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A B S T R A C T

An ionic liquid (IL) with conformational polymorphs indicated complicated phase transitions under high pres-
sure (HP). The IL was 1-hexyl-3-methylimidazolium perfluorobutanesulfonate ([C6mim][PFBS]), which has
cationic and anionic conformational degrees of freedom. Using HP Raman spectroscopy, a competition between
cation and anion conformers corresponded to the HP crystal polymorph. The folding cation appeared at 3.7 GPa
due to its flexibility. The rigid [PFBS]− anion also formed the gauche‘ conformer at 7.6 GPa for higher packing ef-
ficiency. The conformational flexibility was adjusted depending on pressure. The pressure-variant/invariant con-
formations were connected with the HP crystal polymorph of [C6mim][PFBS].

1. Introduction

Crystal polymorphs have been investigated related to packing and
conformational polymorphs. Simple tetrahedra were used to simulate
packing polymorphs depending on the packing fraction [1–3]. Orienta-
tional orders in various phases were sensitive to compression in the sim-
ulation box. In real molecular systems [4–9], molecular packing poly-
morphs were examined experimentally and theoretically, considering
intermolecular interactions. The crystal packing arrangements deter-
mine the crystal structures. Moreover, molecular geometry-driven con-
formational polymorphs cause a variety of crystal structures [10,11].
By degrees of freedom of molecular conformations and their molecular
flexibility, the crystal phases including metastable phases were selected
at low temperature (LT) and high pressure (HP). Coupled with packing
and conformational polymorphs, crystal polymorphs have been in
progress in crystal science [12–16]. The idea of crystal energy land-
scape was introduced to interpret the experimentally obtained crystal
polymorphs.

Ionic liquids (ILs) are regarded as a simple molecular system, that
consists of a cation and an anion. The molecular conformations of
cations and anions have been calculated with relating to the liquid and
crystal structures of the ILs. Density functional theory (DFT) optimized
the molecular conformations of the 1-alkyl-3-methylimidazolium
([Cnmim]+) cations as representative cations [17–20], where n denotes
the alkyl chain length. Using DFT, the potential energy surface was cal-

culated to determine the stable conformations of [Cnmim]+. In addi-
tion, some anions have conformational degrees of freedom. For in-
stance, the perfluorobutanesulfonate ([C4F9SO3]−, [PFBS]−) anion had
two stable conformers, i.e., trans and gauche conformations [21]. The
torsional potential of [PFBS]− is similar to that of [C4F9BF3]− [22]. Ex-
perimentally, Raman bands can identify the molecular conformations.
Cationic and anionic conformations are summarized in the literature
[23].

Differential scanning calorimetry (DSC) was used to examine the LT
phase behaviors of [Cnmim][PFBS] [24,25]. The LT crystal polymorphs
of [C6mim][PFBS] were detected on the DSC thermal traces. Further, si-
multaneous X-ray diffraction and DSC measurements were used to ob-
serve the LT crystal polymorphs in a series of [Cnmim][PFBS] (n = 4, 6,
and 8) [21]. The LT crystal structures having large lattice constants
were determined in [C4mim][PFBS] and [C8mim][PFBS]. Furthermore,
using LT Raman spectroscopy, the cation and anion conformers of
[Cnmim][PFBS] (n = 4, 6, and 8) were distinguished both upon cooling
and heating [26]. The conformational changes at LT were related with
the LT crystal polymorphs of the ILs. In addition, HP X-ray diffraction
was conducted to compare the LT crystal polymorph of [C4mim][PFBS]
with the HP crystal polymorph. By HP Raman spectroscopy and HP X-
ray diffraction, conformational changes of both cation and anion con-
tributed to the crystal polymorph in [C4mim][PFBS] [27]. The HP crys-
tal polymorphs were entirely different from the LT ones. More impor-
tantly, HP X-ray diffraction was used to observe the reentrant layering
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in [C6mim][PFBS] [28]. HP phase transition pathways were switched
by the HP inherent layered structure. LT and HP crystal polymorphs of
the ILs were summarized, combined with multiple phase transitions
pathways [29–31].

In this study, HP Raman spectroscopy was used to examine HP con-
formational polymorphs of [C6mim][PFBS]. HP inherent cationic and
anionic conformers were directly determined, and the packing effi-
ciency and conformational flexibility under HP was proceeded by the
folding conformers both of cation and anion.

2. Materials and methods

[C6mim][PFBS] (Kanto Chemical Co.) was the IL used in this study.
Fig. 1 shows the molecular conformations of both [C6mim]+ and
[PFBS]−. The notations of n, t, g, and g’ indicate nonplanar, trans,
gauche, and gauche’, respectively [20]. In a previous study [27], Raman
spectroscopy assigned the trans and gauche conformers of [PFBS]−.

A diamond anvil cell (DAC) was used to perform HP Raman spec-
troscopy. 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
gasket with a thickness of 0.18 mm in the DAC. An NRS-5100 Raman
Spectrometer (JASCO Co.) equipped with a monochromator was used
to obtain HP Raman spectra, and a Peltier-cooled camera was used for
the measurements. A 5.8-mW green laser (wavelength of 532 nm) trig-
gered the excitation.

DFT optimized the conformations of the cation and anion. In addi-
tion, DFT can identify Raman bands assigned to the molecular vibra-
tions. The B3LYP hybrid functional and 6–31++G(d,p) basis set of the

Fig. 1. Molecular conformers of [C6mim]+ and [PFBS]−. n, t, g, and g’ denote
nonplanar, trans, gauche, and gauche’, respectively.

Firefly package (PC-GAMESS) was used to perform all DFT calculations
[32,33].

3. Results

[C6mim][PFBS] indicated HP crystal polymorphs and multiple path-
ways of phase transitions under HP by X-ray diffraction [28]. The HP
crystal polymorph was different from the LT crystal polymorph [21]. In
a previous study [28], the α and β phases possessed the layered struc-
tures (layering I) below 3.7 GPa (P1), as shown in Fig. 2. Once the pres-
sure exceeded 7.6 GPa (P2), a different kind of hybrid layered structure
(layering II, δ phase) was observed. It should be noticed that the space
group of the [C6mim][PFBS] crystals changed at P1 and P2 (Fig. 2).

Fig. 3 shows the Raman spectra upon compression in this study. In
the same manner with LT [Cnmim][PFBS] in the previous study [26],
an intermediate conformer, i, of [C6mim]+ was observed in the liquid
(L) state. [C6mim]+ in the L phase provided the broad Raman bands,
reflecting the dynamic fluctuations of the alkyl chain. Using the asym-
metric pseudo-Voigt function [34], the asymmetric profile fitting was
used to decompose the observed Raman bands. In case of the [PFBS]−

anion at ambient pressure, t and g conformers coexisted at 382 cm−1

and 373 cm−1, respectively.
In addition, the g’ conformer of [PFBS]− was observed at 360 cm−1,

which was assigned by DFT (Fig. S1). It is emphasized that the band-
widths of [PFBS]− were narrower than those of [C6mim]+ (Fig. 3).
Hence, the narrow Raman line widths of [PFBS]− even in the L phase
imply that [PFBS]− behaves in the crystal circumstance. In fact, the line
widths of [PFBS]− did not change at 0.3 GPa (PC). At PC, crystallization
of the α phase (Fig. 2) was observed using an optical microscope.
Clearly, Raman bands of both cation and anion changed drastically. The
cation conformers were identified by referring to the previously ob-
served LT Raman bands of [C6mim][PFBS] [26]. Under HP, a gauche-
like Raman band of [C6mim]+ was observed at ~600 cm−1 (Fig. 3),
which was not detected at LT [26]. Using DFT (Fig. S2), the gauche-like
Raman band was found to be ng’g’tt or ng’g’tg’ (Fig. 1). This is a signifi-
cant finding that the HP-inherent conformer is induced for higher pack-
ing efficiency. Furthermore, crystallization caused the conformational
changes of [PFBS]−. The peak intensities of the g and g’ bands de-
creased remarkably at PC. The g and g’ bands almost disappeared at
0.6 GPa. In the crystal state, the t band of [PFBS]− was preferred for
higher packing efficiency. As shown in Fig. 2, the α − β phase transition
occurred without changing the space group at 1.7 GPa (P0) [28]. It is
noteworthy that, at PC < P < P0, the ntg’tt Raman intensity of
[C6mim]+ decreased continuously upon compression (Fig. 3). Instead,
the ntgtt band became larger with increasing pressure. This tendency
opposed to temperature dependence of Raman spectra in LT [C6mim]
[PFBS] [26]. Since the [PFBS]− anion indicated no pressure dependence
in the α phase, conformations only of the cation were modified in the
unit cell. Here, we emphasized that, by changing the cationic conforma-
tions, the packing efficiency of the α phase could be improved using the

Fig. 2. Phase transitions and molecular conformers upon compression. X-ray diffraction determined the HP crystal structures of the α, β, γ, and δ phases [28].
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Fig. 3. Pressure dependence of Raman spectra of [C6mim][PFBS] upon compression. The Raman bands of the cation and anion conformers appeared at 580–650
and 350–420 cm−1, respectively. Raman spectra changed due to the high-pressure crystal polymorphs. The numbers in the figure indicate pressures (GPa).

flexible [C6mim]+. By further compression, the β phase appeared at P0(~ 1.7 GPa). The β phase existed below P1 (=3.7 GPa) (Fig. 2). At P0< P < P1, the conformational changes of both the cation and anion in
the β phase were not observed at all (Fig. 3). Therefore, the β phase is
expressed by the pressure-invariant conformers of the cation and anion.
In this study, it was found that layering I at PC < P < P1 is formed by
permitting the conformational changes (Fig. 3).

The additional Raman band of [C6mim]+ appeared at 613 cm−1

above P1 (Fig. 3). The 613 cm−1 band at 4.6 GPa was small (Fig. 3). The
weak band was equivalent to the gauche-like Raman band (ng’g’tt or
ng’g’tg’) of [C6mim]+ at 0.3 and 0.6 GPa. In the previous study [28],
the space group change at P1 was caused by the β − γ phase transition
with disappearing layering I (Fig. 2). The structural feature of the γ
phase was described by the small unit cell. The gauche-like conformer of
the cation, as shown in Fig. 1, can explain the smaller unit cell of the γ
phase [28]. As another example, in [C4mim][PF6], the folding con-
former of [C4mim]+ easily lost the orientational orders, and a small
unit cell was realized under HP [35]. In contrast, t of [PFBS]− was sta-
ble at P1 < P < P2. Compared with the flexible [C6mim]+ cation, the
pressure-invariant [PFBS]− below P2 is regarded as the rigid conformer.
This HP behavior such as a flexible cation and a rigid anion was also
seen in the previously observed HP phase transitions of [C4mim][PFBS]
[27]. At least, the relative flexibility and rigidity contributed to the HP
crystal polymorphs both in [C4mim][PFBS] and [C6mim][PFBS].

Subsequently, the γ − δ phase transition at P2 (~ 7.5 GPa) was also
observed using Raman spectroscopy. In the previous study [28], it was
clarified that the space group of the δ phase changed at P2 and the unit
cell became larger, accompanied with layering II (Fig. 2). More impor-
tantly, at P2, the 382 cm−1 band of t conformer of [PFBS]− shifted to
401 cm−1 (Fig. 3). Moreover, the 360 cm−1 band of gauche-like con-
former of [PFBS]− suddenly increased at P2, and the peak shifted to
385 cm−1 (Fig. 3). The deference of the observed wavenumbers be-
tween t and gauche-like conformers was 16 cm-1 at P2. Since the differ-
ence of the calculated one between t and g’ was 17 cm-1 (Fig. S1), the

gauche-like band was identified as the g’ band. Nevertheless, the g’
band was smaller than the t bands. A small portion of the folding
[PFBS]− conformer was occupied in the δ phase. Simultaneously, peak
broadening of the t band of [PFBS]− was predominant with the phase
transition. The line broadening of all-trans conformation of [PFBS]− im-
plied that the anionic alkyl chain is deformed for further molecular
packing. Although the [PFBS]− conformers varied obviously at P2, no
spectral change was observed in [C6mim]+. This means that anion
holding is indispensable due to the saturation of cation holding. Consid-
ering no reentrant layering of [C4mim][PFBS] [27], we focus on the
reentrant layering of [C6mim][PFBS] from the viewpoint of the [PFBS]−

folding. In the case of [C4mim][PFBS], the intensity fraction of the g
conformer of [PFBS]− reached 0.4 at 6.1 GPa [27]. In [C6mim][PFBS], a
small portion of both the folding cation and anion coexisted in the unit
cell at P2 (Fig. 2). Therefore, layering II originated from the main part of
the trans-like conformers of [C6mim]+ and t conformer of [PFBS]−.
With increasing pressure in the δ phase, the bandwidth of [PFBS]− was
enlarged, and the g’ intensity increased gradually. The distorted t con-
former and the increment of the g’ conformer of [PFBS]− were related
to the broadening of the hk0 Bragg reflections on the X-ray diffraction
patterns [28]. The distorted and folding conformers caused the posi-
tional and orientational disorders on the (hk0) plane in the δ phase.
Since the Raman bands were too broad above 11 GPa, the observed
bans were not decomposed uniquely. In this study, the maximum pres-
sure (Pmax) was 13.5 GPa. Generally, polymerization [36] dissociation
easily occurred under HP. Thus, it is important to confirm whether
[C6mim][PFBS] recovered or not after compression up to Pmax. Thus,
we gradually decreased the pressure. Finally, the sample returned to
the L phase at ambient pressure. Fig. S3 shows the Raman spectra be-
fore/after compression. Judging from almost the same Raman spectra
before/after compression, it was found that the sample completely re-
covered without polymerization or dissociation.

Quantitative conformational analysis provides the detailed molecu-
lar behaviors for further discussion. Fig. 4(a) shows the pressure depen-
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Fig. 4. Pressure dependences of (a) intensity fractions, fi, and (b) band positions
of [C6mim]+ upon compression.

dence of the conformational ratios of [C6mim]+. The intensity fraction,
fi, of the [C6mim]+ conformer is provided by,

(1)

where Ig-like is the Raman intensity of the gauche-like conformer
(ng’g’tt or ng’g’tg’). Pressure dependences of fi were obtained by pro-
file fitting. Fig. 4(a) clearly plots the pressure variant/invariant proper-
ties of [C6mim]+. At PC, the molecules were loosely packed in the low
symmetry crystal. During the α phase at PC < P < P0, the fntgtt in-
creased, and fntg’tt decreased drastically while preserving the crystal
structure. The crossover behavior in the α phase indicates that the con-
formational changes of flexible [C6mim]+ are valid for more densely
packing. In the P0 vicinity, the packing efficiency reached the limit only
by the conformational changes. The α − β phase transition at P0 im-
proved the molecular packing by the molecular rearrangement. In the β
phase, the cationic and anionic conformational changes were sup-
pressed, and layering I was maintained with increasing the structural
strain. However, at P1, layering I collapsed, and a new monoclinic crys-
tal structure was initiated by the molecular rearrangement. Moreover,
the gauche-like conformer of [C6mim]+ was formed for the more com-
pact packing above P1 (Fig. 4(a)). As shown in Fig. 3, the band broaden-
ing of the trans-based conformers above P1 corresponds to the static dis-
order of the conformers, resembling the dynamic disorder expressed by
the broad band in the L phase. More importantly, at P2, the orthorhom-
bic lattice with the larger unit cell was induced to shuffle the molecular
packing state. In the δ phase, the gradual increment of the fntgtt in Fig. 4
(a) is connected with the mutual alkyl chain packing of [C6mim]+,
which is indispensable for the two-dimensional layering II. In contrast,

Fig. 4(b) plots the pressure dependence of band positions of the
[C6mim]+ conformers. The band position of the gauche-like conformer
of [C6mim]+ above P1 is linked with the gauche conformer in the L
phase (Fig. 4(b)). Generally, the wavenumber slope change as a func-
tion of pressure indicates the molecular stiffening. In the α phase, soft-
ening occurred due to the distinct conformational changes of
[C6mim]+, as mentioned earlier (Fig. 4(a)). Above P1, a monotonic
shifting of the Raman bands of [C6mim]+ was observed with increasing
pressure. It should be noticed that the slope of gauche-like conformer is
relatively small. Thus, the hardening t conformer and relatively soften-
ing g-like conformer coexisted above P1. In the unit cell, the locally soft-
ening g-like conformer of [C6mim]+ plays an important role in tuning
the packing efficiency.

The next step is to clarify the [PFBS]− conformational behaviors un-
der HP relating to the crystal polymorph. Similar to the cationic fi, the
anionic fi in the α phase depended extensively on the pressure (Fig. 5
(a)). For instance, the g and g’ conformers decreased, while the t con-
former increased. Simultaneously, a bending pressure point of the
wavenumber slopes appeared at P0 (Fig. 5(b)). Considering both fi and
band shifting as a function of pressure, the HP behaviors of [PFBS]− in
the α phase at PC < P < P0 were different from those at the other pres-
sure regions. Pressure-variant fi and low slope of band shifting below P0imply that the relatively soft conformers of [PFBS]− are alternated
rather than conformational hardening. Since the wavenumber slopes
became larger discontinuously above P0, conformational hardening of
the [PFBS]− occurred. At P0 < P < P2, the ft and fg’

of [PFBS]− were al-
most constant on the pressure scale. Hence, the [PFBS]− conformers did
not contribute to the β and γ phases. On the contrary, above P2, fg’

of

Fig. 5. Pressure dependences of (a) intensity fractions, fi, and (b) band positions
of [PFBS]− upon compression.
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[PFBS]− increased during layering II (Fig. 5(a)). Here, it is emphasized
that two conditions are proposed for more densely packing; one is con-
formational changes, and the other is molecular rearrangement using a
phase transition. Two conditions, i.e., molecular shuffling and [PFBS]−

folding, occurred simultaneously at P2 due to a smaller void space in the
δ phase. Combined with the cationic behaviors, in [C6mim][PFBS],
more dense packing above P2 could be realized by a combination of the
molecular conformational changes (cationic fntgtt and anionic fg’

) and
phase transitions with the molecular rearrangement.

4. Conclusions

Raman spectroscopy was used to examine the HP-inherent con-
former relating to the HP crystal polymorph. The gauche-like conformer
of [C6mim]+ was formed only under HP. The cationic and anionic con-
formations changed at the phase transition pressures. Layering I at PC< P < P1 (α phase) was formed mainly by the trans-based conformer,
and the flexible cation in the α phase can change their conformations
depending on pressure. The layered structure collapsed due to the reap-
pearance of the gauche-like conformers of [C6mim]+ at P1. Pressure-
invariant [PFBS]− conformers suggest that [C6mim]+ is more flexible
than [PFBS]−. Layering II (δ phase) appeared at P2, and the cationic
trans-like and anionic folding g’ conformers increased due to a small
amount of void volume in the δ phase. Using Raman spectroscopy, the
conformational flexibility in [C6mim][PFBS] was clarified under HP.
The pressure-variant/invariant conformers in the well-packed circum-
stance can explain the complicated HP crystal polymorph of [C6mim]
[PFBS].
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Lopes, M.M. Piñeiro, L.P.N. Rebelo, On the formation of a third, nanostructured
domain in ionic liquids, J. Phys. Chem. B 117 (2013) 10826–10833.

[25] M.L. Ferreira, M.J. Pastoriza-Gallego, J.M.M. Araújo, J.N. Canongia Lopes, L.P.N.
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