. Irreversible phase behavior of [C4mim][PFBS]

Fig. 1(a) and 1(b) show the X-ray diffraction patterns of
[C4mim][PFBS] at room temperature upon compression and decompres-
sion, respectively. Liquid [C4mim][PFBS] crystallized at 0.3 GPa, named
here as the HP- α phase. X-ray structural analysis indicated that the HP-
α phase was triclinic (P ) (Table 1). For comparison, the liquid density
of [C4mim][PFBS] was 1.473 (g cm−3) [29], and the LT crystal den-
sity (LT-II phase) was 1.520 (g cm−3) [18]. The HP- α phase is charac

Fig. 1. X-ray diffraction patterns of 1-butyl-3-methylimidazolium perfluorobutanesul-
fonate ([C4mim][PFBS]) upon (a) compression and (b) decompression. Black and red
curves reveal the observed and calculated patterns, respectively. U and SC reveal unknown
phase and single crystal phase, respectively.

terized by large lattice constants. The number of cation − anion pairs
in the unit cell (Z) was 18. Moreover, the trans and gauche conformers
of [PFBS]− appeared in the large crystal structure (Fig. 2(a)). The con-
former ratio of [PFBS]− was trans:gauche = 8:1 at 0.3 GPa and mixing of
the conformers enlarged the unit cell of [C4mim][PFBS]. In Fig. S1(a),
the [C4mim]+ cation conformers in the unit cell are displayed. Gauche
cation partially appeared at 0.3 GPa.

Further compression caused a solid − solid phase transition at 0.8
GPa, in which the HP- α phase transformed to the HP- β phase. The
transition changed the lattice constants (Table 1), although the space
group of the HP- β phase remained the same. In the α- β phase transi-
tion, the [PFBS]− conformer ratio changed a little (for the HP- β phase
trans:gauche = 6:1) (Fig. 2(b)). Notably, the LT-crystal structure was
characterized only by trans conformer of [PFBS]− [18]. Therefore, the
presence of trans and gauche is considered as a pressure effect. Also, the
gauche conformer ratio of the [C4mim]+ cation increased at 0.8 GPa
(Fig. S1(b)). In the unit cell, two types of the gauche conformers ex-
isted. The HP- β phase was also observed at 1.0 GPa. The space group
and the conformational ratio at 1.0 GPa were the same as at 0.8 GPa
(Table 1).

Phase transition occurred on further compression. At 1.6 GPa (=PC),
a new Bragg reflection at low Q (3.56 nm−1) appeared on the

Table 1
Crystallographic data for 1-butyl-3-methylimidazolium perfluorobutanesulfonate ([Cnmim][PFBS] (n = 4 and 6)).

[C4mim][PFBS] a (nm) b (nm) c (nm) α(°) β(°) γ(°) Z ρ(g/cm 3) Rw (%) R (%)

0.3 α P 1.0277 2.5396 3.4359 80.542 83.518 71.513 18 1.565 10.82 11.70
0.8 β P 2.3450 1.9699 1.9837 71.558 82.238 73.033 18 1.577 9.70 8.74
1.0 β P 2.3399 1.9594 1.9759 71.438 82.068 73.014 18 1.597 7.85 6.95
1.6 γ C2/c 3.5477 2.0335 1.8597 90 93.642 90 30 1.631 13.09 12.29
1.9 γ' C2/c 3.5659 2.1262 1.8056 90 100.04 90 30 1.620 15.11 12.48
2.7 δ C2/m 3.5546 1.0549 1.8034 90 99.287 90 15 1.636 12.42 11.45
4.0 ε C2 1.7668 0.7183 1.7493 90 99.256 90 5 1.661 11.15 9.55
5.0 ε C2 1.7621 0.7160 1.7393 90 99.352 90 5 1.680 12.65 10.84
6.0 ε C2 1.7623 0.7158 1.7373 90 99.250 90 5 1.682 11.61 10.66
7.1 ε C2 1.7656 0.7118 1.7404 90 99.388 90 5 1.686 13.01 11.99
8.0 ε C2 1.7602 0.7073 1.7368 90 98.618 90 5 1.702 15.17 14.04
2.0 σ 1.2964 1.8470 1.7696 90 93.867 90 9 1.549 7.78 7.38
1.3 σ 1.2956 1.8489 1.7651 90 94.021 90 9 1.553 14.08 12.48
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Fig. 2. Unit cells of1-butyl-3-methylimidazolium perfluorobutanesulfonate ([C4mim][PFBS]) of (a) α phase (0.3 GPa), (b) β phase (0.8 GPa) and (c) γ phase (1.6 GPa). [C4mim]+ was
omitted to enhance the conformers of [PFBS]-. Blue and green colored molecules reveal the gauche conformer of [PFBS]-.

X-ray diffraction pattern (blue closed circle in Fig. 1(a)), which indi-
cated a new phase named here as the HP- γ phase. The new peak at low
Q corresponds to large lattice constants. Through structure analysis, the
largest lattice constant was found to be 3.5477 nm, and the space group
was determined to be monoclinic (C2/c) (Table 1). The triclinic − mon-
oclinic phase transition at PC caused the large unit cell, which permitted
the lattice modulation. The structure analysis suggests that the gauche
conformer ratio increased (Fig. 2 (c)) and the ratio of the HP- γ phase
was trans:gauche = 1:1. Hence, in the β- γ (triclinic-monoclinic) phase
transition, the gauche conformer increased the packing efficiency. Fo-
cusing the cation conformers in the HP crystal, the cationic gauche con-
former ratio exceeded that of the cationic trans one (Fig. S1(c)). Conse-
quently, gauche conformations both of cation and anion were preferred
under HP. On further compression at 1.9 GPa, the β angle changed, al-
though the lattice constants and space group (C2/c) remained the same
as at 1.6 GPa (Table 1). Thus, we call the modified phase HP- γ’ phase.
The conformational ratio of trans:gauche = 1:1 at 1.9 GPa remained the
same as at 1.6 GPa. The crystal morphology was visibly changed at 2.7
GPa under observation through an optical microscope. At 2.7 GPa, peak
broadening was dominant particularly at high Q region (Fig. 1). Bragg
reflections at high Q region contain information of intramolecular geom-
etry. Thus, it is difficult to estimate molecular conformations both of
cation and anion. In fact, the intermediate conformations, which are dis-
tinguished as neither trans nor gauche, existed in the unit cell of the HP-
δ phase. Thus, the conformational ratio of [PFBS]− was not estimated.
Crystal structure analysis without the molecular conformations showed
that b became half the value at 1.9 GPa and the space group was C2/
m (Table 1). The new phase was named the HP-δ phase, and still pos-
sessed a large a value (Fig. 2(d)). The HP- δ phase was characterized by
the loss of the screw axis.

On further compression, a drastic phase change occurred at 4.0 GPa.
Analysis of the X-ray diffraction pattern indicated the subsequent phase
transition by a change in the peak at low Q (green circle in Fig. 1(a)).
The peak shifted to 3.67 nm−1, and the peak intensity increased discon-
tinuously. Crystal structure analysis revealed that an entirely different
crystal structure (HP- ε phase) had formed at 4.0 GPa. The peak shift
at the lowest Q position indicates shorter a and b values (Table 1) and
the space group of the HP- ε phase was found to be C2. Furthermore,
a further broadening of the Bragg reflections was observed above 4.0
GPa. Conformations in the unit cell were not determined uniquely due
to the broad Bragg reflections. From 4.0 to 8.0 GPa, no phase transitions
were observed. During the entire compression process, complicated crys-
tal polymorphs such as α, β, γ, γ ',δ and ε phases were observed and were
interpreted by introducing the crystal energy landscape [2]. Compared
with the HP phase behaviors of [C4mim][PF6] [30], partial amorphiza-
tion was not observed in [C4mim][PFBS].

Upon decompression, the HP- σ phase, for which the space group
was P21, appeared at 2.0 GPa. The peak intensity at the lowest Q posi-
tion weakened. The lattice parameters of the HP- σ phase are listed in
Table 1. Notably, the HP- σ phase was different from those found upon

compression (i.e. the α, β, γ, γ ',δ and ε phases). We cannot determine the
space group of the complicated HP- σ phase even by so many trials of
the structural determinations. Thus, HP single-crystal X-ray diffraction
could be requited for further structure analysis [31]. Considering the
compression and decompression processes, the irreversible phase tran-
sition of [C4mim][PFBS] was induced under HP. Upon decreasing the
pressure, the HP- σ phase existed even at 1.3 GPa. At 0.7 GPa, a new
decompression phase was detected, which was indicated by changes in
the X-ray diffraction pattern (Fig. 1(b)). However, the new phase struc-
ture was not resolved owing to the preferred orientation of the Bragg
reflections. Thus, we named unknown phase (HP-U phase). Just before
melting, the phase transition from a polycrystal to a single crystal (SC)
phase occurred at 0.1 GPa. Typical sharp Bragg spots were monitored on
the IP. Thus, the crystal structure was not determined. We predict that
the crystal structure at 0.1 GPa is one of the LT phases [18].

The HP crystal polymorph is schematically illustrated in addition to
the LT crystal polymorph in Fig. 3. Compared with the LT crystal poly-
morph, the HP crystal polymorph was complicated and irreversible upon
compression and decompression. Nevertheless, the crystallographic fea-
tures of [C4mim][PFBS] are described by the large lattice constant
both at LT [18] and HP (Table 1). In the case of [C4mim][PF6],
LT and HP crystal polymorphs were also observed. Particularly, the
LT- β phase [32] and the HP- β phase [30] possessed a large lattice

Fig. 3. Schematic crystal polymorphs of 1-butyl-3-methylimidazolium perfluorobutanesul-
fonate ([C4mim][PFBS])at LT and HP.
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constant for [C4mim][PF6]. In the LT- β phase of [C4mim][PF6], the TT
conformer of [C4mim]+ was identified using Raman spectroscopy [33].
Moreover, [PFBS]- conformers in crystals cause the different crystal lat-
tices at LT and HP. LT-crystals of [C4mim][PFBS] consist only of trans
conformer of [PFBS]- [18], although the gauche conformers of [PFBS]-

were formed under HP. Conformation-driven molecular orientational
and positional orders are quite sensitive to the molecular packing, which
determines the crystal lattices. Generally, crystal structures in the mole-
cular system are directly connected with their molecular conformations.
Conformational varieties relating to the crystal polymorphs could be ex-
plained by the crystal energy landscape.

3.2. Conformational changes of [C4mim]+

HP Raman spectroscopy experiments were performed to investi-
gate the relationship between molecular conformation and crystal struc-
ture. Fig. 4 indicates the Raman spectra of the CH2 rocking mode of
[C4mim]+ upon compression. The Raman bands were separated using
profile fitting of the asymmetric pseud-Voigt function. At ambient pres-
sure (0.1 MPa), trans and gauche conformers coexisted. The gauche con-
former ratio was a little larger than the trans one in the liquid. Even
at 0.16 GPa, the super-pressurized liquid was present with almost the
same conformational ratio and positions. Using optical microscope ob-
servation, crystal domains were formed immediately at 0.2 GPa. Once
crystallization of the HP- α phase occurred, the Raman bands became
sharper (Fig. 4). Moreover, the broad gauche band at 0.16 GPa decom-
posed into three bands at 0.2 GPa. In addition to GT and G’T, a new
Raman band appeared at the lower position. This result did not contra-
dict with small ratio of the gauche conformer of [C4mim]+ in the unit
cell of the HP- α phase (Fig. S1(a)). However, the three types of the
gauche conformers were not distinguished by crystal structure analysis.

Fig. 4. Raman bands of 1-butyl-3-methylimidazolium ([C4mim]+) as a function of pres-
sure. TT corresponds to trans, and GT, G’T, and Gc belong to gauche. Each conformer is
assigned by the CH2 rocking mode of [C4mim]+.

Similar to the HP crystal polymorph of [C4mim][PF6] [30], the low-
est positioned gauche corresponds to the spatially constrained gauche
(Gc). The Gc could be a folding conformer, resembling the ng’g con-
former in the literature [17]. The calculated Raman bands of [C4mim]+

were indicated in Fig. 10(c) and Fig. S3 of the reference [17], and the
four gauche conformers were identified separately. For high packing ef-
ficiency under HP, the folded Gc conformer is HP-inherent. In the case
of [C4mim][PF6], with increasing pressure, the gradual increment of the
Gc conformer was directly connected with partial amorphization [30].
With increasing pressure, the GT conformer of [C4mim][PFBS] became
small, although G’T increased at 1.3 GPa. Considering the X-ray diffrac-
tion patterns at 0.8 and 1.0 GPa, the conformational change corresponds
to the α - β phase transition. Crystal structure of the HP- β phase in-
dicates an increment of the gauche conformer of [C4mim]+ at 0.8 GPa
(Fig. S1(b)). Gauche increment by X-ray diffraction is consistent quali-
tatively with that by Raman spectroscopy. At 1.7 GPa (PC), the GT Ra-
man band completely disappeared accompanied by the β - γ phase tran-
sition. While, the G’T Raman band at PC exceeded the TT Raman band as
shown in Fig. 4. Considering the crystal structure of the HP- γ phase at
1.6 GPa (Fig. S1(c)), the trans and gauche ratio of [C4mim]+ in the unit
cells can explain the Raman intensity ratio of TT and G’T. Above 2 GPa,
the TT Raman band of [C4mim]+ gradually decreased with preferring
packing efficiency. Inversely G’T gradually developed. Above 2 GPa, the
distinct changes of the cationic Raman bands were not observed.

The pressure dependence of peak positions of the [C4mim]+ con-
formers is plotted in Fig. 5(a). Gauche conformers drastically changed at
each phase transition under HP. This means that gauche conformers are
sensitive to the cation–anion pairing in the unit cells. DFT calculations
indicate an anion dependence of the [C4mim]+ conformers (Fig. S2).
The calculated peak positions of the trans conformer were not signifi-
cantly shifted according to the type of anion. In contrast, the GT and G’T
conformers were influenced by the anion species. The DFT calculations
imply that the ion-pairing changed extensively in the α crystallization
and α- β and β- γ phase transitions. Another approach to interpreting the
HP phase behaviors of [C4mim][PFBS] is the conformational ratios of
[C4mim]+. The intensity fraction, fi, of the [C4mim]+ conformer is pro-
vided by;

(1)

in which ITT, IGT, IG’T and IGc are intensities of Raman bands. In Fig.
5(b), fi upon compression is indicated. A series of phase changes such
as liquid- α - β – γ- γ ' below 3 GPa are well described by the changing
in their conformations. When the HP- γ phase appeared at 1.7 GPa (PC),
the GT conformer vanished. As shown in Fig. 4, the molecular structure
of the GT conformer is not adequate geometrically for the higher pack-
ing conditions. Thus, we confirm that GT transformed to G’T in the β-
γ phase transition. From 0.2 GPa to PC, the TT conformer of [C4mim]+

decreased monotonically, whereas G’T exceeded fG’T = 0.6 at approxi-
mately 2 GPa. Molecular packing was compensated mainly by the fold-
ing alkyl chain of [C4mim]+ below PC. Above 3 GPa, the conformational
ratio of TT and G’T did not change at all. Hence, the cation folding
saturated at approximately PC, and the invariant G’T conformer above
PC implies that the cation conformers did not contribute to the densely
packed conditions. On the other hand, the Gc conformer was almost
constant over the whole pressure region. As partial amorphization of
[C4mim][PF6] was induced by an increase of the Gc conformer, no amor-
phization of [C4mim][PFBS] is explained by the constant Gc ratio up to
Pmax.
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Fig. 5. Pressure dependences of 1-butyl-3-methylimidazolium ([C4mim]+) conformations
on (a) peak positions, and (b) intensity fraction, fi.

3.3. Conformational changes of [PFBS]-

The torsional potential of [PFBS]− was estimated using DFT calcula-
tions [18]. It was found that the trans and gauche conformers of [PFBS]−

are stabilized. In this study, Raman bands of the -SO3 wagging mode
were used to assign the trans and gauche conformations of [PFBS]− us-
ing DFT. Fig. 6 reveals a dependence between pressure and the Raman
bands of [PFBS]−. In Fig. S3, all Raman spectra upon compression are
indicated. The observed peaks were decomposed by the asymmetric pro-
file fitting. The liquid at 0.1 MPa and the super-pressurized liquid at
0.16 GPa have the same Raman spectra. At 0.2 GPa, the trans Raman
band of [PFBS]− increased, which was accompanied by crystallization,
and is consistent with the unit cell, which mainly consisted of the trans
conformer (Fig. 2(a)). The conformational ratio of gauche increased rel-
atively with pressure. The tendency coincided with an increase in the
gauche conformer of [PFBS]− in the unit cell indicated by X-ray diffrac-
tion analysis.

For a quantitative analysis of the anion conformers, the intensity
fractions, fi, are exhibited in Fig. 7. Crystallization at 0.2 GPa caused
an abrupt increase in the trans conformer of [PFBS]−. This is similar to
the sudden conformational change of [C4mim]+. In contrast, in the tri-
clinic α and β phases, opposite behaviors between the cation and anion
were observed. Small changes in the anion conformers were observed

Fig. 6. Raman spectra of the SO3 wagging mode of perfluorobutanesulfonate ([PFBS]−).
The trans and gauche conformers are identified by the respective density functional theory
calculations.

below 1.7 GPa (PC), whereas the cation conformations varied below PC.
Hence, a volume contraction below PC was realized owing to the cation
folding. More importantly, drastic jumps of intensity fractions were in-
duced by the monoclinic HP- γ phase appearance at 1.7 GPa (PC). At
PC, the crystal system varied from triclinic to monoclinic, and the phase
transition promoted molecular rearrangements (Fig. 2(b) and 2(c)). Si-
multaneously, the trans and gauche ratio of [PFBS]− changed extensively
(Fig. 7). Here, we summarize the pressure dependency of the conforma-
tional variances, which relate to the crystal system as follows:

(i) Crystal system: triclinic (P < PC), monoclinic (PC < P)
(ii) Cation: variant (P < PC), invariant (PC < P)
(iii) Anion: invariant (P < PC), variant (PC < P)

In the pressure-driven conformational changes, the switching effect
at PC is significant in addition to the disappearance of the GT cation
conformer at PC. If we assume that [C4mim]+ is more flexible than
[PFBS]−, the switching effect is explained. At first, folding of the flex-
ible [C4mim]+ was favored for a volume contraction below PC. After
saturation of cation folding, the relatively inflexible [PFBS]− changed
its conformation in the densely packed conditions above PC. It should
be noticed that, in the gas state, torsion potential energy profiles of
[C4mim]+ were provided in Fig. 3 of the reference [14]. The rota
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Fig. 7. Intensity fractions, fi, of perfluorobutanesulfonate ([PFBS]−) as a function of pres-
sure.

tional barriers of the isolated cation were estimated to be 19 kJ/mol
and 15 kJ/mol by the DFT calculations. On the other hand, the bar-
rier of isolated [PFBS]- was found to be 6.3 kJ/mol [18]. Generally, the
low energy barrier causes (i) conformational flexibility, (ii) fast dynam-
ics between trans and gauche, (iii) increasing entropy, (iv) high activa-
tion volume, (v) low viscosity, and (vi) high conductivity [34]. In fact,
macroscopic properties of [Cnmim][PFBS] are explained by the low bar-
rier [20,21,29]. As shown in Fig. 6, trans and gauche Raman intensi-
ties of [PFBS]- in the liquid (0.16 GPa) were comparable due to the fast
dynamics of trans-gauche interconversion. When the HP-crystallization
occurred at 0.2 GPa, trans Raman band increased drastically. We pre-
dict that, by HP-crystallization, large free volume of [PFBS]- in the liq-
uid state is reduced, and the barrier between trans and gauche becomes
much larger. Then, flexibility of [PFBS]- was lost above 2.0 GPa). On
the other hand, in [C4mim]+, equimolar mixture of trans and gauche
in the liquid (Fig. 4) was almost maintained after the HP-crystalliza-
tion. Hence, conformational flexibility of [C4mim]+ could be sustained
even after the HP-crystallization. Above PC, a monotonic increase of the
gauche conformer of [PFBS]− was observed with increasing pressure. As
the shape of the gauche conformer of [PFBS]− is spherical as shown in
Fig. 6, molecular packing efficiency could be improved by an incre-
ment of the gauche fraction. Also, a molecular orientational disorder of
[PFBS]− could develop above PC due from the increase of the gauche
conformer of [PFBS]−. The disorder such as plastic crystal does not con-
tradict with the HP phase transitions.

In the case of [C4mim][PF6], the Gc conformer of [C4mim]+ in-
creased markedly, as [PF6]− has no degrees of freedom of conforma-
tions. Partial amorphization was induced by the cationic disorder of
Gc in [C4mim][PF6]. Compared with the HP-phase behaviors of
[C4mim][PF6], [PFBS]− has an adjusting mechanism for volume con-
traction with increasing the gauche conformer of [PFBS]−. Therefore, a
combination of cation folding and anion adjusting could suppress an
increase in the Gc cation conformer and the partial amorphization in
[C4mim][PFBS].

4. Summary

The phase behaviors of [C4mim][PFBS] under HP were observed
using X-ray diffraction and Raman spectroscopy. The HP crystal poly-
morph of the fIL was irreversible upon compression and decompression.
The flexible [C4mim]+ tended to fold gradually with the invariant anion
conformer below PC. Once the gauche conformer of the cation was satu-
rated at PC, the anion conformers became the variant above PC. At the
switching pressure, the triclinic-monoclinic phase transition occurred. In
contrast to the no degrees of freedom of the anionic conformations, such
as in [PF6]−, the variable conformations of [PFBS]− between trans and
gauche prevent an increment of the Gc conformer of [C4mim]+ and par-
tial amorphization. The HP-crystal polymorph based on the cationic and
anionic conformational varieties supports a concept of the crystal energy
landscape.
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