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ABSTRACT: The relationship between molecular association and re-entrant phase
behavior in polar calamitic liquid crystals has been explored in two families of materials:
the 4’-alkoxy-4-cyanobiphenyls (60CB and 8OCB) and the 4’-alkoxy-4-nitrobiphenyls.
Although re-entrant nematic phase behavior has previously been observed in the phase
diagram of 60CB/8OCSB, this is not observed in mixtures of the analogous nitro materials.
As there is no stabilization of the smectic A phase in mixture studies, it was conjectured
that the degree of association for the nitro systems is greater than that for the cyano
analogues. This hypothesis was tested by using measured dielectric anisotropies and
computed molecular properties to obtain a value of the Kirkwood factor, g, which describes
the degree of association of dipoles in a liquid. These computed values of g confirm that
the degree of association for nitro materials is greater than that for cyano and offer a useful
method for quantifying molecular association in systems exhibiting a re-entrant

polymorphism.

1. INTRODUCTION

Maier—Meier theory is used to describe the relationship
between the molecular properties of a material to its bulk liquid
crystalline properties.” The Maier—Meier relationship is
effectively an extension of the Onsager theory of isotropic
liquids to anisotropic liquids such as liquid crystals.”
Specifically, it relates the molecular parameters of a compound
to its bulk liquid crystalline properties, specifically the
molecular polarizability (@ and A«), effective molecular dipole
moment (y), and the angle between the dipole moment
vector and the molecular long axis () with the bulk dielectric
anisotropy (Ae = g — &, ), reaction field vectors (F and h) and
the order parameter (S), through eqs 1-3.** Typically,
molecular properties are computed via semiempirical or
quantum mechanical methods;*™® however, the accuracy of
such methods must be ascertained by comparison with
measured values, where available.
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As polar materials will tend to align antiparallel to minimize
the net dipole of the bulk system, the Kirkwood factor (g) is
used to reflect the degree of correlation.'”'" The relationship
between the molecular dipole moment (i), the effective
molecular dipole moment (y.¢) and the Kirkwood factor (g) is
given by

/‘effz =g )

The Kirkwood factor has been used successfully to account
for aggregation of polar solvents'” as well as highly polar and
ionic additives in nematic solutions.*'* A schematic represen-
tation of the relative alignment of two polar, rodlike molecules
for Kirkwood factors of g = 0 and g = 2 is given in Figure 1.

Re-entrant behavior in liquid crystals is now an established
phenomenon, over 39 years since the first observation of a re-
entrant nematic phase in 1975 by Cladis.'"*'® Re-entrant
behavior is not confined to soft mater, with re-entrant
superconductivity having been also observed at the super-
conducting—ferromagnetic phase transition.'® In a classical
example of re-entrant behavior in liquid crystals, binary
mixtures of 4-hexyloxy-4'-cyanobiphenyl (60CB) and 4-
octyloxy-4’-cyanobiphenyl (80OCB) exhibit a re-entrant nematic
phase when the concentration of 60CB is in the range of 20—
30%."” The incidence of re-entrancy in materials with large
longitudinal dipole moments, such as the 4-alkoxy-4'-cyano-
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Figure 1. Cartoon depiction of the relative alignment of two polar,
rodlike molecules for Kirkwood factors of 0 and 2.

biphenyls, is accounted for through the formation of antiparallel
correlated pairs, the concentration and lifetime of which
increase with decreasing temperature.'® *' At a particular
concentration, the population of dimers relative to monomers
is sufficient to allow the formation of a smectic phase. As the
temperature decreases further (and the concentration of dimers
increases) the dipolar forces that stabilize the layered structure
break down, and in their absence the material reverts to a
nematic phase,'* as depicted in Figure 2.

Re-entrant
nematic

Nematic SmecticA

Decreasing Temperature, Increased Pairing

Isotropic

Figure 2. Schematic representation of the antiparallel correlations that
lead to re-entrant phase behavior in liquid crystals, as proposed by
Cladis.™*

That highly polar materials tend to align with their dipole
moments antiparallel has been demonstrated experimentally via
X-ray diffraction studies on 8CB (4-octyl-4’-cyano-
biphenyl),'"®** which reveal that the layer spacing in the
smectic A phase is 1.4 times the molecular length, rather than
approximately one molecular length, as might be expected. This
larger layer spacing is a consequence of antiparallel molecular
associations, with the smectic A phase being composed of a
mixture of both antiparallel correlated species and individual
molecules.

Given that re-entrant phenomena are often a consequence of
antiparallel correlations (and the steric constraints these
impart), it is surprising to find that Maier—Meier and Kirkwood
analysis has not been applied to this problem. For example, the
degree and strength of intermolecular associations, and thus the
occurrence of re-entrant phenomena, are intimately related to
the magnitude of the molecular dipole moment. However, any
polar group that serves to disrupt the antiparallel correlations
through polar or steric interference (such as F or SCN) will not
yield re-entrant behavior. The nitro group has a dipole moment
comparable to, and in some cases slightly larger than, that of

nitrile. The possibility that mixtures of compounds from the 4-
alkoxy-4'-nitrobiphenyl series may exhibit re-entrant poly-
morphisms has not been explored.

From calculated dipole and polarizability data it is possible to
obtain solutions to the Maier—Meier equations that match
measured dielectric anisotropy, in effect yielding the Kirkwood
factor and thus a qualitative estimate of the degree of
antiparallel correlations. We combined this approach with
mixture studies and X-ray diffraction to investigate if antiparallel
correlated pairs form in two members of the 4-alkoxy-4'-
nitrobiphenyl family (i.e., 4-hexyloxy-4'-nitrobiphenyl, 1, and 4-
octyloxy-4’-nitrobiphenyl, 2), and to probe the incidence and
absence of re-entrant behavior in this system and mixtures with

60CB and 8OCB.

2. RESULTS AND DISCUSSION

2.1. Synthesis. The synthetic pathway to the nitro family of
materials is shown in Scheme 1.

Scheme 1
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4'-Hydroxy-4-nitrobiphenyl was prepared in 3 steps via the
method described by Jones et al, in an overall yield of 48%.>
4’-Hydroxy-4-nitrobiphenyl was then alkylated with either 1-
bromohexane or 1-bromooctane to give compounds 1 and 2,
respectively. Both compounds were isolated by flash
chromatography using silica gel, passed through a short plug
of alumina to remove ionic impurities, and recrystallized from
hexane, yielding compounds 1 and 2 as pale yellow needles.
Detailed synthetic procedures and analytical data are provided
in the Supporting Information.

2.2. Mesomorphic Properties. The transition temper-
atures and associated enthalpies of the compounds prepared for
this study were determined via a combination of polarized
optical microscopy (POM) and differential scanning calorim-
etry (DSC) and are presented in Table 1, alongside the thermal
behavior of 60CB and 80CB for comparison.

The transition temperatures for compounds 1 and 2 are in
good agreement with literature values.”® Although the poly-
morphism exhibited by the 4-alkoxy-4’-nitrobiphenyl com-
pounds is identical to that of their cyano analogues, 60CB and
80CB, the transition temperatures and clearing points are
significantly lower. The small measured value for the enthalpy
of transition for the nematic to smectic A transition in 2
indicates that the smectic A phase is perhaps quite disordered.
The incidence of the smectic A phase in the longer chain
homologues of the nOCB series is known to be due to the
formation of dynamic antiparallel molecular pairing; thus, the
observation of a smectic A phase in compound 2 is taken to
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Table 1. Transition Temperatures (°C) and Associated Enthalpies of Transition (k] mol™") for Compounds 1, 2, 60CB, and

8OCB2
H2n+1CnOX
no. n X Cr SmA N Iso
1 6 NO, ° 67.6 - - (® 35.0) °
[24.6] [02]
60CB 6 CN [ ] 58.0 - - [ J 75.5 [ J
[29.0] [0.4]
2 8 NO, [ ] 49.2 [ ] 50.2 [ ] 52.6 [ ]
[31.5] [0.1] [0.3]
80CB 8 CN [ J 54.5 [ J 67.2 o 81.0 [ )
[312] [0.1] [0.7]
indicate that a similar phenomenon occurs in the 4-alkoxy-4'- OMP
nitrobiphenyl family. However, the extent to which these SmA -N
antiparallel associations form and their lifetime are anticipated SN - Iso
to be significantly different from those of the cyano analogues, 70
as inferred by the reduced thermal stability of the mesomorphic
state for compounds 1 and 2 relative to their cyano analogues. o 60
The layer spacing in the smectic A phase of 2 was measured to %
be 29.5 A by small-angle X-ray scattering. This layer spacing is % 50
equal to 1.39 times the molecular length (as calculated on s 40
geometry minimized at the B3LYP/6-31G(2d,2p) level of E
theory using extended, all trans alkoxy chains), indicating that F 3
the smectic A phase is of the subtype SmAp, and implying that
the nitrobiphenyl core does give rise to antiparallel correlated 20
species in the same manner as cyanobiphenyl. For comparison, 0% 20% 40% 60% 80% 100%

the layer spacing in the smectic A phase 80OCB was found to be
temperature invariant and measured to be 31.3 A, which
equates to 1.45 times the molecular length (as calculated on
geometry minimized at the B3LYP/6-31G(2d,2p) level of
theory). The layer spacing in 80OCB is almost 5% larger than
that measured in compound 2 despite the molecular lengths
being virtually identical (21.2 A for 2 and 21.6 A for 8OCB).

As shown in the diffraction patterns in Figure 3, no higher-
order peaks were observed, confirming that the smectic A phase

a) b)

Figure 3. Small-angle X-ray diffraction patterns for the nematic phase
(left panel, S1 °C) and smectic A phase (right panel, 45 °C) of
compound 2.

is only weakly ordered. Even with relatively long exposure times
(6 min) it was not possible to observe even a second-order
peak.

2.3. Mixture Studies. Because the re-entrant phase
behavior for the 60CB/80OCB occurred in the phase diagram
at concentrations of 20—30 wt % 60CB, a similar approach was
attempted for mixtures of compounds 1 and 2. The phase
diagram is presented in Figure 4. In addition to the nitro and
cyano mixtures, all possible binary combinations of 1, 2, 60CB,
and 80CB were investigated to determine if re-entrancy could

Wt% of compound1

Figure 4. Gibbs phase diagram for binary mixtures (wt %) of
compounds 1/2 as a function of temperature (°C).

occur between different species. The phase diagrams for these
binary mixtures are presented in Figures 5—8.
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Figure S. Gibbs phase diagram for binary mixtures (wt %) of 60CB/1
as a function of temperature (°C).

In the Gibbs phase diagram between 1 and 2, the nematic-to-
liquid and smectic A-to-nematic phase transition temperatures
were observed to vary linearly across the phase diagram;
hoowever, at >81 wt % of compound 1, only the nematic phase
is observed; above 72 wt %, the nematic phase is monotropic.
By using the measured enthalpies of fusion and melting points
for 1 and 2, it is possible to predict the composition and
thermal behavior of the eutectic mixture through the
Schréder—van Laar equation.
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Figure 6. Gibbs phase diagram for binary mixtures (wt %) of 8OCB/1
as a function of temperature (°C).
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Figure 7. Gibbs phase diagram for binary mixtures (wt %) of 60CB/2
as a function of temperature (°C).
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Figure 8. Gibbs phase diagram for binary mixtures (wt %) of 8OCB/2
as a function of temperature (°C).

In the case of the analogous cyano mixtures, compositions
containing between 20% and 30% 60CB show the phase
sequence N—SmA—N,,; however, this polymorphism is not
observed for mixtures of compounds 1 and 2. The existence of
antiparallel associated dimers is a prerequisite for the formation
of smectic phases in cyanobiphenyls; therefore, as discussed
previously, it is reasonable to expect that dimerization also
occurs and drives the formation of the smectic A phase in
nitrobiphenyl compounds. As the smectic A phase persists over
a wider range of concentrations for binary mixtures of 1/2 than
for 60CB/80OCB, it is reasonable to propose that the

associative forces between nitro compounds are stronger than
those for the analogous cyano compounds.

Neither 60CB nor compound 1 exhibits a smectic A phase,
and the nematic phase is observed to vary linearly across the
phase diagram (Figure 5). Neat 8OCB has a smectic A phase,
and this persists across the phase diagram with compound 1
until approximately 45 wt % of 1, where it is observed to be
rapidly suppressed (Figure 6). Similar observations are made
for the mixture of compound 2 with 60CB (Figure 7). It is
interesting to note that the smectic A phase persists in these
mixtures over a concentration range that is wider than that
observed for 60CB/80CB. For mixtures of compound 2 with
80CB, see Figure 8, as both exhibit nematic and smectic A
phases, they persist over the entire concentration range of the
Gibbs phase diagram. Because there is no observation of re-
entrancy and the fact that the smectic A phase is observed over
a wider range of concentrations for all these mixture studies, it
seems probable that the attractive forces that lead to the
formation of antiparallel correlated pairs are stronger for nitro
compounds than for cyano compounds.

To explore this hypothesis further, a phase diagram was
constructed by mixing compound 1 with the eutectic mixture of
60CB and 80OCB, which exhibits a re-entrant nematic phase
and occurs with 25 wt % of 60CB. If the degree of antiparallel
correlated pairs were smaller for the nitrobiphenyl system than
the cyanobiphenyl system this would be expected to lead to a
reduction in the smectic A to re-entrant nematic transition
temperature, as the concentration of paired species would be
lower at a given temperature. As shown in the phase diagram in
Figure 9, this is not the case; the smectic A-to-re-entrant
nematic transition temperature is almost invariant with
concentration and is not observed at greater than 7% of
compound 1, at which point the mixtures no longer exhibit the
smectic A phase. Furthermore, the smectic A phase diminishes
rapidly with increasing concentration of 1, which could be
attributed to an increased degree of antiparallel association at a
given temperature with respect to the parent mixture of 60CB
and 80CB.

2.4. Dielectric Measurements and Maier—Meier
Analysis. To test this hypothesis, Kirtkwood factors were
estimated from a combination of calculated molecular
parameters and measured values of the dielectric anisotropy
(Ag) for compounds 1 and 2, as well as for 60CB and 8OCB.
As the measurement of Ae is trivial, the success of this method
depends on the accuracy of the computed polarizability tensors
(Q, a,, and a,.) and dipole moment vectors (u, My and Uy).
In ascertaining the accuracy of the calculated values, polar-
izabilities and dipole moments determined via a range of
computational methods were screened using SCB as a model
compound, for which measured values already exist.

Values of the perpendicular and parallel capacitances (C, and
C|, respectively) were measured via the one-cell method”” >’
using an Instec ALCT property tester. The dielectric anisotropy
was obtained from a plot of capacitance as a function of voltage,
as shown in Figure 10, with the perpendicular capacitance being
the average of capacitance at voltages lower than the
Fréedericksz transition and the parallel capacitance being that
as it approaches saturation. Full details are presented in the
Supporting Information.

From the measured values of C, and Cj, the dielectric
anisotropy (A¢) for SCB was determined to be 13.2, with an
order 3parameter (S) of 0.60, in agreement with literature
values.”® Using values for molecular polarizability and dipole
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Figure 9. Gibbs phase diagram for ternary mixtures (wt %) of the re-entrant eutectic mixture of 60CB/8OCB (25 and 75 wt %, respectively) with
compound 1 as a function of temperature (°C), left panel, and an expansion of the 0—10% concentration region, with the melting point line omitted

for clarity (right panel).
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Figure 10. Plot of capacitance (picofarads) as a function of RMS
voltage (volts) with a triangular waveform and frequency of 0.5 Hz for
SCB. A double exponential fit is used to extrapolate to 1/V = 0 to
obtain parallel capacitance.

moments calculated by a variety of semiempirical methods,
solutions to the Maier—Meier equations were found via
variations to the Kirkwood factor (g) so as to reproduce the
measured value of A¢ and S, as shown in Table 2.

None of the methods screened can satisfactorily reproduce
measured values of molecular dipole moment and polarizability.
As the deviation of the computed dipole moments from
experimental values is systematic for a given method, this error
is included in the Kirkwood factor. Polarizability however is not
treated by such a factor, and in order to obtain meaningful
values the computed values must be as close as possible to
experimental ones. Irrespective of the basis set used, none of
the Hartree—Fock, DFT(B3LYP), and MP2 methods screened
could satisfactorily reproduce either mean or anisotropic
polarizability values. Semiempirical calculations with AM1 and
PM?7 both produce reasonable polarizability values; however,
because PM7 was found to significantly overestimate dipole
moments, AM1 was chosen for computation of the molecular
properties of 1, 2, 60CB, and 80CB.”*’

The dielectric anisotropies of 1, 2, 60CB, and 80CB were
determined via extrapolation with E7 as a host, with the target

Table 2. Calculated Molecular Dipole Moments, Dipolar Angles, and Polarizabilities of SCB at Various Levels of Theory, and
Kirkwood Factors (g) Required to Obtain Solutions to the Maier—Meier Equations When A¢ ~ 13.20 and S = 0.60

method u (D) Y/ (078 (A%) Aa (A%) Ae S g
experimental 4.77%! - 33.7% 17.6 13.200% 0.60" 0.54%
AM1° 412 2.07 33.45 14.02 13.197 0.60 0.5280
RM1° 4.51 1.89 24.19 23.83 13.201 0.60 0.6630
pM3® 427 175 32.56 24.74 13.201 0.60 0.5320
PM6” 545 1.79 33.47 21.14 13.203 0.60 0.3043
PM7° 5.50 171 34.59 19.94 13.199 0.60 0.2984
HF/6-31G* 6.06 8.78 28.08 25.68 13.201 0.60 0.2918
HF/6-31G(d)* 5.94 5.30 27.34 23.24 13.200 0.60 0.3037
HF/6-31G(d,p)° 5.99 8.51 27.95 23.66 13.199 0.60 0.3008
B3LYP/6-31G(d,p)° 5.92 8.43 31.01 31.68 13.199 0.60 0.2770
B3LYP/6-31G(2d,p)° 5.98 8.34 34.67 31.68 13.188 0.60 0.2570
B3LYP/6-311++G(2d,2p)° 6.81 7.09 35.39 32.49 13.205 0.60 0.2008
MP2/6-31G? 6.02 8.81 27.58 23.54 13.208 0.60 0.3020
MP2/6-31G(d)? 6.03 8.95 28.49 25.09 13.199 0.60 0.2926
MP2/6-31G(d,p)? 6.01 8.90 28.92 25.89 13.208 0.60 0.2866
MP2/6-311++G(2d,2p)“ 627 8.01 3122 27.59 13.203 0.60 0.2471

“Values of Ae and S were measured as described in the text, yielding a g factor value of 0.54. bSemiempirical calculation performed in MOPAC
2012.>* “Calculation performed in GAMESS-UK.** “Calculation performed in Gaussian 09.3

E
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Table 3. Comparison of the Dielectric Anisotropy (Ae) of 60CB, 8OCB, 1, and 2 Extrapolated from Mixtures with E7¢

no. n X Ae u (D)
1 6 NO, 8.79 6.992
60CB 6 CN 10.85 4.686
2 8 NO, 8.70 7.049
80CB 8 CN 10.88 4.678

Aa (A%) 85=04 8s=0.5 &s=0.6 &s=0.7
15.29 0227 0.180 0.148 0.126
16.44 0.624 0.495 0.408 0.375
15.74 0.248 0.1962 0.1619 0.1375
17.33 0.675 0.536 0.443 0.376

“Net dipole moments (x) and polarizability (Aa) were computed semiempirically with the AM1 hamiltonian. Kirkwood factors (g) were obtained as
described in the text and are given for order parameters (S) of 0.4, 0.5, 0.6, and 0.7.

material in a concentration of approximately 30 wt %. From the
measured dielectric anisotropy of the host, the mole fraction
(x) and the measured dielectric anisotropy for the solution the
dielectric anisotropy of the neat material was obtained via eq 5.°

Ae = (1 - x)Aghost + xAgmeasured (5)

For 1, 2, 60CB, and 80CB, dipole and polarizability data
was calculated using the AM1 Hamiltonian (MOPAC2012)**
on geometry minimized using the B3LYP functional and the 6-
311++G(2d,2p) basis set (Gaussian 09).*° Solutions to the
Maier—Meier equations were obtained for order parameters of
0.4, 0.5, 0.6, and 0.7 via adjustment of the Kirkwood factor so
that the calculated value of Ae matched the extrapolated value.
The calculated dipole moments, anisotropic polarizabilities, and
Kirkwood factors are presented in Table 3.

Calculated dipole moments for 1 and 2 are significantly
larger than those of the analogous cyano compounds, and
although the computed polarizability is only slightly smaller,
this leads to smaller values of dielectric anisotropy. When both
the Kirkwood factor and order parameter used when obtaining
solutions to the Maier—Meier equation are adjusted, it is
possible to match the calculated values of dielectric anisotropy
with those measured experimentally. As the order parameter is
not known, a range of reasonable values (0.4—0.7) was used;
back-calculation gave the Kirkwood factors presented in Table
3 and plotted as a function of the order parameter in Figure 11.

For a given order parameter, the calculated Kirkwood factors
for compounds 1 and 2 are smaller than those for 60CB and
80CB, implying that the degree of antiparallel correlations for
the nitro materials is greater than that for their cyano
counterparts. This study complements the observations made
in binary mixtures and also leads us to the conclusion that the

——380CB
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Figure 11. Plot of Kirkwood factor (g) versus the order parameter (S)
as used in the Maier—Meier equations to yield a value of Ae equal to
that given in Table 3 for compounds 1, 2, 60CB, and 80OCB.

associative forces for nitrobiphenyl are stronger than those for
cyanobiphenyl derived materials. Furthermore, this analysis of
the Kirkwood factors implies that the nematic phase of the
nitrobiphenyl materials is composed primarily of antiparallel
correlated pairs, similar to the re-entrant nematic of the
cyanobiphenyls. That said, the difference in Kirkwood factors
between the nitro- and cyano- systems could possibly arise
because of different packing arrangements in these materials.

3. CONCLUSIONS

Given the similar polarity and polarizability of 4-alkoxy-4'-
nitrobiphenyl and 4-alkoxy-4'-cyanobiphenyl certain concen-
trations, the phase diagram for the analogous nitro-terminated
materials does not exhibit any re-entrant phenomena. The
absence of re-entrant behavior was examined through Gibbs
phase diagrams for mixed cyano/nitro biphenyl systems. In the
60CB/80CB phase diagram, the smectic A phase exists
because of the presence of unpaired molecules; hence, there is a
lack of stabilization of the smectic A phase in mixture studies
with nitro compounds. It was hypothesized that re-entrant
behavior is not observed because of increased strength of
intermolecular quadrupolar interactions for nitro systems
compared to cyano systems. By calculating the dielectric
anisotropy of 1, 2, 60CB, and 8OCB (through the Maier—
Meier equations using dipole and polarizability data computed
semiempirically using the AMI1 Hamiltonian) and by
comparing this to measured values, it was possible to obtain
values of the Kirkwood factor as a function of the order
parameter for each material. The Kirkwood factor for 1 and 2 is
lower than that obtained for 60CB and 80OCB for a given order
parameter, indicating that the “effective molecular dipole
moment” is reduced because of the presence of significant
antiparallel correlations. This indicates that the degree of
antiparallel association for the nitro systems is greater than that
for their cyano analogues. Although applied to only the 60CB/
80CB and 60NO,B/8ONO,B (1 and 2, respectively) systems,
this combined experimental and computational analytical
method could be applied to other re-entrant systems, especially
those in which nitro-terminated materials are re-entrant but
their cyano analogues are not, such as DB9ONO, and
DBY9OCN.*™*
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Details of the measurement of dielectric anisotropy and
experimental methods used; synthetic details; and analytical
data for compounds 1, 2, and intermediate materials. This
material is available free of charge via the Internet at http://
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