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Using simultaneous small-angle X-ray scattering (SAXS) combined with differential

scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS) combined with DSC

measurements, low-temperature (LT) solid phases of a room-temperature ionic liquid

(RTIL) and its mixtures were examined at ambient pressure. The considered RTIL was 1-

methyl-3-propylimidazolium iodide ([C3mim][I]), and the mixtures could be expressed

as [C3mim][Im]. Under high-pressure (HP), the crystallization of pure [C3mim][I] was

suppressed, as a LT-amorphous form of pure [C3mim][I] was formed. In the mixed

system, the HP crystallization of [C3mim][I3] occurred at 0.95 GPa of compression. In

[C3mim][I3.66] as a non-stoichiometric system, complicated phase changes were

observed. Upon compression, the edge of a sample container was crystallized. By

further compression, a crystal–crystal phase transition was observed as a HP-crystal

polymorph appeared. In the centre, HP amorphization was observed upon

compression, whereas decompression crystallization was induced by decreasing the

pressure. The HP complicated behaviors of non-stoichiometric [C3mim][I3.66] are

caused by the excess of iodide/iodine.

1 Introduction

Polyiodides (Im
�) have been studied in various scientic elds for a long time.1–3

Geometrical varieties of polyiodides, such as V- and Z-shaped polyiodides, have
been investigated both experimentally4 and theoretically.5 In addition to the
shape varieties, the intra-bonding distances between iodides have been found to
be none equivalent.4,5 In general, odd-numbered polyiodides are mainly formed.
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However, mass spectroscopy has revealed a small amount of even-numbered
polyiodides.4

Dye-sensitized solar cells (DSSCs) have been examined for high conversion
efficiency. Recently, room-temperature ionic liquids (RTILs) were assembled into
DSSCs on the basis of their electrochemical stability.6–15 Numerous RTILs were
tested as stable and solvent-free electrolytes for the DSSCs. In charge-carrier
transportation using redox couples, polyiodides combined with the RTILs were
fabricated in the DSSCs. Possible mass transfers of iodide ions were classied into
the direct drive-type (vehicle mechanism)16 and the indirect drive-one (Grotthuss
exchange mechanism).13,16 Very recently, 127I-NMR (nuclear magnetic resonance)
experiments in the [Cnmim][Im] system have supported the latter mechanism by
the doublet and triplet peak splitting at a relatively large m.17 Here, the Cnmim+

cations were 1-alkyl-3-methylimidazolium, and n denoted the alkyl-side chain
length of Cnmim+. The peak splitting suggested that the local environments of the
iodides were modied by the Grotthuss exchange mechanism. Further, with
respect to the molecular bonding distances of the polyiodides, the DFT calcula-
tions of the [C2mim][I5] system did not contradict the experimental results in
spite of the gas phase.18

A series of pure [Cnmim][I] (n ¼ 3, 4, and 6) are in the liquid state at room
temperature. With decreasing temperature, the pure RTILs are solidied without
crystallization or cold crystallization. The glass transition temperature (Tg) for n¼
3, 4, and 6 was determined to be�38 �C,19 �58 �C,20 and�65 �C,21 respectively. By
adding iodine, a complicated phase diagram of the [C3mim][Im] system was ob-
tained using differential scanning calorimetry (DSC).19,22 Above m ¼ 2.7, the
crystalline and nematic liquid crystalline forms appeared subsequently upon
heating. Belowm ¼ 2.7, a simple glass transition occurred in the same manner as
in the case of the pure [C3mim][I].

In this study, at ambient pressure, we investigated the low-temperature (LT)
phase behaviors of the considered polyiodide using simultaneous small-angle X-
ray scattering (SAXS) + DSC and simultaneous wide-angle X-ray scattering
(WAXS) + DSC measurements. High-pressure (HP) amorphization/crystallization
of the [C3mim][Im] (m ¼ 1, 3, and 3.66) system was examined at room tempera-
ture. Further, the HP characteristics of the polyiodides inside the RTIL were
distinguished.

2 Experiments

The RTIL used in this study was hydrophilic [C3mim][I] (Kanto Chemical Co.).
Iodine (99.8%, Kanto Chemical Co.) was used as an additive. Mixtures were
prepared inside a glove box through which helium gas was owing, and the
relative humidity was suppressed below 10% using a silica gel.

To determine the LT phases, simultaneous WAXS + DSC measurements were
carried out at ambient pressure using SmartLab and a 1D detector (Rigaku Co.,
Japan). By switching the incident wavelength, simultaneous SAXS + DSC
measurements were obtained with a scintillation counter. The wavelengths for
SAXS and WAXS were l ¼ 1.542 Å (Cu Ka radiation) and l ¼ 0.7107 Å (Mo Ka
radiation), respectively. The wave vector, q, was provided by 4p(sin q)/l (Å�1),
where 2q denotes the scattered angle. The temperature range was �100 to 50 �C.
The cooling and heating rate was 5 �C min�1.
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The HP phase of pure [C3mim][I] was investigated using a diamond anvil cell
(DAC) and an optical microscope. Since the pure compound is transparent, ruby
balls were used as the pressure marker. On the other hand, in the [C3mim][Im]
mixed system, the color obtained was dark brown. The conventional DAC was
useless for the mixed system. Therefore, using different pressure markers, we
performed the HP-WAXS of [C3mim][Im] in NE5C of PF-AR (High Energy Accel-
erator Research Organization, Japan), where the incident beam was continuous X-
ray and was not monochromated. The incident beam size was 0.1 mm (vertical) �
0.2 mm (horizontal). By using a solid-state detector (SSD), energy dispersive data
were collected and were transferred to q. The SSD was xed at 2q ¼ 4.0�, 6.0�, and
8.0�. The energy of the SSD was calibrated using the values of Ka1 and Ka2 of Mo,
Ag, Nd, Dy, Ta, Au, and Bi. MAX80 with a multi-anvil assembly (MA6-6) could
monitor the pressure using the lattice constant of powder NaCl, where NaCl, as
a pressure marker, was set inside the BN crucible (Fig. 1).23 The hydrophilic
samples were packed in the cylindrical, chemically stable polytetrauoroethylene
(PTFE) cells. The cross section of a PTFE cell is depicted in Fig. 1. The observed
WAXS patterns were analyzed using the Conograph24 and FOX (free objects for
crystallography).25 Firstly, Conograph can determine the crystal system. Then, the
crystallographic parameters were tted using FOX.

3 Results and discussion
3.1 LT phases of [C3mim][Im] at ambient pressure

The SAXS and WAXS patterns of [C3mim][Im] (1 # m # 8) in the liquid state were
obtained at room temperature and ambient pressure.17 The LT phases of [C3mim]
[Im] were determined using the simultaneous SAXS + DSC and WAXS + DSC
measurements. The phase changes were probed using only the thermal trace
since there were negligible changes in both the SAXS and the WAXS patterns.
Here, the atomic scattering factor of the iodide was considerably large compared
with that of the cation. This could be because the orientational and positional

Fig. 1 Cross-section of the sample container for the HP-WAXS experiments. The size is
provided in millimeters. NaCl is used as the pressure marker.
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orders of the polyiodide (Im
�) did not develop in the crystallizations because the

SAXS and WAXS patterns were mainly derived from the information of the iodide.
In pure [C3mim][I], crystallization and cold crystallization were not observed on
the DSC thermal trace at LT, as reported previously (Fig. 2).19 Tg in this study was
comparable to that in a previous study.19 In [C4mim][C], [C4mim][Br], and
[C4mim][I], crystal and amorphous phases are summarized in the literature.26

[C4mim][I] has no crystal phases at LT. The quantitative analysis shows that
average I�–I� distance (liquid phase) is shorter than Cl�–Cl� (crystal phase),
inversely proportional to the ionic radii. A hint to interpret the LT-amorphous
structure of pure [C3mim][I] was provided by the local structure of I� in liquid
[C4mim][I], where [C4mim][I] is also amorphized at LT and HP.

In the case of stoichiometric [C3mim][I3], simple crystallization occurred upon
cooling. The crystallization temperature (TC) was found to be �37.2 �C (Fig. 2).
Upon heating, the stoichiometric sample melted simply at 6.4 �C (Tm). Here, we
predicted that, in contrast to the disorder type of I�, the formation of I3

� caused
crystallization at LT. In the gas state, the optimized molecular structures of
[C2mim][I3]18 and [C4mim][I3]17 were provided using rst principle calculations.
I3
� tended to locate in the vicinity of the C2 position of the imidazolium ring. The

crystal structure of [C3mim][I3] might be formed on the basis of a pair of C4mim+

and I3
�. Here, we noticed that I� was an amorphous forming factor and I3

� was
a crystal promoting factor.

Non-stoichiometric [C3mim][I3.66] demonstrated an entirely different phase
behavior at LT. In the cooling process, the crystallization of [C3mim][I3.66] was not
observed, and amorphization occurred at around �40 �C (Tg) (Fig. 2). Excess
iodide/iodine could suppress the crystal nucleation in the non-stoichiometric
mixture. However, metastable frozen [C3mim][I3.66] exhibited cold crystalliza-
tion upon heating. The cold crystallization temperature (TCC) was �41.0 �C. Upon
further heating, two steps of melting expressed by Tm1 and Tm2 appeared. The

Fig. 2 DSC thermographs of pure [C3mim][I], stoichiometric [C3mim][I3], and non-stoi-
chiometric [C3mim][I3.66] upon cooling and heating at ambient pressure. Tg, TC, TCC, and
Tm denote the glass transition temperature, crystallization temperature, cold crystalliza-
tion temperature, and melting point, respectively.

Faraday Discussions Paper

ART � C7FD00172J

4 | Faraday Discuss., 2017, xx, 1–12 This journal is © The Royal Society of Chemistry 2017

1

5

10

15

20

25

30

35

40

45

50



multiple-step melting implied that excess iodide/iodine caused multiple solid
phases at LT. In order to interpret the complicated behaviors, we introduced the
following assumption. Since [C3mim][I3] crystallized simply, [C3mim][I3] is
dened to be a pure RTIL system considering the I3

� anion as a crystal forming
factor. Then, [C3mim][I3.66] is rewritten as [C3mim][I3] – 7.1 mol% I2 (Table 1).
Thus, 7.1 mol% I2 is regarded as an additive to this newly dened pure system of
[C3mim][I3]. In some binary systems, a 7 mol% additive changes the phase
behaviors drastically. The RTIL is N,N-diethyl-N-methyl-N-(2-methoxyethyl)
ammonium tetrauoroborate, [DEME][BF4]. Amorphization upon cooling
occurred at around 7 mol% H2O.27,28 Upon heating, cold crystallization was
observed in the samemanner with [C3mim][I3] – 7.1 mol% I2. It is pointed out that
the instability of [DEME][BF4] – 7mol%H2O is caused by the attractive interaction
between the DEME+ cation and water.29 DEME+ cations contain oxygen, whose
electronegative properties are a water capture site in addition to the BF4

� anion.
Through hydrogen bonding, water uctuates extensively between DEME+ and
BF4

�. Another experimental result also supports a hydrogen bonding driven
anomaly. It is well know that the hydrogen bonding of D is weaker than that of H.
By xing at around 7 mol%, crystallization was induced upon cooling through D
substitution, that is, D2O.30 Hence, strong hydrogen bonding of H2O contributes
to the uctuations as a suppression effect of crystal nucleation in the mixtures. In
[C3mim][I3] – 7.1 mol% I2, similar uctuations could be realized. The I2 additive is
affirmative both for the C3mim+ cation and the I3

� anion. Thus, we deduce that
the complicated phase behaviors of non-stoichiometric [C3mim][I3] – 7.1 mol% I2
originate from the dynamic uctuations of excess iodide/iodine.

3.2 HP amorphization of pure [C3mim][I]

The HP phase of pure [C3mim][I] was examined using an optical microscope at
room temperature. Since pure [C3mim][I] is transparent, ruby balls as a pressure
marker were utilized with a conventional DAC for the HP experiments. Upon both
the compression and decompression processes, no crystallization was observed
using the optical microscope, where the maximum pressure was 3.1 GPa. More-
over, the glass transition pressure (Pg) was determined to be 1.2 GPa by moni-
toring the peak broadening of the R1 uorescence of the ruby balls (Fig. 3).31–33 Pg
of pure [C3mim][I] was lower than that of the BF4

� anion-based RTILs.31–33

Further, whether Pg depended on the size or the geometrical factor of the anions
was not clear.

The HP-inherent folding of the cation was suggested by molecular dynamics
(MD) simulations in the liquid state34 and experiments in the solid state.35 The
MD simulations of [C4mim][PF6] visualized the pressure-induced folding of the
alkyl-side chain of the C4mim+ cation in the simulation box. Experimentally, we
found that the pressure-driven gauche conformer existed on the HP-Raman
spectra.35 This new type of conformer was related to the partial HP-amorphous

Table 1 Descriptions of the concentrations of the iodine in the mixtures3

[C3mim][I3] [C3mim][I] 50 mol% I2
[C3mim][I3.66] [C3mim][I] 57.1 mol% I2

[C3mim][I3] 7.1 mol% I2
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phase in the crystal. In addition, using single crystal X-ray structure analysis, the
positional disorder of the anion was determined in [C4mim][PF6].36 The positional
disorder of the PF6

� anion is expressed through probability distribution in the
unit cell. Here, we predict that, in the HP-amorphous of [C3mim][I], folding of the
C3mim+ cation and disordering of the I� anion are induced particularly for high
efficiency of the molecular packing. Therefore, we conrmed that HP-amorphous
was different from LT-amorphous.

3.3 HP-WAXS of stoichiometric [C3mim][I3]

In the mixed system of [C3mim][Im], a multi-anvil assembly (MA6-6) was used
because of the dark brown samples. Fig. 4 depicts the pressure dependence of the
WAXS patterns of [C3mim][I3] at room temperature. The black and red closed
circles reveal the Bragg reections of phase II (LT-phase) and phase III (HP-phase)
of the PTFE, used as the sample container, respectively.37,38 On the P–T phase
diagram of PTFE,37 at a xed room temperature, the phase transition of the PTFE
from phase II to phase III was found to be 0.7 GPa (Fig. 4). In this study, by setting
the incident beam on top of the PTFE sample container, we measured the HP-
WAXS patterns of pure PTFE. During each pressure cycle, a HP phase transition
of the PTFE was observed below 1 GPa. In Fig. 4, weak peaks of the PTFE were
superimposed in the broad halo of liquid [C3mim][I3]. In the compression
process, the crystallization of [C3mim][I3] started to take place at 0.95 GPa, and
the sample was fully crystallized at 1.26 GPa (PC). Here, the HP crystal of [C3mim]
[I3] was called the a phase. The HP-WAXS patterns of the HP-induced crystal are
denoted by the red curves in Fig. 4. Crystal structure analysis of the a phase (1.26
GPa) was carried out, and the crystallographic data are listed in Table 2. It should
be noted that, in the crystal structure analysis, only iodide–iodide correlation is
enhanced due to quite a large atomic scattering factor of iodide. Moreover, by an
energy dispersive detector, quantitative scattered intensity is not obtained. Thus,

Fig. 3 Full widths at half maximum (FWHM) of the R1 line of fluorescence from the ruby
balls. The glass transition pressure is denoted as Pg. Red and blue circles indicate the first
and the second pressure cycle, respectively.
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the space group was not determined uniquely. Since distinct Bragg reections
were not probed in LT-SAXS and LT-WAXS, the HP-crystal structure was not
compared with the LT-crystal structures. With increasing pressure, each peak
shied to a higher q position became broader. Upon the decompression process,
inversely, the crystal melted at around 0.44 GPa (Pm).

3.4 HP-WAXS of non-stoichiometric [C3mim][I3.66]

More importantly, non-stoichiometric [C3mim][I3.66] exhibited inhomogeneous
solidication under high pressure. Partial crystallization appeared at the bottom

Fig. 4 Pressure dependencies of the WAXS patterns of stoichiometric [C3mim][I3] at room
temperature. Black and red circles reveal the Bragg reflection derived from phase II and
phase III of the PTFE sample cell, respectively.

Table 2 Crystallographic data of the a (m¼ 3, 1.26 GPa) and b (m¼ 3.66, 1.16 GPa) phases.
The weighted reliability and conventional reliability factors are expressed as wR and R,
respectively

a (Å) b (Å) c (Å) a (�) b (�) g (�) Z wR (%) R (%) r (g cm�3)

a P21 9.006 15.097 13.417 90 105.76 90 8 8.47 5.58 1.914
P21/m 9.003 15.115 13.417 90 105.74 90 8 8.52 5.51 1.912

b C2 10.909 31.960 3.754 90 102.62 90 6 12.2 11.3 1.974
Cm 10.900 31.9556 3.753 90 102.61 90 6 12.0 11.2 1.976
C2/c 10.903 31.933 3.752 90 102.64 90 6 12.4 11.7 1.978
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of the PTFE container at 1.16 GPa (¼PC1) (Fig. 5). The partial crystallization is
denoted by the red curves in Fig. 5. The observed WAXS pattern was considerably
different from that of [C3mim][I3] (a phase). Here, we dened the partial crys-
tallized phase as the b phase. The possible crystal structures of the b phase (1.16
GPa) were evaluated (Table 2). At least, the non-stoichiometric b phase is different
from the stoichiometric a phase. When compressed further, the partial b phase
transformed into a different phase (green curves in Fig. 5) at 2.59 GPa (¼PC2).
Although the peak intensities of the new phase were modulated extensively, the
peak positions were almost the same as in the b phase. Considering the modied
phase of b, we denoted the new phase as the b0 phase above PC2. The features of
the b0 phase were expressed by the suppression of the Bragg peaks in the high q
region on the HP-WAXS patterns. This tendency is similar with the HP amorph-
ization of [C4mim][PF6].35 The crystal structure of the b0 phase was not determined
because of broad Bragg reections and a large reliability factor. Under HP, the
partial amorphization inside the crystal was derived from the folding of the
C4mim+ cation and the positional disorder of the PF6

� anion. Therefore, the
b0 phase in non-stoichiometric [C3mim][I3.66] is considered to be a mixing of the
distorted crystal and the partial amorphization. Thus, we deduced that, by
partially losing the local orientational and positional orders, packing efficiency
was preferred in the b0 phase. We interpreted that, at a relatively high molecular
packing efficiency, the excess iodide/iodine as an amorphous forming factor was
involved in the crystal and the periodic molecular array of I3

� collapsed partially.

Fig. 5 Pressure dependencies of the WAXS patterns of the edge of non-stoichiometric
[C3mim][I3.66] at room temperature. Near the edge of the sample container, conventional
crystallization occurred upon the compression process.
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Upon the decompression process, the b0 phase returned to the b phase at 2.37 GPa
(<PC2). It was found that the b–b0 phase transition of the HP crystal polymorph was
reversible during the pressure cycle. In each circumstance, a variety of polyiodides
acted as the adjustment mechanism by changing their size and shape. Finally, the
solid b phase melted at Pm ¼ 0.49 GPa below PC1.

In contrast to the bottom of the cylindrical container, entirely different phase
changes appeared for the centre even during the same pressure cycle. In the
centre of the sample container, there were no additional peaks on the HP-WAXS
pattern at PC1 (Fig. 6). During the compression process up to the maximum
pressure (2.90 GPa), distinct changes in the HP-WAXS patterns were not obtained.
In general, only by the WAXS patterns, it is difficult to determine whether
a sample is a super-pressed liquid or an amorphous solid. At least, a non-crystal
state was realized in the centre of the sample container at the maximum pressure.
Hence, in the whole [C3mim][I3.66] inside the container, crystal and non-crystal
forms coexisted at the maximum pressure. Upon the decompression process,
the non-crystal part suddenly transformed into a crystal at 0.78 GPa (Pdc) (Fig. 6).
This is typical decompression crystallization as seen in the other systems.31–33

From the HP-WAXS pattern denoted by the red curve in Fig. 6, we inferred that the
crystal structure at Pdc was considerably different from the a, b, and b0 phases. To
distinguish the new phase from the above phases, the new decompression-
induced phase was called the g phase. A few Bragg reections of the g phase

Fig. 6 Pressure dependencies of the WAXS patterns of the centre of non-stoichiometric
[C3mim][I3.66] at room temperature. In the centre of the sample container, crystallization
was suppressed upon the compression process, although decompression crystallization
appeared upon the decompression process.
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meant that the orientational and positional orders did not develop. Furthermore,
the crystal structure of the g phase was not determined due to a lack of Bragg
reections. One of the possible phases was liquid crystal (LC) induced by the
decompression process. If that is the case, it is considered that the super-pressed
liquid could transform to the HP-LC at Pdc. It was also reported that, at ambient
pressure, a LT-LC phase of [C3mim][Im] appeared upon heating.22 Here, we
emphasize that HP-LC was rst observed in this study. Below Pdc, the crystal
melted at 0.49 GPa. Themelting pressure was just below Pdc. Themelting pressure
(Pm) of the bottom and centre of non-stoichiometric [C3mim][I3.66] almost coin-
cided with that of stoichiometric [C3mim][I3].

4 Summary

The HP phases of pure [C3mim][I], stoichiometric [C3mim][I3], and non-
stoichiometric [C3mim][I3.66] were investigated using HP-WAXS to clarify the
behaviors of polyiodides in a RTIL under HP. The HP amorphization of pure
[C3mim][I] was clearly detected. A randomly frozen I� anion accompanied with
conformational changes in the C3mim+ cation was a possible HP-amorphous
forming mechanism. Pressure-induced crystallization of stoichiometric
[C3mim][I3] indicated that the I3

� anion promoted a periodic molecular array,
obeying long-range charge ordering. Combined with the LT experimental result in
the C3mim+ cation-based system, I� and I3

� were found to be an amorphous and
a crystal forming factor, respectively. However, excess iodide/iodine of non-
stoichiometric [C3mim][I3.66] (or [C3mim][I3] – 7.1 mol% I2) caused complicated
behavior in the HP phases; (i) HP crystal polymorph, (ii) spatial heterogeneous
solid phases (edge or centre), and (iii) decompression crystallization. In the liquid
state, the excess iodide/iodine destabilizes by propagating between the cation and
anion. The unbalanced uctuation contributes to the non-stoichiometric anom-
alies at LT and HP. A signicant nding on the effect of the non-stoichiometric
anomalies provides a new insight to polyiodide migration inside RTILs assem-
bled in DSSCs devices.
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