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The mesomorphic properties of an achiral bent-core liquid crystal derived from 4-cyanoresorcinol are
studied by polarizing optical microscopy, x-ray diffraction, and second harmonic electro-optic response.
It shows a novel sequence of four nontilted or orthogonal smectic phases on cooling:
SmA-SmAPR-SmAPx-SmAP,. Here SmAPy is the new orthogonal polar uniaxial smectic phase. The
electric-field-induced transformations in the SmAPy phase give rise to two biaxial states separated by a
uniaxial one. The second harmonic electro-optic response in this phase is interpreted in terms of the polar
interaction with the electric field. A comparison of the experimental results with the next-nearest-neighbor

model for the structure of the SmAPy phase shows it to be an SmAP,, phase.
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The myriad of phases exhibited by bent-core liquid
crystals, ferroelectric switching in achiral smectic liquid
crystals and the potential for applications have motivated
researchers to synthesize new bent-core compounds and to
investigate them in detail [1]. Unlike calamitic liquid
crystals, the bent-core compounds exhibit a rich variety
of orthogonal smectic phases, such as SmAP, [2-5],
SmAPy [6,7], and SmAP,x [8]. In all these phases, the
molecular rotation around its principal axis within a smec-
tic layer is biased at least to some extent. The common
characteristic of these phases is that these are nontilted and
possess a long-range (or short range in case of SmAPy) in-
layer polarization. This is due to the packing of the mole-
cules along a preferred bent direction which leads to a
lining up of the vectors of the molecular dipole moments
which are directed along the bent-direction parallel to the
layer planes. This is referred to as the ‘““in-layer polariza-
tion direction” throughout this Letter. In the SmAPp
phase, the in-layer polarization directions in adjacent
layers are randomized leading to a macroscopically uni-
axial phase and in the SmAP, phase, they are antiparallel
to each other giving rise to an antiferroelectric phase which
is biaxial. Recently, a biaxial ferroelectric phase with the
in-layer polarization directions parallel to each other in
adjacent layers has been observed as a stable ground-state
structure (SmAPf) [9].

Field-induced SmAP states can be obtained from the
SmAP, and SmAPj phases under sufficiently strong elec-
tric fields applied parallel to the smectic layers, after the
initial randomly distributed (SmAPy) or antiferroelectri-
cally arranged (SmAP,) in-layer polarization directions
become aligned in the direction of the electric field.
Remarkably, in some materials, the transition from
SmAP, to SmAP goes through an intermediate uniaxial
state appearing as dark texture in a homeotropic cell
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between crossed polarizers [10]. Hence, the SmAP, and
SmAPy phases are of interest due to their potential for
application in the next generation of fast switching displays
[11,12] as well as to advancing the understanding of their
internal structures and establishing molecular structure-
property relationships [13]. Recently, another randomized
polar smectic phase, assigned as SmAP,, has been ob-
served in a bent-core compound containing a 3-aminophe-
nol-derived central unit [8]. It was suggested that this phase
consists of randomly aligned domains of local antiferro-
electric order and its stability was attributed to a nonsym-
metric molecular architecture containing intermolecular
hydrogen bonding.

Here we report mesomorphic properties of a new
4-cyanoresorcinol bisbenzoate compound (PAL30) whose
structure is given below, by polarizing optical microscopy
(POM), x-ray diffraction (XRD) and electro-optics. This
compound exhibits a unique sequence of four orthogonal
smectic phases with the phase transitions: isotropic liquid
164°C [7.9]— SmA 111°C [0.7]— SmAP; 108°C
[<0.01] = SmAPy 91°C [<0.01] — SmAP, 38°C
[37.2] — Cryst (observed on cooling, the enthalpy values
in kJ mol~! given in square brackets were measured using
DSC at 10 Kmin~! cooling rate). This is the largest num-
ber of different orthogonal smectic phases observed so far
in a temperature induced phase sequence of a single com-
pound. The low but measurable enthalpy of the SmA to
SmAPj, transition can be explained on the basis that the
polar layers are formed at this transition, and the absence of
a measurable enthalpy for the SmAP; to SmAPy and the
SmAPy to SmAP 4 transitions can be explained as the latter
are only due to changes of the azimuthal in-layer polariza-
tion vectors. In this phase sequence, SmAPy is a new
orthogonal polar smectic phase and herein a detailed in-
vestigation of this phase is presented. The SmAPy phase
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appears between the SmAPp and SmAP, phases, it is
optically uniaxial and exhibits a double current peak per
half cycle of the applied triangular voltage signal. This
phase is distinguishable from SmAPy phase through the
nature of the current response (only a single peak in
SmAP, a double peak in SmAPy) and dielectric spectros-
copy. The static dielectric permittivity is observed to drop
at the SmAPR-SmAPy transition temperature. The experi-
mental data are analyzed and compared with the results
from simulations that used the next-nearest-neighbor
(NNN) model. This comparison shows that the SmAPy
phase represents the SmAP, phase with the azimuthal
angles of successive layers in the range 90° < ¢ < 180°.
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The nontilted nature of the smectic phases is confirmed
by 2D XRD of a surface aligned sample. The XRD shows
sharp layer reflections (layer spacing, d = 5.6 nm at
140 °C and 5.8 nm at 70 °C; molecular length L = 6.5 nm
in the most stretched conformation). In all LC phases these
reflections are observed in a direction normal to the line
joining the maxima of the diffuse wide angle scattering at
d = 0.48 nm. The latter scattering remains diffused in the
four smectic phases, this excludes the onset of any posi-
tional in-plane order. On the average orthogonal organiza-
tion of the molecules with respect to the layers in all
four LC phases is additionally confirmed by optical
investigations. For POM and electro-optic studies, homeo-
tropic alignment is obtained by coating the substrates with
AL60702 (JSR Korea). A planar alignment is achieved by
coating the substrates with RN1175 (Nissan Chemicals
Japan) polymer alignment layer. In order to apply an in-
plane electric field in a homeotropic cell, indium tin oxide
(ITO) electrodes of the bottom substrate are etched with a
gap of 80 um. Figure 1 shows the magnitude of biaxiality,
|dn| (measured in a homeotropic cell of thickness =
7 pm) of PAL30 in the SmAPg, SmAP, and SmAPy
phases against the electric field E applied along the layers.

In the SmA Py, phase (110 °C), the sample is found to be
uniaxial and the texture appears dark between the crossed
polarizers. Since the in-layer polarization directions are
randomly distributed in the absence of an electric field
and the primary director (along the average molecular
long axes) is orthogonal to the smectic layer plane, the
SmAP, phase [6,7] 1is macroscopically uniaxial.
Application of an electric field disturbs this random distri-
bution of the molecular transverse dipoles and therefore
induces in-layer polarization and optical biaxiality. This
process obeys Langevin formalism [6] and the value of
induced biaxiality increases with lowering temperature. In
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FIG. 1 (color online). Electric field dependent magnitude of
biaxiality in SmAP; (M), SmAPy (®), SmAP, (A) phases.
Inset: Current response in SmAPy (@) phase (in arbitrary units)
of PAL30.

the SmAP, phase (90 °C) the sample is biaxial and exhib-
its a characteristic Schlieren texture for £ = 0. Application
of an in-plane electric field aligns the in-layer polarization
directions to give a uniform biaxial antiferroelectric struc-
ture with negative (i.e., perpendicular to the electric field)
biaxiality, 6n,r = 0.01. A further increase in E causes a
transformation to a dark uniaxial intermediate state. In this
uniaxial state, the in-layer polarization directions in adja-
cent layers are perpendicular to each other [10]. Increasing
E, transforms the uniaxial dark state into a bright biaxial
ferroelectric state with a positive ng = 0.022. In the high
temperature range of the SmAP, phase, |8n 5| is lower
than |8ng|. With a reduction in temperature, the biaxiality
|6np| increases faster than |Snp| and finally, |8nap| =
|6ng| [10]). The subscripts AF and F refer to the antiferro-
electric and ferroelectric states, respectively.

When the sample is cooled down from the SmA Pp, to the
SmAPy phase, it stays perfectly dark (uniaxial) for an
applied in-plane electric field up to ~0.95 V/um. But
when E is increased to ~1 V/um, it transforms to a bright
(biaxial) state with negative biaxiality of on = —0.005.
On a further increase in the field to 1.35 V/um, this
biaxial state becomes dark again. For this uniaxial state,
one of the possible explanations is that the in-layer polar-
izations in neighboring layers are perpendicular to each
other. Upon a further increase in E, the uniaxial state again
goes to a biaxial one with positive biaxiality and then
saturates to a ferroelectric state with |8np| = 0.012.
Hence, with increasing field, the SmAPy phase, exhibits
two macroscopically biaxial bright states with opposite
signs of biaxiality; these are separated by a uniaxial dark
state. The polarization reversal current response of SmA Py
in a planar cell (thickness = 7 um, frequency = 50 Hz)
shows two peaks per half cycle of the applied triangular
wave field in the entire temperature range of this phase
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[Fig. 1 inset]; this indicates the antiferroelectric nature of
the SmAPy phase. The electro-optic response [14] is
studied by inputting the transmittance from a homeotropic
cell to a photodiode, the output of which is fed to a lock-in
amplifier; its reference signal is drawn from the generator
which applies a voltage signal across the in-plane elec-
trodes at a frequency of 110 Hz. As expected; the com-
pound in the various phases shows no response at the
fundamental frequency of the applied field for the reason
that both positive and negative states are optically equiva-
lent to each other. Nevertheless during switching, these
give rise to a response at the 2nd harmonic frequency
(EO,). The magnitude of this response is proportional to
sin?@, where 6§ = wénd/ . For § < 1, the linear depen-
dence of én(E) on E would give a quadratic dependence of
EO,onE,ie., EO, « E%.

Figure 2 presents the electric field dependence of EO, in
the SmAPr, SmAPy, and SmAP, phases. EO, data is
fitted to the equation, EO, = k E?, and the exponent 7y is
determined (Fig. 2 inset). For lower values of E both
SmAP, and SmAPy phases give y = 2. This implies a
linear dependence of dn(E) on E for low fields which is
due to the polar interaction with E. This is consistent with
the Langevin dependence of 6n on E in the SmA Py, phase.
In the SmAP, phase, however, the exponent y shows a
cross-over behavior from 2.5 to 3.6, interpreted as due to a
combination of polar (P - E) and dielectric (Ag - E?) in-
teractions. It should be noted that in the SmAPy phase the
dependence, 6n(E) on E below the threshold field is also

—41.2

—40.0

FIG. 2 (color online). Second harmonic electro-optic response
(EO,) in the SmAPy ((0), SmAP, (A), and SmAPy (O) phases
of PAL30 as a function of E. For SmAPy, in particular, the low-
field response is only considered as for higher fields it transforms
to other structures. Inset: A fitting of the EO, to k E” on the log-
log scale. The exponent is determined from the low field
response as for higher fields, phases SmAP, and SmAPy trans-
form to the various states.

linear, while the value of the induced biaxiality is either
zero or is below the resolution of the optical compensator.

To theoretically account for the possible structures of the
SmAPy phase, we analyze the free energy as a function of
the polarization in a form suggested by Pociecha et al. [6]
for the nearest neighbor (NN) interactions:

1 1
Gy = Z[ial(pj “Pj+1) T Zbl(pj : Pj+1)2]. (1)
J

For the coefficient of polar interactions a; <0 bilinear
interlayer interactions favor ferroelectric order due to the
van der Waals attractions between the molecules in neigh-
boring layers, whereas for a; > 0, antiferroelectric order is
stabilized by the electrostatic dipolar interlayer interac-
tions. In the SmAPr and SmAP, phases, in-layer polar-
izations in the neighboring smectic layers are parallel and
antiparallel, respectively. However the SmAP phase was
observed as a ground-state structure only for a bent-core
compound with two different tails, one of the tails being
carbosilane [9]; this is unlikely to be the phase structure
applicable here and therefore we consider only a; > 0.
To identify the possible structures as candidates for the
SmAPy phase, it is necessary either to introduce NN
quadrupole interactions [b; # 0, Eq. (1)] [6] or to consider
the NNN polar interactions. The coefficient for the quad-
rupole term b > 0 prefers the right angle between in-layer
polarization directions in the neighboring smectic layers.
The minimization of Gy [Eq. (1)] gives rise to five differ-
ent structures [6] as shown in Fig. 3. In the three phases,
SmAP,, SmAP,, and SmAPy, the magnitude of the angle
between the in-layer polarization vectors in the adjacent
layers is the same but has the same sign in SmAP,,
opposite sign in SmAP,, and is randomized in SmAPy.
The phases SmAP, and SmAPp are uniaxial whereas
SmAP, is biaxial. A comparison of the theoretically pos-
sible phase sequence with that observed suggests that the
structure of the SmAPy phase may be either SmAP, or
SmAP,. The SmAP, phase is uniaxial in the ground state
and therefore represents an appropriate structure for the
SmAPy phase. It has a short helical pitch like SmC,, but

SmAP A

) >

SmAP,  SmAP,

FIG. 3 (color online). Possible structures of orthogonal smec-
tic phases deduced from the minimization of potential Gyny-
The bent-core shapes are seen perpendicular to the smectic layer
normal; while the in-layer polarization direction seen along the
smectic layer normal.
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the primary director is not tilted and the helicity arises
possibly from flexoelectricity.

The effect of the electric field on the structure was
studied by adding the term —p;-E into Eq. ().
According to this model, these three additional phases
have the same free energy Gyy in the absence of E and
therefore are equally probable, while for £ # 0, SmAP,
becomes more stable than the other two. Curve 1 in Fig. 4
presents the electric field dependence of the macroscopic
spontaneous polarization (normalized to 100%) obtained
fora; =1,b; =2 and p = 1 (SmAP, case). With these
parameters, the magnitude of the angle between the in-
layer polarization vectors of the neighboring smectic layers
for E = 01is ~120° which corresponds to P, = 50% in the
SmA P, phase and saturates for E = 6. This also means that
for small but E' # 0, the structure should be biaxial but this
is not observed experimentally here.

As mentioned above, the SmAP,, structure can also be
obtained from the free energy by excluding the quadratic
term (p; - pj+1)* (by =0) but taking into account the
NNN interactions ay(p; - pj+,) and taking a; < 4|a,|.
Nevertheless in this case (a; = 2, a, and b; = 0) the mac-
roscopic polarization shows linear dependence with electric
field and saturates for £ = 2 as shown in curve 2, Fig. 4.
Both the linear dependence and the absence of a threshold
shown by this curve are not observed experimentally either.
Hence, we include in the model the NNN interactions as
well as keep b, finite and include the interaction term with
E. Hence the free energy Gynn becomes

1 1
G = 2[501(19/ “pir1) Zbl(pj “pis)?

J

1
+ Eaz(Pj “Pjy2) —Dj° E] (2)
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FIG. 4 (color online). Electric-field-induced macroscopic po-
larization in SmA Py for different values of parameters a, and b,
(curves 1-3) and induced biaxiality 6n (curve 4). The blue lines
in the circles related to curve 3 show the distribution of the in-
layer polarization vectors in 18 successive smectic layers.

According to Eq. (2), for a; >0 (practical relevant
case) and for £ = 0 the SmAP,, structure is found to be
more stable than SmAP, and therefore the former is the
appropriate ground-state structure. For £ > Ey;,, where Ey,
is the threshold field, the transition from the uniaxial
SmAP, phase to the biaxial SmAP, phase occurs. This is
shown in curve 3 of Fig. 4 for the following parameters:
b, =2,a, =a,/2.

Parameter a, affects Ey, for the SmAP ,-SmAP, transi-
tion but not the saturation field. Curve 3 shows a linear
dependence of P, below the threshold up to ~15%, then
jumps sharply to ~60% corresponding to the transition
SmAP,-SmAP, and then gradually increases to the satu-
rated value for E = 6. Remarkably, curve 3 is qualitatively
identical to the field-induced apparent tilt angle observed
experimentally for SmC, (Fig. 3(b) in Ref. [15]) except
that the tilt angle here is zero. Hence the ground-state
structure of SmAPy is that of the SmAP, phase. Curve 4
in Fig. 4 is the induced biaxiality (én) corresponding to
curve 3. This curve is in good agreement with the experi-
mental dependence of 6n on E in the SmAPy phase as
shown in Fig. 1. For E < Ej, it shows very small but linear
increase of the induced 67 on E. This is in agreement with
the quadratic dependence of the EQO, response observed
experimentally (Fig. 2 and the corresponding text). For
E = Ey, it jumps to the negative value of ~15% and
then shows a gradual increase through 6n = 0 (uniaxial
state observed experimentally, Fig. 1) to the saturated
ferroelectric state with 6n = 100%.

In conclusion, we have investigated a new bent-core
compound and observed an unusual and unprecedented
phase sequence of four different orthogonal smectic liquid
crystalline phases (SmA-SmAPR-SmAPyx-SmAP,) by
POM, XRD, 2nd harmonic electro-optic response and the
measurements of the polarization reversal current. Among
these phases, a new orthogonal smectic phase (SmAPy) is
identified. Electric-field-induced transformations in the
SmAPy phase give rise to a transition from the uniaxial
ground state to two biaxial states separated by a field-
induced intermediate uniaxial one. The structure and prop-
erties of the SmA Py phase are modeled theoretically by the
NNN. Based on a comparison of the experimental results
with those from the model, we conclude that the ground-
state structure is of SmAP,, phase. In this phase, the in-layer
polarization direction rotates from layer to layer with a fixed
angle varying in the range 90° < ¢ < 180° uniformly be-
tween the adjacent layers, similar to the tilt director in a
SmC, phase [15]. Under the influence of an electric field, it
undergoes phase transitions first to the SmAP, state at Ey,
and then to the SmAP state at the saturation voltage. It
should be noted that both, SmC, [15] and SmAPy, have
similar switching current responses. The uniaxial and anti-
ferroelectrically switching SmAP 4, phase which appeared
between the columnar and isotropic phases [8] could also
possibly have SmAP,, structure as is found here.
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