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The ionic liquid (IL), 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim]PF6), is one of the most representative
ILs. Despite its relatively simple ion structure and popularity, [C4mim]PF6 shows complex and confusing thermal phase
behaviours, which stem from crystal polymorphism associated with cation conformational change and large thermal

hysteresis. To the best of our knowledge, [C4mim]PF6 is the most investigated IL in terms of phase diagram, whereas full
understanding has not yet been achieved due to its complexity. Here we review the current status of understanding of the
phase diagram and structure/dynamics of each crystalline phase. Presently, depending on temperature and pressure, five

structurally different polymorphic crystals have been reported as a, b, g, d, and d’ in addition to some unspecified phases
implied by calorimetric studies. Particularly for the a, b and g phases, the structure and dynamics are well investigated by
Raman, NMR, and X-ray scattering techniques.
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Introduction

Room temperature ionic liquids (RTILs), or simply ionic liquids
(ILs), are commonly recognised as salts that are liquid around

room temperature. Room temperature is dependent on areas
where ILs are handled, and now it seems that ‘liquid below
373K’ is widely accepted.[1] Since ILs should normally be in the
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liquid state, their physical properties, structure, and dynamics in
this state have been reported in numerous papers. On the other
hand, understanding their crystalline state should not be

neglected. The melting point of the crystalline state of ILs,
which determines whether a salt is an IL or not, is the most
important physical property for this class of materials. ILs fre-
quently show characteristic thermal phase behaviours, such as

premelting phenomena, wide temperature range of supercooled
state, and tendency to form a glassy state, and large thermal
hysteresis. These unique thermal properties can be intrinsic to

the nature of ILs. ILs are recognised as ‘nanostructured
liquids’,[2,3] and the structure in the liquid state sometimes
inherits that in the crystalline state.[2] Furthermore, the crystal-

line states of ILs are potential candidate materials for solid
electronic/ionic devices.[4]

Among the numerous types of ILs, 1-butyl-3-methylimida-

zolium hexafluorophosphate ([C4mim]PF6, Fig. 1) is considered
as one of the most common ILs. [C4mim]PF6 possesses rela-
tively simple ion structures and is normally synthesised in only
two steps.[5] Since it is hydrophobic, removing contaminants

from the synthesis, i.e. alkali halides and H2O, is straightfor-
ward. The melting point is around 283K (discussed later in
detail) and the freezing point is much lower, thereby the IL is in

the liquid state in most inhabited areas. Compared to other ILs,
the liquid state of [C4mim]PF6, its physical properties, structure,
and dynamics, have been well investigated. The crystalline state

has been also investigated, nevertheless, despite contributions
devoted to this from some research groups including us, the
nature is not fully understood even at the current stage. The
complexity and confusions mainly arise from crystal polymor-

phism and a large thermal hysteresis. Currently five crystals, a,
b, g, d, and d’, have been structurally distinguished whereas
there seems to be other unspecified crystalline phases existing

(see below). Here, we review the current understanding of the
crystalline states and the phase changes of [C4mim]PF6. Three
sections follow: 1) Polymorphism and Phase Diagram, 2)

Structure, and 3) Dynamics.

Polymorphism and Phase Diagram

When themelting point and associated phase change behaviours
of a substance are to be determined, calorimetry, in particular
differential scanning calorimetry (DSC), is the most common

approach. This technique measures a difference of heat between
a sample and a reference (blank) during heating/cooling at a
certain constant scan rate of temperature. The first DSC mea-

surement on [C4mim]PF6was conducted in 2001.
[6] Themelting

point of 283K was determined, but no DSC traces were pro-
vided. In 2003, the first DSC traces were presented by

Domańska and Marciniak.[7] The data clearly indicated that
there was a solid–solid phase transition, meaning the presence of
crystal polymorphism. The melting point and the fusion
enthalpy (DHfus) were reported to be 276.43 K and

9.21 kJmol�1, respectively. Although a rather lowmelting point
compared with the previously reported value was observed, this
could be because they employed the onset of the peak (not peak

top) as the melting point in the broad melting trace. On the other
hand, during adiabatic measurements conducted in 2004, only

one crystalline phase was observed and the corresponding

melting point and DHfus were 283.51 K and 19.60 kJ mol�1,
respectively.[8] The DHfus was roughly twice as large as the
previous one, suggesting that the observed crystalline phases

differ. These findings represent the complexity and the origin of
confusion of thermal phase behaviours of [C4mim]PF6 in early
works. Adiabatic and quasi-adiabatic measurements are still
providing different phase behaviours of the IL.[9] This is because

temperature controlling conditions during the measurements
normally differ in each reference, proving the large thermal
hysteresis of the IL. Meanwhile, DSC measurements that were

conducted at a constant scanning rate provide relatively con-
sistent results, therefore, we first discuss the DSC results.

Representative calorimetric traces of [C4mim]PF6 obtained

by us at a scan rate of 1.2Kmin�1 [10] are displayed in Fig. 2a. It
is noted that the measurements are not DSC because no refer-
ence sample was used. However, temperature control can be
achieved more precisely than conventional DSC due to high

temperature stability (see below), and the information available
is equivalent. The liquid state of the sample is first cooled, but no
phase change is observed until 190K; around that temperature

the sample is vitrified. Upon heating, the data shows an
exothermic peak at ,227K, corresponding to a cold crystal-
lisation. The crystal experiences a solid–solid phase change at

,250K. Before melting at 285K, there is a tiny endothermic
peak at 276K. As long as the temperature is controlled at a
constant scan rate, reported calorimetric traces of [C4mim]PF6
mostly look like the ones in Fig. 2a.[7,10–13] This is independent
of scanning speed, i.e. the measurements with a scan rate of
0.3–10K min�1 produced similar curves whereas the tiny
endothermic peak at 276Kwas sometimes not clearly observed.

The data indicate the existence of crystal polymorphism of this
IL, and we define these crystals as, a, b, and b’ following the
order of the observation (from low to high temperature). It

should be noted that in our previous work in 2010,[11] b’ was
misassigned to g, which was corrected in 2013.[10]

A distinct crystal, defined as g, is obtained from the b phase.

When the b phase is cooled to the glass transition temperature
and then heated, a broad exothermic peak, corresponding to the
phase change from b to g, is observed at 255K (Fig. 2b). The g
phase melts at 285K, mostly identical to the melting point of the

b phase. An exothermic peak during heating indicates that this is
not a reversible phase transition but an irreversible phase change
(i.e. structure relaxation). A reversible phase transition occurs at

a certain temperature where the Gibbs free energies of two
phases are equal. In irreversible phase changes, a phase is
changed to a different phase that is more thermodynamically

(Gibbs free energy standpoint) stable. The latter is the case for
the change from b to g, and a schematic representation of the
phase change of [C4mim]PF6 is shown in Fig. 3. Since the b’
phase exists in a very narrow temperature range and its nature is
still unclear, it is excluded from the figure. In the figure, the
phase change from a to b is tentatively drawn as a reversible
phase change based on the pressure dependent phase change

behaviours (see below) and the fact that the corresponding
calorimetric peak is endothermic during heating. However, the
possibility of an irreversible phase change is not excluded

because the b phase did not return to the a phase by cooling
in our NMR measurements,[14] and this was also the case in
independent calorimetric measurements by Paulechka et al.[9]

When crystal a forms from the supercooled liquid state, it
transforms into crystal b upon heating. If crystal b is heated at
a constant heating rate, it melts at 285K. In the meantime, if an
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�

�

Fig. 1. Chemical structure of [C4mim]PF6.
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external fluctuation exists on the b phase (here cooling and
reheating), the phase happens to change to crystal g (here at
255K). This phase is the most thermodynamically stable crystal

phase, at least down to 180K (see below).
These results untangle the early stage confusion on the phase

behaviour of [C4mim]PF6. When DSC measurements are
employed, melting of crystal b is observed after the phase

change from the a to b phases (note that the presence of b’
has been overlooked). On the other hand, if the temperature is
controlled at a non-constant scan rate, particularly for adiabatic

calorimetry, crystal g may happen to be obtained. Since this
phase is considered to be the most stable one, no phase change
occurs from this phase and it melts at the same temperature as b
does. Even though the two crystalline phases, b and g, are not
easily distinguishable by their melting points, a large difference
exists inDHfus. Table 1 listsDHfus of theb andg phases obtained
by us and the previously reported values for [C4mim]PF6.
According to our results, DHfus of the b phase is 12.3–
13.3 kJ mol�1 while that of the g phase is 22.6 kJ mol�1; there
is almost twice the difference. Taking a look at the previously

reported values, one can see that there are two clusters in the
distribution. One is around 10 kJ mol�1 and the other is around
20 kJ mol�1, and when calorimetric measurements are

performed at a constant scan rate, the obtained values always
fall into the first class, i.e. b, with one exception. One group

reported a DHfus of 20.9 kJ mol�1 with DSC measurements,
which implies melting of the g phase.[15] This may happen
because the g phase is most stable. The DSC traces reported by
Choudhury et al. in 2005 support the occurrence of the g phase at
a constant scan rate in one heating from the glassy state.[16] Their
results suggest continuous phase changes from the a to b
(endothermic), and subsequently to g (exothermic) phases.

The reason for the slight dispersion within each DHfus value
group (9.21–13.3 and 19.60–22.6 kJ mol�1) would be due to the
difference in sample purity (see Endo et al.[11] for our sample

purity), scan rate, analytical procedure, and experimental error.
Themelting point also has some variation. Aside from the purity
and experimental and analytical processes, the definition, i.e.
peak top or onset of a peak, has some impact on melting point.

Even though the observed crystals that show melting are
tentatively categorised into b and g, we do not exclude the
possibility of other polymorphs, as suggested by Paulechka

et al.[9]

When calorimetric results obtained at a non-constant
scan rate are considered, comparison among the data is not

straightforward for this IL due to the large thermal hysteresis.
According to our survey, one common feature among the
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Fig. 2. Calorimetric traces of [C4mim]PF6 at a scan rate of 1.2K min�1. Starting (a) by cooling from the liquid

state and (b) by heating from the glass state.
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Fig. 3. Schematic representation of phase change on [C4mim]PF6. Phase

change from the a to b is assumed to be a reversible change here,

nevertheless, the possibility of the irreversibility is not excluded. The figure

is taken from ref. [10], with permission from the Publisher.

Table 1. Previously reported melting point and DfusH with scan rate

value

Melting point [K] DHfus [kJmol�1] Scan rateA [K min�1] Ref.

276.43 9.21 10 [7]

281.0 13.2 2 or 3 [17]

283.51 19.60 Not constant [8]

280.03 19.91 Not constant [18]

282 12 10 [19]

281.83 20.67 Not constant [20]

285.3 13.3 0.3 [11]

286.4 12.3 1.2 [21]

285.8 13.1 1.2 [10]

285.3 22.6 1.2 [10]

282.3 20.9 5 [15]

284.55 12.8 Not constant [9]

286.46 11.43 10 [12]

AScan rate is displayed when both cooling and heating rates are constant.

T. Endo, K. Fujii, and K. Nishikawa 13



references is that they all observed the g phase, judging from
DHfus

[8,9,15,18,20] or X-ray scattering pattern.[22] This again
proves that the g phase is the most thermodynamically stable

crystal. Four reports observed the g phase only,[8,15,18,20] while
the other two reported crystal polymorphism.[9,22]

Triolo et al.[22] obtained two crystals, cr-I and cr-II, and

judging from their wide angle X-ray scattering (WAXS) pat-
terns (note that the structure will be discussed in the next section
in detail), these are assigned to the g and a phases, respectively.
Cr-I (g) was obtained when the liquid sample was kept at 260K

while cr-II (a) was formed at 220K from the glass sample upon
heating. They argued that both crystals mutually transformed
around 250K on heating, which is rather contradictory to our

results. Intriguingly, two exothermic/endothermic peaks (at 177
and 217.5K) were observed on cooling/heating for cr-I (g), the
origin of which was not revealed in the report. Later, Yu et al.

performed positron lifetime spectroscopy for [C4mim]PF6, and
observed two crystalline phases.[23] Although it is not straight-
forward to conduct assignments of the two crystals, the authors
considered that these corresponded to cr-I and cr-II.

Recently, Paulechka et al.[9] reported the presence of six
crystals as crI, crII1, crII2, crII3, crII4, and crIII, according to their
notation. Their phase change representation with an adiabatic

calorimeter is shown in Fig. 4. Representative crystallisation
processes are as follows: The liquidwas crystallised at 213K and
crI was formed. When the temperature was increased, crI was

transformed into crII4 at 250K via crII3 at 234K. Continued slow
heating immediately induced the formation of crIII. When
partially melted crII4 was cooled, three crystals appeared as

crII3, crII2 (at 216.8K), and crII1 (176.4K) in the order of
cooling. Considering the phase change behaviours and DHfus,
crI, crII4, and crIII can be identified as the a, b, and g phases,
respectively. The two papers[9,22] in addition to our paper[10]

indicated the existence of other crystalline phases (at least from
thermodynamic points of view) aside from thea,b, andg phases.

Considering the phase diagram of a material, pressure is

another intensive variable in addition to temperature. Despite
the technical difficulty compared with temperature control,
there have been several papers that report the phase behaviours

of [C4mim]PF6 under high pressures.[24–31] Su et al. reported
differential thermal analysis (DTA) at high pressures,[25] never-
theless, to the best of our knowledge, no calorimetric measure-
ments have been performed at a constant scan rate of ‘pressure’.

Instead, some authors used Raman spectroscopy or X-ray

diffraction techniques to investigate the crystalline phases at
various pressures. The first phase change data of the IL under
high pressure was reported in 2005, and the P–T phase diagram

of the melting point was displayed.[24] As expected, the melting
point was increased along with increasing pressure. However,
no detail was provided on the type of the observed crystal.

Su et al. reported the crystal polymorphism with increasing
pressure up to 2 GPa at ambient temperature for the first time
using Raman spectroscopy.[26] Therewere two different types of
Raman spectra when the pressure was changed, and with the

current knowledge of the crystalline phases of [C4mim]PF6,
these can be considered asb (at lower pressures) and a (at higher
pressures), although that was not described in the paper. Later,

Russina et al. clearly indicated the presence of two crystals, and
using (again) Raman spectroscopy, these phases were assigned
to the b and a phases.[28] In the report, pressure and temperature

were changed from ambient conditions to 1 GPa and 1008C,
respectively. Combining with previous results, they depicted a
P–T phase diagram for this IL (Fig. 5). This schematic figure
represents that when pressure is increased (up to 1 GPa), the

liquid phase is transformed into Solid_2 (b in our definition),
and then to Solid_1 (a) under the displayed temperature.
Intriguingly, above 1 GPa, a new phase was discovered by

Abe et al. defined as the d phase.[31] Further pressure (3 GPa)
induced a transformation of the phase into the d’ phase. At a
higher pressure than 5.8 GPa, the authors observed compres-

sion-induced amorphisation.

Structure

Once phase change behaviours of the IL are understood to some

extent, the next step would be the structural determinations of
each phase. To this end, Raman spectroscopy and X-ray dif-
fraction have played a crucial role as mentioned above. How-
ever, significant care has to be taken for structural determination

when a compound with a complex phase diagram and large
thermal hysteresis (i.e. [C4mim]PF6) is under investigation
because there is no guarantee that the expected and obtained

phases are identical. We emphasise that a simultaneous mea-
surement of calorimetry and spectroscopy (including X-ray) is a
powerful approach for that purpose. The simultaneous mea-

surements can connect different crystalline phases distinguished
from calorimetry and spectroscopy. To the best of our knowl-
edge, excluding us, only one group[32,33] has performed

176.4 � 0.74 K

crll1

crl

crll2

crll4

liquid

crlll

crll3

250 � 1 K

216.8 � 0.4 K

250 � 1 K

275 � 8 K

283.55 � 0.03 K284.55 � 0.06 K

�226 K

�283.4 K

Fig. 4. Schematic of the phase transition presented by Paulechka et al. It is noted that the melting point of crI (a) as 275� 8K was not

directly observed, but their speculation. The figure is taken from ref. [9], with permission from the Publisher.
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simultaneousmeasurements to reveal the phase behaviours of ILs

using X-ray diffraction, albeit not applied to [C4mim]PF6. Unlike
X-ray diffraction, Raman spectroscopy does not directly provide
crystallographic insights, nevertheless, the measurements are
sensitive to the conformational difference of amolecule. First, we

briefly outline the simultaneous apparatus of calorimetry and
Raman spectroscopy we constructed[34] specially for ILs that
show large thermal hysteresis and complex thermal behaviours. It

should be confessed, however, that even with the simultaneous
measurements, the b’ phase was confused with the g phase in our
early paper[11] due to our underestimation of the complexity of the

thermal phase behaviours of [C4mim]PF6.
Fig. 6 depicts the apparatus constructed. The Raman spec-

trometer is commercially available (HoloLab 5000, Kaiser

Optical Systems, a wavelength dispersive type). The wave-
length of the excitation laser is 785 nm, and a spectrum is
obtained in the range of 100 to 3450 cm�1 at the same moment
because of application of a multiple grating backed up by a CCD

camera. The maximum laser power is 400 mW whereas 10–
20mWwas normally set to minimise artefacts from laser heat to
calorimetric traces. To reveal the complex thermal phase beha-

viours of ILs, there are several requirements for the calorimeter.
One is to combine with Raman spectroscopy, which was easily
attained by making holes for the laser path. High temperature

control is necessary to provide highly reproducible calorimetric
traces. Also, if there are several calorimetric peaks existing in a
narrow temperature range, measurements at a slow scan rate are
efficient to deconvolute peaks. To accomplish these require-

ments, we employed a design that was originally developed by
our collaborators.[35–37] The calorimetry in the original paper
has a temperature stability as high as� 0.1 mK, which approx-

imates calorimetric measurements at an equilibrium condition.
The calorimetry displayed in Fig. 6 is its simplified version, but
still it has a temperature stability of� 1 mK. The measurements

are conducted at 0.3 to 1.2K min�1, which is several to several
10 times slower than the conventional scan rate (normally 5–
10Kmin�1). Key parts to achieve the high temperature stability

are a small vessel (therefore the apparatus does not have a
reference stage) and using thermoelectric modules for both
temperature control and heat flow detection.

Fig. 7 shows the Raman spectra obtained for the a, b, and g
phases using the apparatus combined with the calorimetry. It is
already known that there are marker bands that distinguish
different [C4mim]þ conformations in the range of 580–

640 cm�1.[38,39] In this range, the spectrum of theb phase differs
from the other two.We discovered that a and the other two were

Optical fibre

Probe head

Adiabator

Lens
Quartz plate

TM 1

TM 2

Chiller

Cu block

Pt2

Pt1

Teflon plate

Sample vessel

Power supply
Laser

CCD

Incident beam

Raman signal

Fig. 6. Schematic of the apparatus that enables simultaneous measure-

ments of calorimetry and Raman spectroscopy constructed by us. TM:

semiconducting thermoelectric module. Pt: Pt resistance thermometer.
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distinguishable by viewing the Raman shift region of 300–
350 cm�1.[11] Quantum chemical calculations are a valuable

technique to interpret experimental Raman spectra. It is known
that there are more than 9 stable conformers for [C4mim]þ in the
gas phase,[40,41] and some of them are distinguishable from the

Raman bands.[38,39,42] In the liquid state, these conformers can
co-mix,[38,39] while considering energetic stability differences
and previously reported crystal structures, some conformers

should be unfavoured to be present in the crystalline states.
Combining with quantum chemical calculation results, it was
demonstrated that the three crystalline phases differed in the
cation conformation (see Fig. 7, bottom right), i.e. gauche–trans

(GT), trans–trans (TT), and gauche’–trans (G’T) were assigned
to the a,b, and g phases, respectively. This finding highlighted a
strong connection of the phase change and the cation conforma-

tional change in the IL. Even though these conformers predomi-
nantly exist in each crystal from a Raman spectroscopic point of
view, Raman spectra of the a phase at different temperatures

strongly implied that other minor conformers also existed;
which was supported by the later work (see below). It is noted
that the Raman spectrum of the b’ phase was indicated to be

identical to that of the b phase, suggesting that the b’ phase is a
disorder phase of the b phase.[10]

Raman spectroscopy is a powerful technique to assess the
structure of a compound, nevertheless, it does not provide a

complete structural picture as the single crystal structure analy-
sis does. Prior to our Raman measurements, two groups inde-
pendently reported the single crystal X-ray structure analysis

data on [C4mim]PF6.
[16,43] Both data corresponded to the g

phase, and the structural analysis of the other two (a and b) was
desired. In 2013, excellent work was done by Saouane et al.

which resolved the structure of the single crystals of a and b.[44]

The results are approximately the same as the ones obtained by
the Raman spectroscopic measurements, but more details were
provided. The a phase only contains the GT conformer at 100K,

but 25% G’T coexists at 193K. In the b phase, half the
population of the cation conformer comes from TT while the
other two conformers undefined in the Ramanmeasurements are

co-mixed at a 70 : 30 (TG’:TE’ in the reference) ratio at 193K.
Unlike the other two crystals, a single conformer of G’T exists
for the g phase at 193K[16] whereas 8% of GT coexists at 263K.

Disordering is not only present in the cation, but also in the anion
for the a and b phases. These findings, combined with the result
of the densities at the same temperature of 193K, support the

fact that the g phase is the most stable phase. The density value
follows a (1.503 g cm�3),b (1.515 g cm�3),g (1.55 g cm�3),
which is consistent with the Raman band shift in the high
frequency region.[14]

These crystalline phases are also characterised by the PF6
�

anion position (relative to the cation), which additionally

confirms the high thermodynamic stability of the g phase. Void
analyses revealed that, while in the a crystal, the space occupied
by the anion is single pockets type, which adopts a more
continuous column nature when going from a to b and from b
to g (Fig. 8).[44] The total numbers of short H–F contacts follow

the order of a (5),b (7.5),g (11) at 193K.[44] It should be
noted that the hydrogen bonding nature for these contacts are
weak and may differ from the conventional sense.[45,46] Con-
tacts between the anion and the three imidazolium protons as

well as the protons in the 3-positioned methyl group and a-
positioned methylene group are consistent for the three crystals.
For the g phase, additional contacts with the protons at the

terminalmethyl group in the butyl groupwould stabilise the G’T
conformer. The b phase has three different conformers, TT,
TG’, and TE’, and the authors indicated that all the conformers

involved short contacts with the terminal butyl carbon (not
proton) atom.

When pressure is increased, as already mentioned above, the

b phase was formed from the liquid state, and subsequently the
a, d, and d’ phases form upon increasing pressure, the assign-
ments of which were done by Raman spectroscopy and X-ray
diffraction measurements.[26–31,44] Single crystal structure anal-

ysis of the b phase was conducted under 0.07 GPa at 293K. A
few differences from the data at ambient pressure and 193K are,
e.g. cation conformation distribution and density. The three

conformers exist at ambient pressure while at 0.07 GPa there are
two as TT/TE’ (70%/30%). The density is lower at 0.07 GPa
(1.477 g cm�3), which is consistent with the lower total number

of H–F short contacts (5). Structural details for d and d’ are
currently not very clear, but X-ray diffraction patterns (Fig. 9)
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Fig. 8. Crystal packing of the three crystals, a, b and g. Hydrogen atoms and disordered portions are omitted.

Space depicted in yellow represents voids occupied by the anion. The figures are taken from ref. [44], with

permission from the Publisher.
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revealed that they have a different space group (P2/m) from the
others (Pbca for a, P1 for b and g). The difference between d
and d’ appears in the number of molecules per unit cell; 4 for d
and 1 for d’.

Dynamics

Unlike the liquid state, dynamics of [C4mim]PF6 in the crys-
talline states has not been investigated, except for our NMR

work on the a, b, and g phases.[14,47] In crystalline states,
translational motion is prohibited while some rotational motions
may remain, investigation of which advances a deeper under-

standing of the intrinsic nature of crystals. We used second
moment (M2) analysis and longitudinal (spin-lattice) relaxation
time (T1) to estimate rotational dynamics of the cation (1H) and

the anion (31P). The analysis of M2 that is associated with line
width provides information on rotation modes remaining in the
solid state. Meanwhile, T1 is sensitive to picosecond to nano-
second (rotational) dynamics.

Fig. 10 shows theM2 values (in G2) of the three crystalline
phases, a, b, and g, against temperature. A second moment can
be also theoretically calculated if the structural data is avail-

able. Assuming a rigid lattice, i.e. no rotationalmode exists, the
crystals of [C4mim]PF6 have M2 of ,22.0G2. It should be
noted that there is also a rational assumption that all the crystals

provide the sameM2 value (see Endo et al.
[14] for details). If the

experimental values are lower than this, which is the case as
clearly seen in the figure, it means that there exist some

rotational motions. Considering the cation structure, the most
favourable motions in the crystalline state would be the two
methyl group rotations. Taking these motions into account, the
second moment value is reduced to 14.4 by 7.6 G2, which is

shown as the dashed line in the figure. Except below 200K for
the g phase, the experimental lines are still lower than the
dashed line, indicating the presence of additional motions.

Decreasing the M2 continuously with increasing temperature
indicates that the motions are enhanced at high temperature.
Furthermore, the order of the values follows g.b¼ a, sug-
gesting amplitude or rate of the additional rotational motions in
the g phase is smaller than in the latter two crystals. The
additional motions are considered to be rotational (or segmen-
tal) motions of the butyl group, consistent with the fact that the

butyl group of the cation tends to have disordering based on the
crystallographic data.[44]

1H T1 values of the three crystals against temperature were
measured,[14] and the results indicated that there are two
rotational motions, corresponding to fast and slow components,

in the pico–nanosecond time range for each crystal. The theo-
retical curve fitting analysis that assumes dipole–dipole relaxa-
tion provides kinetic parameters, such as activation energy (Ea),

rotational correlation time (tC), and a part of the secondmoment
averaged by the considered motion (DM2). The fast components
have similar Ea (12.5–15.1 kJ mol�1) as well as DM2 (2.8–

3.3G2), irrespective of the crystal type. This was considered to
be one of the two methyl group rotations observed in the second
moment analysis, and was attributed to the rotational motion of
the one belonging to the butyl group because theoretical values

of Ea and DM2 are similar as 11.9 kJ mol�1 and 4.1G2,
respectively. On the other hand, Ea and DM2 values of the slow
component are scattered. They may represent different motions,

e.g. segmental motions of the butyl group, PF6
� rotations, or a

combination of both. Estimated tC values assuming the Arrhe-
nius behaviour indicate that the b and g phases show the fastest

and the slowest rotational dynamics for both components,
respectively (Fig. 11).

Rotational dynamics of the PF6
� anionwere also investigated

with the same methodology, and theM2 results are displayed in

Fig. 12.M2 in the rigid lattice was calculated to be 53.16G
2 and

when the anion rotates isotropically, it is drastically reduced to
1.42G2 (the value also considers the two methyl group rotations

of the cation). However, the experimental data were even
slightly lower than 1.42G2 (dashed line in the figure), suggest-
ing that in all crystals the anion has a rapid isotropic rotation, in
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addition to some rotational motions from the cation. The M2

order of the 31P (anion) is consistent with that of the 1H (cation),
i.e. g.b¼ a.

In experimental 31P T1 plots against temperature, the a and g
phases possessed only one component while the b and liquid

phases had two.[47] The minor component in the b and liquid

phase was assigned to the contribution from cation dynamics.
We attributed the main component (or the only component for a
and g) as the isotropic PF6

� rotation, based on theM2 results. The

obtained values of Ea from the T1 plot fall in the range of 9.7–
14.4 kJ mol�1, and the values of tC for the isotropic rotations of
the anion follow the same trend as for the cations (g. a.b, see
Fig. 13). There are several intriguing findings obtained from the

T1 results. The isotropic rotational motion of the anion in the
liquid state (black in the figure) is comparable to that of the a
phase (red), and even slower than theb phase (blue). In addition,

Ea of [C4mim]PF6 is not so low compared with molten salts
including alkali salts (3–30 kJ mol�1)[47] despite a large differ-
ence in the cation size (hence Coulombic interaction). These

results are rather counter-intuitive, but can be explained by the
sphericity of the PF6

� anion.
Combining the cation and anion results, a kinetic sequence of

each rotational motion can be summarised. The fastest rotation

motion would be the methyl group rotation at the 3-position of
the imidazolium ring. This finding was not directly obtained,
nevertheless, it is rationalised by its extremely low Ea of

1.9 kJmol�1, estimated fromquantum chemical calculations,[14]

and in line with the Ea estimated from the neutron scattering
measurements, 1.28 kJ mol�1.[48] Then, the order is as follows:

isotropic rotation of PF6
�.methyl group rotation in the butyl

group. butyl group segmental motions. In the liquid state,
overall cation rotation and ion translational motions would

follow this sequence.[49–51] Comparing different crystals, i.e.
a, b, and g, irrespective of the rotational motion type, they all
have the same trend; the b phase is fastest and the g phase is
slowest. It is again demonstrated that the g phase is most stable

even from the rotational dynamics point of view.

Conclusion

In Table 2, we summarise current findings of polymorphic
crystals of [C4mim]PF6 which have been structurally and/or

kinetically elucidated. As far as the three crystals (a, b, and g)
are concerned, the phase diagram, structure, and dynamics are
mostly revealed. The next challenge will be to obtain the
structural and dynamic details of some unspecified phases
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Table 2. Summary of current status of structurally and dynamically determined crystalline phases of [C4mim]PF6

Crystal Structure Dynamics Comments

a Raman,[10,11,14,26–28,30,31] X-ray

diffraction,[22] single crystal

analysis[44]

NMR[14,47] At ambient pressure, this phase forms from the supercooled liquid by

cold-crystallisation. Further heating may result in the transfor-

mation to the b phase. The melting point has not been directly

observed, but was predicted as 263K[44] or 275K.[9] At high

pressures, this phase is obtained from the b phase.

b Raman,[10,11,14,26,28] single crystal

analysis[44]
NMR[14,47] At ambient pressure, this phase is obtained from the a phase upon

heating, and may transform to the g phase spontaneously. This

phase appears first when pressure is increased from the liquid state

under ambient temperature.

b’ Raman[10] n/a This phase is observed several K below the melting point of the b

phase at ambient pressure. TheRaman spectrum is identical to that

of the b phase.

g Raman,[10,11,14] X-ray diffrac-

tion,[22] single crystal

analysis[16,43,44]

NMR[14,47] This phase is considered to be more stable phase than a and b under

ambient pressure.

d, d’ X-ray diffraction[31] n/a The d phase appears at higher pressures than the a phase does.

Further pressuring induces the transformation of the d’ phase.

crII1, crII2, crII3
[ 9] n/a n/a No structural or dynamical detail is available.
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discovered by Paulechka et al. (crIIx where x would be 1–3),[9]

Abe et al. (d and d’),[31] and us (b’).[10] We note that our
calorimetric, Raman spectroscopic, and NMR spectroscopic
approaches did not detect crIIx except for crII4 even though

temperature ranges in which they can exist were covered. One
possibility is that these phases are structurally and dynamically
identical to one of the three phases in a practical sense. However,
the thermal history of our measurements differs from theirs, and

a large thermal hysteresis should not be underestimated partic-
ularly for this IL. Although controlling pressure solely is already
a challenging task, extending the P–T phase diagram displayed

in Fig. 5 would be desired, i.e. high pressures at high/low tem-
perature regions.

Finally, we would like to emphasise that the complexity of

the phase behaviour of [C4mim]PF6 is strongly associated with
the cation conformational change, limited to the a, b, and g
phases at least. Since the majority of ILs possess a conforma-
tionally flexible alkyl chain to lower the melting point, it is

considered that complex phase behaviour is an intrinsic nature
of ILs. Even though the phase behaviour of [C4mim]PF6 is not
fully understood yet, to the best of our knowledge, this IL

provides a deeper understanding of the phase behaviours than
any other ILs. In that sense, research and findings of this
representative IL can be a guide for addressing the phase

behaviours of other ILs.
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