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A B S T R A C T

Hidden crystal phases of fluorinated ionic liquids (fILs) at low temperature were clarified by simultaneous mea-
surements using X-ray diffraction and differential scanning calorimetry. The fILs studied are 1-alkyl-3-methylim-
idazolium perfluorobutanesulfonate, [Cnmim][PFBS] (n = 4, 6, and 8). The crystal polymorphs of all
[Cnmim][PFBS] appeared both upon cooling and heating. The phase varieties of fILs increased with an increase
in the alkyl chain length, n. Density functional theory calculations provided the anisotropic electrostatic potential
surface of the [PFBS]− anion. The complicated phase behaviors of fILs, including metastable phases, were derived
from two conformations and the anisotropic electrostatic potential surface of the [PFBS]− anion.

© 2020

1. Introduction

In the past two decades, many ionic liquids (ILs) have been synthe-
sized for [1–6]. ILs consist of a cation and an anion. Hydrophobic fluori-
nated ionic liquids (fILs) with low melting points have been synthesized
for industrial applications [7]. One of such fILs is 1-ethyl-3-methylim-
idazolium perfluorobutanesulfonate (C4F9SO3−), [C2mim][PFBS]. The
fundamental physicochemical and electrochemical properties of fILs
were obtained [7]. fILs have been investigated using liquid−liquid ex-
traction or separation processes for highly efficient recycling/recovering
systems [8]. For the applications, thermodynamic properties (e.g., dy-
namic viscosity, density, and refractive index) were measured in a se-
ries of fILs. In addition to the glyme-Li salt for Li-secondary batteries, a
binary mixture of K[PFBS] and K-pentaglyme [K(G5)1][PFBS], was ex-
plored as another candidate [9]. By changing the anion, [X]−, the struc-
tures and properties of [K(G5)1][X] were systematically examined such
as viscosity, conductivity, binary phase diagram, [PFBS] conformers by
Raman spectroscopy, and crystal structures by X-ray diffraction.

The low surface tension of fILs is another intrinsic feature. The sur-
face tension of [Cnmim][PFBS] (n = 2, 4, 6, 8, 10, and 12) was mea-
sured by changing temperature [10]. Here n reveals the alkyl chain
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length of the [Cnmim]+ cation. The low surface tension was supported
by the surface thermodynamic properties of low surface entropies and
surface enthalpies. More importantly, the minimum surface tension of
[Cnmim][PFBS] (n = 2–12) was obtained at n = 8. In molecular dy-
namics (MD) simulations, the surface structures of [Cnmim][PFBS] were
visualized [10]. At small n, the perfluorobutyl chains of the anions occu-
pied the top layer. With an increase in n, the non-polar part of the alkyl
chain of the [Cnmim]+ cation gradually appeared near the surface. In
the fIL-water binary system, self-aggregation was studied on the basis of
solubility [11]. The surface tension of the [Cnmim][PFBS] (n = 2, 6, 8,
and 12) - water system became constant above critical aggregation con-
centrations.

The nano-heterogeneity of [Cnmim][PFBS] was demonstrated by
the MD simulations [12–16]. In addition to the polar- and non-polar
nano-domains of conventional ILs [17,18], the fluorous nano-domains
were clearly formed in fILs. In addition, the perfuoroalkyl side chain
length (anion) dependence of nano-heterogeneity was clarified depend-
ing on combined with the alkyl side chain length (cation). At low tem-
perature, the crystal polymorphs of [C6mim][PFBS] and [C8mim][PFBS]
were observed in differential scanning calorimetry (DSC) thermal traces
[12,15]. In conventional ILs, crystal polymorphs appeared at low tem-
perature and high pressure [19–25]. The crystal polymorphs suggest
that complicated molecular interactions are predominant in fILs.

In this study, the phase changes of [Cnmim][PFBS] (n = 4, 6, and
8) were examined at low temperature by simultaneous X-ray diffraction
and DSC measurements. Complicated crystal polymorphs of fILs were
observed, and they varied depending on the alkyl chain length.

https://doi.org/10.1016/j.molliq.2020.113908
0167-7322/© 2020.
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2. Experimental and theoretical section

The fILs used in this study were [C4mim][PFBS] (FUJIFILM Wako
Pure Chemical Co.) and [Cnmim][PFBS] (n = 6 and 8) (Kanto Chem.
Co.). The molecular structures of the [C4mim]+ cation and [PFBS]− an-
ion were optimized by density functional theory (DFT) calculations, and
the electrostatic potential surface was superimposed on their molecular
structures (Fig. 1). The fILs were put on an Al sample pan for DSC in-
side a glove box, under a helium atmosphere. The relative humidity was
kept below 10% using silica gel.

Simultaneous X-ray diffraction and DSC measurements were carried
out using a vertical goniometer (SmartLab Rigaku Co.), with an attached
DSC. The simultaneous X-ray diffraction and DSC measurements can
accurately distinguish complicated crystal polymorphs. For liquid ma-
terials, a vertical goniometer is indispensable to fit to the horizontal
sample stage. A one-dimensional detector (D/teX, Rigaku Co.) was in-
tegrated into the diffractometer for rapid scanning. The X-ray incident
wavelength was Cu Kα (λ = 0.1542 nm). The scattered wavevector, Q,
is provided as 4πsin(θ)/λ (nm−1), where 2θ is the scattered angle. Dry

Fig. 1. Optimized molecular structure of [PFBS]− by DFT. The anisotropic electrostatic po-
tential surface of [PFBS]− is also calculated.

nitrogen gas flowed through the DSC attachment. The temperature
range during the simultaneous measurements was from 80 °C to
−100 °C, and the cooling and heating rates were 5 °C/min. The crystal
structure was analyzed by the combination of FOX [26] and Conograph
[27]. First, Conograph was used to calculate possible lattice parameters
and space groups. Then, global optimization by FOX identified the space
group.

DFT calculations were performed to optimize the molecular struc-
tures of the [Cnmim] cations and [PFBS]− anion. The electrostatic poten-
tial surface and torsional potential of the [PFBS]− anion were obtained
by DFT. All DFT calculations were performed using the B3LYP hybrid
functional and 6–31++G** basis set of the Firefly package [28,29].

3. Results and discussion

3.1. Phase behavior of [C4mim][PFBS]

Fig. 2 shows the X-ray diffraction patterns and DSC thermal traces
of [C4mim][PFBS] at low temperature. The phase transition tempera-
tures were determined by peak positions on the DSC thermal traces.
Accuracy of phase transitions was estimated using the onset tempera-
ture, the peak temperature, and the end temperature [30]. In this study,
phase transition temperatures were determined by the peak tempera-
tures due to very weak peaks or multiple peaks. Upon cooling, crys-
tallization occurred with an exothermic peak at −5.9 °C (TC1). Simulta-
neously, sharp Bragg reflections appeared in the X-ray diffraction pat-
terns. Here, the crystal phase is named the α phase. Subsequently, an-
other phase transition was detected at −7.5 °C (TC2) in the DSC thermo-
graph. With decreasing the cooling rates, the different temperature be-
tween TC1 and TC2 became larger (Fig. S1 for Supporting Information).
Moreover, the peak of TC2 was broad at the cooling rate of 1 °C/min,
and peak sharpening of TC2 occurred with increasing the cooling rates.
In the same manner with [C4mim][PF6] [19], the crystal polymorph of
[C4mim][PFBS] was dominant by the slow cooling rates. This implies
that three kinds of conformers of [C4mim]+ cation contribute to the
crystal polymorph of [C4mim][PFBS]. The crystal structural change at
TC2 was not detected owing to its close phase transition temperatures.
The new phase (β phase) was transformed from the α phase at TC2. As
the peculiar feature of the X-ray diffraction patterns, it is emphasized
that the lowest Q position of the Bragg reflection was 4.8 nm−1 (Fig.
2). This means that the crystal structure of [C4mim][PFBS] is expressed
by the large lattice constants. With further cooling, a small exothermic
peak appeared −24.1 °C (TC3). To distinguish two crystal phases, this

Fig. 2. X-ray diffraction patterns and DSC thermal traces of [C4mim][PFBS]. The α, β, and γ phases were formed at TC1, TC2, and TC3 upon cooling, respectively.
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phase was defined as the γ phase. Because the exothermic peak was
small, X-ray diffraction patterns below TC3 were slightly modified. The
additional weak Bragg reflections are denoted by the blue open circles
in Fig. 2. Here, we predict that a small part of the β phase changed to
the γ phase at TC3 owing to additional weak Bragg reflections and small
exothermic peak, and the β and γ phases coexisted below TC3. With fur-
ther cooling to the minimum temperature (Tmin = −100 °C), the other
phase transition was not probed. However, upon heating, a reverse tran-
sition from the γ to β phase appeared at −8.5 °C (TC3) with a small en-
dothermic peak in the DSC thermal trace. Simultaneously, the Bragg re-
flections of the γ phase disappeared (Fig. 2). The endothermic heat flow
upon heating was comparable to the exothermic heat flow upon cool-
ing. The hysteresis of the β-γ phase transition, ΔTC3, was determined
to be 15.6 °C. The β phase simply melted at 24.1 °C without forming
the α phase. A relatively large hysteresis of the β phase (ΔT = 31.6 °C)
was obtained. If the samples are limited in the imidazolium ILs, a re-
versible crystal polymorph of ILs has not been reported. For other IL of
[C4mim][PF6] with a representative crystal polymorph, crystallization
was suppressed upon cooling, although the crystal polymorph of α, β,
and γ phases was induced upon heating [19].

The crystal structure of [C4mim][PFBS] at Tmin was determined to
be monoclinic (C2/m or C2/c). At Tmin, a small part of the γ phase was
neglected owing to the small change in X-ray diffraction pattern at TC3.
Thus, we analyzed the β phase of [C4mim][PFBS]. The crystal structure
of the β phase of [C4mim][PFBS] at Tmin was determined, as shown in
Table 1. The liquid density, ρ, of [C4mim][PFBS] was 1.473 (g/cm3)
at room temperature [7]. The large unit cell of the β phase corresponds
to the low Q peak. The observed and calculated diffraction patterns of
the β phase at Tmin are represented by the black and red curves, respec-
tively (Fig. 3(a)). In addition, the β phase crystal structure is expressed
by the unit cell (Fig. 3(b)). The specific feature of the β phase is that
the conformation of the [PFBS]− anion in the unit cell is trans, which
is the same as the optimized molecular structure by DFT (Fig. 1). The
torsional potentials of the [C4F9BF3]− anion were estimated by ab initio
calculations [31]. The [C4F9BF3]− anion is similar to perfluorobutane-
sulfonate (C4F9SO3−) used in this study. To estimate the conformational
stability of the [PFBS]− anion, the torsional potential of [PFBS]− was cal-
culated by DFT (Fig. 4). The trans conformer of [PFBS]− is energetically
preferred.

3.2. Phase behavior of [C6mim][PFBS]

The crystal polymorph of [C6mim][PFBS] has been previously re-
ported [12,15]. Two exothermic peaks upon cooling and four endother-
mic peaks upon heating appeared in the DSC thermal trace. How-
ever, the crystal structures of [C6mim][PFBS] were not determined yet.
Fig. 5 shows the simultaneous X-ray diffraction and DSC measure-
ments. Crystallization from liquid occurred at 5 °C (TC1) upon cooling.
We named it the α phase of [C6mim][PFBS]. The crystal structure of

the α phase was not assigned owing to the small number of Bragg
reflections. Subsequently, the crystal-crystal phase transition was ob-
served at −1 °C (TC2). The new phase is defined as the β phase. Simi-
lar to the β phase of [C4mim][PFBS] (Fig. 3(a)), the Bragg reflection
of [C6mim][PFBS] appeared in the small Q region in the X-ray diffrac-
tion pattern (Fig. 5), and the lowest Q position of the Bragg reflection
was 5.8 nm−1. Even at Tmin, no phase transition was observed upon cool-
ing. However, during the heating process, two additional crystal phases
were induced. Upon heating, a broad and small endothermic peak was
detected in the DSC thermal trace at −5 °C (TC3). Simultaneously, weak
Bragg reflections disappeared above TC3. The vanishing Bragg peaks are
shown as crosses in the X-ray diffraction pattern in Fig. 5. Here, we
named it the γ phase at TC3 upon heating. By further heating, a quite
small peak appeared at around 14 °C. This peak corresponds to one of
the subsequent peaks in the previous study [12,15]. In this study, the
phase change at this temperature was not observed in the X-ray diffrac-
tion patterns by the cooling rate of 5 °C/min. In contrast, a clear en-
dothermic peak was observed at 21 °C (TC4). At TC4, in the X-ray dif-
fraction pattern, the phase transition was described by the lack of few
Bragg reflections. Owing to the large endothermic peak at TC4, the ori-
entational disorder of molecules in the lattice sites was promoted as the
precursor phenomenon of melting. The disorder phase is called the δ
phase. The β-γ-δ phase transition upon heating corresponds to the previ-
ously obtained crystal polymorph of [C6mim][PFBS] [12,15].

The Bragg intensities of [C6mim][PFBS] at Tmin were weak, as shown
in Fig. 6. Thus, the reliability factor of crystal structural analysis be-
comes relatively high (Table 1). A possible crystal structure of the
β phase was determined to be triclinic (P ). The liquid density of
[C6mim][PFBS] was 1.39 (g/cm3) [13]. In addition to the observed
X-ray diffraction pattern, the calculated diffraction pattern is indicated
by the red curve in Fig. 6. Other crystal phases were not determined
because the differences in their Bragg reflections were small.

3.3. Phase behavior of [C8mim][PFBS]

In a previous study [15], the phase transitions of [C8mim][PFBS]
at low temperature were examined by DSC. The cooling and heat-
ing rates were 1 °C/min. Upon cooling, the first endothermic peak in
the DSC trace appeared at 6 °C (TC1). The second exothermic peak at
−13 °C (TC2) was small. Upon heating, two endothermic peaks were
detected at 5 °C (TC2) and 35 °C (Tm). In this study, entirely different
phase behaviors were observed by the simultaneous X-ray diffraction
and DSC measurements. Since the viscosity of [C8mim][PFBS] is quite
large (~200 mPa·s) at around 40 °C [15], phase transition temperatures
of high viscous samples are influenced by the cooling rates. For in-
stance, crystallization temperature of the high viscous [C10mim][Cl] de-
pended on the cooling rates [22]. Thus, the discrepancies of the phase
transition temperatures were derived from the different cooling rates,
where. The cooling rate was 5 °C/min in this study. During the cooling

Table 1
Crystallographic data for [Cnmim][PFBS] (n = 4, 6, and 8).

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

[C4mim][PFBS]
β C2/m 3.3889 0.8640 1.3692 90 107.2 90 8 1.520 9.75 11.67
[C6mim][PFBS][C4mim][PFBS]
β P 0.7635 1.1197 1.9322 92.7 94.4 107.3 3 1.481 12.3612.88
[C8mim][PFBS]
α C2/m 2.0634 0.7381 2.3589 90 94.4 90 6 1.375 14.3715.66
β C2/m 1.2746 5.2346 0.9891 90 107.2 90 11 1.432 19.39 17.95
γ P 1.4083 1.1778 3.3937 96.9 90.5 98.0 10 1.484 10.99 14.81
δ P 0.7197 1.4943 2.4020 84.6 75.8 72.3 4 1.383 15.00 19.32
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Fig. 3. (a) Observed (black) and calculated (red) X-ray diffraction patterns of
[C4mim][PFBS]. (b) The β phase crystal structure of [C4mim][PFBS]. Hydrogen is omit-
ted for simplicity. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Torsional potential of [PFBS]− by the DFT calculation.

process, liquid [C8mim][PFBS] transformed to crystal at 2 °C (TC1) with
Bragg reflections in the X-ray diffraction pattern and the distinct
exothermic peak (Fig. 7). The lowest Q value of the Bragg reflections
was 5.3 nm−1. The TC1 determined in this study was comparable to TC
in the previous study [15]. Here, we named it the α phase. Further-
more, the crystal-crystal phase transition upon cooling was detected at
−47 °C (TC2). New Bragg reflections denoted by green open circles in
Fig. 7 correspond to the different crystal phase, although the observed

exothermic peak was small and broad. This different phase is named the
β phase. Compared with the previous study [15], the TC2 in this study
was low. Of note, the third phase transition was additionally observed
in this study. In addition to TC1 and TC2, another crystal-crystal phase
transition occurred at −89 °C (TC3). A small but clear exothermic peak
was observed, and weak Bragg reflections appeared at TC3. The crystal of
the new phase (γ phase) was characterized by several small Bragg reflec-
tions (orange open circles in Fig. 7). Because Tmin was −100 °C in this
study, we could not detect other phases down to Tmin. Upon cooling, at
least three phases of the crystal polymorph (α, β, and γ phases) occurred
in [C8mim][PFBS], while only two crystal phases (α and β phases) were
observed in the previous study [15]. More complicated phase behaviors
were obtained by the simultaneous measurements upon heating. The
γ phase changed back to the β phase at −79.5 °C (TC3). Certainly, the
characteristic Bragg reflections of the β phase indicated by the green
open circles appeared again in the X-ray diffraction pattern. With further
heating, the hidden phase was extracted by the simultaneous measure-
ments of X-ray diffraction and DSC. At −47 °C (TC4), a broad exothermic
peak appeared, and the hidden crystal phase (δ phase) was distinguished
by additional Bragg reflections, whose positions are denoted by the pur-
ple open circles (Fig. 7). The δ phase was not detected in the previous
study [15]. The additional Bragg reflections and exothermic peak im-
ply that a low symmetric crystal structure occurred even upon heating.
On the heating process, two small endothermic peaks were detected at
around −3 °C and 4 °C, and they were reproducible. However, X-ray dif-
fraction patterns did not change at these temperatures, although the ob-
vious pattern change was observed at TC4. In the previous study [15],
the small peaks on the DSC thermal trace were not detected. The ori-
gin of these small peaks remains unclear. More interestingly, the δ phase
returned to the α phase with a small endothermic peak at TC2 (9 °C).
The Bragg reflections of the α phase upon heating were exactly the same
as those upon cooling. If there was no δ phase, the crystal polymorph
of [C8mim][PFBS] is expressed by the simple and reversible α-β-γ phase
transition. Finally, the α phase melted at 38 °C (Tm).

The crystal structure analysis was carried out to identify the crys-
tal structures at low temperature. The X-ray diffraction patterns of each
phase are shown in Fig. 8(a)–(d). Previously, the liquid density of 1.35
(g/cm3) was obtained [13]. The red curves in Fig. 8(a)–(d) indicate the
calculated X-ray diffraction patterns. Clearly, in the β phase with large
lattice constants, few calculated Bragg reflections did not coincide with
the observed Bragg reflections (Fig. 8(b)). As a possible reason for this
discrepancy, the coexistence of α and β phases is considered. Basically,
both phases possess the same space group (Table 1) but lattice modula-
tions may be differ from each other.

The crystal polymorphs of [Cnmim][PFBS] (n = 4, 6, and 8) are sys-
tematically illustrated in Fig. 9. An ideal crystal polymorph both upon
cooling and heating was realized in fILs. In other conventional ILs, it has
been reported that incomplete crystal polymorphs depended on cool-
ing/heating rates [25]. The non-equilibrium factor controls the crystal
polymorph and multiple crystallization pathways. For [C4mim][PFBS],
the α-β-γ phase transition occurred upon cooling. Nevertheless, upon
heating, the α phase was not observed. The crystal polymorph of
[C4mim][PFBS] does not have complete reversible phase transitions.
However, in the [C8mim][PFBS] phase transition, the hidden δ phase
appeared upon heating as the precursor stage of the α phase. In crys-
tallography, the δ phase is a subfamily of the α phase. If there is no
δ phase, [C8mim][PFBS] is described by an ideal α-β-γ phase transi-
tion. Considering the lack of the α phase in [C4mim][PFBS] and the
additional δ phase in [C8mim][PFBS], [C6mim][PFBS] is characterized
by the intermediate crystal polymorph between [C4mim][PFBS] and
[C8mim][PFBS]. For example, upon heating, the α phase was not ob-
served, but the δ phase additionally appeared. The polymorph chart in
Fig. 9 shows that the phase behaviors of the [Cnmim][PFBS] system
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Fig. 5. X-ray diffraction patterns and DSC thermal traces of [C6mim][PFBS]. Open circles indicate the Bragg reflections of the Al sample pan. Green closed square indicates scattering from
the inner shroud of DSC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. X-ray diffraction pattern of the β phase of [C6mim][PFBS] at Tmin. The calculated
diffraction pattern is expressed by the red curve. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

became complicated with an increase in the alkyl chain length of the
[Cnmim]+ cation.

3.4. Anion types and crystallizations

The anion effect of solidification at low temperature has been pre-
viously reported [32]. In the [C6mim][X] system, the crystallization
factors were clarified. Specifically, in the trifluoromethanesulfonate
([TFMS]−) and [PFBS]− anions, the crystallization temperatures upon
cooling were high compared with those of other anion-based ILs. By sys-
tematic experiments, it was determined that not only the anion size but
also anion geometry contributed to crystallization. The molecular shape
of [TFMS]− and [PFBS]− anions is rod-like and asymmetric. The asym-
metric electrostatic potential surface of the [PFBS]− anion, as shown in
Fig. 1, contributes to the orientation-limited charge network because
oxygen in the SO3 group is an electronegative part. The orientational or-
der between a cation and an anion is enforced by the charge network
and molecular packing efficiency.

By extending to high-pressure crystallizations [33], the [PF6]− an-
ion is determined to be the crystal forming factor at low temperature

Fig. 7. X-ray diffraction patterns and DSC thermal traces of [C8mim][PFBS].



UN
CO

RR
EC

TE
D

PR
OO

F

6 Y. Koyama et al. / Journal of Molecular Liquids xxx (xxxx) 113908

Fig. 8. X-ray diffraction patterns of [C8mim][PFBS] of (a) α, (b) β, (c) γ, and (d) δ phases.

Fig. 9. Schematic illustration of the crystal polymorphs of [Cnmim][PFBS].

and high pressure. Although the molecular shape of the [PF6]− anion is
symmetric, the [PF6]− anion is dynamically rotating in the crystal state,
as determined by NMR spectroscopy [34]. In addition, by the single
crystal structural analysis [35], the [PF6]− anion is expressed by the po-
sitional disorder in the unit cell. Here, we confirm that the degrees of
freedom of molecular orientation and position of [PF6]− can promote
crystallization both at low temperature and high pressure. From the be-
haviors of [PF6]−, the [PF6]− anion is regarded as a dynamic factor for
crystallization. In this study, we confirm that the [PFBS]− anion con

tributes to crystallization in addition to the [PF6] anion. However, the
[PFBS]− anion can act as a static crystal forming factor.

4. Summary

The phase behaviors of [Cnmim][PFBS] (n = 4, 6, and 8) were ob-
served by simultaneous X-ray diffraction and DSC measurements. At low
temperature, the crystal polymorphs of fILs appeared both upon cool-
ing and heating. The crystal polymorphs became more complicated pro-
portionally to the alkyl chain length of the [Cnmim]+ cation. The elec-
trostatic potential surface of the asymmetric [PFBS]− anion becomes
anisotropic by the DFT calculation. The [Cnmim][PFBS] system is re-
garded as a prototype of crystal polymorph in ILs. The crystal structures
of [Cnmim][PFBS] are characterized by Bragg reflections in the low Q
region. Large unit cells correspond to the complicated molecular inter-
actions.
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