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ABSTRACT

Some of the unique properties of room temperature ionic liquids are remark-
ably manifest in their thermal behaviour, viz. they exhibit low melting points
despite being salts, difficulty in crystallisation, premelting over a wide tempera-
ture range, excessive supercooling, and complex thermal histories. In addition,
l-alkyl-3-methylimidazolium ionic liquids show peculiar thermal behaviour at
the phase changes, namely “rhythmic melting and crystallisation,” “intermit-
tent crystallization,” in the premelting regions, and ultra-slow phase changes.
These thermal behaviours could be detected only by the use of an ultra-
sensitive differential scanning calorimeter with nano-Watt stability, and simul-
taneous measurements of calorimetry and Raman scattering. This unique
thermal behaviour is attributed to the flexibility of the alkyl chains bonded to
the imidazolium ring, and linkage of the phase transition or structural relax-
ation with the conformational changes.

3.1 PHASE TRANSITIONS LINKED WITH CONFORMATIONAL
CHANGES OF CATIONS

Ionic liquids are attracting much attention because of their characteristic prop-
erties [1-4] and potential utilities as functional liquids [5-10]. Their unique
properties are particularly exhibited in their thermal behaviour, such as
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premelting over a wide temperature range, excessive supercooling, various
crystal—crystal phase transitions, and the existence of complex thermal histo-
ries [11-21]. Researchers have performed thermal analyses of ionic liquids and
their crystals using differential scanning calorimetry (DSC), thermogravimet-
ric analysis (TGA), and so on [11-21]. These studies have provided useful
information regarding their thermal properties. In this chapter, we focus spe-
cifically on the thermal behaviour of 1-alkyl-3-methylimidazolium ionic liquids
and their crystals, especially their phase behaviour.

Many experimental results have suggested that the existence of multiple
conformers for a constituent ion seriously affects the structural and thermal
properties of the ionic liquid. For ionic liquids, the importance of a variety in
conformational structures of constituent ions was first recognised by Holbrey
et al. [22] and by the Hamaguchi group [23, 24] independently. The two groups
pointed out the existence of polymorphism in [C;mim]Cl crystals. In the former
paper, Holbrey et al. concluded that the multiple conformers inhibit the easy
crystallisation of ionic liquids [22]. Berg reviewed the existence of various
conformers in liquids and their crystals for many ionic liquids [25]. Raman
spectroscopic studies backed up by density functional theory (DFT) calcula-
tions revealed that the occurrence of multiple conformers of 1l-alkyl-3-
methylimidazolium ions and their populations are different in the liquid and
crystalline states [1, 26-30]. With an apparatus for ultra-sensitive DSC [17, 31],
and simultaneous measurements of DSC and Raman spectroscopy [29], my
group also confirmed that the melting and crystallisation of [Cymim]|Br and
[Cymim]Cl occurred directly linked with the cooperative conformational
change of the butyl group in the cation [17 29]. Moreover, not limited to
[Cymim]Br and [Cymim]Cl, we affirm that most curious thermal behaviour of
l-alkyl-3-methylimidazolium ionic liquids is due to the link between the phase
transitions and the conformational changes of the alkyl chains bonded to the
imidazolium ring [17, 18, 20, 21, 29, 32, 33].

Some examplesonthe varieties of conformers of 1-alkyl-3-methylimidazolium
cations, and the relationships between conformational changes and phase
behaviour, are presented in the following sections. Prior to their detailed dis-
cussion, the conformers of the three cations, [C,mim] ", [[Csmim]* {1-(2-propyl)-
3-methylimidazolium cation}, and [C;mim]*, are outlined briefly here.

3.1.1 Conformers of 1-Alkyl-3-Methylimidazolium Cations

Stable and possible conformational structures for the three cations [C,mim]",
[[Csmim]*, and [Cymim]™ in gaseous state can be obtained by DFT calculation
using the Gaussian03 program package [34]. The quantum mechanical calcula-
tions suggest that there exist several rotational isomers for each of these
cations: [C,mim]* [27], [[Csmim]™ [30], and [Cymim]* [35, 36]. Taking into
account both energy differences among isomers, and results from single crystal
structure analyses of the corresponding salts, however, we can pick up a limited
number of rotational isomers as possible conformers for each cation in their
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Figure 3.1 Stable conformers for (a) [C;mim]", (b) ['Csmim], and (c) [C;mim]*.

crystal or liquids states. The conformers to be borne in mind are shown in
Figure 3.1. For [C;mim]*, Figure 3.1a, two rotational isomers around the N1-C1’
axis are stable, namely planar and non-planar conformers [27]. The change of
potential energy accompanying the rotation around the N1-C1’ axis is shown
in Figure 3.2a. It is seen that the non-planar conformer is about 2 kJ mol™’
more stable than the planar conformer in the free cation. In fact, the non-
planar conformation is adopted in most crystals of 1-alkyl-3-methylimidazolium
salts, including for the simple [C,mim]" cation. It is characteristic that the
energy barrier from non-planar to planar is very small.

For the ['Csmim]* ion [30], there exist two possible conformers: the sym-
metric form (sym) and the asymmetric form (asym). As shown in Figure 3.1b,
sym refers to the arrangement where two methyl groups in the isopropyl group
are positioned symmetrically with respect to the imidazolium ring. For the
asym conformer, the plane formed by N1-C1’-C2’ is almost perpendicular to
the plane of the imidazolium ring. Figure 3.2b shows the potential energy for
the rotation of the isopropyl group of [[C;mim]" around the N1-C1’ axis, as
calculated by DFT. The dihedral angle of C5-N1-C1’-H is defined as the torsion
angle. The two local minima, at torsion angles of ca. 30° and 180°, correspond
to asym and sym, respectively.
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Figure 3.2 Potential energies as functions of torsion angles: (a) [C,mim]*, (b)
[‘C;mim]*, and (c) [C;mim]*.

There are three rotational isomers as possible conformers for [Cymim]* in
the crystal or liquid states among nine or more conformers [35, 36], that is, the
gauche trans (GT), trans trans (TT), and gauche’ trans (G'T) conformations.
They are caused by the rotation of the butyl group around the C1’-C2’ axis,
keeping the arrangement for the C2/-C3’ axis in the trans conformation. These
three isomers are shown in Figure 3.1c. Figure 3.2c shows the potential energy
change accompanied with rotation around the C1’-C2’ axis.

3.1.2 DSC Measurements of the Bromides of [C,mim]", [‘C;mim]*, and
[Csmim]*

The DSC traces for [C;mim]Br [37], ['C;mim]Br [18], and [C;mim|Br [17] are
shown in Figure 3.3a,b,c, respectively. The bromides were selected as the stan-
dardsamplestofocussolely onthe conformations of 1-alkyl-3-methylimidazolium
cations. To avoid contamination, such as from unreacted precursor materials,
the salts were recrystallised, and single crystals were selected for starting
samples. The crystals were dried sufficiently under a vacuum of about 1072 Pa.
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Figure 3.3 Overall DSC traces of (a) [C,mim]Br, (b) ['Csmim] Br, and (c) [C,mim]Br.
(d) DSC curves for [C;mim]Br around the melting point. The broken curve shows the
trace where the sample is cooled on the way to the premelting process. The heating

and cooling rate are 1 mK s~

The DSC traces of [C;mim]Br are shown in Figure 3.3a [37]. The sample
was cooled from 360 K (liquid state) to 223 K, and then heated from 223 to
360 K at the scanning rate of 2 mK s™'. The salt crystallised at 273 K in the
cooling process (broken line) and melted at 352 K in the heating process (solid
curve). Raman spectroscopic measurements revealed that [C;mim]* in the
crystalline state of the bromide is in the non-planar form, while both planar
and non-planar conformers are mixed in the liquid and supercooled liquid
states [27].

Figure 3.3b indicates the DSC traces of [[C;mim]Br obtained at the cooling
and heating rates of 2mK s ' [18]. The exothermic crystallisation peak appeared
at about 267 K in the cooling process, Process (i), and the endothermic melting
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peak appeared at about 346 K in the heating process, Process (ii). As found
for [C,mim|Br, ['Csmim]Br crystallises in the cooling process and melts in the
heating process. From this viewpoint, these two salts are more “normal” than
[C,mim]Br (discussed later). The crystallisation of [‘Csmim]Br occurs at about
80 K lower than melting, indicating the stable existence of a supercooled state
and that it is hard to crystallise. The same characteristic feature has been
reported for many ionic liquids [11-17, 20, 21]. As shown in Figure 3.3b, the
melting peak has a very broad range, extending beyond 20 K, while the crystal-
lisation peak is sharp. The magnified drawing around the melting peak is
illustrated in the inset in Figure 3.3b. Contamination of a sample commonly
causes broadening of its DSC melting curve. To avoid the effect of contamina-
tion, several different single crystals were selected for study —the sample was
pure enough to crystallise as single crystals. However, the peak is too broad
to regard this melting as a simple process of loosening of the crystalline lattices.
We conclude that this broadening is due to premelting, characteristic of these
samples, as well as other ionic liquids. In comparison with a similar broad
temperature range observed during the premelting of [C;mim]|Br [17], we
assumed that the structural changes of the [‘C;mim]" cations occurred during
both the melting and crystallisation processes. Our Raman spectroscopic
experiments [30] confirmed that the conformation of the [‘C;mim]* ions in the
crystalline state is asym, while sym and asym coexist in the liquid and super-
cooled liquid states and that a conformational change between the two occur
in the premelting region, as expected.

The DSC traces for [C;mim]|Br are shown in Figure 3.3¢c [17]. In the mea-
surement, crystalline [Cymim]Br was first melted completely by heating, cooled
down to 223 K as shown by broken line, and then heated up to 360 K as shown
by a solid curve. The cooling and heating rates were 1 mK s~'. No peak was
found in the cooling process. However, in the heating process exothermic and
endothermic peaks were found at about 250 and 350 K, respectively. That is,
during the cooling process from the liquid, the liquid or supercooled liquid
state continued down to the lowest temperature of the experiment (223 K)
and crystallisation did not occur. In the heating process, crystallisation was
observed at about 250 K and the crystal melted at about 350 K.

It is noted that the melting peak is broad, ranging over several Kelvin. This
peak is too broad to regard this melting as a simple process. We thus suggest
that this broadness is due to premelting, characteristic of the present sample.
[Cymim]Br appears as only one crystal form, in which the C1’-C2’-C3’ confor-
mation of the butyl group is in GT [22], while both of the GT and TT confor-
mations coexist in liquid and supercooled liquid states [26, 29]. As a result,
some of the cations must change their conformation from GT to TT upon
melting, and vice versa at the crystallisation. We consider that this premelting
behaviour is due to the increase of some fluctuation in the libration around
the C-C bonds (especially C1’-C2’) within the potential minimum. This triggers
the cooperative changes of conformation in the butyl chain and leads to
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melting. Our Raman spectroscopic experiments confirmed that a part of the
[C;mim]* ions with GT conformation change in the premelting region [29].

From the magnified DSC curve around the crystallisation point (not shown
here), it was noted that the crystallisation peak is divided into two. In Figure
3.3c, the specimen in the temperature region below the crystallisation peak is
in a supercooled liquid phase, in which both of the GT and TT conformers
coexist [26, 29]. On the other hand, [C;mim]Br in the temperature region
above that of this peak is in the crystalline phase, where only the GT con-
former exists [22, 26, 29]. Taking into consideration the structural change of
the cation mentioned above, we interpret the observed split in the crystallisa-
tion peak as being due to the dynamics of crystallisation, namely the [C,mim]*
ions with the GT conformation and Br~ anions crystallise initially, while the
[C;mim]* ions with the TT conformation do not form crystals until after they
have changed conformation from TT to GT. The lower-temperature compo-
nent of the peak can be assigned to the direct crystallisation of GT conformers,
and the component at the higher temperature to the crystallisation of TT
conformers after the change of conformation from TT to GT. Of course, these
changes of the conformation must be cooperative to form a crystal. A large
number of cations must cooperatively change their conformations. As a result,
the dynamics of crystallisation of [C,mim]* ions with the TT configuration is
slow enough to be detected separately. As the experiment was performed at
a constant heating rate of 1 mK s, the temperature difference of the two
separate components corresponds to the time required for the cooperative
change of conformers from TT to GT; it was about 5 minutes. We anticipated
that the same change in the conformation occurs in the melting process.
Indeed, when we reversed the heating process to cooling in the premelting
region, we observed the split in the peak. Figure 3.3d shows the trace of the
experiments, where the sample was first heated to a point in the premelting
region (solid line), and then was cooled (broken line). The heating and cooling
rates for the traces were 1 mK s™'. As is evident in the figure, the splitting of
the peak was also observed. This splitting was more remarkable for the sample
which was heated up nearly to the top of the melting curve. The peak of higher
temperature is assigned to the direct crystallisation of the portion which locally
melts with GT conformers and that of lower temperature corresponds to the
crystallisation of the portion with TT conformers after the change of confor-
mation to GT.

3.2 SUITABLE EQUIPMENT FOR THE THERMAL ANALYSIS OF
IONIC LIQUIDS

Many types of equipment for thermal analyses are commercially available and
give useful information regarding the thermal properties of samples. If the
sample is an ionic liquid, however, the closest attention must be paid to the
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sensitivity/stability of the equipment, and to the capability of setting experi-
mental conditions. This is because the thermal behaviour of ionic liquids is
generally very complex, and thermal histories are frequently exhibited in their
responses. Some phenomena occur at an unbelievably slow speed, which is
thought to be related to the complex thermal histories of the ionic liquids.
Without recognising the extremely slow changes, some thermal measurements
of ionic liquids were performed at scanning speeds, which were much more
rapid than their relaxation rates. This is thought to be one of the origins of
confusion in thermal data reported for ionic liquids. Here, two laboratory-
constructed scanning instruments are introduced, which are suitable for the
thermal analyses of ionic liquids.

The first example is a nano-Watt-stabilised DSC instrument of the heat-flux
type, which was designed and constructed by Tozaki [17,31]. The design is based
on the following concepts: thermoelectric modules are utilised for a heat-flux
sensor (the Seebeck effect) and heat pumps (the Peltier effect), and the system
adopted for temperature regulation is a type of predictive controller [38]
instead of a proportional integral derivative (PID) controller. In this system,
the amount of the current passed into the Peltier elements to supply or remove
heat is predicted both from the difference between the actual sample tempera-
ture and the set temperature, and from the temperature history up to the
starting point of regulation. We have programmed this procedure to repeat
every 2 seconds. This controller causes no ripples because no on—off switching
is used. By setting up multiple adiabatic boxes around a sample, this DSC
instrument can measure a heat flow with a baseline fluctuation within £3 nW.
This baseline stability, which corresponds to the sensitivity of the DSC, is
10>-10* times higher than that of commercially available DSC equipment [31].
This apparatus is also designed to scan as slowly as ~0.01 mKs™', enabling us
to mimic a nearly quasi-static process. This scanning speed corresponds to
taking 28 hours to raise the temperature by 1 K. As the relaxation time of the
apparatus is estimated to be ~2 seconds, the dynamics of a thermal process
can be traced for a relaxation time exceeding 2 seconds. Measurements can be
made during either process, heating or cooling, by changing the direction of
the electric current through the thermoelectric modules. This performance is
essential for thermal measurements on ionic liquids, since many of them often
display different behaviour during the cooling and heating processes. The
measurable temperature region of the DSC instrument is from 220 to 453 K,
and the rate of cooling or heating is controllable in the range from 0.01 to
10 mK s™'. The temperature of the sample was measured using a platinum
resistance thermometer. The heat flow measurement was performed with a 1%
margin. The temperature was controlled within +0.15 mK.

The second example is the equipment for simultaneous measurements of
DSC and Raman spectroscopy [29]. The outline of the apparatus is as follows.
The laboratory-made calorimeter is combined with the commercially available
Raman spectrometer. The spectrometer is a fibre optically coupled Raman
spectrometer (Hololab, Kaiser Optical Systems) equipped with a GaAlAs
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diode laser (wavelength: 785 nm). The optical resolution is 4 cm™', and a spec-
trum in the range of 100 to 3450 cm ™' can be measured simultaneously due to
the adoption of a multiplex grating system backed up by a charge coupled
device (CCD) camera. As for the calorimeter, thermoelectric modules are used
both as a heat flux sensor and as a heat pump. A free piston stirring cooler is
applied to obtain low temperatures, down to 153 K. Temperature is measured
using a platinum resistance thermometer. The baseline stability of the calorim-
etry trace is measured as being 5 ¢W. One of the characteristics of the calo-
rimeter is its capability of carrying out heating and/or cooling experiments at
an extremely slow rate, sufficient for mimicking a quasi-static condition. From
the standpoint of Raman spectroscopy, this apparatus can be regarded as a
sample holder by which spectra at various temperatures ranging from 153 to
403 K can be obtained under sufficiently stabilised thermal conditions. From
the standpoint of calorimetry, the apparatus gives us direct information on the
structure change of the sample during accompanying thermal phenomena.
Laser power was set at less than 10 mW for simultaneous measurements to
observe the in situ thermal behaviour of ionic liquids.

3.3 THE PHASE BEHAVIOUR OF [Cimim][PF]

The phase behaviour of [C;mim][PF] is introduced here as an example of
where complicated crystal-crystal transitions occur accompanied with various
conformational changes of the butyl group in the [C;mim]* cation [20]. [Cymim]
[PF;] is one of the most popular ionic liquids because it consists of representa-
tive cations and anions. There are hence reports on the liquid [39-41] and
crystalline [42, 43] structures for [C;mim][PF¢]. For the crystal structure, two
groups independently obtained crystals belonging to the same crystalline
phase, and reported that the butyl group of the cation is in the G’T conforma-
tion, as shown in Figure 3.1c [42, 43]. From thermodynamic studies, some
groups indicated that [C,mim][PF4] has two crystal polymorphs [42,44-48] and
complex phase transition behaviour [42, 46, 48]. However, there was some
confusion about the phase behaviour in previous reports.

We investigated the phase transition behaviour and cation structures of
[Cymim][PF,] by calorimetry and Raman spectroscopy equipped with a precise
temperature-control stage [20]. Consequently, we found that [C,;mim][PF,] has
three crystal polymorphs, and all the phase transitions except the glass transi-
tion occur accompanied by conformational changes of the butyl group around
the C1’-C2’ axis.

3.3.1 Phase Transitions

Measurements were carried out using the apparatus described in Section 3.2,
which made it possible to perform simultaneous measurements of calorimetry
and Raman spectroscopy [29].
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Figure 3.4 (a) Calorimetric curve for [C;mim][PF,] at a scanning rate of 5 mK s™' for
the whole temperature range. Expanded curves: (b) around the glass transition and (c)
around the phase transition from Crystal 3 to Crystal ~.

Figure 3.4 shows calorimetric curves for [C,mim][PF] in the range of
183-313 K. To follow and match the relatively slow thermodynamic changes
of ionic liquids, the measurements were performed at a scan rate of 5 mK s,
which was much lower than the rates in typical calorimetric measurements. In
the cooling process, no phase transition peak appeared except for the glass
transition. On the other hand, several phase transition peaks were observed
(Fig. 3.4) in the heating process, such as the glass transition (192 K), crystallisa-
tion (226.5 K), two crystal-crystal transitions (250.3 K, 276 K), and melting
(285.3 K). The temperature values in parentheses are peak-top values. The
temperature for the glass transition during heating is in good agreement with
that obtained by adiabatic calorimetry, at 190.6 K [44]. We called the three
observed crystalline phases Crystal «, Crystal 3, and Crystal ~ in order of
increasing temperature.

We focus now on the crystal-crystal phase transitions. As mentioned earlier,
there are two endothermic peaks at 250.3 and 276 K in the calorimetric curve



THE PHASE BEHAVIOUR OF [C,MIM][PF] 69

between the crystallisation and melting peaks. Most other groups detected
only the signal corresponding to our larger peak at 250.3 K, and they reported
that [Cymim][PF4] had two crystalline phases [42, 47]. We think that the peak
at 276 K is difficult to detect by DSC measurements with typical scanning rates
because it is a very small peak that appears close to the melting peak, and the
phase change seems to occur very slowly. Although the signal at 276 K is very
small, we can clearly distinguish two phases under our experimental condi-
tions, and the two phases have different structures, as shown in the next section.

3.3.2 Cation Structure in Each Phase

The structure of the [C,mim]* ion in each crystalline phase was studied by
Raman spectroscopy [20]. The results are shown in Figure 3.5a. Raman bands
in the range of 580-640 cm ™' are known as marker bands for rotational isomers
of the butyl group in the [C,mim]* ion [23, 26]. The existence of nine rotational
isomers of [C;mim]* was demonstrated by quantum chemical calculations [35,
36]. Taking into account both energy differences among the isomers and results
from single crystal structure analyses for [C;mim]* salts [20, 24, 42, 43, 49, 50],
we can pick three rotational isomers as possible conformers for [C;mim]" in
the crystal or liquid states, that is, GT, TT, and G’T conformations caused by
the rotation of the butyl group around the C1’-C2’ axis. The three isomers are
shown in Figure 3.1c, and the corresponding active Raman bands from DFT
calculations are displayed in Figure 3.5b,c.d.

Crystal 3 has a distinguishable band at 624 cm ™', which can be assigned to
the TT conformation of [C,mim]*, Figure 3.5c¢ [23, 26]. In the region of
580-640 cm ™!, the Raman spectrum of Crystal « is similar to that of Crystal
~. They have characteristic peaks at about 500, 600, and 700 cm ™!, suggesting
that the cation structures in these crystalline phases will be assigned to GT,
Figure 3.5b [23], or G'T, Figure 5d, conformations. The difference between
Crystal o and Crystal ~ is found in the region of 300-350 cm'. From the DFT
calculations for [Cymim]*, the Raman bands observed at higher frequency
(338 cm™') and lower frequency (326 cm™') are attributed to the GT and G'T
conformations, respectively. As a result, Crystal « can be assigned to GT, and
Crystal v to G'T.

It should be noted that a small component due to the G’T conformation
exists in Crystal . We studied the temperature dependence of the Raman
scattering intensities of Crystal a. The upper spectrum in Figure 3.5a was
measured at 229 K after crystallisation during heating. The second spectrum
was obtained from Crystal o at 193 K during cooling. As expected, no phase
transition occurred in the cooling process. If GT and G’T conformers coexist
in an asymmetric unit in Crystal «, the intensity ratio of the bands at higher
(338 cm™!) and lower (326 cm™!') frequencies will not change. However, the
band intensity at 326 cm ' originating from G’T clearly decreases with falling
temperature. This indicates that the most stable conformer in Crystal o is GT,
and we conclude that the conformation of the cation in Crystal o is GT. We
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Figure 3.5 (a) Observed Raman spectra for the three crystalline phases (asterisks
indicate the anion bands). (b)-(d) Raman active bands, calculated with DFT, for the
GT, TT, and G’T conformations of [Cymim]*, respectively. (¢) Raman active bands,
calculated with DFT, for [PF] .

consider two possibilities for the origin of the appearance of G'T: (1) the
rotational isomerism reaction between GT and G’T easily occurs in Crystal «
(i.e., there is a low activation energy for rotational isomerism), or (2) part of
the G’T conformer was left as amorphous solid or liquid without crystallisa-
tion. We often observe the coexistence of crystals and supercooled liquid in
ionic liquids. Although not reported yet, we have recently found from a com-
bination measurements of nuclear magnetic resonance (NMR) and Raman
spectroscopy that Crystal « changes to Crystal v even at ca. 227 K (crystallisa-
tion temperature from the supercooled liquid) when Crystal « is kept for a
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long time (such as one day). This observation supports possibility (1) for the
origin. This phenomenon shows that the phase transitions of ionic liquids are
in general extremely slow and that our observation of their thermal behaviour
is strongly dependent on the thermal histories of the samples.

The [Cymim]* ion in the [Cymim][PF] crystalline phase was reported to
take the G’T conformation from single crystal structure analyses at 173 K [43]
and 193 K [42]. These results seem to be inconsistent with our finding because
the G'T conformer appears in Crystal ~, which is the highest-temperature
crystalline phase. However, this apparent inconsistency can be resolved by the
complex thermal history of [C;mim][PF,] [46]. Moreover, we measured Raman
spectra of Crystal ~ at 193 K (not shown), which were obtained by cooling
from Crystal v with no phase transition. Two research groups grew single
crystals by different methods [42, 43]. We suppose that the crystals they first
made were Crystal v and that their structures were retained as the tempera-
tures were lowered to the measurement temperatures without a phase
transition.

Figure 3.6 shows the temperature dependence of Raman spectra during
melting. This region includes the phase transition from Crystal v (G’T) to
liquid. The band at 624 cm™' that is assigned to the TT conformation arises
through melting, and behaviour such as the appearance or disappearance of
bands characteristic to each conformation were observed in other phase transi-
tion regions. Therefore, we can conclude that all phase transitions of [Cymim]
[PF;], except for the glass transition, accompany conformational change of the
butyl group. It is noted that structural change in the cation becomes abruptly
active just near the peak-top temperature of melting, although the premelting
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Figure 3.6 Temperature dependence of Raman spectra near the melting point of
[C4mim][PF]. The scanning rate was 5 mK s™!, and each spectrum was obtained every
1K.
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Figure 3.7 Raman spectra of [Cymim][PF4] in liquid (302 K), supercooled liquid
(244 X), and glass states (183 K) in the ranges of (a) 200-1000 cm™', (b) 300-350 cm™,
and (c) 530-670 cm .

phenomenon starts at a temperature 4-5 K lower. The same tendencies were
observed in the melting processes of [C,mim|Br [29] and ['C;mim]Br [30]. In
our reported results on ionic liquids [18, 29, 30], the conformational changes
of constituent ions seem to be delayed after the start of the thermal signal of
the phase transitions.

Figure 3.7a shows the Raman spectra of [Cymim][PF,] in the liquid (at
302 K), supercooled liquid (at 244 K in the cooling process), and glass (at
183 K) states [20]. These spectra resemble each other, and this demonstrates
that the three states are composed of cations with similar structure. According
to the Raman spectra in the ranges of 300-350 cm!, (Fig. 3.7b) and
530-670 cm ™" (Fig. 3.7¢), the GT, TT, and G’T conformers are considered to
be mixed in these states, as in other 1-alkyl-3-methylimidazolium ionic liquids.

Many crystal structures have been reported for a range of [C;mim]* salts
[22, 24, 42, 43, 49-51]. Some typical data are summarised in Table 3.1. The
cation conformations in these crystal structures are concentrated in the GT
conformation. Our Raman scattering study shows the existence of three types
of crystalline phase for [C,mim][PF;], where conformations of the cation differ.
No report has been made of 1-butyl-3-methylimidazolium ionic liquids with
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TABLE 3.1 Cation Conformations in Crystal Structures of [C;mim]X Obtained by
X-ray Diffraction.

Anion CP2 % Br? I  TLNY CH;SO;”' CH;SO,' PF#**
Conformation TTL,GT GT GT GT+ G'T GT GT G'T
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(d) percolation of crystal (e) just after melting

Figure 3.8 A schematic model for melting and crystallisation.

all three conformations, GT, TT, and G’T, in their measured crystal strucu-
tures. [C;mim][PF;] is one of the most representative examples showing the
conformational variety of ionic liquids. At the same time, the complex isom-
erisation of the constituent cations has caused some confusion regarding the
phase behaviour and thermodynamic properties of [Cymim][PFg].

3.4 NOVEL PHASE TRANSITION BEHAVIOURS OF ROOM
TEMPERATURE IONIC LIQUIDS

341 A Model for Melting and Crystallisation

Following our results on [C,min]Br [17 29] and ['Csmim]Br [18, 30], we have
modelled the melting and crystallisation behaviour of ionic liquids, and the
schematic diagram of the model is shown in Figure 3.8. In a crystalline state,
ions with a certain specific conformation are arranged regularly (Fig. 3.8a). In
the heating process, small domains in a crystalline area start to melt first,
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accompanied by conformational changes of the ions, probably at the regions
with crystalline defects or at the surface/boundary of the crystals (Fig. 3.8b);
specifically, local melting occurs and the regions are composed of mixtures of
different conformers. These premelting domains grow as the temperature is
increases (Fig. 3.8c) until percolation of the crystal areas finally breaks off (Fig.
3.1d). Up to such a temperature, local melting and crystallisation in the pre-
melting region can occur reversibly by heating or cooling [17, 18]. We may
assume that many small crystalline domains remain even after the melting
(Fig. 3.8e), where the DSC trace falls to the baseline level of the liquid. The
reverse phenomena will be observed in the crystallisation process from the
liquid.

The above-mentioned processes are considered to occur not only in ionic
liquids, but also in “normal” substances. However, the phenomena in ionic
liquids can be detected with the supersensitive DSC equipment because their
phase transitions are extremely slow.

3.4.2 Rhythmic Melting and Crystallisation

We performed detailed measurements, focussing on the melting process of
[Cymim]Br [32]. As shown in Figure 3.3c, the salt has a wide premelting region.
The single crystal melted perfectly, cooled down to room temperature, and in
turn heated at the rate of 0.02 mK s™! from room temperature to 355 K. This
heating rate corresponds to 13.9 hours to raise the temperature of the sample
by 1 K.

The melting trace of [Cymim]Br is shown in Figure 3.9a, where the data
collected every 40 seconds are plotted as dots. As shown in the figure, the DSC
curve is very noisy. Selecting five representative regions in the curve, we num-
bered the divisions around 344.5, 345.9, 349.6, 351.2, and 353.2 K as (1), (2),
(3), (4), and (5), respectively. Divisions (1) and (2) correspond to the regions
near and just on the starting point of premelting, respectively.Division (3) cor-
responds to the middle point of the premelting curve, and the trace is noisiest
in this region. Division (4) is the point where the crystal just melts. Division
(5) corresponds to the region where the sample is stabilised as the liquid state.
Figure 3.9b and Figure 3.9c are expanded representations of Divisions (3) and
(5). Each dot in the expanded plots refers to the measuring point, which is
carried out every 4 seconds. Therefore, the lateral axes correspond to time axes
as well as temperature axes.

We have made frequency analyses for 5000 points in each Division, by
drawing the baseline and measuring the deviation of each peak-top from the
base line. As for Divisions (1) and (5), the distribution curves by the frequency
analysis are regarded almost perfectly as Gaussian functions. And the half
widths at 1/e of the peak-tops are about 3—4 nW. Thus, the deviations of Divi-
sions (1) and (5) represent statistical thermal/electronic noise of the apparatus,
and just refer to the sensitivity or resolution of the DSC equipment [31]. On
the other hand, other curves slightly differ from the Gaussian distributions,
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Figure 3.9 (a) DSC trace of [C,mim|Br near the melting point. The heating rate is
0.02 mK s~. Five divisions are selected and numbered as (1)—(5). (b) Expanded figure
of the division (3). (¢) Expanded figure of the division (5). Dots in (b) and (c) refer to
the measuring points of every 4 seconds.

and the widths are wider than the width due to intrinsic noises. Therefore, we
can conclude that the states of Divisions (2), (3), and (4) are not in thermo-
dynamic equilibrium, and the deviation is not noise, and has some physical
meanings.

To understand the present results, the two following facts should be borne
in mind. First, the premelting with over 10 K accompanies the conformational
change of the butyl group from GT to TT, as well as the changes in the crystal-
line lattice [17 29]. Second, ab initio calculations showed that the energy dif-
ference between GT and TT conformations is within +1 kJ mol ' [35,36]. Such
a small energy difference implies that the conformational change for a free
ion occurs easily. Therefore, the Divisions (2) and (3) will denote that, by the
local temperature increase due to the fluctuation of the heating, a part of the
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[Cymim]* ions change their conformation from GT to TT in a domain and the
domain melts, corresponding to Figure 8b. As only a small thermal energy is
supplied because of the extremely slow heating rate, the thermal energy is
absorbed by the melting domain itself, and the neighbouring one, which is just
going to melt. The crystallisation of the domain then occurs. In turn, thermal
energy is released by the crystallisation. Using this energy and the supplied
energy from the thermoelectric modules, a part of the crystalline domain melts.
These processes can be repeated rhythmically. The rhythmic melting and crys-
tallisation appear as “noise” on the DSC trace, as shown in Figure 3.9a,b. Just
after melting, namely in Division (4) in Figure 3.9a, the aggregation domains
where most of the ions are in the GT conformation are going to crystallise
again, or a great number of ions are going to change their conformations
between TT and GT. In other words, the “noisy” trace of Division (4) indicates
that the state is non-equilibrium. Ions in the domains are going to rhythmically
crystallise or melt even at higher temperature than the melting one. We should
note that the DSC pattern (frequency or heat flow magnitude) of the change
at just the melting point, Division (4), is almost the same as the pattern at the
starting point of the premelting shown in Division (2).

The number of ion pairs of [Cymim]Br in the domains can be estimated
from the frequency distribution curves. The total enthalpy of the melting is
reported to be 23.0—23.6 kJ mol ™' [17]. If we assume that each peak or valley
in the expanded figures refers to the melting or crystallising of a domain, and
regard the half-width of the distribution curve at 1/e as the averaged value of
the heat flow, the number of ion pairs of [C;mim]* and Br~ in a domain is
2.0 x 10" for Divisions (2) and (4), and 1.8 x 10" for Division (3). This number
of ion pairs corresponds to a radius of 4.9 x 10° nm for Divisions (2) and (4),
and 1.0 x 10* nm for Division (3), if the domains are assumed to be spheres.
This study was the first to estimate the domain size relating to the melting or
crystallisation of ionic liquids [32].

From the expanded curves, the timescale of melting/crystallisation of the
domain can be obtained, because the interval of measured points in the
expanded figures corresponds to 4 seconds and 0.08 mK. For Divisions (1) and
(5), the widths of the oscillatory peaks are randomly distributed in the range
of 4—60 seconds. On the other hand, the widths of the corresponding peaks of
Divisions (2), (3), and (4) are similar to each other; the half-width values of
the equivalent peaks in (2), (3), and (4) are 12—16 seconds, 12—20 seconds,
and 8—12 seconds, respectively. These values correspond to the timescales of
the rhythmic transition of the domains. It is reported that several minutes are
necessary to achieve equilibrium for the portions of the two conformers of GT
and TT in [C,mim]CI by the instant melting [1]. The long relaxation time of
the present phase transition could be due to the accompanying cooperative
conformational change of a large number of ions, of the order of 10—10".
As shown here, a supersensitive thermodynamic measurement is a very effec-
tive method to detect such slow dynamic behaviour involving heat flow. The
present heating rate matches well to the slow dynamics.
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This curious phenomenon was named “rhythmic melting and crystallisa-
tion” [32], which was observed in the premelting region in the heating process
of [C,mim]Br. Melting and crystallisation are periodically repeated with the
endothermic and exothermic heat transfer cycles that alternately trigger sub-
sequent changes. A rhythmic change of volume phase transition in polymer
gels is well known [52]. Because the structures of the ions are relatively simple
compared with polymers, the observed phase transition in an ionic liquid is
unique. We think that the main origin of the rhythmic melting and crystallisa-
tion of the ionic liquid is a coupling of the melting/crystallisation and coopera-
tive conformational change of the ions.

3.4.3 Intermittent Crystallisation

The next sample to be considered is ['Csmim]Br [18,33], the overall DSC traces
of which are shown in Figure 3.3b. To investigate the details of the premelting
phenomenon of the sample, we performed cyclic experiments. Namely, the
sample was heated at the rate of 2 mK s™! from room temperature to the preset
temperature, Process (1), and then cooled down, Process (2). The temperature,
set at a specific point in the premelting region, is hereafter denoted as the
“returning temperature.” We performed numerous experiments varying the
returning temperature and the cooling rate, and some novel phenomena were
observed depending on the experimental conditions. Two of them are intro-
duced here.

When the returning temperature was the peak-top temperature of the
melting DSC trace and the cooling rate was set at 0.05 mK s™', a very curious
phenomenon was observed. The result is shown in Figure 3.10a, where the
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Figure 3.10 The DSC traces for ['Cymim]Br around the melting point. The curve
shows the trace wherein the sample was cooled down from 346.0 K. (a) Full-scale
results, and (b) a magnified section of data around 334 K in the cooling run.
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values of the vertical axis are divided by the heating or cooling rate () to
normalise the rate differences. The DSC signals of the reversible crystallisation
traced simple curves with accompanying fine exothermic spikes. The magnified
drawing around 334 K is shown in Figure 3.10b. The small peaks were sharp,
and were separated piece by piece. Moreover, all of them were exothermic
peaks. In the latter figure, the data are plotted as dots every 4 seconds. As
emphasised in our papers [18, 32, 33], these notched peaks are not due to
electronic noise, but intrinsically arise from the present sample. We have
named this phenomenon “intermittent crystallisation” [33]. The present DSC
instrument, with super-high sensitivity and quick response times, has enabled
us to detect this phenomenon. These results reveal that there exist local melting
domains in the premelting region, as indicated in the schematic model, shown
in Figure 3.8b, and that the domains with almost the same order in size are
spatially separated from each other at about 334 K. The spikes refer to the
crystallisation of the domains.

For ['C;mim]Br, more than 90% of the crystalline area seemed to melt up
to the returning temperature, as estimated from the amount of absorbed heat.
Being cooled down suddenly, most of the [‘Csmim]™ and Br~ ions appear to
be smoothly crystallised, because the DSC trace is smooth just after returning,
as shown in Figure 3.10a. The exothermic spikes appear after 70-80% release
of the total enthalpy of crystallisation. This behaviour implies that a large
number of [‘C;mim]" ions in the premelting region maintained an asym con-
formation (i.e., the conformation in the crystalline phase) that leads to smooth
crystallisation. This speculation is supported by our experimental studies
involving simultaneous measurements of Raman spectroscopy and calorime-
try [29]. The results for ['Csmim]Br [30] and [Cymin]Br [29] showed that a
major portion of the conformational changes occurred at the temperature at
the peak-top of the melting DSC trace, or just after this point. In the cooling
process of ['Csmim]Br, these domains seemed to remain where sym and asym
conformers are mixed together, suggesting that sym isomers cannot easily turn
to an asym conformation.

We estimated the order of enthalpy for a domain in the intermittent crystal-
lisation to be 0.7 x 10~° J. Comparing with the molar crystallisation enthalpy
of 13.9 kJ mol ™!, the average number of ion pairs in the domains was then
estimated to be ~3 x 10'. The timescale of crystallisation can be estimated
from Figure 3.10b. The interval of intermittent crystallisation was about
200-230 s, and about 100 s is required for each domain to crystallise under the
present experimental conditions. These values are much longer than the relax-
ation time of the apparatus.

Once the returning temperature exceeded the peak-top temperature of the
DSC trace, the observed phenomena altered drastically. First, we confirmed
that the sample cooled from the temperature exceeding the peak-top did not
entirely crystallise in the premelting region but overall crystallisation occurred
at about 267 K, as shown in Figure 3.3b. This demonstrates that the upper
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limit for the reversible melting and crystallisation is nearly at the peak-top
temperature.

We discovered another unique phenomenon in the measurement performed
at the returning temperature of 346.5 K and with a cooling rate of 0.05 mK s,
This temperature was just 0.2 K higher than the peak-top temperature. As
shown in Figure 3.3b, at this temperature the melting curve did not drop to
the baseline of the liquid state, meaning that the sample did not become liquid
completely. The overall DSC traces of this experiment are shown in Figure
3.11a. As shown in this figure, a small exothermic peak first appeared in the
cooling process. This seems to be assigned to the crystallisation of a very small
portion. Crystalline grains remain at this temperature, and asym conformers,
in a quantity enough to form crystals, remain [30]. However, the crystalline
grains cannot grow up to become an overall crystalline state. We consider that
this is because the percolation of the crystalline area breaks off —see the sche-
matic model shown in Figure 3.8d. It is speculated that the flat region of the
baseline in the cooling process refers to the coexisting state of supercooled
liquid and crystalline grains. Although this may be thought to be a strange
phenomenon, we often observe the stable coexistence of supercooled liquid
and crystals for many ionic liquids.

Although overall crystallisation did not occur in the premelting region, the
DSC trace was very noisy in some temperature ranges, as shown in Figure
3.11a. The magnified drawing around 340.52 K is shown in Figure 3.11b, where
data for every 4 seconds are plotted as dots. The noise intrinsic to the apparatus
was +3 nW. The observed spikes were about 10 times larger than the 6-nW
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Figure 3.11 The DSC traces for [‘C;mim]Br around the melting point. The sample was
cooled down with a cooling rate of 0.05 mK s from a temperature of 0.2 K higher than
the peak-top of the melting trace. (a) Full-scale data set, and (b) magnified section
around 340.52 K.
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margin shown by the arrow, and indicated that they were attributed to a
thermal phenomenon characteristic of the sample. It is clear that the pattern
of periodic endothermic and exothermic heat transfers is different from the
pattern of intermittent exothermic heat transfers. The notched peaks are
rhythmic crystallisation and melting, and we observed the same phenomenon
for [C,mim]Br in the premelting region and in the liquid region just after
melting during the heating process, as described in Section 3.4.2. At the tem-
perature slightly exceeding the peak-top for the case of [‘Cymim]Br, it is
thought that crystalline domains remain surrounded by a large amount of
liquid areas and that the percolation of the crystalline area breaks off. However,
it is supposed that thermal fluctuations easily occur around the remaining
crystalline domains. The melted region around these remaining crystalline
grains crystallises as cooling occurs. The heat released during crystallisation
melts the neighbouring domains. Due to the endothermic process of melting,
crystallisation occurs in turn. Crystallisation and melting are thereby repeated
rhythmically. These were observed as the periodic spikes in the DSC trace, as
shown in Figure 3.11a,b.

In the domains where the rhythmic crystallisation and melting occurred,
5-9 x 10" ion pairs were contained. The timescale of the phenomenon was
estimated to be 10-20 seconds. Compared with the intermittent crystallisation
where the returning temperature was preset at peak-top temperature (Fig.
3.10b), the released or absorbed heat in the rhythmic crystallisation and
melting was smaller, and the timescale was correspondingly shorter. These
results may be contrary to the expectation that the premelting domains should
become larger in the returning experiment from 346.5 K, as seen in Figure
3.11a. However, as for the sample heated up to the temperature exceeding
the peak-top, a large number of ['Csmim]" ions changed to a sym conforma-
tion [30], and they mixed with the asym ions. As a result, it seems to be more
difficult for larger domains to crystallise during the extremely slow cooling
process. On the other hand, even a small amount of the heat released during
local crystallisation will easily melt the small crystallising domains because
of the large mixture of sym and asym conformations. This seems to be the
reason for rhythmic crystallisation and melting occurring in the smaller size
regions and with a shorter periodicity. By repeating rhythmic crystallisation
and melting, the whole sample seems to relax into the supercooled liquid
state.

3.5 CONCLUDING REMARKS

The thermal behaviour of some I-alkyl-3-methylimidazolium ionic liquid is
presented, with a focus on their phase transitions. In addition to the common
thermal phenomena for most ionic liquids, such as premelting over a wide
temperature range and excessive supercooling, the following unique thermal
phenomena were observed:
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1. Existence of thermal histories affecting their thermal behaviours.

2. Frequent existence of complex crystal-crystal phase transitions and/or
polymorphism.

3. Extremely slow phase transitions.

4. Curious phenomena in phase transitions such as “rhythmic melting and
crystallisation” and “intermittent crystallisation.”

These phenomena are generally observed for most ionic liquids, so the follow-
ing discussion can be applied to most ionic liquids. Although the above-
mentioned phenomena (1-4) are different, the origins of these behaviours
must be closely related; that is, the conformational changes in the dense field
are likely to affect the phase transitions and cause these phenomena. Multiple
conformers for a constituent ion commonly exist in ionic liquids. Energies of
some of the conformers are almost the same, and the small energy differences
among them are strongly influenced by the types of counter ion and by inter-
actions resulting from the relative positions and orientations of ions. In the
liquid state, coexistence of multiple conformers is entropically profitable.
Therefore, most phase transitions of ionic liquids link with the conformational
changes of constituent ions. This link causes complex and curious phase transi-
tions. Due to the Coulomb interactions, the density of an ionic liquid is gener-
ally 10-20% higher than that of a molecular substance with similar components.
The decrease in the free volume for conformational changes is probably the
major origin of the retarded phase transition for ionic liquids.
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