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ABSTRACT: Two series of related three-ring nematoges with
Δε > 0 and containing 12-vetex carborane (A), 10-vertex
carborane (B), bicyclo[2.2.2]octane (C), cyclohexane (D) and
benzene (E) were prepared and investigated as additives to 6-
CHBT nematic host and in the pure form (series 2). Dielectric
results were analyzed with the Maier−Meier relationship to
gain an understanding of behavior of additives in nematic
solutions. Molecular parameters for each nematogen were
obtained at the B3LYP/6-31G(d,p) level of theory in the host’s dielectric medium, and dielectric data was used as the only
experimental parameter to calculate apparent order parameter Sapp and the Kirkwood factor g. The results demonstrated that
compounds in series 1 stabilize the nematic phase (high Sapp) of the host more than additives in series 2 (low Sapp), and
carbocycles C and D are more effective (higher Sapp) than carborane analogues A and B (lower Sapp). The method provides
insight into behavior of additives in nematic solutions and is useful for comparative analysis of a series of compounds or a series
of hosts.

■ INTRODUCTION

Polar liquid crystals, in which dielectric anisotropy Δε is
controlled by strategic placement of fluorine atoms in the
structure,1 constitute an important class of materials for display
applications.2−9 Such materials are key components of nematic
mixtures used, e.g., in thin film transistor liquid crystal display
(TFT−LCD) applications,10 in which high resistivity is
essential.11,12 Evaluation of these materials is typically
conducted by extrapolation of bulk parameters, such as Δε,
birefringence Δn, and viscosity η, from dilute solutions, e.g., 10
% w/w, in a nematic host. However, electro-optical parameters
of the additive, e.g. dielectric permittivity, vary significantly
from host to host, due to a different degree of molecular
association, dielectric screening, and geometrical compatibility
of the additive with the host. For instance, a value Δε = 12.0
was extrapolated for the classical 5CB from a polar host, while
Δε = 21.8 was obtained from a weakly polar host.13

An important tool used in analysis of nematic com-
pounds8,13−19 and in designing of new mesogens6,20−23 for
display applications is provided by the Maier−Meier relation-
ship.24 However, such analyses are conducted typically for pure
compounds, thus providing little information about their
behavior in nematic mixtures.
The Maier−Meier relationship24 (eqs 1−3), derived from the

Onsager theory for isotropic fluids,25 connects bulk properties
of a liquid crystal, such as dielectric parameters (ε∥, ε⊥, and
Δε), order parameter S, density (N) and the reaction field and
cavity factors (F and h), with their molecular parameters:

electronic polarizability (α and Δα), effective dipole moment
(μeff) and its orientation with respect to the long molecular axes
(β).26−28 The latter parameters can be obtained from quantum-
mechanical calculations, and, in conjunction with some
experimental data, conveniently provide information on
behavior of the material.
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Several years ago we expanded the use of the Maier−Meier
relationship to analysis of binary mixtures, which provided
information about solvent−solute interactions29−31 and the
degree of aggregation in solution31 and yielded information
about conformer distribution.32 In this context we investigated
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a series of isostructural compounds containing rings A−E
(Figure 1) with negative dielectric anisotropy (Δε < 0) as

additives to a nematic host.29 Analysis of solution dielectric data
revealed that the behavior of the additive, most importantly the
order parameter S, strongly depends on the ring structure in the
rigid core. We now focus on a series of three-ring derivatives of
fluoro- and 1,2,3-trifluorobenzene with positive dielectric
anisotropy (Δε > 0), that belong to a class of materials
attractive for TFT−LCD applications.12,33,34 While analyzing
properties of these materials, we refine the protocol for the
Maier−Meier analysis.
Here we describe detailed investigation of two series of

closely related derivatives 1 and 2 (Figure 1) containing rings
A−E in binary mixtures with a nematic host (6-CHBT) and in
the pure form. Experimental dielectric data in conjunctions with
theoretical molecular parameters are analyzed using the Maier−
Meier formalism providing insight into impact of the ring
structure on bulk behavior of these materials. In this context,
we (i) describe synthetic details and extensive characterization
of compounds 1 and 2, (ii) investigate several computational
methods for their accuracy in reproduction of molecular
electronic parameters, and (iii) discuss assumptions used in the
Maier−Meier analysis and sources of errors and their impact on
analysis results.

■ EXPERIMENTAL SECTION
General Procedures. Optical microscopy and phase

identification was performed using a polarizing microscope
equipped with a hot stage. Thermal analysis was obtained using
a differential scanning calorimeter (DSC). Transition temper-
atures (onset) and enthalpies were obtained using small
samples (1−2 mg) and a heating rate of 5 K min−1 under a
flow of nitrogen gas. The clearing transition was typically less
than 0.3 °C wide.
Synthetic details and characterization of compounds 1 and 2

are provided in the Supporting Information.
4-(4-trans-Hexylcyclohexyl)phenyl isothiocyanate (6-CHBT)

was purified by vacuum distillation before use. Dielectric
parameters for the pure host were measured 10 times in 3 cells
at 25 °C and the results were averaged: ε∥ = 11.79 ± 0.05; ε⊥ =
3.98 ± 0.03; Δε = 7.80 ± 0.07. Literature values:35 ε∥ = 12.0; ε⊥
= 4.0; Δε = 8.0.
Dielectric Measurements. Properties of compounds in

series 1 and 2 were measured with Liquid Crystal Analytical
System (LCAS - Series II, LC Analytical Inc.) using GLCAS

software version 0.929, which implements literature procedures
for dielectric constants.36

Approximately 3, 6, and 10 mol % solutions of 1 and 2 in 6-
CHBT were prepared and conditioned at 50 °C. The mixtures
were loaded into ITO electro-optical cells by capillary action in
the isotropic state and measurements were taken at 25 °C. The
cells (about 4 μm thick, electrode area of 0.56 cm2 and
antiparallel rubbed polyimide layer) were obtained from LCA
Inc. and their precise thicknesses (±0.05 μm) was measured by
dielectric methods.
Default parameters were used for measuring dielectric

constants of the materials: triangular shaped voltage bias
ranging from 0.1 to 15 V at 1 kHz frequency. For each mixture,
the measurement was repeated at least 5 times. All consistent
results were averaged to calculate the mixture’s dielectric
parameters. Values for dielectric permittivity ε⊥, ε∥, and Δε
were plotted as a function of concentration and using linear
regression were extrapolated to pure additives 1 and 2. The
intercept in the fitting functions was fixed at the value for the
pure host. The results are presented in Tables 2 and 3. The
uncertainties given are the standard errors of the regression’s
slope at a mole fraction of 1.

A similar method was used for obtaining dielectric data for
pure materials. A standard 4 μm electro-optical cell was filled
with compound 2 at a temperature slightly above the N−I
transition. After 2 h of conditioning, dielectric parameters were
measured as a function of temperature to establish the N−I
transition (Δε ∼ 0) of the material confined to the cell.
Attempted measurements for the 12-vertex carborane derivative
2A were unsuccessful due to sample crystallization upon
supercooling by more than 20 K. For compounds 2B−2D,
dielectric parameters were measured at several regular temper-
ature intervals from the TNI. Each measurement was repeated at
least 5 times and each compound was measured in two different
cells. The results were analyzed as described above.

Optical Measurements. Refractive indices n0 and ne were
measured for homeotropically aligned sample of 2D using Abbe ́
refractometer at λ = 589 nm at several temperatures. The

Figure 1. Molecular structures of compounds 1, 2, and five ring
systems: 1,12-dicarba-closo-dodecaborane (12-vertex p-carborane, A),
1,10-dicarba-closo-decaborane (10-vertex p-carborane, B),
bicyclo[2.2.2]octane (C), cyclohexane (D), and benzene (E). In A
and B, each vertex represents a BH fragment and each sphere is a
carbon atom.

Table 1. Transition Temperatures (°C) and Enthalpies (kJ/
mol) for Compounds in Series 1 and 2a

1 (X = H) 2 (X = F)

A Cr 76 N 130 I Cr 94 (N 72)b Ic

(22.6) (0.7) (24.0) (0.2)d

B Cr 104 N 123 I Cr 46 (N 42)b Ic

(30.7) (0.5) (17.6) (0.2)d

C Cr 142 N 197 Ie Cr 78 N 105 Ic,f

(26.6) (0.6) (20.5) (0.3)
D Cr 100 N 152 Ig Cr 30 N 56 Ic,h

(23.2) (0.7) (18.9) (0.2)
E Cr1 107 Cr2 210 I Cr1 57 Cr2 94 SmA 97 Ic,i

(11.4) (21.2) (5.1) (7.9) (4.8)
aKey: Cr, crystal; Sm, smectic; N, nematic; I, isotropic. Transition
temperatures obtained on heating. bMonotropic transition. cReference
40. dRecorded on cooling. eLit.: Cr 136 N 186 I; ref 44. fLit.: Cr 67 N
78 I; ref 44. gLit.: Cr 100 N 153 I; ref 46. Lit.: Cr 94.3 N 152.8 I; ref
47. hLit.: Cr 30.4 N 58 I; ref 4. Lit.: Cr 29.2 N 57.6 I; ref 34. iLit.: Cr
95.0 Sm 98.5 I; ref 33. Lit.: Cr 94 N 97 I; refs 44 and 45.
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homeotropic alignment was imposed by treating the prisms
with lecithin solution in ether.

■ COMPUTATIONAL DETAILS
Quantum-mechanical calculations were carried out using
Gaussian 09 suite of programs.37 Geometry optimizations for
unconstrained conformers of 1 and 2 with most extended
molecular shapes were undertaken at the B3LYP/6-31G(d,p)

level of theory using default convergence limits. For
optimization of test compounds and 2D additional basis sets
and methods were used (including HF and M06). The alkyl
groups were in all-trans conformation and set anti to the C(4)−
C(3) bond of the cyclohexane ring in 1D and 2D. Final
coordinates for each molecular model are provided in the
Supporting Information.
Dipole moments and exact electronic polarizabilities of 1 and

2 used in the Maier−Meier data analysis were obtained in 6-
CHBT dielectric medium using the B3LYP/6-31G(d,p)//
B3LYP/6-31G(d,p) method and the PCM solvation model38

requested with the SCRF(Solvent=Generic, Read) keyword
and “eps=6.60” and “epsinf=2.4623” parameters (single point
calculations). The reported values for dipole moment
components and dielectric permittivity tensors are at Gaussian
standard orientation of each molecule (charge based), which is
close to the principal moment of inertia coordinates (mass
based). The frequency-dependent calculations were requested
with the CPHF keyword.

■ RESULTS
Materials. Compounds 1 and 2 were prepared by Pd-

catalyzed coupling of aryl halide 3 and boronic acids 4
according to a modified Suzuki procedure, using a mixture of
N-methylpyrrolidone (NMP) and concentrated solution of
K3PO4 (Scheme 1).39 This procedure, however, was not

effective for the synthesis of 2B; only 1-pentyl-10-phenyl-1,10-
dicarbadecaborane, product of debromination of starting 3B,
was isolated from the reaction mixture, as evidenced by NMR
spectroscopy. The desired compound 2B was obtained by a
different route and its synthesis is described elsewhere.40

The preparation of the requisite halides 3A,41 3B,42 3C,29

3D,43 and 3E29 was reported before.
Thermal Properties. Transition temperatures and en-

thalpies of the mesogens were determined by differential
scanning calorimetry (DSC) and the results are shown in Table
1. Phases were identified by analysis of microscopic textures
observed in polarized light.
All terminally fluorinated biphenyls in series 1 and 2 display a

nematic phase, while terphenyl derivative 2E exhibits only a
narrow range enantiotropic smectic A phase, as evident from
the fan shape texture (Figure 2), and no mesophase was found
in 1E even upon supercooling (Table 1). Our findings for 2E
are consistent with those in another report,33 however, they are
in sharp contrast with literature reports44,45 of a nematic phase.
Also the TNI for 2C is significantly higher than that previously
reported.44

The nematic phase stability in series 1 follows the order
bicyclo[2.2.2]octane > cyclohexane >12-vertex carborane >10-
vertex carborane (C > D > A > B), in agreement with findings
for other series of isostructural compounds.29,43,48−52 In series
2, however, the nematic phase of 2A is more stable than that

Table 2. Experimental and Computed Dielectric Parameters
for 1a

A B C D

Experimental Values for 6-CHBT Solutions, εs = 6.60,b T = 298 K

ε∥ 7.2 ± 0.1 6.8 ± 0.2 9.1 ± 0.1 9.6 ± 0.1
ε⊥ 2.8 ± 0.05 2.7 ± 0.1 0.9 ± 0.1 1.0 ± 0.1
Δε 4.5 ± 0.1 4.1 ± 0.2 8.2 ± 0.1 8.6 ± 0.1c

gd 1.10 ± 0.02 0.67 ± 0.04 0.22 ± 0.02 0.36 ± 0.02
Sapp

d 0.93 ± 0.02 0.96 ± 0.04 2.71 ± 0.1 2.19 ± 0.07
Computed Values for 6-CHBT Solutions, Assuming

εs = 6.60,b S = 0.67, g = 0.7, T = 298 K
ε∥ 5.4 6.0 7.8 7.6
ε⊥ 3.1 3.1 3.4 3.3
Δε 2.3 2.9 4.4 4.3

aFor details see text and Supporting Information. bCalculated from ε∥
and ε⊥.

cCalculated from the components. The extrapolated value has
an error of ±0.6. dComputed from experimental extrapolated dielectric
data using the Maier−Meier relationship and molecular parameters
listed in Table 5.

Table 3. Experimental and Computed Dielectric Parameters
for 2a

A B C D

Experimental Values for 6-CHBT Solutions, εs = 6.60;b T = 298 K
ε∥ 10.4 ± 0.1 13.5 ± 0.05 16.5 ± 0.15 13.0 ± 0.15
ε⊥ 4.3 ± 0.2 4.3 ± 0.15 2.9 ± 0.1 3.7 ± 0.1
Δε 6.1 ± 0.1 9.2 ± 0.15 13.6 ± 0.2c 9.3 ± 0.2
gd 0.69 ± 0.02 0.77 ± 0.02 0.58 ± 0.01 0.51 ± 0.01
Sapp

d 0.54 ± 0.02 0.63 ± 0.02 0.93 ± 0.02 0.72 ± 0.02
Computed Values for 6-CHBT Solutions,

Assuming εs = 6.60,b S = 0.67, g = 0.7, T = 298 K
ε∥ 11.5 13.0 16.3 16.0
ε⊥ 3.8 4.0 4.5 4.4
Δε 7.7 9.0 11.8 11.6

Experimental Values for Pure Compound, T = TNI − 15 K
ε∥ e 10.7 10.3 11.6
ε⊥ e 4.4 4.0 4.5
Δε e 6.3 6.4 7.1
g e 0.54 0.46 0.51
S e 0.54 0.60 0.55

aFor details see text and Supporting Information. bCalculated from ε∥
and ε⊥.

cCalculated from the components. The extrapolated value has
an error of ±0.4. dComputed from experimental extrapolated dielectric
data using the Maier−Meier relationship and molecular parameters
listed in Table 6. eSample crystallization.

Scheme 1. Synthesis of Compounds 1 and 2
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formed by the cyclohexane derivative 2D, due to less effective
shielding against molecular broadening by cyclohexane than the
carborane ring.
The depression (ΔTNI) of the clearing temperature TNI in

series 1 upon lateral fluorination follows a trend observed
before for other series of mesogens.29,43 The largest
destabilization of TNI, by nearly 100 K, is observed for the
cyclohexane (D) derivative and the smallest for the 12-vertex
carborane (A) derivative (about 55 K). This is consistent with
our previous findings showing that sensitivity of the nematic
phase stability to lateral fluorination decreases with increasing
ring size and, consequently, more effective shielding of the
substituent.29,43 A plot of ΔTNI versus effective diameter

53 de of
the variable ring A in the structure is strongly nonlinear (Figure
3). This is in contrast to the results of a similar numerical

analysis for two other series of mesogens, substituted with an
alkyl group at each terminus, for which a linear relationship
ΔTNI(de) was found.

29,43

Optical Measurements. Optical data was collected for the
cyclohexane derivative 2D below the N−I transition and the
results are shown in Figure 4. At T − Tc = −15 K the nematic
phase has a birefringence Δn = 0.151 and average refractive
index navg = 1.570. This compares to Δn = 0.131 and navg =
1.545 extrapolated from a 10% solution in ZLI-4792.40 The
optical data permitted calculations of the molecular electronic
polarizability using the Lorentz−Lorenz relationship (eq 4) and
Vuks’ model54,55 (eq 5), αavrg = 46.8 Å3 and Δα = 15.4 Å3 at T
− Tc = −15 K, assuming density of the liquid 1.0 g/cm3.
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Extrapolation of the optical data to T = 0 K from the linear
portion of the plot56 of Δn vs log(1 − T/Tc) yields the
birefringence of ideally ordered material of Δn0K = 0.23 ± 0.01.
Similar extrapolation of individual optical components ne and n0
to T = 0 K gave the values ne0K = 1.748 and no0K = 1.514, which
according to the Vuks’ method54,55 (eq 5) yield Δα0K = 24.0 Å3

and α0K = 48.5 Å3 for ideally aligned molecules (order
parameter S0K = 1). This allows calculation of the order
parameter S = Δα /Δα0K = 0.64 at T − Tc = −15 K, which is
consistent with S ≈ 0.6 obtained for 2D from similar optical
measurements.57

Dielectric Measurements. Compounds in series 1 and 2
were investigated as low concentration additives to a nematic
host with positive dielectric anisotropy. The relatively low
clearing temperatures in series 2 permitted investigation of
dielectric properties of these compounds also in the pure form
as a function of temperature. Results for both sets of
measurements are collected in Tables 2 and 3. The terphenyl
derivatives 1E and 2E were not investigated due to their low
solubility and lack of a nematic phase.

Solution studies were performed in 6-CHBT (Δε = +7.80)
as the host, which was previously used in similar inves-
tigations.29,32,58 For each compound, solutions of typically three
concentrations ranging from about 2 mol % to 10 mol % were
prepared and their dielectric parameters were measured.
Extrapolated values of dielectric constants ε∥, ε⊥, and Δε for
compounds 1 and 2 were obtained by linear regression analysis
of the solution data to the pure additive. To provide firm bases
for comparison of the results, the intercept in the fitting
function was set at the appropriate value for the pure host. A
sample of data analysis is presented for 1C in Figure 5, and all
results are collected in Tables 2 and 3.28

Results for series 1 show that the extrapolated dielectric
permittivity values fall in two categories: moderate for the two
carborane derivatives 1A and 1B and high for the two
carbocycles 1C and 1D. For the carborane derivatives, the
extrapolated Δε is just above 4, while for 1C and 1D the
anisotropy is about doubled. These sizable extrapolated Δε
values found for the two carbocycles result from their

Figure 2. Optical texture of 2E obtained on cooling from the isotropic
phase.

Figure 3. Change in clearing temperatures (ΔTNI) upon fluorination
in series 1 plotted as a function of effective VDW diameter de of ring A.
The line is guide for the eye.

Figure 4. Refractive indices ne, n0, and birefringence Δn for 2D vs
temperature.
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respectively smaller ε⊥ and larger ε∥ in comparison to the
carborane derivatives 1A and 1B. It is interesting that the
extrapolated ε⊥ values for 1C and 1D is about 1, which is
indicative of increasing order parameter of the solutions (vide
inf ra).
Substitution of two additional fluorine atoms to the

molecular structure of 1 results in significant increase of all
dielectric parameters. A particularly strong effect is observed for
the longitudinal components of the dielectric permittivity ε∥,
which varies between 10.4 for 2A and 16.5 for 2C. As a
consequence, dielectric anisotropy increases substantially upon
fluorination, up to Δε = 13.6 for 2C. The largest increase in Δε,
by about 5, is observed for the 10-vertex carborane (B) and
bicyclo[2.2.2]octane (C), while it is modest for the 12-vertex
carborane (A, ΔΔε = 1.6), and surprisingly small, ΔΔε = 0.7,
for the cyclohexane derivatives (D). This is presumably related
to the reduced molecular anisometry of 2D upon fluorination
of 1D (see Figure 3), which affects the mixture’s order
parameter S (vide inf ra) and consequently the value of Δε.
Dielectric parameters extrapolated for 2 from solutions in 6-

CHBT (Table 3) are smaller than those obtained from 10%
solutions in ZLI-4792 (Δε = +5.3).40 The biggest difference in
extrapolated Δε values is observed for 2A (ΔΔε = 2.6), while
only slight increase of Δε is observed for 2B (ΔΔε = 0.3). The
differences are mainly due to larger ε∥ values in the ZLI host
than in 6-CHBT.
Dielectric properties of three pure compounds in series 2

were measured at several shifted temperatures and results for T
= TNI − 15 are shown in Table 3. The neat 12-vertex carborane

derivative 2A could not be measured due to rapid crystallization
of the supercooled material in a measuring cell. Results show
that all three compounds, 2B, 2C, and 2D have comparable
dielectric paramaters with Δε in a range of 6.3 (2B) to 7.1
(2D). These values are significantly lower than those
extrapolated from solutions in 6-CHBT (Table 3) or in ZLI-
4792.40

Computation of Molecular Parameters. For ration-
alization of the experimental dielectric data the necessary dipole
moments μ and electronic polarizabilities α could be obtained
from quantum-mechanical calculations.59 Since the calculated
values are method-depended, several computational methods
were screened using PhF, PhCN, m-C6H4F2, and 5CB as model
compounds.28 Results demonstrated that DFT methods
(B3LYP and M06) give higher values for α and lower for μ
than the HF method with the same basis set in vacuum. Larger
basis sets increase both values, but polarizability is still short of
the experimental values. Results close to the experimental
values of α were obtained with standard basis set augmented
with diffuse functions or by using the polarizable continuum
(PCM) solvation model.38 The latter method overestimates the
dipole moment for PhCN; however, the measured dipole
moment values depend on the experimental method and
medium.60,61 Fortunately, any systematic errors in treatment of
1 and 2 are included in the empirical Kirkwood factor g,62 and
comparison of results for the same medium and computational
method should be self-consistent. Results for 2D obtained with
several computational methods are shown in Table 4.
Data in Table 4 shows that DFT methods augmented with

diffuse functions or in conjunction with the PCM solvation
model perform well and the electronic polarizability αavrg
calculated for 2D is close to the experimental value of about
46 Å3 obtained form optical measurements at 589 nm.
However, the calculated polarizability anisotropies Δα are
uniformly high and about 30 Å3, which is higher approximately
by about 25% than the experimental values. Even higher
anisotropy is calculated at 589 nm (Δα = 35.5 Å3). Such a
discrepancy between measured and calculated values has been
noticed by others.21 The calculated molecular dipole moment
values are generally about 4.4 D, while the smallest value of 3.8
D was calculated with the 6-31G(d,p) basis set in vacuum. The
variation in the calculated values of polarizability and dipole
moment has rather small effect on the order parameter S.

Figure 5. Plot of ε∥, ε⊥, and Δε vs concentration of 1C in 6-CHBT.
Correlation parameters r2 > 0.99 for ε∥ and ε⊥.

Table 4. Calculated Molecular and Phase Parameters for 2D at T − TNI = −15 K and 6-CHBT Solutions

neatc 6-CHBTd

parameter method μ∥/D μ⊥/D μ/D βa/deg αavrg
b/Å3 Δαb/Å3 g S g Sapp

HF/6-31G(d,p) 4.43 0.57 4.47 7.4 34.0 24.0 0.65 0.49 0.52 0.69
B3LYP/3-21G 4.17 0.61 4.21 8.3 34.9 29.0 0.71 0.50 0.58 0.66
B3LYP/6-31G(d,p) 3.77 0.49 3.80 7.3 37.7 30.6 0.80 0.50 0.69 0.67
B3LYP/6-31G(d,p) and PCMe 4.24 0.56 4.28 7.6 45.3 30.0 (0.51) (0.55) 0.51 0.72

44.3f 35.5f

B3LYP/6-31++G(2d,p)// B3LYP/6-31G(d,p) 4.43 0.55 4.46 7.1 42.7 31.2 0.51 0.53 0.48 0.70
experimental − − − − 48.5g,h 24.0g,h − 0.64h − 0.76h

45.1i −

aAngle between the net dipole vector μ and long molecular axes calculated from the vector components. bStatic field. cAt T − TNI = −15 K. d6-
CHBT solutions. e6-CHBT dielectric medium. fCalculated at 589 nm. gOptical values at T = 0 K. hThis work. iFrom data reported in ref 40.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp411343a | J. Phys. Chem. B 2014, 118, 2238−22482242



Nevertheless, considering accuracy and efficiency of the

calculations, the B3LYP/6-31G(d,p) method with the PCM

solvation model was chosen for obtaining molecular parameters

of compounds in series 1 and 2 for analysis of the dielectric

data.28

Results in Tables 5 and 6 show that the transverse dipole
moment μ⊥ is small (<0.6 D) for all derivatives 1 and 2. In
contrast, the longitudinal dipole moment component μ∥ is
significant and in a range of 1.6−2.4 D in series 1 and higher by
about 2 D in series 2. Consequently, the net molecular dipole
moment vector is nearly parallel to the long molecular axis (β ≤
7°). The value of μ∥ varies in both series of compounds, which
reflects the electron withdrawing ability of the ring A and
correlates well with the ring σp parameter:63 A (σp = 0.12)64 B
(σp = 0.04)65 C (σp = −0.13),66 D (σp = −0.15),67 and E (4-
EtPh, σp = −0.02).67 As expected, the observed trend in the μ∥
is largely consistent with the trend in the extrapolated values of
ε∥.
The calculated average static electronic polarizability αavrg

decreases in both series from about 58 Å3 for derivatives of the
most polarizable 12-vertex carborane A to about 45 Å3 for the
cyclohexane derivatives (A > B > C > E > D). Anisotropy of
electronic polarizability Δα follows a different trend and is
largest for the terphenyl derivatives E, about 45 Å3, and smallest

for the aliphatic rings. The overall trend in Δα (E > B > A > C
> D) reflects the differences between the types of electronic
structures: highly delocalized vs localized (aliphatic), and shapes
of the rings. Thus, the highest anisotropy is observed for the
compounds containing the π-aromatic (E) or σ-aromatic (A
and B) rings. However, the 3-dimensional distribution of
electrons in carboranes A and B gives rise to smaller anisotropy
Δα than that observed for the benzene derivatives E.68 These
observed trends in αavrg and Δα are consistent with the order of
refractive indices extrapolated from ZLI-4792 solutions for 2A,
2B, and 2D,40 and also with our findings for another series of
mesogens.58

A comparison of theoretical with experimental electronic
polarizabilities demonstrates that the calculated values of αavrg
(Table 6) are close to those obtained from optical measure-
ments for pure 2D and also for 2A, 2B and 2D in ZLI-4792
solutions.40 It appears, however, that the calculated Δα values
are significantly larger than those established experimentally,
e.g. calculated Δαtheory = 30.1 Å3, while Δαexptl = 24.0 Å3 for
ideally aligned molecules of 2D (S = 1, vide supra). Similarly,
assuming a conservative order parameter S = 0.67 for solutions
of 2A, 2B and 2D in ZLI-4792,40 Δαexptl values are also
significantly smaller that those calculated with the DFT method
at static field.

Dielectric Data Analysis. Results of dielectric measure-
ments for binary mixtures and pure compounds were analyzed
quantitatively using the Maier−Meier relationship (eqs 1−3).
Molecular parameters α, μ, and β were obtained computation-
ally and are listed in Tables 5 and 6. The reaction field F and
cavity factor h for pure compounds 2 were obtained from
experimental dielectric data and calculated polarizability, while
dielectric parameters ε∥, ε⊥ and Δε were obtained by direct
experiment. The density of the liquids was assumed to be 1.0 g/
cm3. The remaining two quantities in eq 1, the order parameter
S and the Kirkwood factor62 g, are the only adjustable
parameters in the equation. Both of them were calculated
using eqs 6 and 7 obtained by solving simultaneously
expressions for ε∥ (eq 2) and Δε (eq 1). The results are
shown in Tables 2 and 3. For calculations involving binary
mixtures, the medium was assumed to be that of the pure host,
and the effect of the additive was neglected. Therefore, factors F
and h for 6-CHBT were obtained from experimental optical69

and dielectric data using the Dunmur-Toriyama relationship.26

Further details are provided in the Supporting Information.

Table 5. Calculated Molecular Parameters for 1a

A B C D E

μ∥/D 1.59 1.76 2.40 2.26 2.26
μ⊥/D 0.09 0.01 0.27 0.26 0.13
μ/D 1.59 1.76 2.41 2.28 2.27
βb/deg 3 0 6 7 3
Δαc/Å3 37.6 39.6 32.6 30.1d 45.4
αavrg

c/Å3 58.0 54.9 50.6 45.1 47.8
aObtained with the B3LYP/6-31G(d,p) method in 6-CHBT dielectric
medium. bAngle between the net dipole vector μ and long molecular
axes calculated from the vector components. For details see the
Supporting Information. cStatic field. dΔα = 19.5 Å3 calculated from
anisotropy of bond polarizability in arbitrary coordinates; ref 47.

Table 6. Calculated Molecular Parameters for 2a

A B C D E

μ∥/D 3.64 3.82 4.42 4.24 4.35
μ⊥/D 0.07 0.15 0.45 0.56 0.35
μ/D 3.64 3.82 4.44 4.28 4.37
βb/deg 0 2 6 7 4
Δαc/Å3 37.0 (19.9)d 39.3 (21.5)d 32.6 30.1e (19.9)d 45.5
αavrg

c/Å3 58.0 (55.2)d 55.0 (51.6)d 50.8 45.3e (45.1)d 48.0

aObtained with the B3LYP/6-31G(d,p) method in the 6-CHBT dielectric medium. bAngle between the net dipole vector μ and long molecular axes
calculated from the vector components. For details see Supporting Information. cStatic field. dFrom optical data extrapolated from ZLI-4792
solutions and assuming order parameter S = 0.67; ref 40. eExperimental αavrg = 48.5 Å3 and Δα = 24.0 Å3 at T = 0 K (this work).
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Initially, dielectric parameters for compounds 1 and 2 in ideal
6-CHBT solutions were calculated using the Maier−Meier
relationship with the assumption that their order parameter is
the same as for the pure host (Shost = 0.67 at 25 °C),14 and
about 14% of the theoretical dipole moment is compensated (g
= 0.7). Results collected in Tables 2 and 3 show, not
surprisingly, that the trends in ε∥ and Δε generally parallel
those for the computed μ∥ and μ and the highest values in each
series were found for the terphenyl derivatives (1E, ε∥ = 8.1 and
Δε = 4.9; 2E, ε∥ = 17.3 and Δε = 12.9). The transverse
component ε⊥ is approximately 3.5 for 1 and about 4.5 for 2. A
comparison of these values predicted for ideal solutions in 6-
CHBT with those extrapolated form experimental data shows
some significant differences.
Experimental dielectric parameters for carborane derivatives

1A and 1B are generally within 1 unit of the values predicted
for ideal solutions, while significant discrepancies are found for
dielectric parameters of carbocycles 1C and 1D. Their
extrapolated ε⊥ values are lower by about 2, and, consequently,
dielectric anisotropy Δε values are markedly higher than
predicted. Similar, albeit smaller differences were found in
series 2.
More insight into solute−solvent interactions is offered by

analysis of the apparent order parameter29 Sapp and g values in
both series (Tables 2 and 3) obtained from the extrapolated
dielectric data. The Sapp can be viewed as an “activity
parameter” for the additive in the expression for mixture’s
dielectric anisotropy (eqs 8 and 9). In general, order parameter
Sapp is related to the TNI of the additive and geometrical
compatibility with the host, while the Kirkwood factor g reflects
the effective molecular polarity in condensed phase. Thus, it
can be expected that the higher TNI, the higher Sapp, and also
the larger μ the smaller g. Indeed, in series 1 of weakly polar
additives the Sapp and TNI exhibit a similar trend 1C > 1D > 1A
∼ 1B. All values Sapp are higher than the order parameter for
the host (Shost = 0.67 at 25 °C),14 which indicates that all four
additives increase the S value of the solution and stabilize the
nematic phase. Also, as expected, the Kirkwood factor g follows
the trend 1A > 1B > 1C ∼ 1D, which is a reverse of the trend
in values of molecular dipole moment in the series.

In the series of more polar derivatives 2, the trends are less
clear. The Sapp values follow the order 2C > 2D > 2B > 2A,
which, with the exception of 2A, follows the trend in TNI of the
compounds. Among the four additives, only 2C and 2D
stabilize the nematic phase (Sapp = 0.93 and 0.72, respectively),
while for the two carborane derivatives, 2A and 2B, Sapp < 0.67
(Table 3). Values for the Kirkwood factor g in series 2 fall into a
range of 0.51 (2D) and 0.77 (2B), which is typical for
moderately polar nematic compounds.14,70 Similar results were
obtained from analysis of dielectric data for pure compounds in
series 2 (Table 3) and the calculated values for S and g fall into
the expected ranges: 0.54−0.60 for S, and 0.46−0.54 for g.

ε ε εΔ = Δ + Δ −x x(1 )add host (8)

εΔ = + −C S x C S x(1 )add app host host (9)

εΔ = + −S C x C x[ (1 )]add host (10)

The dielectric permittivity data can be analyzed in another
way with the focus on the overall order parameter of a binary
mixture. Since the Maier−Meier relationship (eq 1) can be
presented as a product of the molecular parameter C (Δε for
ideally ordered material) and order parameter S, the expression
for Δε of the binary mixture (eq 8) can be written as eq 9, in
which x represents mole fraction, Cadd and Chost are the
molecular parameters and Sapp and Shost are individual order
parameters of the additive and the host, respectively. It is
reasonable to assume that all components of the mixture have
the same order parameter, which leads to eq 10. With this
equation, the common order parameter S can be calculated for
each mole fraction x of the additive in the binary mixture using
individual molecular parameters, Cadd and Chost, and the
experimental Δε. Results are shown in Figure 6 and numerical
data are given in the Supporting Information.
Analysis of the plots shows that compounds in series 1

increase the mixture’s order parameter (stabilize the nematic
phase) more than compounds in series 2, and that the
effectiveness in increasing the mixture’s order parameter S
follows the order A < B < D < C. These results are consistent
with the analysis of apparent order parameter Sapp, and
demonstrate once again the lowest compatibility of the
voluminous carborane cages with the nematic host. A similar
trend in the impact of the rigid core structure on phase
behavior and dielectric properties was found for another series
of compounds containing the four ring systems A−D.29

Figure 6. Plot of the order parameter S for 6-CHBT solutions vs mole fraction of 1A−1D and 2A−2D. Parameter S was calculated using eq 10.
Details are in the text and the Supporting Information.
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■ DISCUSSION

The implementation of the Maier−Meier theory in this work
relies on experimental data for the host (dielectric data,
refractive index, and density) to derive reaction field and cavity
parameters F and h, experimental dielectric data for solutions,
and calculated molecular properties of the additive: dipole
moment components and polarizability tensors. The latter,
more precisely anisotropy of polarizability, contains the only
information about the additive’s anisometry used in the theory.
The assumed cylindrical shape of the molecule and the
isotropic reaction field are two of several approximations in the
Maier−Meier formalism.
Molecular parameters α and μ are typically calculated using

either quantum-mechanical methods or group increments. The
calculations are usually performed in vacuum rather than in
condensed phase and the accuracy of the calculations depends
on the level of theory and the presence of heaver elements. The
issue of precision of such calculations is additionally
complicated by the medium- and measurement method-
dependence of the experimental values, especially for the
dipole moments.60,61 Lower uncertainty is associated with
experimental values of electronic polarizability α, although
direct comparison with theoretical data is complicated by often
unknown density of the nematic phase and dispersion of the
optical data.71 Nevertheless, closest agreement between experi-
ment and theory was observed for values α calculated with
inclusion of dielectric medium of the condensed phase.
Interestingly, polarizability anisotropy Δα is overestimated
with essentially all higher-level computational methods tested
here, which ultimately has impact on phase parameters g and
Sapp. For example, for 2D order parameter Sapp is larger and g is
smaller by about 5%, when using polarizability data derived
from optical data instead of theoretical values.
Another factor that impacts the value of the order parameter

S is the orientation of the net dipole moment μ with respect to
the main axis of inertia defined as angle β in the Maier−Meier
formalism. However, the calculated angle β is derived for the
charge-based molecular coordinates (so-called “standard
orientation” in the Gaussian output file) rather than for mass-
based coordinates required for the Maier−Meier theory.
Fortunately molecular orientation in the two systems is similar
and the error is not significant. Nevertheless, change of the
angle β calculated for 2D in 6-CHBT solutions (Table 3) to
about half of the value (β = 3.4°) or doubling it (β = 15.0°)
changes the order parameter S from 0.72 to 0.71 and 0.77,
respectively.
The present implementation of the Maier−Meier theory

contains some additional assumptions such as the density and
reliance on a single conformer, that contribute to the overall
error of the calculated parameters S and g. While the density
affects the number density N and reaction field parameter F,
conformational mobility impacts the dynamic anisotropy of
polarizability Δα and angle β. Typically, however, molecular
parameters α and μ are calculated for a single most elongated
conformer with the assumption that it dominates in the
condensed phase. This appears to be a reasonable assumption
for rigid molecules such as 1 and 2. Detailed computational
analysis of 5CB demonstrated13 that the most elongated
conformer, which represents the global minimum on the
potential energy surface, constitutes 40% of the mixture in the
gas phase, and even higher populations of this conformer can
be expected in the nematic phase. It was concluded that

considering only the most stable conformer of 5CB gives
negligible error to polarizability and dipole moment of less than
2%, when compared to an weighted average of parameters for
four lowest energy conformers.13 For more flexible molecules,
however, consideration of two or more major conformers may
be required for a more accurate representation of the
molecule.20 For instance, in an analysis of dielectric data for
fluxional derivatives,30 which quickly interconvert between two
isomers trans and cis, and for extracting information about
conformation population32 weighted values of Δα, μ, and β
were used.
Most of assumptions of the Maier−Meier formalism and

systematic shortcomings and errors of experimental methods
and theoretical models are included in the calculated phase
parameters g and Sapp. Consequently, results obtained with the
Maier−Meier formalism as described here are best used for
comparative analysis within the same class of compounds in
which molecular dipole moments and electronic polarizabilities,
the main contributors to Δε, are treated in the same way.
Considering these and other limitations and assumptions in the
Maier−Meier protocol, it is not clear whether extending the
original Maier−Meier theory by including anisotropic solvent
cavity with72 or without atomistic details73 will result in
significant improvement in the accuracy of the method. Earlier
studies concluded that contribution of shape anisotropy to the
local field in anisotropic fluids can be neglected.74

Typically dielectric and optical parameters for additives are
extrapolated from 10% w/w solutions in nematic hosts, and
such parameters are host specific. For example, compounds 1D
and 2D have Δε values of 3.8 and 11.3, respectively, obtained
from a single point extrapolation in nematic host (FB-01),23

while reported here Δε values obtained from 6-CHBT
solutions are 8.6 and 13.6, respectively. These differences
reflect additive-nematic solvent interactions, which can be
analyzed as the g factor (aggregation, dielectric screening) and
Sapp (impact on material’s order parameter), using the
presented method. Both g and Sapp can be considered as
activity parameters for additives at low concentration solutions
in nematic hosts. One of the assumptions of the presented
method is that the additive has no effect on field and cavity
factors F and h.75 This might be correct for low concentration
of relatively weakly polar additives (such as 1), but for higher
concentrations and strongly polar additives, their effect on
factors F and h must be considered.

■ CONCLUSION AND SUMMARY
The Maier−Meier analysis of the extrapolated experimental
dielectric data offers a valuable insight into behavior of additives
in nematic mixtures, which is important for mixture formulation
for LCD applications. Results for series 1 and 2 in 6-CHBT
demonstrated that the anisometry of the molecular rigid core
(size of the variable ring and the number of lateral fluorine
atoms) impacts the order parameters S, and the Kirkwood
factor g reflects the magnitude of the molecular dipole moment
and the extent of association in solutions. Thus, trends apparent
from the results demonstrate high Sapp and low g for the
carbocycles (C and D) and low Sapp and high g for the
carboranes (A and B).
The presented analysis relies on experimental data for the

host (dielectric data, refractive index, and density), exper-
imental dielectric data for solutions, and calculated dipole
moment components and polarizability tensors of the additive.
The resulting parameters Sapp and g characterize the interaction
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of the additive with the host (steric interactions, dielectric
screening and associations) and permit a better understanding
of the impact of the additive on material’s properties.
Electronic parameters were obtained for a single conformer

of the additive in the most elongated form using DFT methods,
which appears to be sufficient for relatively rigid molecules.
Analysis of computational results demonstrated that electronic
polarizabilities calculated in dielectric medium of the solvent
are closest to those observed experimentally. However, the
polarizability anisotropy values Δα are significantly larger than
the experimental values. Excessively large values of molecular
dipole moments in the PCM calculations are corrected by the
Kirkwood factor g in the Maier−Meier analysis.
Overall, despite numerous simplifications and assumptions in

the Maier−Meier model and computational methods, the
results provide good insight into behavior of polar additives in
nematic solutions. The presented refined protocol for Maier−
Meier analysis is particularly useful for comparative analysis of
structurally similar additives in the same host, or an additive in
several hosts.
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