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Liquid crystalline (LC) phases under nanoconfinement are 

known to exhibit exotic molecular orientational structures 

and phase transition behaviours. Here, we report the 

anisotropic ion conductivity and phase transition behaviours 

of ionic LC samples confined in aluminum oxide membranes 

with cylindrical pores. We found that these properties are 

different from the bulk ionic LC samples and depend on the 

molecular alignment on the pore walls. 

Introduction 

Ionic liquid crystalline (LC) materials exhibit anisotropic ion 
transport derived from the anisotropy of the molecular orientational 
ordering in LC phases.1 For example, smectic A (SmA) phases, 
which ionic LC materials quite often show, form well-defined layer 
structures, and the molecules are oriented along the layer normal. 
Ionic SmA materials are microscopic phase-segregated into two 
regions; one is the regions with ionic groups and the other is those 
with non-polar alkyl chains.1 Since the layer structure in the SmA 
phase of ionic compounds generates planar ion paths consisting of 
the ionic groups, the ion conductivity along the smectic layer plane 
(σ||) is higher than that along the layer normal (σ⊥); two-dimensional 
(2-D) ion conduction.2 Besides, columnar and cubic phases of ionic 
materials show one-dimensional (1-D)3 and three-dimensional (3-D)4 
ion conduction derived from ion channels consisting of their ionic 
groups, respectively. The ion-conductive channels can be 
immobilized and stabilized by the polymerization after self-
assembling formation of the channels in the polymerizable ionic LC 
materials, and such polymer films have already found a fit in many 
applications.1-4 They are promising materials for fabricating flexible 
devices.1 Since the previously-reported anisotropic ion-conduction 
systems were derived from the symmetry intrinsic to the LC phases, 
their formation needs highly sophisticated molecular design and 
fabrication technique so far.  

One can control the molecular orientation of LC materials by 
means of anchoring effects realized by surface treatment. For 

example, patterned fine-tuned surfaces enable the multi-domain 
alignment in liquid crystal displays.5 Since LC phases are fluid and 
their director field is bendable to some extent, we can also control 2-
D or 3-D director field by introducing them into narrow regions 
surrounded by curved surfaces.6 If an SmA material with the above-
mentioned layer structure of the ionic groups is confined in spatially 
connected tubes in any support films and is homeotropically aligned 
on the walls of the tubes, ionic groups should form linear or tubular 
aggregates parallel to the tubes. Ion conductive properties of the 
ordinary ionic LC materials showing an SmA phase confined by the 
tubes are expected to no longer show simple 2-D ion conduction; 
instead, the tubes could work as ion-conductive channels in the 1-D 
or 3-D ion-conductive films consisting of ionic LC materials.3,4 The 
composite systems consisting of LC and porous materials enable us 
to design the topological structure of the ion-conductive channel 
separately from the symmetry intrinsic to the LC phases. Thus, in 
contrast to the previously-reported ion-conductive polymer films, the 
composite systems could be composed of a variety of ionic LC 
compounds and support films with spatially connected tubes. 
Although the nanoconfinement effects of random mesopores on 
ionic LC phases have been reported,7 as far as we know there have 
been no previous researches about nanoconfinement effects of 
cylindrical pores on the ion conductive properties of any ionic SmA 
materials. 

In this paper, we discuss the ion conductivity and phase 
transition behaviours of an ionic SmA compound introduced into 
surface-treated inorganic membranes with cylindrical pores.  

Results and discussion 

 First, we prepared 1-hexadecyl-3-methyl-imidazolium 
hexafluorophosphate ([C16mim][PF6]) as the ionic material 
showing an SmA phase and exhibiting anisotropic ion 
conduction from 1-hexadecyl-3-methyl-imidazolium chloride 
according to the procedure written in ref. 8.  
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Fig. 1 Molecular structure of [C16mim][PF6] and the experimental setup of ion 

conductivity measurements for composite membranes. 

 Then, we confirmed the phase transition behaviour by 
differential scanning calorimetry (DSC), polarized optical 
microscopy (POM), and Xray diffraction (XRD) measurements. 
DSC charts for bulk [C16mim][PF6] showed endothermic peaks 
at 74.6°C and 125.2°C in the heating run, and exothermic peaks 
at 121.7°C and 63.8°C in the cooling run as shown in Fig. S1, 
corresponding to the previously-reported crystalline (Cr)-to-
SmA and SmA-to-isotropic (Iso) phase transitions, and Iso-to-
SmA and SmA-to-Cr phase transitions, respectively.8 Bulk 
[C16mim][PF6] showed a fan-shaped texture typical for SmA 
phases at 90°C by POM (Fig. 2). XRD measurements for the 
SmA phase of bulk [C16mim][PF6] gave only one peak (2θ = 
2.55°, 36.0 Å) as shown in Fig. S2. To identify the molecular 
stacking manner in the SmA phase, which could affect ion 
conductivity, we performed DFT calculations for [C16mim]+ 
ion. The DFT calculations at B3LYP/6-31G** level using 
Gaussian 09 program package9 show that the longest radius of 
the molecular ellipsoid of [C16mim]+ ion (lMO = 33.6 Å)10 is 
smaller than the layer spacing obtained from the XRD 
measurement (d) and larger than d/2. These results indicate that 
the SmA phase of [C16mim][PF6] is an interdigitated bilayer 
SmA phase.11 

 
Fig. 2 Polarized optical micrographs showing a fan-shaped texture at 80°C, for 

[C16mim][PF6]. The scale bar at the lower right corresponds to 1 mm. 

 As a reference, we measured the anisotropic ion 
conductivities of bulk [C16mim][PF6] by introducing the sample 
into thin glass cells that consist of two indium tin oxide coated 
glasses covered with rubbed polyvinyl alcohol (PVA) films or 
hexadecyltrimethyl-ammonium bromide (C16TAB) films to 
realize homogeneous or homeotropic surface alignment. The 
ion conductivities gradually increased with increase in 
temperature in the SmA phase in all cases as shown in Fig. 3. 
This is because that the viscosity of [C16mim][PF6] decreases 
with increase in temperature. And, conductivity along the 
smectic layer (σ||) is larger than that along the layer normal (σ⊥

) in the SmA phase. These results are consistent with the 
previous reports.2 

 
Fig. 3 Ion conductivities for ionic LC samples introduced into the ITO glass cells 

(a) treated with PVA, (b) untreated and (c) treated with C16TAB. 

 Next, to clarify nanoconfinement effects, [C16mim][PF6] 
was introduced into commercially available aluminum oxide 
membranes (60 µm thickness) with well-defined cylindrical 
pores (about 100 nm diameter) aligning along the membrane 
normal (Fig. 1). Before the introduction of the materials, the 
inorganic porous membranes were surface-treated with PVA or 
C16TAB to obtain homogeneous or homeotropic surface 
alignment on the pore walls (See Experimental section). In 
addition, we prepared untreated inorganic porous membranes 
for comparison. And we confirmed the phase transition 
behaviours by DSC and XRD measurements. DSC chart for 
[C16mim][PF6] confined in the pores shows no peaks around the 
SmA-to-Iso phase transition temperature as shown in Fig. S3. 
The heat of the SmA-to-Iso phase transition is likely to be 
extremely reduced in the composite membrane due to the 
influence of nanoconfinement in the pores. And for the XRD 
measurements, the composite membranes are put on the stage 
to be parallel to the stage. XRD patterns for the SmA phase of 
[C16mim][PF6] confined in the pores at 90°C show peaks at 
2.45° corresponds to an SmA layer spacing of 33.0 Å as shown 
in Fig. S4. This layer spacing is similar to that for the bulk 
sample; the layer structure remains even after the confinement 
in the pores. The peak intensity for the SmA phase in the 
membrane treated with PVA is the highest, and that for the 
SmA phase in the membrane treated with C16TAB is the lowest. 
Since the ordered structure normal to the membrane surface 
contributes the peak, the treatment with PVA or C16TAB is 
likely to successfully give rise to homogeneous or homeotropic 
surface alignment as illustrated in Fig. 1. Especially in the case 
with the homogeneous surface alignment derived from the PVA 
coating, molecular director is not in a plane perpendicular to the 
pores but parallel to the pores. It should be because the SmA 
layers avoid bend deformation. 
 The difference in the molecular director field in the SmA 
phases in the composite membranes should definitely make a 
difference in the ion conductivity. Thus, we measured 
temperature dependence of ion conductivities along the 
membrane normal for the three composite membranes as shown 
in Fig. 4. For the two composite membranes with pore walls 
treated with C16TAB and with untreated pore walls (Fig. 4a,b), 
the ion conductivities in the SmA phase are higher than that of 
the bulk samples, and the ion conductivities decreased at the 
transition from the SmA phase to the isotropic phase unlike the 
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bulk samples. These differences in the temperature dependence 
of the conductivities are likely to come from the 
nanoconfinement effects. Layer structure is likely to be 
stabilized by the Al2O3 membrane. The ion conductivity of the 
composite membrane with pore walls treated with C16TAB at 
the temperature the bulk [C16mim][PF6] shows the SmA phase 
is higher than that of the composite membrane with pore walls 
treated with PVA (Fig. 4a,c). It is because the ion conductivity 
σ|| is higher than σ⊥in the SmA phases.  

    
Fig. 4 Ion conductivities for ionic LC samples introduced into the porous 

membranes (a) treated with C16TAB, (b) untreated and (c) treated with PVA. 

In general, phase transition behaviours are influenced by the 
surface alignment in the nanometer-scale pores.12 In fact, we 
found that the nanoconfinement also affects the transition 
temperature. For the composite membrane with pore walls 
treated with C16TAB, the peak position of the ion conductivity 
is about 4°C higher than that for the other samples as shown in 
Fig. 4a. This suggests that in spite of the splay deformation of 
the director field, the SmA phase was stabilized. Although 
nanoconfinement effects on the phase transition temperature of 
liquid crystalline phases have often been reported,13 as far as 
we know the increase of the LC-to-Iso phase transition 
temperature has never been reported. This point will be studied 
in the near future. 

Conclusions 

We successfully fabricated ion-conductive channels by 

introducing ionic liquid crystals into surface-treated inorganic 

porous membranes, whose ion conductivities depend on the 

surface treatment on the pore walls. A huge variety of 2-D and 

3-D director fields realized in LC colloids and LC emulsions14 

are promising scaffolds for the new ion channels. In addition, 

our results indicate that the switching of the director using 

external fields or light enable us to control the ion conductivity. 

Moreover, since phase transition temperature increases due to 

nanoconfinement is unusual behaviour, these system might 

exhibit other peculiar properties unlike previously-reported 

physical properties for embedding LC materials in nanoporous 

and mesoporous substrates.6,13 

Experimental section 

The inorganic aluminum oxide membrane with a pore diameter 

of 100 nm (Anopore: Whatman)15 was immersed in 0.1 wt% 

aqueous polyvinyl alcohol (PVA: molecular weight of 66,000 

from Wako, and molecular weight distribution and end groups 

are not disclosed) solution or 1 wt% aqueous hexadecyl-

trimethylammonium bromide (C16TAB) solution to obtain 

homogeneous or homeotropic surface alignment for an hour. 

Then, the treated membranes were dried at 180°C for an hour. 

The treated membranes were completely filled with 

[C16mim][PF6] by capillary action at 140°C, where it exhibits 

the isotropic phase. Excess [C16mim][PF6] was wiped away 

from the membrane surface with a filter paper. For each 

measurement, we cooled the samples with the cooling rate of 

0.1oC/min, after heating the sample to 130oC where the sample 

showing isotropic phase. Ion conductivities for the composite 

membranes were measured along the membrane normal with 

the experimental setup shown in Fig. 1; the composite 

membranes were sandwiched between two ITO glass plates 

coated with PVA. To measure the conductivity of the bulk 

sample, we introduced [C16mim][PF6] into cells consisting of 

two ITO glass plates coated with PVA or C16TAB and 10 µm 

particles as a spacer. We performed POM (BX60: Olympus), 

XRD analysis using Cu-Kα radiation with 1.5418 Å (X’PERT 

MPD: Philips), DSC (DSC-60: Shimadzu) and ion conductivity 

measurements by impedance analyser (SI 1260: Toyo corp.) for 

bulk [C16mim][PF6] introduced into glass cells and for 

composite membranes with [C16mim][PF6]. The membrane 

pieces were placed in the DSC pans and 1~2 mg of the ionic LC 

material was contained in the membrane in a single DSC 

measurement. This amount is enough to obtain the DSC peak of 

ordinary SmA-to-Iso phase transition. 
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