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The smectic A (SmA) phase of a V-shaped mesogen with a molecular bending angle of 60° was studied. According
to X-ray measurements, the molecules are arranged with the ‘bow-string’ direction parallel to the smectic layer.
This point was confirmed by birefringence analysis and the result is compatible with a non-polar structure. A
detailed study of the (001) smectic layer reflection versus temperature was also carried out to determine the smectic
translational order parameter. The results indicate that the material presents a high degree of translational order.
In addition, the electric field response of the material was studied by means of second harmonic generation. This
technique turned out to be highly sensitive to small structural distortions due to the V-shape of the constituent

molecules.

Keywords: V-shaped molecule; second harmonic generation; X-ray; phase transition

1. Introduction

Among the different approaches to the synthesis of
molecules to obtain liquid crystalline phases, bent-
core compounds represent an outstanding family that
has attracted the attention of the research community
over the last years [1-3]. Some of the main reasons
are the great variety of new phases and the interesting
physical properties they present such as ferroelectric-
ity, chirality or nonlinear optical properties.

However, the mesomorphism that bent-core com-
pounds exhibit is very sensitive to chemical and mor-
phological change, and therefore determination of the
structure—activity links is not trivial. In this sense,
one important molecular feature is the bending angle
of the molecules and, depending on its value, bent-
core compounds are usually classified in two fami-
lies: banana compounds, when the bending angle is
a~120° and V-shaped for a~60°. Typically, banana
compounds form a great diversity of new mesophases
different from the classical calamitic liquid crystalline
phases [1-3]. On the contrary, V-shaped molecules,
which have not been studied so extensively, present in
most cases classical calamitic mesophases. However,
this feature does not always hold, which makes it nec-
essary to characterise the structural properties of the
mesophases for every different compound. In addi-
tion, even when there are classical calamitic phases,
the peculiar disposition of the molecular wings in the
V-shaped compounds gives rise to different molecular
arrangements inside the layers.

Several studies of the mesomorphism of this kind
of materials can be found in the literature. For exam-
ple the phase sequence nematic—-SmA is often found
[4-6]. In smectic A (SmA) phases, molecules can stack
with their ‘bow-string’ parallel [7] or perpendicular to
the smectic layers [4]. Apart from the classical SmA
phase, there exists also the polar variant, which is more
often found in banana compounds [7, 8]. In other cases
the V-shaped compounds can exhibit bilayer smectic
phases [4, 5], and even B4 phases [8, 9] usually found
in banana compounds.

In this work we present an exhaustive study of the
structural properties of the phases of one V-shaped
compound whose synthesis and a preliminary charac-
terisation study have been published previously [10].
In particular we have obtained some results on the
molecular packing it presents in the SmA and crys-
talline phases. Additionally we have carried out studies
of the smectic order parameter in the SmA phase by
means of X-ray scattering experiments. Details of the
experimental techniques used are described in the next
section, followed by the presentation and discussion of
the experimental results. Finally some conclusions are
drawn.

2. Experimental

For texture observations and second harmonic
generation (SHG) experiments, commercially avail-
able Linkam cells of 5 pm thickness were used.
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Birefringence measurements were performed using a
Berek compensator in a polarised optical microscope
(POM), Olympus BX-51. X-ray scattering measure-
ments were carried out in Debye-Scherrer mode using
powder samples confined in Lindemann capillaries of
diameter 0.5 mm. A linear position-sensitive detec-
tor, with an angular resolution better than 0.01°,
was employed to detect the diffracted intensity in
the 26 interval 0.5-35° (0 is the diffraction angle).
Monochromatic Cu-Ke1 radiation (A = 1.5406 A)
was used. SHG measurements were performed with
an experimental set-up described in detail elsewhere
[11]. The fundamental light is a Q-switched Nd-YAG
laser (wavelength 1064 nm) with a pulse width of 6 ns
and a frequency of 5 Hz. A square-wave electric field
synchronised with the laser pulse was applied to the
sample.

3. Results and discussion

The molecular structure and phase sequence of the
studied compound is shown in Figure 1(a). The phase
identification was carried out on the basis of differen-
tial scanning calorimetry (DSC) and texture observa-
tion by using POM.

Below the clearing point, a well-aligned nematic
phase is obtained. On further cooling, a reason-
ably well-aligned SmA phase appears as can be seen
in Figure 2. Under an electric field, no switching
is observed when applying fields up to the dam-
age threshold (25 V/pum). Some samples could resist
fields as large as 30V/um [10]. At these high fields,
the texture darkens indicating a tendency toward
homeotropic orientation. However, these results were
not reproducible. All the behaviours suggest that the
mesophase is non-polar.

SmA b .
7 Smectic layers
*
Rubbing
- Slow axis
An=0.13-0.17

Figure 2. Optical texture of the studied compound in the
SmA phase at 155°C. The rubbing direction and the smectic
layers are sketched in the figure (colour version online).

As mentioned previously, the V-shape of the
molecule gives rise to two possible inlayer molecu-
lar arrangements, i.e. with their ‘bow-string’ normal
or parallel to the smectic layers (see Figure 1(b)). In
order to clarify this point, small-angle X-ray scatter-
ing (SAXS) measurements were carried out. In the
SmA phase, a single peak is observed corresponding
to a periodicity of 37 A (see Figure 3). This distance
is compatible with the molecular length along the
‘bow-arrow’ direction obtained in the most stable con-
formation. The calculation was performed using MM2
energy minimisation. This result and the absence of an
electric field response point to a molecular arrange-
ment as proposed in Figure 4(a).

Furthermore, we measured the birefringence in the
sample from Figure 2. The obtained values in the
whole temperature range of the phase were An =0.13—
0.17. It was also checked that, as expected, the slow
axis of the indicatrix is parallel to the rubbing direc-
tion. The measured birefringence value is compatible
with a model that considers the molecule as composed
of two uniaxial wings with extraordinary and ordinary
refractive indices n, = 1.75 and n, = 1.5, respectively,

(@) ®
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1211.3 °CN 210.2 °C SmA 74.7 °C Cryst

Fast axis
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Figure 1. (a) Chemical structure and phase sequence of the studied compound. (b) Schematic representation of the V-shaped
molecule. The most representative distances and the optical indicatrix axes are indicated.
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Figure 3. X-ray diffraction intensity versus scattering angle
of the SmA (black points) and crystalline (red points) phases.
The periodicities corresponding to both maxima are com-
patible with the ‘bow-string’ and ‘bow-arrow’ distances,
respectively.

(a) (b)

37A
27 A

Figure 4. Inlayer molecular arrangement for (a) the SmA
phase and (b) the lower temperature crystalline phase. The
smectic layer spacing has been obtained from X-ray scat-
tering measurements and is compatible with the molecular
length in the sketched stacking.

making an angle of 60°. In fact, after averaging, the
dielectric tensor under rotations along the normal to
the smectic layer, An = 0.16, is obtained. Under this
model, the slow axis corresponds to the direction of
the arrow of the molecule and therefore the smectic
layers are perpendicular to the rubbing direction.

On further cooling, the material undergoes a phase
transition at 74.7°C and, in Linkam cells, the align-
ment is lost. The texture presents a reddish colour
with circular domains (see Figure 5). In order to char-
acterise this phase, X-ray scattering experiments were
carried out in a wider angular range (26 interval 0.5-
35°). The diffraction diagram presents a sharp peak
corresponding to a periodicity length of 26.6 A (red
points in Figure 3), which indicates a lamellar struc-
ture of the phase. This distance is compatible with the
length of the ‘bow-string’ of the molecule. At wider
angles no diffuse halo appears. Instead a set of small
peaks is observed. This fact implies an inlayer crys-
talline or hexatic order, which is consistent with the
null response of the phase to electric fields.

Liquid Crystals 1467

Figure 5. Optical texture of the crystalline phase at 25°C.
The fast axis of the optical indicatrix was determined using
a Berek compensator.

From an optical point of view, the texture depicted
in Figure 5 presents a birefringence An = 0.23. The
important increase in the birefringence suggests a
biaxial structure, which is consistent with the opti-
cal model of the molecule previously considered pro-
vided a higher density and a higher molecular order
is assumed in the crystalline phase. In this case, it
is observed that the axis perpendicular to the lay-
ers corresponds to the fast axis. This implies that the
molecules inside the layers are oriented with the ‘bow-
string’ perpendicular to the layers. Figure 4(b) shows a
possible molecular arrangement, but it is not possible
to determine the precise dipolar moment disposition
inside the layer.

In order to extract further information about the
inlayer dipole arrangement, SHG measurements were
carried out in both the SmA and the lower tem-
perature crystalline phases. Measurements were made
in homogenously aligned cells at an incidence angle
¢; = 30°. The electric field was perpendicular to the
glass substrates. The fundamental light was polarised
linearly along the rubbing direction and the analyser
was set parallel to the polariser. Measurements were
carried out in the SmA phase at 190°C and the crys-
talline phase at 60°C.

In the SmA phase, no SHG signal is detected with-
out a field. This is in agreement with the structure
proposed in Figure 4(a) since it is centrosymmetric and
therefore SHG is forbidden. Under an electric field,
however, an SHG signal is observed. Figure 6(a) shows
the SHG intensity versus electric field. Assuming
phase matching configuration, the SHG power is given
by the expression:

PQw) = ALd; P(0)’, (1)
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Figure 6. (a) SHG intensity of the SmA phase versus elec-
tric field. Measurements were carried out at 190°C. (b)
Scheme of nonlinear response of the V-shaped molecule. The
hyperpolarisability is mainly driven by the longitudinal com-
ponent B;. The dipolar moment p is also depicted in the
figure.

where L is the sample thickness, P(w) is the power of
the fundamental light, 4 is a constant that depends
mainly on the geometry of the experimental set-up and
defr 18 a parameter that is related to the second-order
susceptibility coefficients involved in the experimental
configuration of the sample and light polarisation.

Comparing the SHG signal with that of a y-cut
quartz crystal (d;; = 0.4 pm/V), the unknown param-
eters of Equation (1) can be deduced, and for an elec-
tric field of 24V/um, we obtained d.r = 0.02 pm/V.
This result is surprising since, as previously mentioned,
no changes were observed in the texture of the mate-
rial when applying electric fields up to the damage
threshold.

In order to explain the SHG behaviour we will
use the microscopic approach proposed by Araoka
et al. [12] for the nonlinear optical response of the
molecule. Under this model, the main contribution
to the SHG response is due to the longitudinal
hyperpolarisability along the molecular wings (/) as
shown in Figure 6(b), and the whole molecule presents
two independent hyperpolarisability tensor compo-
nents in the xyz frame given by

B--- = 2cos’ (%)ﬂ/

Bzyx = 208 (%) sin’ (%)ﬂ,. ()

As previously commented, the second-order sus-
ceptibility tensor d of the SmA phase under no field
is null as the phase is centrosymmetric (Figure 7(a)).
However, the field induces a distortion on the struc-
ture, as sketched in Figure 7(b), and in this case SHG
symmetry is allowed.

The d tensor associated to the distorted struc-
ture can be obtained as follows. First we calculate

(b)

Smectic layers

Substrate

Figure 7. Scheme of the electric field induced distortion
in the SmA phase. (a) Inlayer molecular stacking under
no field. The actual structure presents rotational symmetry
along the normal to the smectic layers as indicated in the fig-
ure by the dashed circle. (b) Induced distortion by the electric
field. The molecule on the left together with the dashed cir-
cle schematise a set of molecules corresponding to d,, with
rotational symmetry (SmA symmetry) and tilted by an angle
¢. The molecule on the right represents the analogous situ-
ation for the case dy,,,. The d tensor of the whole structure
is the average of d,, and dy,,,. The experimental configura-
tion of the SHG experiment is also indicated (colour version
online).

the contribution of the molecules under no field with
the ‘bow-arrow’ pointing up separately from those
pointing down. To calculate these tensors, we take
the contribution from a single molecule (e.g. dipole
moment up) and average the tensor due to the rota-
tional symmetry of the SmA phase along the normal
to the smectic layer. The tensor obtained, named d,,,
accounts then only for the molecules with ‘bow-arrow’
pointing up. Thus, the equation in contracted nota-
tion in a frame system with Z perpendicular and X, Y
parallel to the smectic layers is

0 0 0 0 D20
d.,,,:( 0 0 0 D2 0 0), 3)
D/2 D)2d 0 0 0

where D = Nf3B., and d = Nf>B..., N is the density
of molecules and f is a local field factor. The contri-
bution of the molecules with the arrow pointing down
is dyown = -dyp as these tensors are related by 7 rota-
tion along X (or Y) and, therefore, it is evident that
the head-tail invariance of the SmA mesophase aver-
ages the d tensor of the non distorted structure out to
zero. However, the d tensor of the distorted structure
can now be calculated simply by rotating the tensor of
Equation (3) by an angle ¢ along the direction parallel
to the smectic layer and perpendicular to the electric
field (see Figure 7(b)), and subsequently applying the
head-tail invariance, i.e. averaging it with the contribu-
tion of the equivalent structure of the molecules with
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the ‘bow-arrow’ pointing down. In our SHG exper-
imental configuration (see Figure 7(b)), d.; is given
approximately by the equation

doy = 3(D — d) c0s” (yer) sin (¢yer) cOS” () sin (9)
4)

where ¢,.r is the refraction angle of the fundamental
light when entering the sample and ¢ is the distor-
tion angle of the molecules due to the electric field.
For a value of (D — d) ~1 pm/V (typical in banana
compounds [13]), the measured SHG efficiency can
be accounted for by a distortion angle ¢ ~ 1°. It is
impossible to perceive this small perturbation per-
ceived by direct texture observation, but it is detectable
by SHG measurements due to the high sensitivity of
this technique to small perturbations in the structure
of bent-core mesophases.

In the crystalline phase, SHG response was
detected without an electric field. This result proves
the biaxiality of the phase suggested by the optical
studies since the result implies a ferroelectric molec-
ular arrangement inside the layers. A scheme of the
inlayer molecular disposition is shown in Figure 4(b).
It is worth mentioning that the SHG behaviour of
this compound resembles that found by Weissflog
et al. [14] for a four-ring bent-core material presenting
a calamitic SmA phase and a low-temperature crystal
phase. SHG is induced by applying an electric field in
the SmA phase, whereas a nonlinear signal is observed
without field in the crystalline phase.

Finally a study of the order parameter in the SmA
phase was carried out by means of X-ray scatter-
ing studies. In particular, the integrated intensity of
the (001) peak as a function of the temperature was
measured near the N-SmA transition following the
procedure explained by Kapernaum and Giesselmann
[15]. The smectic translational order parameter X is
defined as the average amplitude of the density wave
and is given by the equation

Y= <cos (%>>, 4)

where d is the layer spacing and z; the position
of the molecule i measured from an origin that
makes the order parameter maximum. X can be
obtained by comparing the (001) peak intensity 7
measured at a given temperature with the same
peak but assuming a perfect translational order

(1,). The relation is given by [16]

I
o

22

©)
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I, can be obtained by extrapolation of the I(T)
function to 7" = 0, since at this temperature, the hypo-
thetical smectic structure is expected to be perfectly
ordered. Following the general theory of phase tran-
sitions, the smectic order parameter can be expressed
in terms of the reduced temperature as follows:

T =zlf, (6)

where t = (T/T¢) — 1, T, is the phase transition tem-
perature from the nematic to SmA phases and g is
the critical exponent of the transition. Combining
Equations (5) and (6), it is straightforward to obtain

() =1,[(T/Tc) —1]7. (7)

The parameters [, and 8 can be calculated by fit-
ting the integrated intensities of the (001) peak versus
temperature. Figure 8 shows I(T) at the SmA phase
and the best fit (red line, 7,= 290, 8 = 0.006), together
with the line corresponding to perfect smectic order
(B =0, ¥ =1, black line). According to the quality
of the fit, the order parameter well inside the SmA
phase can be considered to be in the range 0.9< X
<1, which implies highly ordered smectic layers com-
pared with other calamitic SmA phases as reported by
Kapernaum and Giesselmann [15]. Since it presents
a degree of smectic order comparable to our com-
pound, it is worth making a comment concerning the
compound 3M 8422 studied in that work [15], which
presents a ‘de Vries’ type SmA phase. In this respect it
is important to remark on the similarity of both phases
if we consider the molecular wings of our V-shaped

250

200 [

150 ¢

100 |

Integrated 7(001) intensity (a.u.)

50

0 . ; x " :
120 135 150 165 180 195 210
Temperature (°C)

Figure 8. Integrated intensity of the (001) peak as a func-
tion of the temperature in the SmA phase. The blue line
corresponds to the case of perfect smectic order (8 = 0 in
Equation (7)). The red line corresponds to the best-fit, 8 =
0.06 and I,= 290, which implies that X~ = 0.9 well inside the
SmA phase (colour version online).
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compound as calamitic molecules. A possible expla-
nation for the high smectic order could be that the
azimuthal wing distribution inside the layer is expected
to suppress out-of-layer fluctuations.

4. Concluding remarks

In this work several experimental techniques were used
to determine the structural properties of the SmA
phase of a V-shaped compound. The molecules were
found to be stacked with the ‘bow-arrow’ parallel to
the smectic layer forming a non-polar phase. In addi-
tion, the response of the material to electric fields
was studied using SHG measurements. This technique
turns out to be a very sensitive tool for detecting small
distortions in bent-core compounds that are difficult
to observe using other experimental procedures. In
addition, a study of the smectic order parameter based
on X-ray scattering measurements was performed for
the first time in a V-shaped compound. The conclusion
drawn is that the phase is highly ordered compared
with other calamitic SmA phases and is comparable
to a reported example of a ‘de Vries’ type mesophase.
This is an interesting conclusion and can be
explained in terms of certain similarities between both
phases.

Finally the lower temperature crystalline phase
was studied. The structure is lamellar and highly
polar since SHG signal is found without an electric
field. Surprisingly, the inlayer molecular arrangement
implies a 90° rotation of the molecules with respect to
the smectic layers and therefore the transition from the
SmA phase implies a deep structural change.
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