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Abstract.  Bent-core liquid crystals (LCs) introduced a whole new dimension to the science of LCs. Besides
re-emphasizing the importance of the shape of the molecule, they brought in phases with symmetry, not known earlier.
Another sub-class of systems that is emerging is that of soft-bent molecules. In contrast with the bent-core molecules, here
the bend is achieved through the parity of the aliphatic linker that connects two monomers. They hold the unique advantage
that a simple variation of temperature can favour different conformer states and thus govern the self-assembled structure.
A highlight of the power of this route is seen in terms of the discovery of a new type of nematic, viz., twist-bend nematic.
Investigations on not only this phase but also the regular nematic that often precedes it have received significant attention
in the last few years. Here we present results on the regular nematic phase of a binary mixture comprising such a soft-bent
dimer, known in the literature as CB7CB, by incorporating zinc oxide nanorods (NRs) into the system. The NRs with an
aspect ratio of ~7.2, not very different from that of LCs, further accentuate the importance of shape and shape anisotropy
of the entities. Specifically, we observe that the nematic—isotropic transition temperature increases by ~1.9 K even for a low
concentration of 4% NRs. While the dielectric anisotropy decreases, birefringence shows a substantial increase, adding to the
complexity of the influence. Upon addition of minute amount of NRs (1%), while the splay elastic constant gets enhanced,

its bend counterpart not only gets reduced but retains the convex-shaped thermal profile seen for the parent mixture.
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1. Introduction

Chirality in achiral systems is a well-studied phenomenon in
condensed matter systems, for example, a-quartz, NaClO;
molecules arranged in helical order, sulphur, selenium, etc.
Generation of chiral structures in achiral molecules has
attracted much interest and has been well achieved in liquid
crystals (LCs), especially in the form of bent-core substances.
The recently discovered twist—bend nematic (N1p) phase pro-
vides a new perspective to these efforts [1-5]. The present
article describes the influence of zinc oxide nanorods (NRs)
on the behaviour of the nematic LC phase in a material that
exhibits the Nt phase at a lower temperature. Although there
are reports of the influence of zinc oxide nanoparticles on LC
behaviour [6-11], to our knowledge, there are none on NRs
of this material.

Keeping the broad readership in mind we provide in the
following, a brief description of the relevant liquid-crystalline
phases in this article and their elastic behaviour [12]. All
these phases exist between the isotropic liquid (Iso, figure 1a)
and the crystal (Cr, figure le). The simplest of the liquid-
crystalline phases is the nematic (N), which can be termed
simply as an orientationally ordered fluid (figure 1b). This
phase is characterized by a preferred orientation direction

for the molecules labelled the director n and no positional
order. When the molecules are chiral, the director precesses
in space, giving rise to a helix as seen in the cholesteric (N*)
phase (figure 1c); the local director is perpendicular to the
helical axis (6, = 7/2). Till recently, N* was the only helical
counterpart of the N phase. However, recently, a theoretical
prediction [1] and series of experiments [ 13—17] subsequently
have generated much interest in a new helical phase, termed
the twist-bend nematic (Ntg) phase. This feature stresses
the true soft matter character of the phase, wherein subtle
changes either to the molecule or to the environment can
bring about large impact on the phase structure. In the Ntp
phase the director forms an angle 0 < 6, < 7 /2 with the
helical axis, the pitch itself having nanometre length scales
(figure 1d). Although the phase has been reported in bent-core
compounds, the Ntp phase exhibited by dimeric molecules
has been well characterized [13-17].

The origin of the Nt can be appreciated by looking at the
elasticity of the nematic medium. The nematic ordering arises
due to the long and highly polarizable molecules, which try
to align parallel to each other, the structure being stabilized
by van der Walls dispersion forces. The orientational order in
nematic is described in terms of the ability of the molecules
to be oriented along a particular direction, referred to as the
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Figure 1. Schematic representation of the molecular arrangement in the (a) isotropic, (b) nematic, (¢) chiral nematic,
(d) twist—bend nematic and (e) crystal phases. In (b), n represents the average orientation direction of the liquid crystal

molecules.
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Figure 2. Principal elastic deformations in a nematic liquid crystal.

director (n) and quantified in terms of the order parameter
S. In macroscopic samples, non-uniform director distribu-
tions can easily occur owing to different boundary conditions
or external fields. Three principal elastic deformations, viz.,
splay, twist and bend, can describe the non-uniform distribu-
tions (see figure 2). The associated elastic energy density due
to the director curvature can be written as

1
fN = E [Kll (Viﬁ)z + K22 (ﬁ.v X ﬁ)z

K (7 x V x )] (1)

The terms on the RHS of equation (1) represent, respectively,
the splay, twist and bend terms with K;;, K, and K33 as the
corresponding elastic constants. For the N phase, K|;—K33
are positive, which ensures that the ground state has uniform
director distribution. Dozov [1] proposed that in the nematic
phase of bent molecules, K33 can become negative. In this
case, the ground state should not be uniform but will have a
local spontaneous bend, leading to an equilibrium twist—bend
structure as a possible state, and the phase is referred to as
the twist-bend nematic (Npp). Its structure is schematically
shown in figure 1d. Experiments have established the occur-
rence of the twist—bend state, although negative values of K33
have not been observed. A molecular necessity for realiz-
ing the Nyp phase appears to be the bent shape of the entity.
We have recently demonstrated [15] that in binary systems

comprising a soft-bent dimer giving rise to the Ny phase, a
significant amount of loading of a rod-like compound still sus-
tains the twist-bend structure. The importance of the aspect
ratio (length/diameter ratio) in stabilizing the liquid crystal-
lanity of the material needs no emphasis. Since the aspect
ratio of the added rod component in Ref. [15] is ~4, a typical
value for LC molecules, we were curious to see the influ-
ence of the added component having a much higher aspect
ratio. To achieve this we have incorporated NRs of zinc oxide
that present an aspect ratio of ~7.2. Of course, unlike the LC
molecules, the ZnO NRs are far stiffer. Here we present early
results of the thermal, dielectric and elastic constant investi-
gations, in which we concentrate only on the influence in the
ordinary nematic phase.

2. Experimental

For these investigations, we have chosen a binary system that
we have characterized earlier [15]. It comprises the dimer a,
w bis(4, 4'-cyanobiphenyl)heptane CB7CB for short) with a
structurally similar monomer, the well-known n-heptyloxy
cyanobiphenyl (70CB). The molecular structures of both
these compounds along with the phase sequence exhibited by
them are given in figure 3. To be noted is the chemical nature
of the dimer: The two rigid cyanobiphenyl arms are connected
through a ‘soft” aliphatic spacer having an odd parity (7 carbon
atoms). It has been established that the parity of this spacer
has an important role to play in deciding the mesomorphic
properties. Also to be noted is that while 70CB is a rod-like
molecule, CB7CB has a bent character arising from the odd
parity of the spacer. However, unlike molecules belonging to
the bent-core class of materials, the bend in the present case is
achieved through the much softer, and thus easily amenable,
aliphatic chain. Therefore we refer to CB7CB as a ‘soft-bent’
molecule. We shall revisit these points later. The structural
similarity between the two components helps in an excel-
lent homogenization of the mixture. Besides, the Ntg phase
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survives even with a higher loading factor of rod-like nematic,
an attractive feature, but out of scope for the present article.
CB7CB was synthesized in our laboratory while 7OCB was
procured from commercial sources (Aldrich) and used as is.
The dimer shows N and Ntp phases below the isotropic (Iso)
liquid, whereas 70CB has only the N mesophase. The host
LC mixture (HLC) used for all the experiments reported here
consisted of 64 mol% of 70CB in CB7CB. It presents the N
phase over a thermal range of 50 K, extending down to 29°C
and the Nt phase below it.

Vertically grown ZnO NRs were synthesized by the
hydrothermal synthesis route. This involved seed-mediated

CB7CB
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Figure 3. Molecular structures and transition temperatures for the
Nrg material CB7CB and the rod-like nematic 70CB, which con-
stitute the host HLC mixture.
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growth where the pre-deposited seeds help the nucleation
and growth of preferentially vertical NRs [18], and helps
in obtaining NRs of desired aspect ratios [19]. Seeds were
prepared in the aqueous solution of equimolar 20 mM con-
centration of zinc nitrate hexahydrate (Zn (NOs), - 6H,0)
and hexamethylene tetramine (purchased from Alfa Aesar)
of each of 100 ml and stirring at 80°C for 10 min; after
this the solution was drop cast on clean glass plates. The
films containing the seeds were immersed vertically in the
same solution used for the seed preparation and then fluxed
in a hot air oven at 90°C for 5 h. After this the films were
taken out and washed with DI water to remove the particles
attached. The successful vertical growth of ZnO NRs has been
confirmed through the scanning electron microscopy (SEM).
The FESEM images of these ZnO NRs, obtained using a
MIRA 3 LHU model (Tescan), are shown in figure 4a. To dis-
perse the NRs in LCs, the NRs were cleaved from the glass
films and dispersed in methanol. The dispersed solution was
drop casted on a silicon substrate and checked using SEM
(figure 4b). The NRs exhibit a very-well-defined rod shape
with a hexagonal cross-section; the size histograms (figure 4c
and d) indicate the diameter and length to be 259 =4 nm and
1.86 &+ 0.048 pwm, respectively, providing an aspect ratio of
7.2 +0.05.

Experiments have been performed on the composites
containing 1% and 4% of ZnO NRs; for brevity, they
are referred to as HLC1Z and HLC4Z, respectively. For
the electrical studies, samples were sandwiched between
indium tin oxide (ITO) coated glass plates procured from a
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Figure 4. SEM images of ZnO NRs (a) grown on glass substrate and (b) drop
casted on a substrate after dispersing in methanol; (¢, d) size histograms, from
which the length and diameter of the NRs are estimated to be 1.86 4= 0.048 pm

and 259 =+ 4 nm, respectively.
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commercial source (AWAT, Poland) with the cell gap of
~7.7 pm. The inner surfaces of the substrates have a polymer
layer to promote a unidirectional planar alignment of the LC
molecules. Permittivity and elastic constant measurements
were performed at a constant frequency of 10 kHz using a
high precision LCR meter (Agilent 4284A) capable of apply-
ing an oscillating voltage up to 20 V. The procedure, based
on the Deuling analysis [20,21], was implemented by a user-
written routine scripted in MATLAB [22,23].

3. Results

3.1 Calorimetry

Figure 5 shows the DSC profiles obtained at a rate of
5°C min~! in the cooling mode in the vicinity of the Iso-N
transition for HLC and the two composites. For all the three
materials clear and sharp thermal peaks are seen, indicating
that the mixtures are quite homogeneous with no observable
phase segregation between LC and the NRs. This is further
corroborated by polarizing optical microscopy observations.
The most important feature to be noticed for the composites
is the positive shift in Ty, the nematic—isotropic transition
temperature, taken here to be the peak point of the profiles. A
substantial increase is seen by adding the NRs: the enhance-
ment AT = 1.2 K for HLC1Z and 1.9 K for HLC4Z. As
already stated, the NRs have a larger aspect ratio than the
LC molecules. Thus the observation here is in line with the
expectation that an increase in the aspect ratio of the con-
stituents increases Tnj. It should, however, be noted that the
concentration of NRs is quite low. Thus it can be argued
that the stiffness of the ZnO NRs is quite effective in assert-
ing and even enhancing the shape-anisotropy-related stability
of the LC phase. Investigations have been performed with
materials chemically similar to the rod-like entity (70CB)
employed in the present studies, as the host into which
nanoparticles are doped. To our knowledge, such studies have
not employed ZnO NRs. Therefore we consider here, for
comparison, measurements in which carbon nanotubes [24]
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Figure 5. Differential scanning calorimetry profiles in the vicinity
of the nematic—isotropic transition in the (a)—(c) heating and (d)—(f)
cooling modes for (a, d) HLC, (b, ) HLC1Z and (c, f) HLC4Z. To be
specifically noted is the increase in the transition temperature upon
addition of NRs.
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with a generally much larger aspect ratio are employed. With
hardly an exception, induction of the anisotropic nanoparti-
cle results in a reduction of Ty;j. For example, Basu et al [25]
found that Ty reduces by ~1 K. In contrast, it is observed
here that not only is the Ty increased but also the magnitude
of increase is also large. For the latter, an explanation could
at least be that the concentration of ZnO NRs used here is
much higher (4%) than those using CNT (<1%), the limi-
tation being caused by the inability to satisfactorily disperse
CNT in LCs at high loads. With this as the background we
made a mixture of HLC with CNT (single-walled CNT, with a
nominal purity of >90%, procured from Heji, Hongkong, and
having dimensions of ~2 nm diameter and ~500 nm length).
Surprisingly, we observed that the 0.05% CNT doped into
HLC results in an increase in the transition temperature by
~2 K! Perhaps the much larger aspect ratio of CNT (~250)
enables it to bring about the same effect at much lower con-
centrations than the ZnO NRs with a smaller (~7.2) aspect
ratio. In the light of these observations, we speculate that the
presence of the soft-bent component (CB7CB) is responsible
for the trend reversal in Ty;. More experiments are needed to
conclude on these features.

3.2 Thermal variation of permittivity

Permittivity measurements were performed in two
geometries, wherein the director in the N phase is parallel
(&) or perpendicular (¢ | ) to the probing field. Whereas for the
surface-determined L geometry, the measuring voltage was
0.5V, to get the || alignment a larger voltage (20 V) was used;
in both cases, the frequency of the field was 10 kHz. Figure 6
shows the variation of ¢ and &, as a function of tempera-
ture in the isotropic and nematic phases for the HLC and for
the nanocomposites. Qualitatively all three materials behave
quite similarly, with g (¢,) increasing (decreasing) as the
temperature is lowered from the Iso to the N phase. Notable
differences do exist, though. The first feature observed is that
for the composites there is an upward shift in the transition
temperature, by magnitudes comparable to those observed
in the calorimetric data discussed earlier. More importantly,
the permittivity values are influenced by the presence of
NRs. For HLC1Z, ¢ is hardly changed, but ¢, is reduced

Figure 6. Thermal variation of permittivity parallel (g) and per-
pendicular (g ) to the nematic director normalized with respect to
the isotropic value (e50) for the HLC material (dataset 1) and for the
nanocomposites, HLC1Z (dataset 2) and HLC4Z (dataset 3).
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Figure 7. Thermal variation of permittivity (a) anisotropy and
(b) average for HLC (1) and the nanocomposites, HLC1Z (2) and
HLC4Z (3).

by 4%. When the NR concentration increases (HLC4Z), ¢
also gets affected, diminishing by 9%, and ¢, by 5.5%. The
difference between the two permittivity values yields the
dielectric anisotropy (Ae = & — ¢). The thermal varia-
tion of this anisotropy is shown in figure 7a for HLC and
the two composites. For the 1% composite, there is a slight
increase in Ag, but the 4% composite exhibits a substantial
decrease, largely due to the reduction in . The dielectric
anisotropy can be taken to be a measure of the orientational
order parameter. This is especially true for strongly polar com-
pounds such as those constituting the HLC mixture. Thus,
the behaviour of Ae would indicate a lowering of the order
parameter for HLC4Z composite. However, a reduced order
parameter should have lowered the nematic—isotropic transi-
tion temperature also, contrary to the observations. Another
anisotropic parameter that is also considered to be a measure
of the order parameter is the birefringence of the medium. The
birefringence values, measured at a temperature of T.,q =
Tzi — T = 25 K using a tilting compensator, are 0.2, 0.25
and 0.3 for HLC, HLC1Z and HLC4Z materials, respectively,
clearly pointing to an increase in the order parameter. Thus,
we suggest that the presence of NRs favours a better dipolar
coupling between the host molecules, and thus an improved
cancellation of dipole moment contribution along the director
direction. A clear indication of such an antiparallel coupling
known in alkyl cyanobiphenyls is parametrized in terms of the
average permittivity e,y = (¢ +2¢1)/3. To be very specific,
in the absence of any coupling, the value of ., at any temper-
ature in the nematic should be comparable to that extrapolated
from the isotropic value; the presence of coupling is indicated
by the value being lower than that extrapolated. Figure 7b
demonstrates that the coupling is prominent in the pure HLC
as well as the nanocomposites, and that the effect is stronger
with the addition of the NRs. Further investigations are on to
get a better understanding of this feature.
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3.3 Frank elastic constants

We used the well-known electric-field-induced Freedericksz
transformation technique to measure the splay and bend elas-
tic constants for HLC and the HLC1Z composite. Let us recall
the essential features of this method. Initially, the molecules
are aligned parallel to the substrate surface. Given the positive
dielectric anisotropy of the system, application of a voltage
greater than a certain threshold voltage (Vi) normal to the
substrate plane will reorient the molecules perpendicular to
the substrate. The sample capacitance was used to detect and
measure this change. Using Vi, and Ag, the splay (Ky;) and
bend (K33) elastic constants are calculated using the Deuling
analysis [20-23]. The actual expressions employed are

Kn=eoheVip/n?, 2
— ®m
C(V()j o 2y Vth\/m/
i
. . 1/2
(14 «sin®p) (1—sin’g)
{ (l+ysm2q§) (sm bm —sin2¢) cos¢d.
(3)

Here, ¢ is the permittivity of free space, k = (K33/K11) — 1,
y = (g)/e1) — 1 and ¢y, is the angle between the director
and the walls of the substrate with ¢y, being the value in the
midplane of the sample.

The value of K;; can be directly obtained through
equation (2) with the help of experimentally determined Vi,
and Ae values, whereas extraction of Ks3 requires a full
profile fitting to equation (3), carried out with the help of
a MATLAB script [22,23]. The profiles of capacitance vs.
applied voltage V obtained for HLC and the HLC1Z com-
posite at several temperatures are shown in figure 8a and b,
respectively. In all the cases the threshold is observed to be
quite sharp across the entire N range. As expected, Vi, shows a
monotonic increase when the temperature is lowered. Interest-
ingly, the profiles taken at a fixed reduced temperature (7;oq =
15 K) bring out clearly that the threshold voltage increases
when the NRs are added (see figure 8c). This is not surprising
since the dopant is a stiffer rod than the host LC molecules.

Figure 9 presents the thermal dependence of the splay
elastic constant for HLC and the nanocomposite. For both
materials, K, exhibits a monotonic variation with temper-
ature, a standard feature seen for rod-like bent core as well
as the soft-bent compounds [12-17,22,23,26,27]. However,
addition of ZnO NRs increases the magnitude of K;; by as
much as 46% at the lowest temperature measured. In con-
trast with the monotonic behaviour of K, the bend elastic
constant presents a convex-shaped thermal profile (CSTP).
Figure 10 shows that the CSTP, a feature known for HLC, is
not only retained for the composite but enhanced in features as
well. Firstly, the point at which there is a trend reversal in K33
occurs much closer to the isotropic temperature. Secondly,
at any T4, the composite has a lower K33 than the parent
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Figure 8. Freedericksz transition profiles at various reduced tem-
peratures (Treg = Tnp— T') in the (a) HLC and (b) HLC1Z materials.
The Tieq values for the different sets are, from the top, 1, 3, ...., 30 K
at the interval of 3. In each case the knee point of the rising curve
gives an estimate of the threshold voltage. Enlarged view of the pro-
files at a fixed reduced temperature of Treq = 15 K clearly shows
that the threshold voltage increases when the NRs are added.
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Figure 9. Thermal variation of the Frank splay elastic constant for
HLC and the HLC1Z nanocomposite.

LC (HLC). Based on the fact that with hardly any exception,
the CSTP behaviour is not observed in pure compounds but
only in binary mixtures (see Ref. [23] and references therein)
with a rod-like component, we have argued [14] that CSTP
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Figure 10. Thermal variation of the Frank bend elastic constant
for HLC and the HLC1Z nanocomposite.

in bent-core calamitic systems arises due to the frustration
in the packing of the two differently shaped molecules. The
incorporation of ZnO NRs accentuating this feature lends cre-
dence to this argument. Detailed experiments with the higher
concentration of ZnO NRs will throw more light on this.

4. Conclusion

In summary, we have investigated thermal, dielectric and
elastic properties of a host LC system consisting of a soft-bent
component and a calamitic one, in its pure form and upon addi-
tion of ZnO NRs. The NRs bring about substantial changes
in all these properties and show the power of tunability of
the associated parameters through this route. The aspect ratio
of the NRs and its concentration are parameters that we are
now investigating to obtain a multidimensional understanding
of such nano-soft composites. Photoluminescence, an inher-
ent property of ZnO, is also being probed to understand its
anisotropic character. This may result in (i) a better under-
standing of the influence of hard NRs in controlling/tuning
the LC character of the system, and (ii) realizing electrically
switchable self-assembled photoluminescent materials. Work
will also be extended to the underlying twist-bend nematic
phase.
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