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The effect of isostructural carborane additive 2F on the phase structure, transition temperatures,

and electrooptical properties of orthoconic biphenyl mesogen 1F was investigated with thermal,

electro-optical, dielectric, and XRD methods. Dielectric and optical data demonstrated that addition

of 10 mol% of 2F to 1F maintains the orthoconic properties, while 20 mol% of 2F changes the tilt angle

to 40�. In both mixtures the helical pitch po is significantly shorter than in the host, which results in

lower dielectric permittivity. Spontaneous polarization Ps remains practically unchanged upon

addition of 2F, while the viscosity is systematically lowered and, consequently, switching time is

shortened by up to 25%. Comprehensive analysis of the three materials (the host and the two solutions)

revealed that the carborane dopant affects primarily the interlayer intermolecular interactions,

which manifests itself in tighter pitch and consequently in higher relaxation frequency fr and

elastic constant K4.
Introduction

Surface-stabilized ferroelectric (SSFLC) and antiferroelectric

(SSAFLC) liquid crystals promise shorter switching times,

a better gray scale, a broad viewing angle, inherent DC

compensation, and driving voltages suitable for integrated

drivers.1,2 However, commercial applications of these materials

have been hampered by imperfect optical uniformity of the

relaxed state and light leakage in the tristable mode of SSAFLC

caused by so-called pretransitional effects.3 New possibilities in

solving these problems appeared with the development of

surface-stabilized orthoconic antiferroelectric liquid crystals

(SSOAFLC), which typically contain a partially fluorinated alkyl

substituent.4–8 Molecules in this rare class of mesogens adopt 45�

tilt angle q in a single layer and 90� alternating tilt angle from one

smectic layer to another.9 Consequently, in the surface stabilized

geometry and zero external electric field, the OAFLCs form

a medium which is optically uniaxial and optically negative

with the optical axis perpendicular to the OAFLC slab. From

the application point of view, the most important property of

SSOAFLC is the perfectly black texture between crossed polar-

izers regardless of the local defects. The optical contrast obtained

upon driving the SSOAFLC is limited practically only by the

quality of the polarizers.3,9

Technological applications of O(A)FLC require optimization

of a number of properties including helical pitch, spontaneous

polarization, rotational viscosity and elastic constants.10 For

instance, typical O(A)FLC materials exhibit short helical pitch,
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which makes it difficult to avoid pretransitional effects and

light leakage.5,10 It is also desired that such O(A)FLC and also

(A)FLC materials in general exhibit nematic and smectic A

phases to achieve proper alignment during device fabrication.

Optimization of bulk properties is typically accomplished by

structural modifications of (A)FLC compounds and the use of

functionalized dopants.5,11–13 Carborane-containing liquid crys-

tals14–33 could potentially help to address these challenges in FLC

and AFLC device engineering and performance. Particularly

relevant in this context are the nematogenic character19,21,23–29,33

and low helical twisting power of chiral carborane mesogens.26 It

is also possible that additives containing the relatively bulky

carborane will reduce the electrooptical switching time of

(A)FLC materials as was observed for a sterically demanding

dopant.34

To make the first step in the development of an effective

carborane-containing additive for SS(A)FLC, we focused on

a relatively simple and well-understood high-tilt ferroelectric

biphenyl derivative 1F,4,11,35 and designed its carborane analogue

2F in which the carborane cage is substituted for a benzene

ring in the molecular rigid core (Fig. 1). We expected that such

a design of 2F would ensure its best compatibility with the

biphenyl host and permit direct analysis of structural effects on

mesogenic and electrooptical properties of the mesogen.
Fig. 1 Molecular structures of compounds 1 and 2. In 2 each vertex

represents a BH fragment and each sphere is a carbon atom.

J. Mater. Chem., 2009, 19, 1173–1182 | 1173



Here, we report the preparation of carborane-containing

chiral derivative 2F, its mesogenic behavior, and investigation of

its role as an additive in modifying the mesogenic and electro-

optical properties of its benzene analog 1F. We also assess the

effect of tail fluorination on the mesophase structure and stability

of 1F and 2F by comparison with the non-fluorinated analogs

1H36 and 2H (Fig. 1). The pure compounds and their binary

mixtures were investigated by thermal, optical, electro-optical,

dielectric and XRD methods. The structural investigations were

aided with ab initio molecular modeling of 1F and 2F molecules.

Results

Synthesis

Mesogens 1 and 2 were prepared by esterification of carboxylic

acid 3 with phenols 4 and 5, respectively, using dicyclohex-

ylcarbodiimide (DCC) and catalytic amounts of 4-dimethyla-

minopyridine (DMAP), as shown in Scheme 1.

Phenol 5 was prepared in four steps from p-carborane as

shown in Scheme 2. The copper derivative of p-carborane was

arylated with 4-iodobenzyloxybenzene according to a general

method37 to yield the monoaryl derivative 6. Lithiation of the

second acidic carbon on the carborane moiety allowed efficient

carboxylation. The resulting carboxylic acid 7 was esterified with

(S)-2-octanol to form 8. Finally, the benzyl protecting group was

reductively removed to provide phenol 5 in 30% overall yield.
Scheme 1 i: DCC, DMAP, CH2Cl2.

Scheme 2 i: 1. n-BuLi, 2. CuCl, 3. Et3N, 4-BnO-C6H4-I, 65%. ii:

1. n-BuLi, 2. CO2, 3. aq HCl, 90%. iii: (S)-2-octanol, DCC, DMAP,

CH2Cl2, 53%. iv: H2, Pd/C, 95%.
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Preparations of phenol 438 and carboxylic acid 3F39 are described

elsewhere.
Thermal properties

Transition temperatures and associated enthalpies for

compounds 1 and 2 are shown in Table 1. Phase structures

were assigned by comparison with published textures for refer-

ence compounds and established trends in thermodynamic

stability.40–42

Both benzene derivatives 1H and 1F exhibit enantiotropic

smectic behavior. Partial fluorination of the octyloxy chain

significantly increases the clearing transition temperature of 1H

and induces a ferroelectric SmC* phase (formerly SmCb*)43 in

1F.11 In contrast to the benzene analogs, the non-fluorinated

carborane derivative 2H exhibits only nematic behavior, which

is typical for carborane-containing mesogens.19,21,23–29,33 In

addition, a platelet texture characteristic for the blue phase (BP)

was observed upon slow heating of the monotropic chiral

nematic phase of 2H. Partial fluorination of the alkoxy chain of

2H increased the mesophase stability and replaced the nematic

phase with a monotropic SmA* phase in 2F. The SmA* phase

could be supercooled by about 20 K below melting but no SmC*

was observed.

In agreement with other comparative studies, Table 1 shows

that benzene derivatives 1 have greater mesophase stability than

carborane derivatives 2.19,22,23,25,26
Molecular modeling

Full geometry optimization of molecular structures of fluori-

nated smectogens 1F and 2F was performed at the HF/6-31G(d)

level of theory.44 The input structures were set in the most

extended conformations and the optimized structures were per-

turbed several times until final geometries, shown in Fig. 2, were

achieved. Results demonstrate that both molecules are hockey-

stick-shaped with the hexyl group propagating from the chirality

center at an angle of about 45� to the long axes of the rigid core.

The projections of both molecules, 1F and 2F, on the xz plane

parallel to the long axis of inertia (x axis in Fig. 2) are about

35.6 Å long. Analysis of both models shows that the–CH2O–

and–CO– fragments are coplanar with the adjacent benzene ring

(Fig. 2), and the two benzene rings in the phenyl benzoate

fragments form similar dihedral angles of 64� in 1F and 61� in 2F.

These structural features are consistent with those found in solid-

state structures of other mesogenic esters.45 The perfluorohexyl

group in both molecules adopts a helical conformation with the

angle between the terminal C–C bonds (CF3–CF2CF2CF2CF2–

CF2) of about 43�. This is consistent with the solid-state struc-

tures of other perfluoroalkyl groups,46,47 and has been attributed

to minimization of steric interactions of the fluorine atoms.48 The

dihedral angle in the biphenyl fragment of 1F was optimized at

44�, which is consistent with the experimental gas phase structure

for the parent biphenyl.49 The Ph–carborane and also carborane–

COO fragments form nearly eclipsed conformations, which

permit the Ph and COO fragments to adopt a coplanar orien-

tation. The C]O/C]O dihedral angle in the biphenyl

derivative 1F was optimized at 154�. In contrast, the five-fold

rotational axes of the carborane cluster permit a better
This journal is ª The Royal Society of Chemistry 2009



Fig. 2 Space-filling models for 1F (top) and 2F (bottom) obtained by full

geometry optimization at the HF/6-31(d) level of theory. Models are

shown in the Gaussian standard orientation.

Table 1 Transition temperatures (�C) and enthalpies (kJ mol�1) for compounds 1 and 2a

X 1 2

F Cr1 94 Cr2 98 SmC* 155 SmA* 185 Ib Cr 97 (SmA* 93) I
(26.4) (0.1) (1.2) (4.6) (34.0) (1.4)

H Cr 93 SmA* 130 Id Cr 36 (N* 21 BP 22)c I
(31.9) (5.8) (28.1)

a Cr ¼ crystal, Sm ¼ smectic, N ¼ nematic, I ¼ isotropic. In parentheses monotropic transitions. b Lit:11 Cr1 94.3 Cr2 97.9 SmCb* 155.6 SmA* 184.6 I.
c Microscopic observation. d Lit:36 Cr 92.5 SmA 130.8 I.
adjustment of the relative orientation of the two carbonyl

groups, which adopt a nearly antiparallel orientation in the

optimized structure of 2F (172�).

Ab initio calculations show that the carborane derivative 2F

has a smaller molecular dipole moment (0.61 D) than the

biphenyl analog 1F by 0.4 D.50 The longitudinal component of

the dipole moment in the former is practically 0 D, which results

in the orthogonal orientation of the net dipole moment relative

to the long molecular axis defined by the standard orientation.

In contrast, the biphenyl analog 1F has both dipole moment

components significant (mll ¼ 0.58 D and mt ¼ 0.93 D), which

give rise to a 52� angle between the net dipole moment vector and

the long molecular axis. The observed difference in the dipole

moments of the two molecules arises from the conformational

and electronic properties of the carborane moiety. The five-fold

rotational symmetry of the carborane allows for nearly anti-

planar alignment of the two carbonyl groups and significant

lowering of the value of the transverse dipole moment compo-

nent in 2F. Also the electron withdrawing character of the

carborane cage27 combined with the electronegativity of the

perfluorohexyl substituent completely compensate the local

longitudinal dipole moment components of the two carboxyl

groups.
Fig. 3 Partial phase diagram for 2F in 1F. The dashed line connects

SmA*–I phase transition points for the pure components.
Modification of bulk properties of 1F with 2F

The effect of the carborane additive 2F on the physical properties

of the orthoconic smectic host 1F was investigated for two
This journal is ª The Royal Society of Chemistry 2009
concentrations, mole fraction x¼ 0.1 and x¼ 0.2, and results for

mixtures were compared to those for the pure host. The inves-

tigations included the additive’s effect on the thermal, optical (tilt

angle and helical pitch), electro-optical (spontaneous polariza-

tion and risetime), and dielectric properties of the host. The effect

of 2F on the layer spacing of the host was investigated by XRD

methods.

DSC analysis revealed that addition of 10 mol% of 2F to 1F

lowered all transition temperatures of the host by about 9 K

(Fig. 3). The observed depression of the SmA*–I transition

temperature is proportional to the concentration of the additive.

In contrast, for solution x ¼ 0.2 the SmA*–I transition temper-

ature does not conform to the linear dependence on the

concentration. The clearing temperature is depressed by 38 K,

and the SmC* phase is destabilized by 34 K. The melting

temperature for the x ¼ 0.2 mixture is lower by about 34 K than

those of either mixture’s component.

Thermo-optical analysis of the binary mixtures in 1.6 mm cells

with quasi-bookshelf alignment revealed similar non-linear

changes of transition temperatures with concentration of car-

borane additive 2F in biphenyl 1F. The transition temperatures

observed for material confined in the thin cell were however

different from those measured in the free bulk phase. Thus, for

x ¼ 0.1 solution the SmA*–SmC* transition temperature of the

host 1F was lowered by 2 K, while for x¼ 0.2 solutions the SmC*

phase was less stable by 11 K.50 These temperatures obtained in

the thin cell were used to define relative temperatures,51 DT ¼ T

� TC-A, for comparison of the materials’ parameters shown in

Fig. 4–7, and 11–14.
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Fig. 4 The tilt angle q as a function of relative temperature for pure host

1F (circles) and 0.1 (diamonds) and 0.2 mole fraction (triangles) x of 2F

measured on cooling. Uncertainty �1�.

Fig. 6 Spontaneous polarization Ps as a function of relative temperature

for pure host 1F (circles) and 0.1 (diamonds) and 0.2 mole fraction x

(triangles) of 2F measured on cooling.
Investigation of the tilt angle q confirmed11,35 a nearly constant

45� tilt until 128 �C for the pure host 1F (Fig. 4). At this

temperature the observed value of q is rapidly lowered by about

4�, and the new value q of 41� remains nearly constant in the

range of 135 �C–145 �C. At higher temperatures the tilt angle

rapidly decreases until phase transition to SmA*. This pattern is

fully reproducible in both the heating and the cooling modes. An

addition of x ¼ 0.1 mole fraction of 2F does not significantly

affect the tilt angle value of the host, while for the x ¼ 0.2 solu-

tion the orthoconic property is lost and the saturated tilt angle q

is only 40�. The additive removes, however, the anomalous

behavior of q observed for the pure host at DT ¼ �20 K.

The wavelength of selective reflection l for the host 1F

monotonously decreases with decreasing temperature from

about 500 nm near the SmC*–SmA* phase transition to about

380 nm at DT ¼ �40 K (Fig. 5). An addition of x ¼ 0.1 mole

fraction of 2F significantly tightens the helical pitch p, which is

related to l by the refractive index (p ¼ ln�1), while 0.2 mole

fraction of 2F has surprisingly a much smaller effect on the

pitch of the host. For instance, at a relative temperature of

DT ¼ �20 K the wavelength of selective reflection l for the

x¼ 0.1 mixture is smaller by 53 nm than that of the pure host and

for x ¼ 0.2 mixture the difference is only 17 nm. Analysis of the

curves shows much greater temperature dependence of l for

x ¼ 0.1 mixture than for host or the x ¼ 0.2 solution.
Fig. 5 The wavelength of selective reflection l as a function of relative

temperature for pure host 1F (circles) and 0.1 (diamonds) and 0.2 mole

fraction x (triangles) of 2F obtained on cooling.
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Spontaneous polarization of the host and the two mixtures is

similar in the whole temperature range (Fig. 6). All three mate-

rials display nearly linear behavior of Ps(T) until about DT ¼
�10 K, at which temperature the Ps values begin a rapid decline.

The x¼ 0.1 mixture of 2F in 1F have lower Ps values, while the Ps

values for the x ¼ 0.2 mixture appear to be slightly higher than

those for the pure host. For instance, at DT ¼ �25 K, the Ps

value for the x¼ 0.1 mixture is 8% smaller and for x¼ 0.2 is 3.5%

larger than that for the pure host. The observed nearly linear

behavior of the Ps(T) function away from the transition point

is consistent with findings for orthoconic materials and rather

rare for other types of ferroelectric smectics.5

The electro-optical risetime, t10–90, measured for the pure host

1F is approximately a linear function of temperature and

decreases from about 250 ms at DT ¼ �50 K to about 100 ms at

DT ¼ �10 K (Fig. 7). Addition of either 0.1 or 0.2 mole fraction

of 2F reduces the host’s risetime by about 25%. For instance, at

DT ¼�25 K both mixtures have shorter risetimes by about 40 ms

than that of the pure host.

The measured risetime t10–90 allowed the calculations of

rotational viscosity g4 of the materials from equation 1 in which

E is the electric field vector.52 Results show that the viscosity

of the biphenyl host, 1F, is markedly lowered upon addition of

carborane derivative 2F, and that the higher the concentration of

the additive the less viscous the material (Fig. 8). The Arrhenius
Fig. 7 The risetime t10–90 as a function of relative temperature for pure

1F (circles) and 0.1 (diamonds) and 0.2 mole fraction x (triangles) of 2F

measured on cooling.

This journal is ª The Royal Society of Chemistry 2009



Fig. 8 The Arrhenius plot of rotational viscosity gf for pure host 1F

(circles) and 0.1 (diamonds) and 0.2 mole fraction x (triangles) of 2F.
analysis shows that within the experimental error the rotational

viscosity activation energy Ea for the host and x ¼ 0.1 mixture is

practically the same and about 6.8 kcal/mol. In contrast, addition

of 0.2 mole fraction of 2F decreased the host’s Ea to 6.4 �
0.2 kcal/mol.

g ¼ 1

1:8
s10�90 � Ps � E (1)

For a better understanding of molecular motions in the tilted

phase, the host 1F and its solutions with 2F were analyzed using

frequency domain dielectric spectroscopy (FDDS) in a broad

temperature range. The materials were investigated in 20 mm cells

to preserve the helical twist of the supramolecular structure of the

SmC* phase, and were forced into a uniform quasi-bookshelf

structure with smectic layers parallel to the direction of the

applied electric field. For such an aligned material, the dielectric

response was taken as the perpendicular component of the

dielectric permittivity tensor 3t, which was then decomposed

to the real (3t
0) and imaginary (3t

00) parts according to the

Cole–Cole relaxation model.50,53

Experimental results showed that the highest value of dielectric

permittivity component 3t
0 (�120) was observed for the pure

host 1F in the SmC* phase (Fig. 9). An addition of 0.1 mole

fraction of 2F reduced the 3t
0 value to about 50, while the

x ¼ 0.2 solution had an intermediate value of about 80. This
Fig. 9 The real part of the perpendicular component of the dielectric

permittivity tensor 3t
0 as a function of temperature for pure 1F (host)

and its 0.1 and 0.2 mole fraction solutions with 2F measured on cooling at

1 kHz.
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trend is consistent with the results of the pitch measurements

(Fig. 5) and expected based on the theory54 since 3 � p2. Analysis

of the curves shows that the inclining character of the 3t
0(T)

curve for the host in the tilted phase region was replaced with an

almost temperature-independent characteristic measured for the

two solutions with 2F. Also the spike of the 3t
0 value due to the

pretransitional effects (soft mode) increased with increasing

concentration of the additive 2F. These results are consistent

with the theory54,55 and general behavior of SmC* mixtures.56–59

The Cole–Cole analysis of the dielectric results recorded in

a broad temperature range for the pure host 1F and the two

solutions with 2F demonstrated only a single dielectric mode, the

so-called Goldstone mode, present in the SmC* phase.50 A plot of

the imaginary part of the perpendicular component of the

dielectric permittivity tensor 3t
00 in a 10 Hz–10 MHz frequency

domain recorded at DT ¼ �20 K showed that the maximum of

dielectric loss observed for the pure host 1F at about 1 kHz was

shifted to higher frequencies and its amplitude decreased upon

addition of carborane derivative 2F (Fig. 10). The dopant effect is

non-monotonous and for the lower concentration (x ¼ 0.1) the

change is more pronounced than for higher concentration (x ¼
0.2) of 2F in the host. This is consistent with the trends in the helical

pitch values for the three materials (Fig. 5), since the frequency is

proportional to p�2.60 Similar changes in the dielectric loss spectra

were observed for other SmC* mixtures such as solutions of

dichroic dyes in SmC* hosts.56–59 The observed Wagner–Maxwell

mode55 in the low frequency region of the 20 mol% solution is due

to ion conduction activated most likely by poor alignment

uniformity and multi-domain structure of the sample.55

The dielectric data allowed for the calculation of the relaxation

frequency fr and dielectric strength D3G ¼ 30 � 3N from the Cole–

Cole plots for each temperature, and results are shown in Fig. 11

and 12.50 Subsequently, the results for dielectric strength D3G

were used to calculate the twist elastic constant K4 using

equation 2,54 and its temperature dependences for the host and

the two solutions are shown in Fig. 13.

K4 ¼ p 2

2p30D3G

�
Ps

q

�2

(2)

Results presented in Fig. 11–13 show again the non-monotonous

dependence of phase parameters on the concentration of
Fig. 10 The imaginary part of the perpendicular component of the

dielectric permittivity tensor 3t
00 as a function of frequency for pure host

1F (host) and its 0.1 and 0.2 mole fraction x solutions with 2F measured

at DT ¼ �20 K.
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Fig. 11 The relaxation frequency fr of the Goldstone mode vs. relative

temperature T � TAC for pure host 1F (circles), and 0.1 (diamonds) and

0.2 mole fraction x (triangles) of 2F.

Fig. 13 Elastic constant K4 vs. relative temperature T � TAC for pure

host 1F (circles), and 0.1 (diamonds) and 0.2 mole fraction x (triangles) of

2F.
carborane derivative 2F in the host; an addition of smaller

amounts (x ¼ 0.1) of 2F gives larger change in the material’s

parameters than for the x ¼ 0.2 solution. Analysis of the plot in

Fig. 11 shows that the relaxation frequency fr increases much

faster with the temperature for the solutions than for the pure

host. Also the character of the curves for the host and the two

solutions is different. The former is steadily inclining, while those

for the solutions have maximum at about DT ¼ �25 K. This

behavior can be due to pretransitional effects and overlap of

Goldstone and soft modes.

Fig. 12 shows that the dielectric strength D3G for the host

declines rapidly, while for the solutions it is approximately

constant away from the transition point. In the nearly linear

region of the plot (DT range �70 K to �20 K) the gradient of the

dielectric strength of the pure host is an order of magnitude

greater (�1.24 � 0.04 K�1) that those for the 10 mol% (�0.11 �
0.3 K�1) and 20 mol% solutions (�0.10 � 0.03 K�1). The trends in

Fig. 12 are consistent with results shown in Fig. 10.

The results in Fig. 13 demonstrate that the twist elastic

constant K4 for the pure host and for the 10 mol% solution

weakly depends on the temperature, although the K4 values for

the latter are over 2 times greater than those for the pure host. In

contrast, the twist elastic constant K4 for x¼ 0.2 solution rapidly

decreases with increasing temperature. This strong temperature
Fig. 12 The dielectric strength D3G vs. relative temperature T � TAC for

pure host 1F (circles), and 0.1 (diamonds) and 0.2 mole fraction x

(triangles) of 2F.
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dependence of K4 for x ¼ 0.2 is unexpected. Analysis of the

parameters in equation 2 showed that for the x¼ 0.2 solution the

ratio of (Ps/q)2 has the steepest decline (�1.16, �0.93, and �1.6 �
10�7 C2 m�4 K�1 for host, x¼ 0.1 and x¼ 0.2, respectively), while

the p2/D3G function has the weakest increasing character with

increasing temperature (+13, +42, and +8 � 10�18 m3 F�1 K�1 for

host, x ¼ 0.1 and x ¼ 0.2, respectively). Thus, a combination of

the two opposing trends, increasing for p2/D3G and decreasing

for (Ps/q)2, gives a net decline of the K4 (T) curve for the x ¼ 0.2

solution, while for the host and x ¼ 0.1 solution the two trends

balance out and the K4 (T) curves are practically temperature

independent.

Small angle X-ray scattering measurements of the host 1F in

a broad temperature range revealed that the layer thickness in the

SmA* phase is about 34 Å (Fig. 14). This value is about 1.5 Å

smaller than the length of the molecular projection (Fig. 2), and the

difference may be due to conformational flexibility of the terminal

hexyl group. Addition of 0.1 mole fraction of 2F slightly increased

the layer spacing d. In contrast, the value d inx¼ 0.2 solution of 2F

was smaller by about 1 Å, which suggests either intercalation of the

layers or more significant disorder of the hexyl chains. The

formation of the de Vries phase61 is unlikely, given the nearly

temperature-independent d in the SmA* region and significant

layer contraction by over 8% in the full SmA*–SmC* region.62
Fig. 14 The layer spacing d as a function of relative temperature for the

pure host 1F and 0.1 and 0.2 mole fraction x of 2F measured on cooling

by X-ray diffraction.
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Upon cooling to the SmC* phase, the smectic layer spacing in

all three materials monotonously decreases to about 30.7 Å in

response to the molecule tilting. Considering the molecular

length of 35.6 Å (Fig. 2), the tilt angle q can be calculated at 30�

to the layer normal. The resulting value q is nearly 1.4 times

smaller than that obtained from optical measurements (Fig. 4),

which is consistent with the previous XRD analysis of 1F4 and

typical for orthoconic materials.5

Discussion

Molecular modeling demonstrated that both fluorinated deriva-

tives, biphenyl 1F and carborane 2F, have nearly identical static

shapes and sizes in their most extended conformations (Fig. 2).

However, their dynamic geometries are significantly different.

Relative to benzene the carborane is larger (van der Waals diam-

eter: 6.66 Å vs 7.43 Å),63 moderately electron deficient,64 and has

a higher order of rotational axes. The benzene ring has a two-fold

rotational symmetry axis along the C(1)/C(4) line, and the

substituents may adopt one of two conformational minima

(Fig. 15). In contrast, the carborane has C5 symmetry axis and its

derivatives have 5 conformational minima.19,26 These geometrical

and electronic differences between the two structural elements

affect the number and distribution of conformational minima and

also the magnitude and orientation of the dipole moment in their

derivatives. Consequently, carborane derivatives, including 2F,

have generally higher conformational flexibility and smaller

dynamic anisometry as compared to the benzene analogues such as

1F. This manifests itself in typically lower clearing temperatures

and far lower tendency to the formation of smectic phases,19,23,24,27

even in mesogens with partially fluorinated alkyl chains30,31 such as

the pair of 1 and 2. The larger size of the carborane and higher

conformational mobility of its derivatives as compared to the

carbocyclic analogues have been identified as plausible reasons for

the observed markedly lower twisting power of a chiral carborane

derivative.26 In addition, such conformational mobility affects the

magnitude of the transverse dipole moment, which in carborane

derivatives can be minimized by fine adjustment of the relative

orientation of local dipole moments, such as those of the carboxyl

groups in 2F. Therefore, it can be expected that these steric,

conformational, and electronic properties of the carborane will

result in low spontaneous polarizationPs and long supramolecular

pitch p. The former is due to the relatively low stereo-polar

coupling in carborane derivatives resulting from practically

unhindered rotation of the C]O group in the vicinity of the chiral

center,65 and the latter to the shielding of the chiral center.
Fig. 15 Rotational axes and extended Newman projections for selected

ground state conformers of model carboxylic acids. The bars represent

the COOH (black) and the plane of the phenyl ring (gray).
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Consequently, the addition of isostructural carborane derivative

2F to the SmC* host 1F should result in destabilization of the

smectic phase, increase of the pitchp, and reduction of spontaneous

polarization Ps. Experimental results demonstrated however that

while thePs indeed decreased in the 10 mol% solution relative to the

pure host, the pitch significantly tightened and both parameters

exhibit non-monotonous behavior in the binary system.

In general, carborane-containing mesogens and their carbo-

cyclic analogues exhibit nearly linear dependence of clearing

points (N–I transitions) on concentration in their binary

mixtures.14–16 Smectic phases are often destabilized in a non-

linear mode by carborane additives, that do not exhibit smectic

phases themselves.14 Similar results were found for mixtures of

carborane derivatives that are structurally related to 2F and

containing a partially fluorinated alkyl tail, with non-fluorinated

carborane mesogens, and also their benzene analogues

(compounds 9).30 Despite the fact that 2F has a SmA* phase,

experiments demonstrated that temperatures for both transition,

SmA*–I and SmC*–SmA*, in the binary mixture of 1F and 2F

exhibit non-linear character as a function of concentration.

Analysis of the optical and dielectric data demonstrated non-

monotonous change of physical properties with increasing

concentration of the dopant. Addition of 0.1 mole fraction of the

carborane analog 2F had little effect on the tilt angle q, sponta-

neous polarization Ps, and the layer spacing d of the host 1F.

Therefore, it appears that 2F is compatible with the biphenyl host

at this concentration. However, measurements revealed a signif-

icantly tighter helix and, in consequence, significantly lower (by

60%) dielectric permittivity of the mixture as compared to those

of the pure host 1F. The mechanism of the observed pitch

tightening is not clear at the moment, although occasionally

observed in other systems.66 Finally, the electro-optical

measurements revealed that the rotational viscosity g4 of the

mixture is markedly lower by about 25% than that of the pure

host. This indicates that even 0.1 mole fraction of the additive is

sufficient to increase the degree of freedom of molecules in the

SmC* phase and presumably to enlarge free volume per mole-

cule, which allows for less encumbered rotation in the electric

field.

Addition of a larger amount of the carborane analog 2F to the

biphenyl host 1F has a significant impact on all structural and

physical parameters of the host. In general, parameters that were

little affected by the 0.1 mole fraction of the additive 2F were

strongly changed in the x ¼ 0.2 mixture. This includes layer

spacing d and tilt angle q. Effects of the additive on other

parameters of the host such as the helical pitch p and dielectric

permittivity were diminished, while the rotational viscosity g4
was reduced further in the temperature range of DT ¼ > �25 K

as compared with the x ¼ 0.1 mixture. Surprisingly, the value of

spontaneous polarization Ps slightly exceeded that measured for

the pure host.
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Comprehensive analysis of the dielectric results for the host

and the two solutions demonstrated that the K4 is not the

primary factor responsible for the low viscosity g4. According to

Eq 3 viscosity g4 depends on the elastic constant K4, pitch p, and

relaxation frequency fr.
55 Since the pitch p decreased upon

doping the host, and the elastic constant increased, the decrease

in the g4 is solely due to the high relaxation frequency fr. This

means that the helix is restored quickly upon distortion in an

electric field.

g4 ¼ 2pK4

frp 2
(3)

Studies presented here for 1F and 2F constitute a rare example

of detailed investigation of dopant effects on properties of

a single component orthoconic ferroelectric SmC* phase.66 There

are only a handful of reported11,67–69 studies of high tilt anti-

ferroelectric compounds (OAFLC) in which the dopant was

either structurally similar,69 or a nematogen.67 The latter studies

demonstrated a nearly linear decrease of the Ps value, and

a monotonous change of the tilt angle q was implied for low

concentrations (x < 0.25) of the nematic additive.67 Unfortu-

nately, the helical pitch could not be measured for low concen-

trations of the additive.67 Other studies of binary mixtures of

O(A)FLC were mostly limited to transition temperatures and

helical pitch as a function of the composition.11,68

Studies of low-tilt ferroelectric materials are more numerous,1

including ours.22 Results show that the impact of the dopant on

phase parameters varies depending on the host and the structure

of the additive. In many such mixtures non-monotonous

behavior of physical properties is often observed for low

concentrations of the dopant.66

The limited body of data available for orthoconic mixtures

demonstrates the complexity of the additive-host interactions

and their effect on phase parameters. Better understanding

of these effects and harnessing them for optimization of phase

parameters will require more detailed and comprehensive studies

using specifically design functional additives with systematically

varied structural features.
Summary and conclusions

Comprehensive thermal optical and dielectric analysis showed

that although carborane derivative 2F does not exhibit a polar

SmC* phase, it has a generally positive effect on some key

parameters of the SmC* phase of its isostructural biphenyl host

1F. Perhaps the most important effect of the carborane additive is

the reduction of the switching time t, while maintaining the high

tilt angle q and spontaneous polarization Ps of the host in low

concentrations (#10 mol%). Contrary to expectations and

desires, the carborane additive did not expand the host’s helical

pitch. Instead the pitch was tightened, which affected the dielec-

tric and elastic parameters of the material. A full phase diagram

for 1F and 2F and also for other close structural analogs would

certainly be helpful for a better understanding of the impact of

2F on phase parameters and the role played by the carborane

additive 2F on SmC* properties including the possibility of the

formations of ferrielectric phases in this binary system.

Overall, results obtained for the pair 1F and 2F indicate

that some carborane derivatives might be attractive dopants for
1180 | J. Mater. Chem., 2009, 19, 1173–1182
fine-tuning of properties of orthoconic ferroelectric and possibly

antiferroelectric materials. This warrants further studies of

other carborane derivatives as functional modifiers of the SmC*

materials and investigation of O(A)FLC materials containing

their close structural carborane analogues.
Experimental

Optical microscopy and phase identification was performed

using a PZO ‘‘Biolar’’ polarized microscope equipped with

a HCS250 Instec hot stage. Thermal analysis was obtained using

a TA Instruments 2920 DSC. Transition temperatures (onset)

and enthalpies were obtained using small samples (2–3 mg) and

a typical heating rate of 5 K min�1 under a flow of nitrogen gas.

For DSC and microscopic analyses, each compound was addi-

tionally purified by dissolving in CH2Cl2, filtering to remove

particles, condensing, and recrystallization from hexanes or

a toluene/heptane mixture. The resulting crystals were dried

under vacuum overnight at ambient temperature.

Binary mixtures were prepared by dissolving both components

in small amounts of dry CH2Cl2, and subsequent evaporation of

the solvent and drying the resulting homogeneous material at

70 �C for several hours. For mixtures the transition temperature

was taken as the upper limit of the biphasic region as observed

by optical microscopy.

Most of the structural and physical parameters were investi-

gated by using previously published methods.70 The tilt angle q,

spontaneous polarization Ps, switching time t and rotational

viscosity gf were investigated using custom-built 1.6 mm thick

cells coated with antiparallel rubbed polyimide (PI 2610,

DuPont). The cells were filled with the material under study in

the isotropic phase by capillary action. The uniform quasi-

bookshelf structures with smectic layers parallel to the direction

of the applied electric field were obtained during several slow

cooling-heating cycles (�0.02 K min�1) in the presence of an

electric field (E z 12 V mm�1). Cells with the x¼ 0.2 mixture were

subjected to twice as long an alignment process (more heating-

cooling cycles) than the cells containing the host or the x ¼
0.1 mixture. All measurements were performed on cooling from

the isotropic phase at a rate of about 0.01 K min�1. The same

cells were used for thermo-optical analysis, and all electrooptical

measurements.

The tilt angle q was measured with the uncertainty of �1�

using a standard method71 as 1/2 of the rotation of the cell’s

optical axis of the fully extinguished states between crossed

polarizers in an electric square wave field of 13.0 Vmm�1 and

frequency of 20 Hz. The spontaneous polarization Ps (�2 nC

cm�2) was evaluated from the integration of the repolarization

current peaks in the same cell as for the tilt angle measurements,

under a triangle electric pulse at a frequency of 25 Hz.

For the evaluation of the switching time for the surface-

stabilized FLC (SSFLC) structures of the orthoconic material,

the smectic layer normal was oriented parallel with the incident

light beam polarization. Upon the AC, square-shaped driving

pulse, the optical axis of the structure switches between two

bright states through the dark state. The switching time was

evaluated as 90% of the time needed for the full switching

between two bright states. The rotational viscosity was calcu-

lated from equation 1.52
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Phase transition temperatures for the materials were

determined in the same 1.6 mm thick cells on cooling by thermo-

optical observations of the transmitted light intensity in a bire-

fractive setup. The optical axis of the sample, defined in the

SmC* phase, was oriented at the maximum transmission

increment (22.5� off the orientation of the extinction maximum).

Data and plots of the thermo-optical curves are shown in ESI.†

Dielectric measurements were performed in a broad temper-

ature range in a frequency domain (total range 10 Hz–10 MHz;

uncertainty of the frequency adjustment was <1% in the 500 Hz–

1 MHz range) with a HP4192A impedance analyzer in 20 mm

thick cells with gold electrodes covered with antiparallel rubbed

polyimide (PI 2610, DuPont) to impose the quasi-bookshelf

structure. The measuring AC voltage of 0.1 V was applied

perpendicularly to the helical axis, which permitted observation

of the perpendicular components (real 3t
0 and imaginary 3t

00) of

the complex dielectric permittivity. The uncertainty of the

evaluation of the 3t
0 and 3t

00 values is less than 0.5. Details of

the Cole–Cole analysis are provided in ESI.†

The wavelength of selective reflection l values (�2 nm) was

measured for the samples placed on fresh, untreated glass and

ordered by free surface upon slow cooling (0.02 K min�1).

The smectic layer thickness as a function of temperature was

obtained by small-angle X-ray scattering experiments at Warsaw

University. All measurements were done on slow cooling of

samples contained in a glass capillary placed in a temperature-

controlled chamber using a Bruker diffractometer with a Cu

lamp (Ka1) and a multilayers parabolic monochromator (Goebel

mirror).
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