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A series of structurally analogous esters derived from monocarbaborates, [closo-1-CB9H10]
� (A) and

[closo-1-CB11H12]
� (B), containing a maximum of 4 rings in the rigid core were prepared and

investigated by thermal, optical, and XRD methods. Ion pairs containing a total of 4 rings with either

N-butyl-4-heptyloxypyridinium (Pyr) or cetyltrimethylammonium (Cetyl) cation form a SmA phase

ranging from 90 �C to 229 �C. Ion pairs 1e[Pyr] and 2e[Pyr] containing an azo group in the anisometric

anion exhibit an enantiotropic nematic phase above the SmA phase. The cesium salt 1h[Cs] did not

exhibit mesogenic behavior. Partial binary phase diagrams were investigated for 1d[Pyr] and 2d[Pyr] in

2e[Pyr], and for 1f[Pyr] in non-ionic mesogens. Variable temperature powder XRD analysis of 5 ionic

liquid crystals, 1e[Pyr], 1f[Pyr], 2f[Pyr], 1g[Pyr], and 2g[Pyr], demonstrated about 20% interdigitation

in the SmA phase and provided thermal expansion coefficients.
Introduction

During the past decade, research on ionic liquid crystals (ILCs)

has significantly intensified and diversified.1,2 One of the key

attributes of this class of materials is anisotropic ion mobility,

which is of considerable interest for developing ion-conductive

materials3–7 for applications in batteries8 and dye-sensitized solar

cells.9 The majority of ILCs investigated to date are derived from

an anisometric cation, such as substituted ammonium, imida-

zolium, or pyridinium. The anion in these materials is present for

charge compensation, although it can significantly affect meso-

phase range and stability.2

closo-Monocarbaborates [closo-1-CB9H10]
� and [closo-1-

CB11H12]
� (A and B, respectively, Fig. 1), are symmetrical and

weakly coordinating anions,10 and therefore are attractive

structural elements for anion-driven ILCs. In this context, we

recently reported the first examples of such derivatives (IA)

containing the [closo-1-CB9H10]
� cluster (A).11 These ILCs,

including esters 1a–1c, display SmA and soft crystalline phases,

when 3 rings are present in the rigid core and the charge is

compensated with an elongated pyridinium cation, Pyr.

We are interested in the more accessible [closo-1-CB11H12]
�

cluster (B) as a structural element of ILCs (IB) capable of
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supporting anisotropic lithium ion transport. To this end, we

report the preparation and properties of a series of ILC esters 2

derived from cluster B. We investigate ion pairs of the aniso-

metric anion containing a maximum of 4 rigid elements (3 rings

and the monocarbaborate cage) in the rigid core with two

different cations Q+, pyridinium (Pyr) and cetyl-

trimethylammonium (Cetyl, Fig. 2), and demonstrate the pre-

paration of one ion pair with the Cs+ cation. We compare their

properties to analogous esters 1 derived from the [closo-1-

CB9H10]
� cluster (A) and study several binary mixtures. Finally,

we establish fundamental structure-property relationships

between the two series of ion pairs 1 and 2 using polarizing

optical microscopy (POM), differential scanning calorimetry

(DSC), and X-ray powder diffraction (XRD).
Fig. 1 The structures of the [closo-1-CB9H10]
� and [closo-1-CB11H12]

�

clusters (A and B), and ion pairs of their 1,10- (IA) and 1,12-disubstituted

(IB) derivatives with the counterion Q+. Q+ represents a metal or an

onium ion such as ammonium or pyridinium. Each vertex represents

a BH fragment and the sphere is a carbon atom.
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Fig. 2 Structures of series 1 and 2. For the definition of ring A see Fig. 1.
Results and discussion

Synthesis

Esters 1[NMe4] and 2[NEt4]were prepared from carboxylic acids,

3[NMe4] and 4[NEt4], respectively, and phenols 5a–5h using

dicyclohexylcarbodiimide (DCC) and catalytic amounts of 4-

dimethylaminopyridine (DMAP) in CH2Cl2 following a general

literature procedure12 (Scheme 1).

Esters 1[Pyr] and 2[Pyr] or 1[Cetyl] and 2[Cetyl] were prepared

by exchange of the [NMe4]
+ or [NEt4]

+ cation for N-butyl-4-

heptyloxypyridinium (Pyr) or cetyltrimethylammonium (Cetyl)

in a biphasic CH2Cl2/H2O system following the procedure

reported for the preparation of esters 1a[Pyr]-1c[Pyr].11 The Cs+

containing ion pair, 1h[Cs], was prepared first by converting 1h

[NMe4] to its acid form 1h[H3O], followed by treatment with

CsCl and extraction of the 1h[Cs] ion pair to CH2Cl2. The

product was crystallized from toluene containing a few drops of

MeCN to give the salt as a solvate with MeCN.

The carboxylic acid [closo-1-CB11H10-1-COOH-12-

C6H13]
�[NEt4]

+ (4[NEt4]) was prepared from iodo acid [closo-1-

CB11H10-1-COOH-12-I]�[NEt4]
+ (6[NEt4]) using the Negishi

coupling13,14 with excess hexylzinc chloride, as was previously

described for the preparation of [closo-1-CB9H8-1-COOH-10-

C6H13]
�[NMe4]

+ (3[NMe4]) (Scheme 2).11 The PCy3 ligand

generated in situ works equally well for both acids, and the 12-

hexyl acid 4[NEt4] was obtained in 61% yield.

Iodo acid 6[NEt4] was prepared in about 70% yield by

lithiation of iodo derivative [closo-1-CB11H11-12-I]
� (either as

Cs+ salt 7[Cs] or as a trimethylammonium salt 7[NHMe3]) with n-

BuLi in the presence of TMEDA, followed by reaction with CO2
Scheme 1 Synthesis of esters 1[NMe4] and 2[NEt4]
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(Scheme 3). Without TMEDA, the carboxylation of 7 was

incomplete and only 20% conversion to 6was observed. The iodo

derivative 7 was prepared in 75% yield by iodination of the

parent anion [closo-1-CB11H12]
� with I2 in acetic acid.15 Alter-

natively, the carboxylic acid 6 (as 6[NHMe3]) can be obtained by

carboxylation of B followed by iodination, according to a recent

report.16 Considering that the parent anion B can be obtained in

2 steps and 65% yield from B10H14,
17 the preparation of acid 4

[NEt4] is a 5-step process with an overall yield of about 20%. In

comparison with the 10-vertex analogue, acid 3[NMe4], the

preparation of 4[NEt4] requires 1 fewer step, no isomer separa-

tion, and is nearly 5 times more efficient.11,18

Liquid crystalline properties

Transition temperatures and associated enthalpies for

compounds 1[Pyr] and 2[Pyr] and for 1[Cetyl] and 2[Cetyl] are

shown in Tables 1 and 2, respectively. Phase structures were

assigned by comparison of POM results with published textures

for reference compounds19 and using powder XRD data. Ion

pairs containing the [NMe4]
+ or [NEt4]

+ cations were not inves-

tigated for liquid crystalline properties based on previous results,

which showed that these types of cations do not support the

liquid crystalline state.11 The cesium salt 1h[Cs] did not melt

below 300 �C.
Pyridinium salts containing a total of two rings (including the

monocarbaborate cage) in the rigid core, 1a[Pyr] and 2a[Pyr], do

not form liquid crystalline phases, while most pyridinium salts of

three-ring anions form SmA phases (Table 1). The azo esters 1d

[Pyr] and 2d[Pyr] with the butyl substituent are not liquid crys-

talline. However, inserting an OCH2CH2 group between the

butyl chain and the phenyl ring induces a SmA phase: enantio-

tropic in 1e[Pyr] (Fig. 3) and monotropic in 2e[Pyr]. In addition,

both hexyloxy derivatives exhibit a narrow enantiotropic
Scheme 2 Preparation of carboxylic acid 4[NEt4].
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Scheme 3 Preparation of carboxylic acid 6[NEt4].
nematic phase with the characteristic schlieren texture (Fig. 4a)

above the fan texture of SmA (Fig. 4b). This is an interesting

finding, since nematic phases are rare among ILCs and found

only in some onium20 and metallomesogenic21 ILCs. A compari-

son of N–I virtual transition temperatures, [TN-I], for the butyl

derivatives 1d[Pyr] and 2d[Pyr] (vide infra) with those for the

hexyloxy analogues demonstrated that the insertion of the

OCH2CH2 group increases stability of the nematic phase by 27 K

and 22 K respectively. For comparison, the same insertion of the

OCH2CH2 group in non-ionic azobenzene derivatives increases

the N–I transition temperature by about 45 K.22,23

The cyclohexylphenyl derivative of {closo-1-CB9}, 1b[Pyr],

exhibits a narrow SmA phase (10 K) and two soft crystalline
Table 1 Transition temperatures (�C) and enthalpies (kJ mol�1, in parenthe

R

a

Cr1 64
(9.2) (

b
Cr 128
(19.3)

c

Cr 102
(43.7)

d

Cr 131
(45.4)

e

Cr1 32
(9.8) (

f

Cr 87
(50.1)

g

Cr1 12
(41.3)

a Transition temperatures obtained on heating. b Ref. 11 c Monotropic trans
obtained from binary mixtures with 2e[Pyr].
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phases.11 Replacement of the 10-vertex cage with {closo-1-CB11}

in 2b[Pyr] increases the melting point by 50 K and eliminates all

mesogenic behavior. The observed higher melting temperature

for 2b[Pyr] relative to 1b[Pyr] is typical for series 2.

Insertion of a carboxylate group between the cyclohexyl and

phenyl ring of 1b[Pyr] and 2b[Pyr] induces a SmA phase in 2c

[Pyr], and widens the mesophase range by over 50 K in 1c[Pyr]

relative to 1b[Pyr]. Replacement of the carboxylate group in 1c

[Pyr] and 2c[Pyr] with a CH2CH2 linker and substitution of

a lateral fluorine atom in 1f[Pyr] and 2f[Pyr] decreases the

transition temperatures by about 15 K. Substitution of methyl-

enebicyclo[2.2.2]octane for cyclohexane in the two anions and

removal of the lateral fluorine increases the clearing temperatures

in 1g[Pyr] and 2g[Pyr] by about 40 K and induces soft crystalline

polymorphism in the former. Fig. 5 shows textures of the SmA

and an unidentified X phase displayed by 1g[Pyr].

Exchange of the pyridinium cation (Pyr) in 1f[Pyr], possessing

a wide range SmA phase, for cetyltrimethylammonium (Cetyl) in

1f[Cetyl] increases the melting point by about 80 K and loss of

mesogenic properties is observed (Table 2). Since compounds in

series 2 typically have narrower ranges for mesophases, ion pair
ses) for 1[Pyr] and 2[Pyr]a

Cr2 101 Cr3 107 I Cr 117 I
3.4) (15.1) b (27.4)

(X0 129)c X 153 SmA 163 I Cr1 162 Cr2 178 I
(3.2) (2.4) (4.5)b (9.8) (24.3)

SmA 164 I Cr1 109 Cr2 119 SmA 161 I
(7.0)b (7.7) (14.9) (6.2)

[SmA 98 N 110] Id Cr 155 [SmA 97 N 122] Id

(46.9)

Cr2 123 SmA 132 N 137 I Cr134 (SmA 133)c N 144 I
43.2) (0.6) (1.3) (43.2) (0.6) (1.3)

SmA 148 I Cr 99 SmA 146 I
(10.9) (35.7) (8.9)

3 X0 129 X 132 SmA 189 I Cr 150 SmA 182 I
(2.8) (3.3) (11.5) (39.2) (13.8)

ition temperature obtained on cooling. d Virtual transition temperatures

This journal is ª The Royal Society of Chemistry 2012



Table 2 Transition temperatures (�C) and enthalpies (kJ mol�1, in parentheses) for selected Cetyl ion pairsa

R

f

Cr1 64 Cr2 169 I

b(34.4) (54.2)

h

Cr <20 X 184 SmA 229 I Cr 36 X0 211 X 216 SmA 226 dec
(16.9) (7.5) (7.6) (1.3) (12.1) (0.8)

a Transition temperatures obtained on heating. b Not prepared.

Fig. 3 DSC trace for ion pair 1e[Pyr].

Fig. 4 Optical textures of 1e[Pyr] obtained for the same region of the

sample upon cooling: (a) nematic phase and (b) SmA phase.

Fig. 5 Optical textures of 1g[Pyr] obtained for the same region of the

sample upon cooling: (a) SmA phase and (b) unidentified phase X.

This journal is ª The Royal Society of Chemistry 2012
2f[Cetyl] was not investigated. In order to induce mesogenic

behavior in ion pairs with the Cetyl cation, the rigid core of

anions 1b and 2b was extended by addition of a second benzene

ring. The resulting ion pairs 1h[Cetyl] and 2h[Cetyl] indeed dis-

played polymorphism with SmA–I transitions near 230 �C. Both
ion pairs exhibit a broad range (>160 K) soft crystalline phase.

A detailed analysis of the two series of compounds demon-

strates that the SmA phase is generally less thermodynamically

stable in the 12-vertex derivatives by up to 6 K than in the 10-

vertex analogues, while the nematic phase appears to be more

stable in the 12-vertex compounds. Interestingly, these observa-

tions for series 1 and 2 are opposite to results found in non-ionic

LC containing the carborane analogues of monocarborates A

and B.24,25
Binary mixtures

Virtual transition temperatures for the two non-mesogenic azo

derivatives 1d[Pyr] and 2d[Pyr]were extrapolated from transition

temperatures obtained for low concentration solutions in 2e

[Pyr]. For both additives the phase transition temperatures

changed approximately linearly with respect to the composition

of the mixture, as shown for 2d[Pyr] in 2e[Pyr] in Fig. 6, which

demonstrates ideal miscibility of the components. Crystallization

of the components was significantly suppressed in the mixture.

The SmA–N transition was found to be monotropic for all

mixtures and the host, and temperatures for both transitions, N–

I and SmA–N, were recorded on cooling. The least square fitting

lines had high correlation factor (r2 > 0.992) and the extrapolated

temperatures (Table 1) have uncertainty of �1 K.

10 mol% solutions of 1f[Pyr] in non-ionic esters 826 and 927

were investigated briefly. The mixture of 1f[Pyr] and 8 appears to

be completely homogenous, and its SmA–I transition tempera-

ture of 175 �C is essentially the same as the pure host. A similar

solution in ester 9 was homogenous in the isotropic phase,

however, upon cooling the SmA phase separated from the

nematic.
J. Mater. Chem., 2012, 22, 4874–4880 | 4877



Fig. 6 A plot of N–I and SmA–N transition temperatures for binary

mixtures of 2d[Pyr] in 2e[Pyr] as a function of mole fraction of 2d[Pyr].

Fig. 7 X-ray diffraction pattern for 2f[Pyr] in SmA phase at 136 �C.

Fig. 8 Layer thickness d in SmA phase as a function of temperature for

ion pairs 1g[Pyr] and 2g[Pyr].
Powder X-ray diffraction

Esters 1e[Pyr]–1g[Pyr], 2f[Pyr], and 2g[Pyr] were investigated by

X-ray powder diffraction. Data was collected on cooling from

the isotropic phase, and XRD results are shown in Table 3, Fig. 7

and Fig. 8.

The XRD results confirmed the presence of SmA phase in all

five compounds. The diffractograms of the SmA phase consist of

a series of sharp, commensurate reflections in the small angle

region, corresponding to smectic layer periodicity, and a broad

halo centered at about 5 �A in the wide-angle region (Fig. 7). The

halo is attributed to the average alkyl chain-alkyl chain corre-

lation distance and to the correlations involving larger structural

units such as the boron clusters. The SmA layer thickness d,

indicated by the d001 reflection, is about 26 �A for all five samples.

A comparison with calculated molecular lengths (HF/6-31G(d)),

demonstrates that the degree of interdigitation in the SmA is

about 0.2 in all five compounds (Table 3).

Temperature-dependent XRD analysis demonstrated that the

layer thickness d contracts in the SmA phase with increasing

temperature for esters 1e[Pyr], 1f[Pyr], 2f[Pyr] and 2g[Pyr] for
Table 3 The molecular interdigitation in selected compounds and phases

Compound Length La/�A
Temperature
T/�C Phase

1e[Pyr] 34.0 125 SmA
1f[Pyr] 31.8 130 SmA
1g[Pyr] 32.7 150 SmA

126 X
116 X0

2f[Pyr] 31.8 120 SmA
2g[Pyr] 32.4 165 SmA

a Most extended molecular conformation optimized at the HF/6-31G(d) leve
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which the thermal expansion coefficient k ranges from +0.16 to

�3.38 pm K�1 (Table 3). Interestingly, ester 1g[Pyr] undergoes

layer expansion upon heating with thermal expansion coefficient

of +0.16 pm K�1 (Fig. 8), while the smectic layer in its {closo-

CB11} analogue, 2g[Pyr], relatively quickly contracts with

increasing temperature (k ¼ �1.02 pm K�1). In contrast, in the

pair 1f[Pyr] and 2f[Pyr] thermal expansion coefficients k are

similar and small.
Summary and conclusions

The results demonstrate that the [closo-1-CB11H12]
� anion (B) is

an effective structural element of ionic liquid crystals such as 2,

and that their preparation is more efficient than the analogous

derivatives of the [closo-1-CB9H10]
� anion, 1. In general, ion

pairs that have a total of 4 rigid structural elements (rings and the
Cell constant cb/�A kc/pm K�1

Interdigitation
I ¼ (L � c)/L

27.8 �3.38 0.18
24.5 �0.25 0.23
26.3 +0.16 0.20
26.6 0.19
26.8 0.18
24.4 �0.17 0.23
26.5 �1.02 0.18

l of theory. b Calculated from d001.
c Thermal expansion coefficient.

This journal is ª The Royal Society of Chemistry 2012



monocarbaborate cage) exhibit liquid crystalline properties. This

includes pyridinium salts of three ring anions (e.g. 1b[Pyr] and 2f

[Pyr]), and cetyltrimethylammonium salts of four-ring anions (1h

[Cetyl] and 2h[Cetyl]). None of the ion pairs containing 3 rigid

structural elements (e.g. 1a[Pyr] and 1h[Cetyl]) formmesophases.

All mesogenic ion pairs exhibit a SmA phase. Temperature-

dependent XRD analysis of 5 mesogens showed partial inter-

digitation (�20%). Thermal expansion coefficient k of the SmA

phase was found to be negative for four of the mesogens and

positive for ion pair 1g[Pyr]. In addition to the SmA phase, azo

derivatives 1d[Pyr], 2d[Pyr], 1e[Pyr] and 2e[Pyr] exhibit

a nematic phase, that is rarely observed in ILC. The nematic

phase is more stable for the {closo-CB11} derivatives than for 10-

vertex analogues, while the {closo-CB9} derivatives exhibit

a somewhat greater stability of the SmA phase.

Binary mixture studies demonstrated ideal miscibility of

structurally similar ion pairs 1d[Pyr] and 2d[Pyr] in 2e[Pyr], and

a homogenous 10 mol% solution of 1f[Pyr] in a non-ionic

smectogen. These results are important in the context of deve-

loping ambient temperature Li+ cation conducting materials.

Also in this context, the preparation of a Cs+ salt, 1h[Cs], has

been demonstrated, although this material is not mesogenic and

has high melting point.

Further studies will concentrate on modification of the flexible

chain to incorporate functional groups chelating the metal ion,

and to study metal salts in the context of electrolytes for battery

applications.
Experimental part

1H NMR spectra were obtained at 400MHz in acetone-d6 (d 2.04

ppm) or CDCl3 (d 7.26 ppm). 11B NMR spectra were recorded at

128 MHz. Chemical shifts were referenced to the solvent (1H) or

to an external sample of B(OH)3 in MeOH (11B, d ¼ 18.1 ppm).

The preparation and characterization details of N-butyl-4-hep-

tyloxypyridinium bromide ([Pyr]Br),11 phenols 5a,28 5b,29 5c,30

5d,31 5e,32 and 5h,33 and also ion pairs 1a[Pyr]–1c[Pyr]11 were

reported previously.

Optical microscopy was performed using a PZO Biolar

microscope equipped with an HCS402 Instec hot stage. Thermal

analysis was obtained using a TA Instruments 2920 DSC.

Transition temperatures (onset) and enthalpies were obtained

using small samples (�0.5 mg) and a typical heating/cooling rate

of 5 K min�1 under a flow of nitrogen gas. XRD measurements

were carried out on unoriented and uncovered samples placed on

a temperature-controlled glass plate using GADDS X-ray

diffractometer (Cu-Ka, l ¼ 1.5405 �A). XRD patterns were

collected in the range of 1.5�–35� on cooling. Layer spacing (cell

constant c) was determined from the (001) reflection.
Preparation of binary mixtures

Binary mixtures were prepared by dissolving both components in

small amounts of dry MeCN, subsequent evaporation of the

solvent, and drying the resulting homogenous material at 130 �C
for several hours. The hot homogenous mixture was transferred

to an aluminum pan and analyzed by DSC. Transition temper-

atures of the mixtures were taken as peak temperature on the

second cooling cycle.
This journal is ª The Royal Society of Chemistry 2012
General procedure for preparation of esters 1 and 2

Phenol 5 (1.5 equivalents) was added to a colorless solution of

acid [closo-1-CB9H8-1-COOH-10-C6H13]
�[NMe4]

+ (3[NMe4]) or

[closo-1-CB11H10-1-COOH-12-C6H13]
�[NEt4]

+ (4[NEt4]), DCC

(1.0 equivalent), and DMAP (0.1 equivalents) in anhydrous

CH2Cl2. The reaction mixture was stirred overnight at rt, and the

reaction progress was monitored by TLC (Rf 0.5, CH3CN/

CH2Cl2, 1 : 9). The solvent was removed in vacuo, and the crude

product was isolated by column chromatography (SiO2,

CH3CN/CH2Cl2, 1 : 9). The resulting ion pair, 1[NMe4] or 2

[NEt4], was washed with hot hexane and used in the subsequent

step for cation exchange without further purification. Typical

yields for this procedure were above 80%.

N-Butyl-4-heptyloxypyridinium bromide ([Pyr]Br, 1.0 equiv-

alent) or cetyltrimethylammonium bromide ([Cetyl]Br, 1.0

equivalent) were added to a solution of ester 1[NMe4] or 2[NEt4]

in CH2Cl2. Water was added, and the biphasic system was stirred

vigorously until all the precipitate had dissolved. The CH2Cl2
layer was separated, and the aqueous layer was extracted with

additional CH2Cl2. The CH2Cl2 layers were combined, washed

with H2O, dried (Na2SO4), and evaporated giving 1[Pyr], 2[Pyr],

1[Cetyl] or 2[Cetyl] as crystalline solids, which were further

purified by recrystallization from aqueous alcohol. Some

pyridinium salts were purified further by column chromato-

graphy (CH3CN/CH2Cl2, 1 : 9) and then by repeated recrystal-

lization from aqueous alcohol. The resulting crystals were dried

in vacuum at ambient temperature. Typical yields of the final ion

pairs range from 20%–40% based on the starting acid 3[NMe4] or

4[NEt4]. Analytical data for ion pairs is provided in ESI.†
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