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ABSTRACT: Two series of wedge-shaped onium salts, one
ammonium and the other phosphonium, having 3,4,5-
tris(alkyloxy)benzyl moieties, exhibit thermotropic bicontin-
uous “gyroid” cubic (Cuby;) and hexagonal columnar liquid-
crystalline (LC) phases by nanosegregation between ionophilic
and ionophobic parts. The alkyl chain lengths on the cationic
moieties, anion species, and alkyl chain lengths on the benzyl X=BFy, PFy |

moieties have crucial effects on their thermotropic phase lonic Bicontinuous Cubic Liquid Crystals Location of Anions
behavior. For example, triethyl-[3,4,5-tris(dodecyloxy)benzyl]-
ammonium hexafluorophosphate forms the thermotropic Ia3d
Cuby,; LC phase, whereas an analogous compound with trifluoromethanesulfonate anion shows no LC properties. Synchrotron
small-angle diffraction intensities from the Ia3d Cuby,; LC materials provide electron density maps in the bulk state. The resulting
maps show convincingly that the Ia3d Cuby; structure is composed of three-dimensionally interconnected ion nanochannel
networks surrounded by aliphatic domains. A novel differential mapping technique has been applied successfully. The map of
triethyl-[3,4,5-tris(decyloxy)benzyl]ammonium tetrafluoroborate has been subtracted from that of the analogous ammonium salt
with hexafluorophosphate anion in the Ia3d Cuby, phases. The differential map shows that the counteranions are located in the
core of the three-dimensionally interconnected nanochannel networks. Changing from trimethyl- via triethyl- to
tripropylammonium cation changes the phase from columnar to Cuby,; to no mesophase, respectively. This sensitivity to the
widened shape for the narrow end of the molecule is explained successfully by the previously proposed semiquantitative
geometric model based on the radial distribution of volume in wedge-shaped molecules. The LC onium salts dissolve lithium
tetrafluoroborate without losing the Ia3d Cuby; LC phase. The Cuby,; LC materials exhibit efficient ion-transporting behavior as a
result of their 3D interconnected ion nanochannel networks. The Ia3d Cub,; LC material formed by triethyl-[3,4,5-
tris(decyloxy)benzyl [phosphonium tetrafluoroborate shows ionic conductivities higher than the analogous Ia3d Cuby,; material
based on ammonium salts. The present study indicates great potential of Cuby,; LC nanostructures consisting of ionic molecules
for development of transportation nanochannel materials.

B INTRODUCTION expectations for their application in nanofiltration mem-
branes”'® and drug delivery systems."”

Bicontinuous cubic (Cuby;) phases' are a group of nano-
There are a limited number of reports on the application of

structured liquid-crystalline (LC) phases having three-dimen- e . !
sionally (3D) interconnected nanochannels.”~* Recently, Cuby, Cuby; LC materials. lj"ocusmg o.nl)f on 6‘:_}§;e11':not1toPlc Cubs;
liquid crystals have attracted attention as transportation LC systems, the number is further limited.” ™™ This is due to

materials®™!! because the 3D channels of Cuby, LC materials the difficulty in designing LC molecules that would exhibit

are expected to form successive pathways without the thermotropic Cuby,; phases. For the design of LC materials, it is

orientation of the liquid-crystal domains, while decades of generally thought that control of intermolecular interactions,
studies have mainly focused only on the molecular assembled such as hydrogen bonding, electrostatic interaction, van der
structures in the Cuby, phases.2_4 As an example for application Waals interaction, and 7—7 interaction, is important.ls_19 On
to transportation materials, we previously succeeded in the basis of this idea, a number of new functional LC materials
development of ion-conductive materials formed by Cub,; LC

ionic compounds.é_8 Since the channel structures of Cub,; LC Received: September 25, 2011

materials possess well-defined sizes and shapes, there are great Published: January 9, 2012
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have been developed and the relationships between the
molecular structure and the molecular assembled nanostruc-
tures have been studied.”* >® There has been some progress in
rational design of thermotropic LC molecules intended to
exhibit nematic, smectic, and columnar phases by accumulation
of data on structure/property relationships. However, it is still
difficult to design LC molecules exhibiting thermotropic Cuby
phases. Therefore, more study is required to obtain Cub,; LC
materials, which have considerable potential as functional
nanochannel materials.

Our intention is to gain further insights into the design of
thermotropic Cuby; liquid crystals and evaluate them as
potential transportation materials. In our previous study we
prepared a variety of ionic compounds showing thermotropic
LC properties for development of a new type of ion-conducting
material.>”'”*® In the course of our study on ionic LC
molecules, we found that wedge-shaped ammonium salts form
thermotropic Ia3d Cuby; phases.® Moreover, we succeeded in
the preparation of polymer films having 3D ion nanochannels
through in situ photopolymerization of a Cuby; LC ammonium
salt having a polymerizable group.” On the basis of our previous
results on the ionic compounds showing Cuby; phases, we
focused on the wedge-shaped onium structures consisting of
ionophobic and ionophilic parts as a promising design for Cuby,
LC molecules (Figure 1). Though there have been a lot of
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Figure 1. Molecular design in this work for development of
thermotropic liquid-crystalline material forming bicontinuous cubic
phases.

T i 172027
reports on the LC molecules containing ionic moieties,” """

induction of Cuby; phases has been observed only in a handful
of ionic compounds™”?® including our previously reported
molecules.®”

In the present study, we prepared two series of wedge-shaped
ammonium salts 1—3 and phosphonium salts 4—6 (Figure 2)

CnH2n+1O CnH2n+1O
CnH2n¢1O CpHzp410
R‘J’R ; —-—
CrH27410 ‘R v CiHz20410 \R BF;
n=10,12, 14 n=10,12, 14

1(nfX): R = Me; X = BF,4
2(nfX): R = Et, X = BF4, PFg, CF3S03
3(nfX): R=Pr, X=BF4

4(n/BF4) : R = Me
5(n/BFs) : R=Et
6(n/BF4): R=Pr

Figure 2. Molecular structures of wedge-shaped ammonium salts 1—
3(n/X) and phosphonium salts 4—6(n/BF,).

to examine the effects of the cationic moieties, alkyl chain
length n, and anion species on their LC properties. We focused
on induction of Cuby; phases. Since phosphonium salts have
similar properties to ammonium salts, they have been studied
for comparison with ammonium salts.”” For example,
phosphonium cations have been recently used as alternatives
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to ammonium cations for design of ionic liquids.

Phosphonium-based ionic liquids generally exhibit more
chemical and thermal stability than the corresponding
ammonium-based ionic liquids.>’ Moreover, they show higher
ionic conductivity than the corresponding ammonium salts.**
On the other hand, there have been several reports on
phosphonium salts with LC properties.”*** For example, Weiss
et al. reported the LC behavior of quaternary phosphonium
salts having two or three long alkyl chains.>* They revealed that
the LC phosphonium salts form molecular assembled structures
similar to the analogous ammonium salts. With this background
in mind, we expected that introduction of phosphonium
structures into our material design would result in an
improvement of the Cub,; LC materials. We also expected
that comparison of the LC behavior of 1—-3(n/BF,) with that of
4—6(n/BF,) would improve our knowledge of the design of
thermotropic Cuby,; LC molecules.

B RESULTS AND DISCUSSION

lonic/Nonionic Bicontinuous Cubic Structures
Formed by 2(10/BF,) and 2(10/PFg). In our preliminary
communication,® the LC behavior of compounds 2(n/BE,) (n
10, 12, 14) was reported. We revealed that compounds
2(n/BF,) having a triethyl ammonium moiety form Cuby,
phases, space group Ia3d, depending on the alkyl chain length
n. For example, compound 2(10/BF,) exhibits a Cuby,; phase
from 61 to —32 °C on cooling.6

To examine the effects of ionic structures on formation of the
Cuby,; phase, we prepared an analogous compound 2(10/PFy)
with an anion different than that in 2(10/BF,). Compound
2(10/PF;) shows a Cuby; LC phase from 34 to —45 °C on
cooling. The detailed LC behavior of 2(10/PF) will be
discussed further below. We expected that comparison of the
molecular assembly of 2(10/BF,) and 2(10/PF,;) would
provide new insight into the Cuby; structures. Synchrotron
small-angle diffraction experiments were performed on
compounds 2(10/BF,) and 2(10/PF;). These experiments
enabled reconstruction of electron density maps of the Cuby,
phases in the bulk state. Figure 3a shows the map of a unit cell
of the Ia3d Cuby; phase in 2(10/BF,). The high electron
density (orange) and the low density (blue) regions represent,
respectively, aromatic/ionic and aliphatic domains rich in chain
ends. The high-density regions form the two continuous
antichiral channel networks; the two networks are separated by
a low-density sheath (blue) that follows the gyroid G-surface of
minimum curvature. Figure 3b is the map of 2(10/PF) from
which the map of 2(10/BF,) had been subtracted. Prior to
subtraction the maps had been scaled based on electron density
histograms.>* The difference between the two maps is caused
by the extra electrons contained in PF4 as compared to BEF,.
The yellow isoelectron surface in Figure 3b encloses the regions
where the maps differ most, ie., the regions richest in anions;
for details see the Supporting Information. These results
provide compelling evidence that the ionophilic parts occupy
the 3D networks of interconnected channels in the Ia3d Cuby,
structure. It is considered that the localization of anions in the
nanosegregated structures is important in the design of ion-
transporting and nanochannel materials.

Effects of Cationic Moieties of Wedge-Shaped
Ammonium Salts on Mesomorphism. To examine the
effects of the molecular structures of ammonium compounds
2(n/BF,) on induction of Ia3d Cuby; phases, we designed and
synthesized analogous ammonium salts 1(n/BF,) and
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Figure 3. (a) Electron density map p obtained from small-angle
diffraction intensities of a powder pattern of 2(10/BF,) in the Ia3d
Cuby,; phase at 20 °C. High-density regions (aromatic/ionic) are
enclosed within the orange isoelectron surfaces and low-density
regions (alkyl chain ends) within the blue surfaces. (b) Differential
electron density map p{2(10/PF¢)} — p{(2(10/BF,)}, showing the
preferred location of anions enclosed within the yellow isosurfaces. 2D
maps lining the walls of b are cuts in (100), (010), and (001) planes;
refer to the color scale on the right.

3(n/BF,) having different cationic moieties from 2(n/BF,).
The thermal properties of ammonium salts 1—3(n/BF,) are
presented in Table 1. The thermal properties of these
ammonium salts differ significantly between the compounds,
depending on the structures of the cationic moiety.
Compounds 1(n/BF,), having a trimethyl ammonium
moiety, which is smaller than that of 2(n/BF,), form hexagonal
columnar phases. Figure 4 shows a typical XRD pattern of
1(12/BF,) in the Col, phase at 150 °C. The intense peak at
30.2 A and the two weak peaks at 17.5 and 15.2 A are observed
with the reciprocal d-spacing ratio of 1:\/ 3:2, which can be

dye=17.5A

dio=302 A
w0 i o= 152A

Intensity / a.u.

J

Figure 4. Wide-angle X-ray diffraction pattern of 1(12/BF,) in the
Col, phase at 150 °C.

5 10 15 20 25
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indexed as the (10), (11), and (20) reflections of the 2D
hexagonal arrangement of the columns. The Col;, mesophases
formed by compounds 1(n/BF,) are stable up to about 200 °C,
whereas 2(n/BF,) exhibits isotropization below 150 °C. The
higher isotropization temperatures of 1(n/BF,) are partly
attributed to stronger electrostatic interactions between the
smaller cationic moiety and the anion in the ionic domain, but
partly it is believed to be the result of a better match between
the geometry of the molecule and that of the space available to
it in the particular LC phase (see below).

In contrast, compounds 3(n/BF,), having a tripropyl
ammonium moiety, which is larger than that of 2(n/BF,),
show no mesomorphic properties except for 3(14/BF,). It is
likely that mesophase formation is disfavored partially by the
fact that the bulky tripropyl ammonium moiety sterically
hinders the counteranion from interacting closely with the
cationic moiety in the ionic domain. Furthermore, increasing
nanosegregation may be partly responsible for the fact that
extending the alkyl chain n beyond 14 induces formation of the
mesophase, e.g, 3(14/BF,) shows a columnar phase between
80 and 91 °C. However, a single unified geometry-based
scheme is capable of explaining, at least qualitatively, most
features of the observed phase behavior of compounds in this
study.

The geometric scheme was originally devised to rationalize
the fact that different wedge-shaped molecules, such as
dendrons, form different 3D-ordered LC phases (cubic,
tetragonal) consisting of spherical clusters and to explain
thermotropic polymorphism in such compounds.'®® The
principle was later extended to bicontinuous and tricontinuous

Table 1. Thermal Properties of Ammonium Compounds 1—3(n/BF,)

phase transition behavior”

compound n

1(n/BF,) 10 Cr 60 (8.0) Col,
12 Cr 44 (27) Cr
14 Cr 57 (77) Col,

2(n/BE,) 107 Cr 42 (0.44) Cuby,
124 Cr 32 (29) Cub,,
147 Cr 53 (63) Col,

3(n/BE,) 10 Cr 82 (28) Iso
12 Cr 80 (31) Iso
14 Cr 80 (26) Col,

194% (-)° Iso
60 (9.1) Col,, 206° (-)° Iso
2028 (-)¢ Iso
82 (0.83) Iso
49 (0.80) Col, 126 (0.63) Iso
142 (0.99) Iso
91 (0.82) Iso

“Cr, crystalline; Cuby,, bicontinuous cubic; Coly, hexagonal columnar; Iso, isotropic. Transition temperatures (°C) and enthalpy changes (k] mol ™},
in parentheses) are determined by DSC on the second heating. “Transitions are determined by visual observation with a polarizing optical
microscope. “No transition enthalpy was detected by the DSC. “Reference 7.
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cubic phases.2c A bicontinuous cubic, such as Ia3d, can be
represented by networks of branching cylindrical rods (Figure
3). As shown above, the ionic groups, i.e., the narrow ends of
the wedge-shaped molecules, are located near the central axis of
the cylinders. In order to determine the ideal shape of a
molecule that would fit perfectly into a given mesophase, we
start at the central cylinder axis and calculate the rate of
increase in volume of the cylinder network, dV/dr, as the radius
r is increased. The result for the Ia3d Cuby; phase is shown in
Figure S (full line), together with the results for the hexagonal

OC Hane
OCHane

CnH2n>|

0 1 2 k|
rlrs

Figure 5. dV/dr plots for three LC phases: Col;, (Hex), smectic (Sm),
and bicontinuous cubic (Ia3d). (Top) Schematic drawing of the
molecular cross-section area profile, A(r), which should match dV/dr
for uniform filling of the volume of a particular phase. Curves are
scaled horizontally to the same radius r,, delimiting the “aromatic”
volume fraction (including all but the peripheral alkoxy chains) from
the alkoxy fraction. Vertical scaling normalizes the areas under the
curves.

columnar phase and the smectic (layered) phase with the
molecular axis normal to the layers (dashed lines). For the Colj,
phase the cylinders grow in radius unhindered, with dV/dr  r,
until the parallel cylinders clash (around r = 1.5 in Figure S). As
further growth in volume takes place only where the cylinders
do not overlap, dV/dr drops sharply and falls to 0 when all
space is filled. Thus, the ideal shape of a molecule to fit into the
Col,, phase is one for which the cross-sectional area increases
linearly, i.e, A(r) o« dV/dr « r, and then drops quite abruptly to

zero (dashed curve in Figure S). At the other extreme are
molecules that are not tapered at all but maintain a constant A
throughout, ie, where A(r) « dV/dr « r° 1 (dashed
rectangle). Molecules whose shape can be described by a
fractional exponent, i.e., where A(r) o dV/dr o ¢, with 0 <
m < 1, are likely to form a bicontinuous or tricontinuous cubic
phase. Which of the phase variants will actually appear is
determined by the precise shape of the molecule in its most
probable conformation.*®

We can see now why on going from compound 1(12/BF,)
to 2(12/BFE,), i.e, by replacing the trimethyl with the triethyl
ammonium group, the structure changes from Col; to Ia3d
Cuby; close to r = 0 the A(r) curve for the Ia3d Cub,; phase is
higher than the curve for the Col, phase. The extra cross-
section near the apex of the molecule is provided by the three
extra methylene groups. By the same reasoning one might
expect that moving to compound 3(12/BF,) we might get the
smectic phase. However, this compound does not form a
mesophase. Presumably the equilibrium shape of the
3(12/BF,) molecule does not match sufficiently closely to
any of the curves in Figure S, and if the length of the alkyls in
the ammonium moiety were increased further, perhaps a
smectic phase would form. However, the fact that compound
3(14/BF,) forms the Col, phase at higher temperatures
suggests that the extra six methylenes at the outer end (large
r) tips the distribution of volume back to the right in Figure S,
sufficiently close to the Col, (Hex) curve.

These results suggest that the design of the size and shape of
the narrow end of the series of wedge-shaped ammonium salts
is particularly important in directing the type of their
mesophase assembly. This is in agreement with the previous
finding that small changes at the narrow end of wedge-shaped
molecules have a disproportionally large effect on the phase
morphology in 3D LC phases of spherical aggregates.®® The
above geometric model has shown once again its usefulness in
relating molecular architecture to the morphology of the
mesophase.

Comparison of the Mesomorphic Properties of
Ammonium and Phosphonium Wedge-Shaped Salts.
The thermal properties of phosphonium salts 4—6(n/BE,) are
presented in Table 2. It is of interest to compare the LC
properties of these phosphonium salts with those of the
corresponding ammonium salts 1—3(n/BF,). Phosphonium
compounds 4(n/BF,), having a triethyl phosphonium moiety,
form Col, phases, just as in the corresponding ammonium
compounds 1(n/BF,). For the series of 4(n/BF,), the

Table 2. Thermal Properties of Phosphonium Compounds 4—6(n/BF,)

phase transition behavior®

compound n

4(n/BF,) 10 Cr 55 (8.3) Coly,
12 Cr 6 (14) Cr
14 Cr 40 (29) Col,

s(n/BF,) 10 Cr -17 (16) Cr
12 Cr 31 (43) Col,
14 Cr 50 (59) Col,

6(n/BE,) 10 Cr 31 (26) Coly,
12 Cr 37 (44) Cr
14 Cr 39 (45) Cr

164 (0.88) Iso
34 (3.7) Col, 181 (0.70) Iso
164 (0.55) Iso
0 (18) Cuby, 48 (0.76) Iso
102 (0.63) Iso
127 (0.53) Iso
66 (3.5) Iso
62 (23) Col, 88 (2.5) Iso
64 (29) Col, 93 (1.2) Iso

“Cr, crystalline; Cuby;, bicontinuous cubic; Coly, hexagonal columnar; Iso, isotropic. Transition temperatures (°C) and enthalpy changes (kJ mol ™,

in parentheses) are determined by DSC on the second heating.
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isotropization temperatures are lower than those for the
1(n/BF,) series. This behavior can be explained by the
weakening of electrostatic interactions as the cation atom
changes from nitrogen to phosphorus. This assumption is
further supported by the comparison of the isotropization
temperatures of ammonium salts 2, 3(n/BF,) and phospho-
nium salts 5, 6(n/BF,).

Induction of Cuby; phase is observed for phosphonium
compound 5(10/BF,), having a triethyl onium moiety, as well
as the corresponding ammonium compound 2(10/BE,).
Compound 5(10/BF,) exhibits a Cub,; phase from 0 to
48 °C on heating. Figure 6 shows the small-angle X-ray

dyy=32.3A d”'=:20’7 Ad,,zﬁ= 17.5A
U dy,= 16.7 A
= A d5:0=15,4A
(\U Kapton
> L 1 L
5 4 5 6
c
Q
c
- J o= 27.7 A
L L L L L L 1
2 3 4 5 6 7 8
26/ degrees

Figure 6. Small-angle X-ray scattering pattern of S(10/BF,) in the
Ia3d Cuby,; phase at 35 °C.

scattering pattern for 5(10/BF,) in the Cuby,; phase at 35 °C.
Two sharp peaks at 32.3 A and 27.7 A and four weak peaks at
20.7, 17.5, 16.7, and 154 A are observed. The reciprocal
spacin ratio of these six peaks is
\})6:\/8: 14:\/20:\/22:\/26; hence, the peaks can be
indexed as (211), (220), (321), (420), (332), and (510)
reflections of the gyroid Cub,; phase with Ia3d symmetry. The
lattice parameter (a) of the cubic structure is calculated to be
79 A, and the number (N) of molecules for the unit cell is
estimated to be 4.6 X 10* from N = N,a’p/M, where N, is
Avogadro’s number (6.02 X 10** mol™") and M is the molecular
weight (764.89 g mol™"). The density (p) of the material is 1.2
g cm?, which has been determined by the floatation method in
p-(+)-sucrose/H, O at 20 °C. The self-assembled nanostructure
formed by 5(10/BF,) has also been examined by synchrotron
small-angle diffraction experiments. Comparison of the electron

density maps of 5(10/BF,) with that of 2(10/BF,) (see
Supporting Information) reveals that the self-assembled Ia3d
Cuby,; nanostructures formed by 2(10/BF,) and 5(10/BF,) are
very similar.

Figure 7 compares the thermal properties of ammonium salts
2(n/BF,) and phosphonium salts 5(n/BF,) having triethyl
onium moieties. It is noteworthy that 2(n/BF,) and 5(n/BF,)
show similar variation in phase sequence and transition
temperatures on alkyl chain length n. For example, only
2(10/BF,) and 5(10/BF,) exhibit the single Ia3d Cub,; phases
which transform directly to the isotropic phases. In addition, it
is common to both 2(n/BF,) and 5(n/BF,) that increasing the
alkyl chain length n leads to induction of Col, phases. These
results suggest that induction of Cuby,; phases is very sensitive
to the length n of the alkyl chains tethered to the molecules.

In contrast to the similarity in the phase behavior between 1,
2(n/BF,), and 4, 5(n/BF,), ammonium compounds 3(n/BF,)
and phosphonium compounds 6(n/BF,), having tripropyl
onium moieties, differ considerably in their phase behavior.
For example, 6(10/BF,) forms a Col;, phase from 31 to 66 °C
on heating, whereas 3(10/BF,) exhibits no mesomorphism.
Another difference is observed in the enthalpy of isotropization.
The enthalpy values of compounds 6(n/BF,) (n = 10, 12, 14)
are 3.5, 2.5, and 1.2 kJ mol™, which are larger than those of
compounds 1-5(n/BF,). We attribute the mesophase
formation in compounds 6(n/BF,) to van der Waals
interactions between the phosphonium cation moieties. This
assumption is consistent with the general tendency of
phosphonium salts to form stronger van der Waals interactions
compared to the corresponding ammonium salts.>*~>*

The fact that the Cuby,; phase is observed only in compound
5(10/BF,) among the series of phosphonium salts 4—6(n/BF,)
further supports the conclusion that the triethyl onium moieties
play an important role in inducing the Cuby; phase.

"H NMR Studies of Ammonium and Phosphonium
Salts. 'H NMR studies of CDCl, solutions of these salts have
been performed in order to compare the ammonium and
phosphonium salts with regard to ionicity of the cationic
moiety. Figure 8 shows the '"H NMR spectra of compounds
2(10/BF,) and 5(10/BF,). A coupling peak corresponding to
the benzyl phosphonium proton for 5(10/BF,) appears at 3.62
ppm (Figure 8b), whereas a corresponding singlet peak for
analogous ammonium salt 2(10/BF,) is observed at 4.30 ppm
(Figure 8a). These results suggest that the phosphonium cation

CpHz2n410

CnHzn +1 o (
-+

N -

=10,12, 14
CHane1O .

2(n/BFy)

Cr

Cub',,i

100 150 200

50

CiH20410
CnH2m1o (
T
R =10, 12, 14
CpHzp410 > BF, 2

Temperature [ °C

5(n/BF4)

50 100 150 200

Temperature / °C

0

Figure 7. Comparison of LC phase sequences of 2(n/BF,) and 5(n/BF,): Cr, crystalline; Cuby; bicontinuous cubic; Coly, hexagonal columnar; Iso,

isotropic.
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Figure 8. "H NMR spectra of (a) ammonium-based compound 2(10/
BF,) and (b) phosphonium-based compound 5(10/BF,) in CDCl,
(50 mM) at 20 °C.

is less positively charged than the ammonium cation and
therefore forms weaker electrostatic interaction with counter-
anion. This speculation is consistent with the tendency in the
bulk state for the phosphonium compounds 4—6(n/BF,) to
turn isotropic at lower temperatures than the corresponding
ammonium compounds 1—-3(n/BF,).

Complexation of the Cuby; LC Salts with Lithium
Tetrafluoroborate. One interesting potential application of
these ionic nanostructured liquid crystals is their use as
electrolytes in lithium batteries.” Figure 9 shows our material
design for a new class of lithium ion conductors having a Cuby,
LC structure. It is important to examine whether the wedge-
shaped onium salts show compatibility with lithium salts and
form Cuby; phases in the presence of lithium salts. We mixed
the wedge-shaped onium salts and lithium tetrafluoroborate
(LiBF,) in various ratios. As LC samples, compounds
2(10/BF,) and 5(10/BF,), which exhibit only the Ia3d Cuby,
phases, were selected. The mixtures were prepared by slow

evaporation of the tetrahydrofuran solution of 2(10/BF,) or
5(10/BF,) and the requisite amounts of LiBF,.

The LC properties of the mixtures were examined by
polarizing optical microscopy, differential scanning calorimetry
(DSC), and X-ray diffraction measurements. These mixtures
show not only Ia3d Cuby,; phases but also Col; phases. For
example, upon cooling the isotropic liquid mixture $(10/BF,)/
LiBF, with a 4:1 molar ratio a focal conic fan texture is
observed at 105 °C under crossed Nicols (see Supporting
Information). This indicates formation of a Col;, phase. On
further cooling, the birefringence disappears entirely following a
phase transition to a Ia3d Cub,; phase (see Supporting
Information). The DSC thermogram of the mixture shows
two exothermic peaks at 88 and 43 °C upon cooling (Figure

o4 2
u><-[ . Cubpi
1st cooling o
- ol
L 1= Iso
2 o
% o Cubyi Col,  Iso
3 oF
E,: cr Cuby; Col,  [so
© "
£ 1
- /rms"
A | T cuby
2nd heating Lo laoaa
o 50 100
2|21 1 1 1
w -50 0 50 100
Temperature / °C

Figure 10. DSC thermograms of the mixture of 5(10/BF,)/LiBF,
with a 4:1 molar ratio: Cr, crystalline; Cuby,;, bicontinuous cubic; Coly,
hexagonal columnar; Iso, isotropic.

10). These correspond to the Iso—Col, and Col,—Cuby,; phase
transitions, respectively. The above results show that the ionic
LC compounds 2(10/BF,) and 5(10/BF,) are compatible with
lithium salts and form homogeneous mixtures with them.
Binary phase diagrams of the mixtures 2(10/BF,)/LiBF, and
5(10/BF,)/LiBF, are presented in Figure 11. It is noteworthy
that these ionic compounds maintain the Cuby; phase in the
presence of the lithium salts. With increasing mole fraction of
the lithium salt, both mixtures show the Col, phases at
temperatures above those of the Cuby; phase. Moreover, the
isotropization temperature increases with increasing mole
fraction of the lithium salt. These results suggest the following
conclusions. One is that the hard lithium cations, being
incorporated in the ion channels composed of the ionophilic
parts, enhance electrostatic interactions in the ion channels and
stabilize the nanosegregated structures. The second conclusion

B ¢
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Figure 9. Material design for a new class of lithium ion conductors having a Cuby; LC structure.
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Figure 11. Phase transition temperatures for (a) mixtures of
2(10/BF,) with LiBF, and (b) 5(10/BF,) with LiBF, on heating as
a function of mole fraction of LiBF,: Cr, crystalline; M, unidentified
mesophase; Cuby;, bicontinuous cubic; Col,, hexagonal columnar; Iso,
isotropic.

is that the volume balance between the ionophilic and
ionophobic parts, which is influenced by the thermal motion
and conformation of alkyl chains, significantly affects the
mesophase behavior of these materials.

lonic Conductivities of the LC Materials. Ionic
conductivities of the Ia3d Cuby;, LC materials have been
studied by the alternating current impedance method using a
comb-shaped gold electrode.”®™ Figure 12 shows the ionic
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Figure 12. Arrhenius plots of ionic conductivities of ammonium salt
2(10/BF,) (black circles), phosphonium salt 5(10/BF,) (red squares),
and the complex of phosphonium salt 5(10/BF,) and LiBF, with a 4:1
molar ratio (blue triangles).

conductivities of ammonium salt 2(10/BF,) and phosphonium
salt 5(10/BF,) as a function of temperature. The ionic
conductivities for 2(10/BF,) (black circles) were reported in
our preliminary communication.” Upon heating, the ionic
conductivities for phosphonium salt 5(10/BF,) (red squares)
increase with increasing temperature up to the isotropization
temperature. At that temperature the conductivities drop
abruptly. We attribute this to the break up of the 3D
nanochannel network. This behavior is similar to that of
compound 2(10/BF,). These results further confirm the
efficiency of the Ia3d Cub,,; channel structure for transportation
materials. It is noteworthy that phosphonium salt 5(10/BF,)
(red squares) shows higher ionic conductivity than ammonium
salt 2(10/BF,) (black circles) at the same temperature,
although the molecular assembled structures formed by
2(10/BF,) and 5(10/BF,) are very similar. The highest
conductivity achieved for compound 5(10/BF,) is 2.3 X 107*
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S cm™! at 48 °C, which is about 30 times higher than that of
2(10/BF,) at the same temperature. The higher ionic
conductivities of phosphonium salt 5(10/BF,) can be explained
by the idea that the weaker electrostatic interaction between the
phosphonium cationic moiety and the BF, anion may form ion
channels in which ions can migrate more freely. This
explanation is consistent with the known fact that phospho-
nium-based ionic liquids have lower viscosity and higher ionic
conductivity than analogous ammonium-based ionic liquids.**
It has been established that the difference of the physical
properties between phosphonium-based ionic liquids and
ammonium-based ionic liquids results from the difference in
ionicity between phosphonium and ammonium cations.**> In
the case of ionic liquids, it is generally accepted that the weaker
the electrostatic interaction within a cation—anion pair is, the
lower the viscosity is and the higher ionic conductivity is.*”

The ionic conductivity of the mixture of 5(10/BF,) with 0.25
mol of LiBF, is also plotted against T~' in Figure 12 (blue
triangles). The mixture also shows efficient ion conduction in
the Ia3d Cub,; phase. In this phase the conductivity of the
mixture is comparable to that of the single component
5(10/BF,). Interestingly, above the Cuby—Col; transition
temperature the ion conductivity of the mixture decreases.
For example, the value at 44 °C in the Ia3d Cuby; phase is
13 X 10* S cm™ and that at 50 °C in the Col, phase is
5.5 X 107° S cm™". The higher ionic conductivity in the Ia3d
Cuby; phase can be attributed to its 3D channel network
structure. In the Ia3d Cuby, phase, ions can migrate efficiently
through the ion channels even in the presence of structure
defects where the channels do not continue because the 3D
branched channels in the Ia3d Cub,; phase form alternative
pathways, bypassing the structure defects. However, in the Coly,
phase, the transportation of ions may be blocked by structural
defects such as channel ends because ions cannot bypass the
defects due to the straight 1D channel structure.

Effect of the Counteranion. For ionic liquids, the
counteranions greatly influence their thermal and chemical
properties.®® In order to study the effects of the counteranion
on the thermal properties and self-organization behavior of
these wedge-shaped ammonium salts, we prepared analogous
ammonium salts having other perfluorinated anions, such as
PF4 and CF;SO;, which are representative anions for the design
of conventional ionic liquids. A comparison of electron density
maps for compounds with different anions also allowed us to
perform isomorphous replacement X-ray analysis and locate the
anions in the structure, as described above (Figure 3b). The
thermal properties of compounds 2(n/PF¢) and 2(n/CF,SO;)
are collected in Table 3. It is apparent that the series of
ammonium salts 2(n/X) show some significant differences in
phase behavior depending on their anion species.

Figure 13 compares the phase transition behavior of the
series of ammonium salts 2(n/X). It is notable that induction of
Ia3d Cuby,; phases is observed in compounds 2(n/PFy) as well
as in 2(n/BF,). For example, 2(10/PF,) forms a monotropic
Ia3d Cuby,; phase from 34 to —4S °C. Upon increasing the alkyl
chain lengths from 10 to 12, an enantiotropic Ia3d Cuby,; phase
is observed. As the alkyl chains are extended to n = 14 the Ia3d
Cuby; phase is replaced by the Col;, phase. Compound
2(14/PF) forms a Col;, phase from 72 to 114 °C on heating.
Such behavior is to be expected, since a larger aliphatic volume
increases the effective cross-section at the wide end of the
wedge-shaped molecule, thus favoring the Col, phase. By
contrast, Ia3d Cub,,; phases are favored when the wedge curves
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Table 3. Thermal Properties of Ammonium Compounds
2(n/PF¢) and 2(n/CF;S0;)

phase transition behavior®

compound n
2(n/PFg) 0 G 34(77) Cr 58 (10) Iso
12 Cr 64 (48) Cub,, 76 (0.54) Iso
14 Cr 72(64) Col, 114 (0.63)  Iso
2(n/CE:S0;) 10 Cr  45(22)  Iso
12 Cr 53(404) Cr 64 (2.6) Iso
14 Cr  65(68) Iso

“Cr, crystalline; Cuby,, bicontinuous cubic; Coly, hexagonal columnar;
Iso, isotropic. Transition temperatures (°C) and enthalpy changes (k]
mol !, in parentheses) are determined by DSC on the second heating,

CnH2n+10
CHz4410.
i j@\/é n=10,12, 14
N>
CrH2p410O X X = BF4, PFg, CF3S03
2(niX)
2(10/BF,)

2(12/BF,)

2(14/BF,)

2(10/PFs)

2(12/PF)

2(14/PFg)

2(10/CF;S0) [T 150 g

¢ C r
2(12/CF3S0;) Cr 1 IS0 {
2(14/CF1S03) Cr | iso T

0 50 100 150 200

Temperature / °C

Figure 13. Comparison of LC properties for a series of ammonium
salts with different anions: 2(n/BE,), 2(n/PFy), and 2(n/CF,SO;). Cr,
crystalline; Cuby,;, bicontinuous cubic; Coly, hexagonal columnar; Iso,
isotropic.

in at the wide end.*® In the same fashion the transition from
Ia3d Cuby,; to Coly, phase with increasing temperature can be
attributed to the increased wedge cross-section at the wide
aliphatic end. On the other hand, compounds 2(n/CF;SO,),
having a bulky anion, never exhibit mesomorphic properties.
The bulky anion may sterically disturb their packing into
nanosegregated assemblies. Examining the isotropization
temperature of compounds 2(n/X) it is seen to decrease as
the size of the counteranion increases in the order BF, < PF; <
CF;SO;. For example, the isotropization temperatures of
2(12/BF,), 2(12/PFy), and 2(12/CF;S0O;) are 126, 76, and
64 °C, respectively. The trend is similar to that observed in a
series of LC imidazolium salts reported in our previous
report.'” These results suggest that the electrostatic interaction
exerts significant effects on the stability of the mesophases.
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B CONCLUSION

Two series of wedge-shaped ammonium and phosphonium
salts have been prepared, and their mesomorphic properties
have been successfully examined. These ammonium and
phosphonium salts exhibit Ia3d Cuby, and Col, phases
depending on the cationic moiety, alkyl chain length n, and
anion species. The phase transition behavior of the
phosphonium salts is similar to that of the corresponding
ammonium salts. To the best of our knowledge, the
phosphonium-based compound 5(10/BF,) is the first example
of a phosphonium salt showing a thermotropic Cuby,; phase,
although a few phosphonium salts exhibiting lyotropic Cuby;
phases have been reported.w’33b The structure of the Ia3d
Cuby; phase has been further confirmed by electron density
mapping based on synchrotron diffraction experiments. More-
over, the location of the anions in the structure has been
determined using a novel differential mapping technique. The
phase behavior of these salts suggests that the chemical
structures of the ionic moiety and alkyl chain length n are
important for induction of mesomorphic properties.

Ionic conduction measurements have revealed that the Ia3d
Cuby,; structures with 3D interconnected ion channels are
indeed effective in ion transportation. The phosphonium-based
Cuby; LC materials show ionic conductivities in the order of
107*S cm™ at room temperature, which are higher than those
of the analogous ammonium-based Cuby,; LC materials. The
ionic conductivities of conventional amorphous solvent-free
solid polymer electrolytes based on poly(ethylene oxide) range
from 107® to 107* S cm™.* Introduction of well-designed LC
nanostructures into these poly(ethylene oxide)-based materials
increases the conductivity up to values in the order of 107° S
em™! at room temperature.*”*®® On the other hand, for liquid
electrolytes, ionic liquids show ionic conductivities ranging
from 107 to 107" S cm™! at room temperature.37 Development
of solid polymer electrol;rtes keeping high ionic conductivities
using LC nanostructures’ is our next target.

One of the most interesting aspects of the Ia3d Cuby,;
structures is that their 3D interconnected channels function
as transport pathways without the macroscopic orientation of
the liquid-crystal domains. In the present study, their
application as ion-transporting channels has been demon-
strated. However, the utility of these nanochannels may not be
limited to ion transportation. Owing to their nano-ordered
channel structures, they have great potential to be applied as
size-selective filtration membranes. In the near future, the
striking innovation of nanochannel materials will be exploited
in the development of novel Cuby; LC materials. We believe
that the presented research focusing on induction of Cuby; LC
phases will help improve the basic knowledge required for
designing a new generation of Cuby; LC molecules.
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