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ABSTRACT
We investigate the phase-transition behavior of ionic liquid crystals, namely 1-methyl-3-alkylimidazolium tetrafluoroborate, [Cnmim]BF4,
confined in cylindrical nanopores using differential scanning calorimetry, x-ray scattering, and dielectric relaxation spectroscopy. Here, n is
the number of carbon atoms in the alkyl part of this ionic liquid crystal. For n = 10 and 12, the isotropic liquid phase changes to the smectic
phase and then to a metastable phase for the cooling process. During the subsequent heating process, the metastable phase changes to the
isotropic phase via crystalline phases. The transition temperatures for this ionic liquid crystal confined in nanopores decrease linearly with
the increase in the inverse pore diameter, except for the transitions between the smectic and isotropic phases. In the metastable phase, the
relaxation rate of the α-process shows the Vogel–Fulcher–Tammann type of temperature dependence for some temperature ranges. The
glass transition temperature evaluated from the dynamics of the α-process decreases with the decrease in the pore diameter and increases
with the increase in the carbon number n. The effect of confinement on the chain dynamics can clearly be observed for this ionic liquid
crystal. For n = 10, the melting temperature of the crystalline phase is slightly higher than that of the smectic phase for the bulk, while, in the
nanopores, the melting temperature of the smectic phase is higher than that of the crystalline phase. This suggests that the smectic phase can
be thermodynamically stable, thanks to the confinement effect.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0185093

I. INTRODUCTION

Ionic compounds that melt below about 100 ○C are classified
into ionic liquids (ILs).1–3 Many ILs show strong and long-ranged
electrostatic interactions because ILs are usually formed by cations,
such as alkylimidazolium; charged anions, such as halogens; and
various ionic groups, such as BF4, PF6, and TFSI.4–6 ILs are also
regarded as useful electrochemical materials because they can be
used as novel green solvents. Ionic liquid crystals (ILCs) are ILs with
liquid crystalline molecules with orientational capabilities, such as
long alkyl chains. Hence, ILCs can maintain a high electrical conduc-
tivity and exhibit a very interesting mesoscopic structure and phase
transitions.7–20 There are many experimental approaches to explor-
ing the phase behaviors of the salts of 1-methyl-3-alkylimidazolium
and the anions mentioned above. In many cases, there are an

isotropic liquid phase (I) and a crystalline phase (Cr) at high and
low temperatures, respectively, and various liquid crystalline phases
in between.

Under confinement at the nanoscale, soft matter exhibits a fas-
cinating behavior for the glass transitions, phase transitions, and
crystallizations, relating to a strong deviation from the behavior
in the bulk.21–24 A shift in the phase transition temperatures and
the corresponding change in dynamics induced by the confinement
effects have been investigated for more than 30 years. Nevertheless,
the mechanism of the deviation of many physical properties in con-
finement has not yet been fully understood and is still under debate,
although the current view on the deviation from the bulk is focused
on the competition between the finite size effects and the interfacial
interactions, including the adsorbed effects. In particular, the con-
finement effects on polymer chain dynamics,25,26 the phase behavior
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in liquid crystals,27–30 and the conductivity in ILs31,32 have been
investigated by many research groups not only out of the scientific
interest but also from an application point of view.

In our previous study,20 we investigated the phase transi-
tion behavior of 1-methyl-3-alkylimidazolium tetrafluoroborate,
[Cnmim]BF4, with various alkyl chain lengths n from 12 to 18 using
x-ray scattering, differential scanning calorimetry (DSC), optical
microscopy, and dielectric relaxation spectroscopy (DRS). For this
ILC, there are various structural modifications, such as I, smectic
(Sm) phases, and two different crystalline modifications, CrI and
CrII, where the spatial period along the long-chain axis of the CrII
phase is twice as large as that of the CrI phase. In addition to these
phases, there is a metastable state, where the structural order is
higher than that of the Sm phase and lower than that of the Cr
phases. We call this metastable phase the low-temperature smectic
phase (LtSm). Here, we have a simple question regarding how spa-
tial confinement affects the dynamics, the glass transition, and the
phase transitions, and how the confinement effect depends on the
chain length of the alkyl part of this ILC.

In this paper, we investigated the confinement effect on the
phase transition, structural change, and glassy dynamics using
DSC, x-ray scattering, and DRS measurements for [Cnmim]BF4
with n = 10 and 12 confined in a cylindrical nanopore, that is, a
nanoporous anodized aluminum oxide (AAO). We have successfully
observed the pore-size dependence of phase transition tempera-
tures and glass-transition temperatures for [Cnmim]BF4 confined
in nanopores. After giving the experimental details in Sec. II, the
results obtained by DSC and x-ray scattering will be given to evalu-
ate the phase diagram for various pore diameters d. Then, the glassy
dynamics observed by DRS will be given and the glass-transition
temperature will be evaluated as a function of pore diameter and the
number of carbon atoms n. Finally, a brief concluding remark will
be given in Sec. IV.

II. EXPERIMENTS
A. Samples

In this study, we used 1-methyl-3-dodecylimidazolium
tetrafluoroborate, [C12mim]BF4, and 1-methyl-3-decylimidazolium
tetrafluoroborate, [C10mim]BF4. The structure of [C12mim]BF4 is
shown in Fig. 1. [C12mim]BF4 was synthesized according to the
method given in Ref. 20. The purity was verified by 1H nuclear
magnetic resonance (NMR) and elemental analysis: Found (%): C,
56.64; H, 9.40; N, 8.15; calcd for C16H31BF4N2(%): C, 56.82; H, 9.24;
N, 8.28 for [C12mim]BF4. [C10mim]BF4 was purchased from Wako
Chemicals, Co. Ltd., and the purity is more than 99%.

As a confinement template, we used a commercial nanoporous
AAO produced by InRedox, Co. Ltd., USA. The AAO is a self-
organized material with a honeycomb-like structure formed by
high-density arrays of uniform and parallel nanopores. The pore

FIG. 1. Chemical formula of 1-methyl-3-dodecylimidazolium tetrafluoroborate
[C12mim]BF4.

diameters d of AAO used for our measurements were 200, 160, 80,
40, 20, and 10 nm, and the thickness was 50 μm. The diameter of
AAO used for DRS was 25 mm and that for DSC was 5 mm. The
porosities of AAO were 16% for 80–200 nm, 15% for 40 nm, and
12% for 20–10 nm. The ILCs are put onto the AAO placed on a hot
stage (Linkam, Co. Ltd., UK) at 423 and 323 K for [C12mim]BF4 and
[C10mim]BF4, respectively. The excess material was removed with
an absorbent paper. The weight of the AAO template was measured
before and after the filtration of the ILCs to make sure that the ILCs
were inserted into the nanopores of the AAO template.

B. DSC
For the DSC measurements, a commercial instrument, Q200

(TA Instruments, Co. Ltd.), was used. The weight of the sample infil-
trated into the nanopores of the AAO template was about 0.15 mg.
The AAO template was placed in an aluminum pan with a lid. The
heating and cooling rates were controlled to be 10 K/min.

C. X-ray scatterings
The x-ray scattering measurements were performed at the

BL40B2 of SPring-8 to investigate the structure of [Cnmim]BF4. The
x-ray wavelength λ was 0.1 nm, and the camera length was 340 mm.
The available q range for the x-ray scattering measurements was
0.5 < q < 30 nm−1, where q is the magnitude of the scattering vec-
tor and is defined as q = 4π sin θ

λ , and 2θ is the scattering angle.
A two-dimensional photon counter (PILATUS 2M, Dectris) was
used as a detector system. An AAO template with ILCs infiltrated
was set on the sample holder with Kapton films of 7.5 μm thickness
on both sides. The sample holder was placed onto the temperature-
controllable hot stage (Linkam, Co. Ltd., UK). The exposure time
was 4 s for taking each x-ray scattering profile. The x-ray scattering
measurements were performed during the heating and cooling pro-
cesses at a rate of 10 K/min. The collected scattering intensity data
were corrected to remove the contribution from background scat-
tering, including the scattering from the empty AAO template, and
then converted into one-dimensional data by circular averaging.

D. DRS
An LCR meter (Agilent Technology, E4980A) was used for DRS

measurements over a frequency range of 20 Hz and 2 MHz. An AAO
disc with a diameter of 25 mm, including the [Cnmim]BF4 sam-
ple, was inserted between the upper electrode with a diameter of
25 mm and the lower electrode with a diameter of 30 mm within the
sample cell (BDS1200, Novocontrol Technologies Co. Ltd., Ger-
many). The sample cell was placed in the temperature-controllable
hand-made measurement box. The heating and cooling rates are
controlled at ∼7 K/min for both n = 12 and 10. The observed com-
plex electric capacitance was converted into the complex dielectric
permittivity ε∗, where ε∗ = ε′ − iε′′. Here, i is the imaginary unit.

For the evaluation of the dynamic properties of the ILCs, the
frequency dependence of the dielectric loss ε′′ at a given tempera-
ture is fitted using the following equation for the complex dielectric
permittivity ε∗:

ε∗(ω, T) = ε∞ + ∑
i=α,β,EP

Δεi

(1 + (i ωτi)
αi)

βi
+ i

σDC

ε0ω
, (1)
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where ω = 2πf ; ε∞ is the dielectric permittivity at very high frequen-
cies; and Δεi, τi, αi, and βi are the dielectric relaxation strength, the
relaxation time, the distribution parameter of the relaxation time,
and the asymmetry parameter of the i-process, respectively.33,34

Here, in this study, i corresponds to the electrode polarization
(EP)-process,35–37 α-process, and β-process. The term on the right
end is present to account for the contribution from DC conductivity
at low frequencies, where σDC is the steady-state conductivity of the
ILCs. The relaxation rate fi,max of the i-process can be evaluated from
the fitting parameters τi, αi, and βi using the following equation:34

fi,max =
1

2πτi

⎛

⎝

sin π
2

αi
βi+1

sin π
2

αiβi
βi+1

⎞

⎠

1
αi

. (2)

If βi = 1, the relation 2πfi,max ⋅ τi = 1 holds.
In the case that the α-process cannot be observed in the dielec-

tric loss spectra ε′′(ω) because of the overlap with the strong con-
tribution of DC conductivity, we evaluated the dielectric loss spectra
from the real part of the complex dielectric permittivity using the
derivative equation as follows:38

ε′′deriv = −
π
2

∂ε′

∂ log ω
. (3)

In that case, the dielectric loss spectra obtained were fitted using the
equations derived from the analytical differentiation of Eq. (1) to
evaluate the relaxation rate, relaxation strength, and so on.

III. RESULTS AND DISCUSSIONS
A. Phase diagram in the bulk

Here, we survey the phase behavior of the ILC in the bulk state.
Figure 2 shows the phase transition temperatures as a function of
the number of carbon atoms n of the alkyl part of [Cnmim]BF4
determined by DSC measurements for the cooling process from
the I phase and the subsequent heating process. For the cooling
process, the I phase, the Sm phase, and then the metastable LtSm
phase all appear. During the subsequent heating process, the LtSm
phase changes to the CrI phase, then to the CrII phase, and finally

to the I phase via the Sm phase for the case of n = 12. In this case,
the LtSm phase changes to the CrI phase, which has a higher struc-
tural order than the LtSm phase with the increase in temperature. In
other words, crystallization occurs after an activation of the molec-
ular mobility within the LtSm phase with heating. The LtSm phase
changes spontaneously to the CrI phase if the temperature is kept at
room temperature long enough.

For the case of n = 10, the I phase changes to the LtSm phase
via the Sm phase during the cooling process in a similar manner
to other n values. Meanwhile, during the subsequent heating pro-
cess, the CrII phase changes directly to the I phase without passing
through the Sm phase. This result suggests that, for n = 10, the melt-
ing temperature of the Sm phase is lower than that of the CrII phase,
that is, the Sm phase does not exist as a thermodynamically sta-
ble phase for [C10mim]BF4. For the cooling process, the Sm phase
appears as a metastable state within the supercooled liquid region
and it changes into a metastable LtSm phase.

B. DSC for ILCs confined in nanopores
Figure 3 shows the temperature dependence of the total heat

flow (a) during the cooling process from the I phase and (b) dur-
ing the subsequent heating process at the rate of 10 K/min for
[C12mim]BF4 confined in nanopores with various pore diameters
between 200 and 10 nm and also in the bulk state.

For the cooling process in the bulk (see the gray curve), an
exothermic peak can be observed around 273 K after a small peak
at 323 K that corresponds to the I–Sm transition. The peak around
273 K corresponds to the change into the LtSm phase, as shown by
x-ray scattering measurements. For [C12mim]BF4 confined in cylin-
drical nanopores, the thermal signals related to the phase transitions
become smaller. In particular, the I–Sm transition can hardly be
recognized in Fig. 3. With the decrease in the pore diameter, the
exothermic peak temperature is shifted slightly to the lower temper-
ature side, and in the case that the pore diameter is below 40 nm, the
exothermic peak becomes significantly broader. As the x-ray scat-
tering shows later, the observed exothermic peak can be assigned
to the Sm–LtSm transition even in the confined geometry of the
nanopores.

FIG. 2. Dependence of the phase transition temperatures on the number of carbon atoms for [Cnmim]BF4 with n = 10–18. The phase transition temperatures are determined
by DSC measurements. (a) For the cooling process from the I phase and (b) for the subsequent heating process from the LtSm phase. The data points for n > 10 are
replotted from Ref. 20, and the data points for n = 10 are newly measured by DSC in the present study.
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FIG. 3. Temperature dependence of total heat flow observed by DSC during (a) the cooling process and (b) the subsequent heating process at the rate of 10 K/min for
[C12mim]BF4 in the bulk and in nanopores with pore diameters from 200 to 10 nm. The positive direction of the vertical axis corresponds to the exothermic heat flow. The
thermal signals in the total heat flow are scaled with respect to the total mass but not to the porosity. Small signals at about 250 K are due to the contamination attached to
the sample stage.

During the subsequent heating process, there is a thermal
anomaly observed for the temperature range between 270 and 275 K,
which is slightly higher than for the cooling process. The peak tem-
perature decreases and the peak height becomes smaller with the
decrease in the pore diameter. For pore diameters between 200 and
80 nm, an endothermic peak and then a subsequent exothermic peak
appear, which suggests that the melting of the LtSm phase and the
crystallization of the CrI phase occur successively during the heating
process. With a further increase in temperature, the CrI–CrII tran-
sition occurs. The existence of this transition can be confirmed by
x-ray scattering, although there seems to be no distinct peak for this
ILC in the nanopores in Fig. 3. Then, the CrII–Sm transition occurs,
accompanied by an endothermic peak again. The peak temperature
related to the CrII–Sm transition is shifted to the lower temper-
ature with the decrease in the pore diameter. For pore diameters
between 40 and 10 nm, the endothermic peak around 270 K becomes
smaller and no subsequent exothermic peak can be observed.

Furthermore, the signal for the transition to the Sm phase is very
small and cannot be observed in the scale in Fig. 3 either. This sug-
gests that any crystallization may be suppressed by the confinement
into nanopores.

As for the Sm–I transition temperature, the corresponding
thermal signals are very small, as shown in Fig. 3. Nevertheless,
from a careful analysis of the DSC results, some of the Sm–I tran-
sition temperatures can be determined, as shown in Fig. S1 of the
supplementary material.

For [C10mim]BF4 confined in nanopores, the temperature
dependence of total heat flow is given for both the cooling and sub-
sequent heating processes in Fig. 4. For the cooling process, the I–Sm
and Sm–LtSm transitions are observed in this order. During the
subsequent heating process, the LtSm–CrI transition occurs around
240 K and then the CrI–CrII transition occurs, although the ther-
mal signal for the CrI–CrII transition is very weak and is difficult to
recognize. The existence of this transition can be confirmed also by

FIG. 4. Temperature dependence of total heat flow observed by DSC during (a) the cooling process and (b) the subsequent heating process at the rate of 10 K/min for
[C10mim]BF4 in the bulk and in nanopores with pore diameters from 200 to 10 nm. The positive direction of the vertical axis corresponds to the exothermic heat flow. The
thermal signals in the total heat flow are scaled with respect to the total mass but not to the porosity.
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the x-ray scattering. After the CrI–CrII transition, there is only one
broad endothermic peak for the bulk, while there are one broad peak
and one sharp peak for the [C10mim]BF4 confined in the nanopores.
The peak temperature of the broad peak is shifted to the lower tem-
perature with the decrease in the pore diameter and that of the sharp
peak is almost independent of the pore diameter. Further details will
be discussed in Sec. III D.

C. X-ray scattering for ILCs confined in nanopores
In our measurements, an x-ray scattering profile is obtained

every 6 s for the ramping process at the rate of 10 K/min. Figure 5(a)
shows an example of the x-ray scattering intensity as a function of
the magnitude of the scattering vector q at a given temperature,
271.4 K in this case, for [C12mim]BF4 confined in nanopores. The
left part of the scattering profile for q < 4 nm−1 shows some strong
001 reflections of various phases, and the right part for q > 4 nm−1

shows the 00ℓ reflections with ℓ > 1 and some reflections related
to the structural order perpendicular to the long chain axis. The
intensity of the left part is 30 times as large as that of the right
part. Figure 5(b) shows the temperature change in the x-ray scat-
tering profile for low q-region between 1.4 and 3.0 nm−1 at various
temperatures. We can see that the 001 reflection of the LtSm phase
changes in intensity and peak position with the increase in temper-
ature and then disappears. After that, the reflections from the Sm,
CrI, CrII, and I phases appear, as shown in Fig. 5(b). From the scat-
tering profiles at various temperatures, the peak position q and the
peak intensity of each reflection can be evaluated as a function of
temperature.

Figure 6(b) shows the temperature dependence of the scattering
intensity of the 001 reflections of different phases evaluated from the
scattering profile for the heating process for [C12mim]BF4 confined
in nanopores. Here, we adopt the peak intensity of the 001 reflections
of various phases. For d = 200 nm (purple curves) and 160 nm (green

curves), the intensity of the 001 reflection of the LtSm phase starts to
decrease around 260 K with the increase in temperature and then
is replaced by that of the 001 reflection of the CrI phase. With a fur-
ther increase in temperature, the intensity of the 001 reflection of the
CrI phase decreases, which suggests the occurrence of the CrI–CrII
transition. The existence of the CrII phase for d = 160 nm can be con-
firmed by the 002 reflection of the CrII phase at 289 and 298 K, as
shown in Fig. 5(b). Meanwhile, the intensity of the 001 reflection of
the Sm structure already starts to increase at 260 K with the increase
in temperature, which might indicate the onset of the release of the
chain mobility, and then, it exhibits an up-shift and a down-shift
with temperature, depending on the existence of the CrI–CrII tran-
sition and the CrII–Sm transition. After that, the intensity of the
001 reflection of the Sm phase decreases rapidly, which corresponds
to the change of the sharp Bragg reflection into a broad amorphous
halo of the I phase.

It should be noted that, with the decrease in the pore diameter,
the width of the 001 reflection in Fig. 5(a) becomes broader and some
of the reflections overlap. As a result, it is difficult to evaluate the
intensity of each component separately, especially for d = 10 and
20 nm. Nevertheless, the intensity of the broad 001 reflections for
d = 10 and 20 nm shows a specific temperature dependence, from
which we can judge the existence of the phase transitions, and hence,
we can determine the phase transition temperatures.

In the above, we discussed the results obtained during the
heating process for [C12mim]BF4. For the preceding cooling pro-
cess, the structural changes consistent with the results of DSC can
be observed, as shown in Fig. 6(a). Figure 6(a) shows the tem-
perature dependence of the x-ray scattering intensities of the 001
reflections of the I, Sm, and LtSm phases during the cooling pro-
cess for [C12mim]BF4 confined in nanopores and in the bulk state.
The broad 001 reflection of the I phase changes to the sharp 001
reflection of the Sm phase at the I–Sm transition, and then, it is

FIG. 5. (a) The x-ray scattering profile for intensity I vs the magnitude of the scattering vector q during the heating process at the rate of 10 K/min at 271 K for [C12mim]BF4
confined in nanopores with various pore diameters between 200 and 10 nm. (b) The x-ray scattering profile for log10 I vs q for the q range between 1.4 and 3.0 nm−1 at
various temperatures from 232 to 336 K for [C12mim]BF4 confined in nanopores with a pore diameter of 160 nm. The data are shifted along the vertical axis to avoid the
overlap of multiple data points.
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FIG. 6. Temperature dependence of x-ray scattering intensity of the 001 reflections of various phases during (a) the cooling process and (b) the subsequent heating process
at the rate of 10 K/min for [C12mim]BF4 confined in nanopores with various pore diameters between 200 and 10 nm, in addition to the result for the bulk. The intensity at the
peak position is used here. The data are shifted along the vertical axis to avoid the overlap of multiple data points.

replaced by the 001 reflection of the LtSm phase at the Sm–LtSm
transition. The change in the intensity of the 001 reflection at the
I–Sm transition can be observed clearly for d > 40 nm. However,
for d = 10 and 20 nm, no signal corresponds to the I–Sm transition.
As for the Sm–LtSm transition, the transition temperature can be
evaluated clearly and seems to decrease with the decrease in pore
diameter.

Figure S2 shows the temperature dependence of the x-ray
scattering intensities of the 001 reflections of various phases for
[C10mim]BF4 in nanopores with various diameters. For this ILC in
the bulk state, the melting temperature of the crystalline phase is
higher than that of the Sm phase, as shown in Sec. III A, and hence,
the CrII phase changes to the I phase without going through the Sm
phase during the heating process. However, during the cooling pro-
cess from the I phase, this ILC changes into a metastable Sm phase
through the supercooled liquid state. Then, the Sm phase changes
into the LtSm phase.

D. Phase transition temperatures for [Cnmim]BF4
confined in nanopores

As discussed in Secs. III B and III C, the phase transition tem-
peratures can be determined from the temperature dependence of
the total heat flow and x-ray scattering intensity for the ILCs in the
bulk and in the confined geometry of the nanopores. Figure 7 shows
various transition temperatures as a function of the inverse of the
pore diameter for [C12mim]BF4 and [C10mim]BF4. From this figure,
we expect that there is a linear relationship between the transition
temperature Tt and the inverse of the pore diameter 1/d for a range
of pore diameters between 200 and 20 nm. Hence, we performed
data fitting using the following equation:

Tt(d) = Tt,∞(1 −
ξ
d
), (4)

where Tt,∞ is the transition temperature for the limit of d →∞
and ξ is a characteristic length scale that indicates the degree of the

confinement effect on the phase transition in question. This type
of size dependence of the transition temperature is often observed
in confined systems.39–43 In the framework of the Gibbs–Thomson
principle, the characteristic length ξ is given as follows:

ξ =
4Mσ
ρΔh f

, (5)

where M and ρ are the molar mass and density of the material,
respectively;44,45 σ is the interfacial free energy of phase A in a matrix
of phase B; and Δh f is the latent heat that is required for the phase
transition from phase B to phase A. The Gibbs–Thomson relation is
only applicable to any first-order phase transition and cases where
the bulk and surface can clearly be defined. Table I shows the char-
acteristic length scale ξ obtained by data fitting using Eq. (4) for
[Cnmim]BF4 with n = 10 and 12.

In nanopores, the interaction among the surface of the wall
of the nanopore, phase A, and phase B affects the phase transition
between the two phases A and B. The present experimental result
that the transition temperature decreases linearly with the increase
in the inverse of the pore diameter suggests that the Gibbs–Thomson
principle can be applicable for our ILC and the contact angle among
the surface of the nanopore, and the phases A and B should be larger
than 90○, that is, there should be a non-wettable property between
the ILC and the inner surface of nanopores. Equations (4) and (5)
correspond to the contact angle of 180○. In this case, the physical ori-
gin for the reduction in the transition temperature with the decrease
in pore diameter is the interfacial interaction between the A and B
phases. In other words, there may be a less ordered region at the
surface of the ordered A phase in the matrix of the B phase.

For [C12mim]BF4, we observed the following pore diameter
dependence of the transition temperatures:

1. The I–Sm transition temperatures show almost no pore
diameter dependence.

J. Chem. Phys. 160, 044902 (2024); doi: 10.1063/5.0185093 160, 044902-6

Published under an exclusive license by AIP Publishing

 23 January 2024 23:24:29

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

FIG. 7. Dependence of the phase transition temperatures on the inverse of the
pore diameters of AAO for [C12mim]BF4 (a) and [C10mim]BF4 (b). The purple
and green open circles indicate the I–Sm and Sm–LtSm transition temperatures
for the cooling process, respectively. The light blue, orange, blue, and red open
squares indicate the LtSm–CrI, CrI–CrII, CrII–Sm, and Sm–I transition tempera-
tures for the heating process, respectively. The open symbols correspond to the
data evaluated from the DSC measurements. The orange solid square indicates
the CrI–CrII transition temperature, which is evaluated from the x-ray scattering
intensities.

2. The Sm–LtSm transition for the cooling process occurs at
a lower temperature than the LtSm–CrI transition for the
heating process does.

3. The characteristic length ξ is the largest for the CrII–Sm tran-
sition, followed by the CrI–CrII and LtSm–CrI transitions in
that order.

4. The CrI–CrII and CrII–Sm transitions are fully suppressed for
pore diameters of 10 and 20 nm.

Within the framework of the Gibbs–Thomson law, the pore dia-
meter dependence can be determined by the ratio σ/Δh f according
to Eqs. (4) and (5). For [C12mim]BF4, the values of Δh f for the
Cr–Sm and Sm–I transitions are, respectively, 29.6 and 0.3 kJ/mol
for the cooling process and −23.7 and −0.2 kJ/mol for the heating
process.8 The heat of fusion for the I–Sm transition is very small
compared with that for the Cr–Sm transition. The I–Sm transition
is totally suppressed if the pore diameter is smaller than 40 nm.
From the thermodynamical point of view, the state of the I phase
is quite similar to that of the Sm phase. This may suggest that
the interfacial energy between the I and Sm phases is very small,
and as a result, the I–Sm transition can exhibit no pore diameter
dependence.

For the CrII–Sm transition during the heating process for
n = 12, the interfacial energy σ between the CrII and Sm phases
is evaluated to be σ = 25.0 mJ/m2, using Eq. (5) with Δh f

= 29.6 kJ/mol, M = 339 g/mol, and ρ = 1.3 g/cm3. The obtained
value σ is reasonable.46 This suggests that the Gibbs–Thomson law
can be applicable to the CrII–Sm transition. For the LtSm–CrI and
CrI–CrII transitions, it can be expected that the Gibbs–Thomson
law is also applicable because both transitions belong to the first-
order transition. Meanwhile, the DSC and x-ray results show that
both transitions occur as a melt and recrystallization process; in
other words, the crystalline phase appears via a smectic or liquid-
like mobile region. Hence, the interfacial energy σ for the interface
between the CrI (or CrII) and the Sm (or I) phases should be used
for the application of the Gibbs–Thomson law to reproduce the pore
diameter dependence of the transition temperatures.

The suppression of phase transitions is often observed for com-
plex systems, such as polymeric material and liquid crystals.30,47,48

TABLE I. Dependence of the transition temperatures on the inverse of the pore diameters for [Cnmim]BF4 with n = 10
and 12 confined in cylindrical nanopores. The transition temperatures for the limit of d →∞ and the characteristic length
ξ introduced by Eq. (4). (c) and (h) indicate the cooling and heating processes, respectively.

ILC [C12mim]BF4 [C10mim]BF4

Transition Tt,∞ (K) ξ (nm) Tt,∞ (K) ξ (nm)

I–Sm (c) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 250.7 ± 0.3 0.02 ± 0.04
Sm–LtSm (c) 268.0 ± 0.6 0.41 ± 0.08 214.5 ± 0.3 0.08 ± 0.05
LtSm–CrI (h) 277.1 ± 0.3 0.50 ± 0.04 238.6 ± 0.4 0.37 ± 0.06
CrI–CrII (h) 290.4 ± 0.5 0.86 ± 0.12 253.6 ± 0.4 0.72 ± 0.06
CrII–Sm (h) 301.7 ± 1.3 1.14 ± 0.30 281.8 ± 0.4 1.21 ± 0.05
Sm–I (h) 325.7 ± 0.5 0.03 ± 0.12 281.6 ± 0.1 −0.003 ± 0.010
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This is one of the characteristic properties observed in confined sys-
tems. The broadening of the width of the transition regions induced
by spatial confinement may be one of the reasons for the suppression
of transition points.

As the DSC result shows in Fig. 4(b), there are one sharp peak
and one broad peak observed at 270–280 K for the heating process
of [C10mim]BF4 confined in nanopores. Because the temperature of
the sharp peak is almost independent of the pore diameter, the first
candidate for the origin of this signal might be assigned to the melt-
ing temperature of the CrII phase in the bulk sample that is located
outside the nanopores. However, this possibility can be denied, since
the melting endothermic peak for the bulk is much broader than
this sharp endothermic peak. Instead of this, we interpret this phe-
nomenon as follows: For this ILC, there are both CrII–Sm and
Sm–I transitions for the heating process from the LtSm phase, where
the CrII–Sm transition exhibits a broad peak and the Sm–I tran-
sition displays a sharp peak. For the bulk, both transitions overlap
with each other, and, as a result, the broad CrII–Sm peak can be
observed as the CrII–I transition. However, with the decrease in
pore diameter, the peak temperature of the broad CrII–Sm peak
decreases, while that of the sharp Sm–I peak remains unchanged.
Hence, the Sm phase can be observed as a thermodynamically
stable phase for [C10mim]BF4 confined in nanopores. The confine-
ment effect can change the thermodynamic stability of the smectic
phase.

As Fig. 7 shows, the transition temperatures for pore diam-
eters less than 20 nm deviate from the straight line produced by
the Gibbs–Thomson law. This suggests that, for pore diameters less
than 20 nm, the interfacial effect is dominant all over the sample,
and hence, there is no bulk state. The Gibbs–Thomson law is not
applicable to such cases.

E. DRS and glassy dynamics of ILCs confined
in nanopores

Here, the dynamical behavior for [Cnmim]BF4 will be dis-
cussed. Figure 8(a) shows the dielectric loss spectra for [C12mim]BF4
confined in nanopores with a diameter of 160 nm, as observed dur-
ing the cooling process using DRS. With the decrease in temperature
for the cooling process, the EP-process with a strong relaxation
strength appears first from the higher-frequency side and moves
to the lower-frequency side. Then, the α-process appears and also
moves to the lower frequency side. Finally, the β-process appears
with a small dielectric relaxation strength. For [C12mim]BF4 con-
fined in nanopores with other pore diameters, similar results are
obtained, although there is distinct pore size dependence, as shown
in Fig. 8(b). It should be noted here that the β-process could be
observed also for pore diameters except bulk and 160 nm. However,
the evaluation of the peak position of the dielectric loss was difficult
because of a large error of DRS signals for all pore diameters except
bulk and 160 nm.

The relaxation rates fmax of the EP-, α-, and β-processes are
obtained through data fitting of the dielectric loss spectra using
Eqs. (1) and (2) for six different pore diameters and the bulk
sample, as shown in Fig. 8(b). In this figure, we can see that,
during the cooling process, the relaxation rate of the EP-process
decreases with the decrease in temperature and the temperature

FIG. 8. (a) Dielectric loss spectra for [C12mim]BF4 in nanopores with a diameter
of 160 nm, as observed during the cooling process from 343 K (red) to 219 K
(blue). (b) The relaxation rates of three dynamical processes, i.e., EP-, α-, and
β-processes, as a function of the inverse temperature for [C12mim]BF4 in
nanopores with various diameters in the same temperature range as for (a). The
purple, green, light blue, orange, blue, red, and gray colors indicate the diameters
of 10, 20, 40, 80, 160, and 200 nm, and bulk, respectively. The open square, circle,
and triangle symbols indicate the α-, EP-, and β-processes, respectively. The gray
curves are obtained by data fitting using Eq. (6). Tb and Tc with arrows indicate
the characteristic temperatures of the dynamics for d = 10 nm.

dependence of the relaxation rate can be reproduced well by the
Vogel–Fulcher–Tammann (VFT) law,

fmax = fmax,0 exp(−
U

T − T0
), (6)

where fmax,0 is the relaxation rate at very high temperatures, U is
a positive constant, and T0 is the Vogel temperature.49–52 A charge
carrier motion within the sample between both electrodes is required
to activate the EP-process. The applicability of the VFT law to
the EP-process suggests that the charge carrier motion should be
frozen at a “glass-transition” temperature for the cooling process.
At the same time, the α-process appears in the frequency window
of our DRS measurements. The temperature for switching between
the EP- and α-processes depends on the pore diameter and ranges
between 260 and 270 K. This switching temperature corresponds to
the Sm–LtSm transition temperature.
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FIG. 9. Glass transition temperature (a) and fragility index (b) evaluated from the temperature dependence of the relaxation time of the α-process for [C12mim]BF4 and
[C10mim]BF4. The purple, green, and red squares indicate the cooling process, the heating process for [C12mim]BF4, and the cooling process for [C10mim]BF4, respectively.
The heating and cooling rates are 7 K/min.

In the LtSm phase, the relaxation rate of the α-process shows
a non-uniform temperature dependence with the decrease in tem-
perature. For a given pore diameter, the temperature dependence of
the relaxation rate of the α-process clearly changes at two different
temperatures, Tb and Tc, where Tb > Tc. Below Tc, its temperature
dependence can be well described by the VFT law. This suggests
that there exists a glassy dynamics for this ILC. We expect that the
chain dynamics of the alkyl part of [C12mim]BF4 exhibits a freez-
ing phenomenon. Meanwhile, a change in the molecular motion
related to the temperature Tb implies the existence of a dynam-
ical change within the disordered LtSm phase before freezing at
the glass transition. Recent studies have reported that there is a
kind of liquid-to-liquid transition occurring in glass-forming ionic
liquids.53,54 Hence, this might also occur in the present ILC system,
although further detailed investigations are required.

To characterize the glassy dynamics in the LtSm phase, we per-
formed data fitting for the relaxation rate below the temperature
Tc for each pore diameter and then evaluated the glass transi-
tion temperature Tg according to the definition of Tg as follows:
τα(Tg) = 102 s, where τα is the relaxation time of the α-process and
is given by τα = 1/2πf max. Figure 9(a) shows that the glass transition
temperature obtained thus decreases with the decrease in pore dia-
meter and can be described well by a linear function of the inverse
of the pore diameter 1/d for d < 200 nm (purple symbols). This d
dependence of Tg can be observed for many polymeric materials
confined in nanopores and thin films.21,22 In the case of thin films,
the spatial dimension d should be the film thickness. For thin poly-
mer films, the free volume hole diffusion model was proposed for a
quantitative explanation of the reduction in Tg, while the dynamics
of the α-process is unchanged.55,56 The increase in the effective free
volume is proved to be related to enhanced mobility of liquids con-
fined to nanopores by relevant investigations.57 Nevertheless, there
are still some debates on the physical origin of the confinement effect
on Tg.23

Related to the decrease in Tg, the relaxation rate of the
α-process in the LtSm phase at a given temperature increases with
the decrease in the pore diameter; in other words, the dynamics of
the α-process becomes faster at a smaller pore diameter, as shown in

Figs. 8 and 9. This dependence of fmax on the spatial dimension is
consistent with that of Tg.

The glass transition temperature Tg for [C10mim]BF4 was also
evaluated, as shown by the red squares in Fig. 9(a). The Tg for
n = 10 also decreases linearly with the increase in 1/d. The slopes
for Tg vs 1/d during the cooling process are almost the same for
both n = 10 and 12, that is, dTg/d(d−1

) = −75.8± 49.9 K nm for
n = 10 and −104.9 ± 9.5 K nm for n = 12. Furthermore, at a given
pore diameter, the value of Tg is ∼30 K lower for n = 10 than for
n = 12. Because the dynamics of alkyl chains are more activated with
the decrease in the chain length,58,59 the n-dependence of Tg of this
ILC suggests that the α-process of this ILC can be strongly associ-
ated with the chain dynamics of the alkyl part of this material and
the glass transition can be governed by the freezing of the chain
dynamics, which can be controlled by the VFT law. It should be
noted here that the related chain dynamics might have a different
character from the standard chain dynamics because the alkyl part
of this ILC is covalently attached to the imidazolium part and there
is also a strong electrostatic interaction between the positively and
negatively charged parts.

For the subsequent heating process for [C12mim]BF4, the
dynamical processes appear in the order of β, α, and EP with the
increase in temperature, as shown in Fig. 10(a). The relaxation
rate of the α-process in the LtSm phase increases with the increase in
temperature. Its temperature dependence up to near the LtSm–CrI
transition can be reproduced well by the VFT law for pore diam-
eters larger than 20 nm, while there is some deviation from the
VFT law for d = 10 nm. To see the change in glassy dynam-
ics, the fragility index m was evaluated from the α-process, as
shown in Fig. 9(b). Here, the fragility index m is defined as follows:
m = [ d log10 τα(T)

d(Tg/T) ]T=Tg
, where τα(Tg) = 102 s.60 In the literature, it

has been reported that the fragility index m is 80–100 in many
van der Waals and ionic liquids.61 The fragility index of polymers
depends on the molecular weight and increases up to very high val-
ues, m ∼ 150–200.62–64 For polystyrene, the fragility indices are 68
and 143 for the molecular weights of 580 and 2.23× 105, respectively.
Compared to the fragility index in the literature, the fragility index
evaluated from our measurements seems to be located between the
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FIG. 10. (a) Dielectric loss spectra for [C12mim]BF4 in nanopores with a diameter of
160 nm, observed during the heating process from 219 K (blue) to 343 K (red). (b)
The relaxation rates of three dynamical processes, i.e., EP-, α-, and β-processes,
as a function of the inverse temperature for [C12mim]BF4 in nanopores with various
diameters for the same temperature range as for (a). The symbols are the same
as in Fig. 8. The labels LtSm, CrI, CrII, Sm, and I with lines and arrows indicate
the temperature ranges for the corresponding phases for d = 200 nm.

value of the ionic liquids and that of polymers. It should be noted
that there can be some complications in determining the fragility
index from our measurements as follows: several phases with differ-
ent dynamics follow closely, which induces difficulty in the selection
of the correct temperature range, and the relevant temperature range
is rather small. As a result, a fragility index may include relatively
larger errors.

In Fig. 9(b), we can see that the fragility index decreases
with decreasing pore diameter during the heating process, although
this trend is much suppressed during the cooling process for
[C12mim]BF4. The decrease in the fragility index suggests that
the dynamics of the α-process change from fragile to less fragile
or strong, with the decrease in pore diameter. The confinement
effect observed for this ILC is consistent with the confinement
effect observed for the α-process in thin polymer films and for
nanoparticles.65,66 This may be a common property of glassy
dynamics in confinement.

For the heating process, there are four transitions, namely
the LtSm–CrI, CrI–CrII, CrII–Sm, and Sm–I transitions, for

[C12mim]BF4. At the CrII–Sm transition, the position of the
α-process is shifted outside our frequency window, and at the
same time, the EP-process appears. The temperature dependence of
the α-process changes depending on the phase transition.

IV. CONCLUDING REMARKS
In this study, we investigated the phase transition and dynamics

of ionic liquid crystals of [Cnmim]BF4 with n = 10 and 12, confined
in cylindrical nanopores with various pore diameters by using DSC,
x-ray scattering, and DRS. The obtained results are summarized as
follows:

1. A metastable disordered phase, LtSm, can be obtained via the
smectic phase after the cooling process from the isotropic liq-
uid phase for n = 12. During the subsequent heating process,
the LtSm phase changes into the CrI, CrII, Sm, and isotropic
liquid phases.

2. For n = 10, the isotropic liquid phase changes into the
LtSm phase via the smectic phase during the cooling process,
although the Sm phase for n = 10 is not thermodynamically
stable. During the subsequent heating process, the LtSm phase
changes into the CrI and CrII phases, and then, the CrII phase
changes into the I phase without passing through the Sm
phase for the bulk system. However, for n = 10 confined in
nanopores, the CrII phase changes into the I phase via the Sm
phase during the heating process. The confinement of this ILC
in a nanopore can reduce the melting temperature of the CrII
phase, and as a result, the melting temperature of the Sm phase
becomes higher than that of the CrII phase, that is, the Sm
phase can exist as a thermodynamically stable phase.

3. The phase transition temperatures of this ILC decrease with
the decrease in the pore diameter d, although the transition
temperature between the I and Sm phases exhibits almost no
pore diameter dependence. The Gibbs–Thomson equation is
applicable to most of the phase transitions for some ranges of
1/d.

4. DRS clearly showed that there are glassy dynamics in the
metastable LtSm phase that can be described well by the VFT
law. The glass transition temperatures evaluated from the
α-process decrease with the decrease in pore diameter and
with the decrease in the chain length of the alkyl part of this
ILC. The former result suggests that the confinement effect on
the glassy dynamics of this ILC is similar to what has been
observed for other confined systems, such as thin films. The
latter result suggests that the dynamics related to the glass
transition of this ILC originate from the chain dynamics of
the alkyl part.

In this study, we have investigated the structural and dynam-
ical properties of the ionic liquid crystals, especially the phase
transition behavior in nanoconfinement. As recent literature has
shown,32 the electrical properties are also very important for the
IL in addition to other interactions and they can play a crucial
role in the phase transition behavior and the confinement effect.
Therefore, in the present case, similar measurements on ILCs with
other anions are highly required to elucidate the physical mecha-
nisms of interesting phenomena related to the strong electrostatic
interactions.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the Gibbs–Thomson
law, some additional figures of DSC, x-ray scattering, and DRS
measurements.
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