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Abstract. Detailed temperature investigations of the bend converse flexo-
electric effect in POPDOB, a nearly symmetrically substituted mesogen with
a rich polymorphism – specifically exhibiting the nematic-smecticA (N-SmA)
transition – were carried out. The results were obtained from electric-induced
birefringence measurements in homeotropic samples under horizontal dc elec-
tric field in the nematic phase. Other relevant material constants (dielectric
anisotropy and bend elastic constant) were extracted by recording the sample ca-
pacitance through the electric Freedericksz transition inplanar geometry under
ac fields. The pretransitional behaviour of the flexoelectric effect on approach-
ing the SmA phase suggests a quadrupolar origin of the flexoeffect.

PACS codes: 61.30.Eb, 61.30.Gd

1 Introduction

Flexoelectricity is an important mechano-electric property of liquid crystals
(LCs) that provides a reciprocal relationship between curvature distortions and
electric polarization [1]. The polarizationP generated in a nematic liquid
crystal by curvature deformations of the directorn follows the relationP =
e1z(∇·n)n+e3x(∇×n)×n, with e1z ande3x denoting the splay and bend flex-
oelectric coefficients, respectively. The commonly measured flexocoefficients
are in the range of a few pC/m for calamitic nematic LCs [1]. Owing to the fact
that the twist and bend deformations are not favoured in the SmA phase, the as-
sociated elastic constants,K22 andK33, diverge on approaching the SmA phase
from the N phase. Despite a wealth of data available on the flexoelectric behav-
ior in the N phase, there is hardly anything known on its valueon approach to the
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SmA phase. Naively, one can suppose that the causes which prevent the bend
deformation in the SmA phase also affect the magnitude of theflexoelectric coef-
ficient. With this in mind, measurements were undertaken to study the behavior
of the flexoelectric effect in the vicinity of the N-SmA transition. Converse bend
flexoelectricity studies are based upon the electrically-induced birefrigence of a
homeotropic nematic layer [2]. We report here bend flexocoefficient e3x of a
nearly symmetrically substituted alkyloxyphenyl ester compound, measured by
the Helfrich method [3,4], in the whole nematic range.

2 Experimental Methods

2.1 Material

The compound studied, 4-(n-Pentyloxy)phenyl-4-(n-decyloxy)benzoate (POP-
DOB), is a polymorphic mesogen reported by the Halle group [5] and having the
chemical structure:

C10H21O

O

O

OC5H11

It has been synthesized by us by condensing 4-n-decyloxybenzoic acid with 4-
n-pentyloxyphenol. Initially, 4-n-decyloxybenzoic acid was prepared starting
from ethyl 4-hydroxybenzoate; it wasO-alkylated withn-bromodecane in the
presence of anhydrous potassium carbonate (K2CO3) and a catalytic amount of
potassium iodide (KI) in 2-butanone to get ethyl 4-(n-decyloxy)benzoate, which
was hydrolysed in the presence of a base to yield 4-n-decyloxybenzoic acid.
On the other hand, 4-n-pentyloxyphenol was prepared by mono-O-alkylation of
hydroquinone withn-bromopentane in presence of a mild base in dimethylfor-
mamide (DMF). In the final step, the condensation of 4-n-decyloxybenzoic acid
with 4-n-pentyloxyphenol using dicyclohexylcarbodiimide (DCC) and 4-(N ,N -
dimethylamino)pyridine (DMAP) in dichloromethane (CH2Cl2) furnished 4-(n-
pentyloxy)phenyl 4-(n-decyloxy)benzoate in almost quantitative yield. The ob-
served phase sequence is K 63◦C SmC 67.9◦C SmA 79.3◦C N 84.3◦C I, which
is slightly different from that reported in [5].

2.2 Methods

For the measurement ofe3x, the sample cells were constructed by sandwich-
ing two parallel stainless steel electrodes, spaced about 2mm apart, between
octadecyltriethoxysilane treated non-conducting glass plates. The sample in
its isotropic phase was drawn into the cell by capillary action and then cooled
slowly through the isotropic-nematic transition temperature. The homeotropic
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orientation of the director was confirmed by conoscopic observations. For opti-
cal observations, a Leitz DMRXP polarizing microscope equipped with a digital
CCD camera (Optronics DEI-750D CE Digitial Output Model S60675 PAL) was
used. Optical path difference was measured by a Berek 5λ tilting compensator.
The sample temperature was varied by a Mettler FP90 hot-stage. An in-plane
DC electric field was employed, the voltage for which was derived from a Keith-
ley Electrometer (Model 6517A). The applied voltageV was measured with a
HP 34401A multimeter.

POPDOB is a negative dielectric anisotropy material. Its bend elastic constant
K33 was determined from electric Freedericksz transition dataon homeotropic
samples [6]. For these measurements, we have used sandwich cells of silane
treated ITO-coated glass plates. An Agilent 4284A precision LCR meter was
employed to record the cell capacitance. While the permittivity parallel to the
nematic directorε‖ was calculated from the initial capacitanceC‖, that perpen-
dicular to the directorε⊥ was determined from the capacitanceC⊥ correspond-
ing to infinite field, obtained by a suitable extrapolation oftheC(V −1) line.

Birefringence (∆n) data were taken from the published results [11] for
HOPDOB, the next higher homologue of the series, interpolating the values
for the required reduced temperatures (T/Ti − 1), Ti is the nematic-isotropic
transition temperature.

3 Theory of the Flexoelectric Bending in a Homeotropic Layer

This effect takes place when a homeotropic layer is subject to an electric
field E orthogonal to the director. Its first observation in homeotropic 4-
methoxybenzylidene-4’-n-butylaniline (MBBA) layer [2] remained unexplained
until a theory based on flexoelectricity was developed for its analysis [3]. Sub-
sequently, detailed experiments were performed with nematic MBBA [4], con-
firming most of the theoretical predictions. However, the experimental results
in Ref. [2] produced a value ofe3z for MBBA that differed from the value
in Ref. [4]; this discrepancy was later accounted for (jointly with Marin Mi-
tov [7,8]) by considering the effect of surface polarization mp. With asym-
metric end substituents of LC molecule (hydrophilic/hydrophobic asymmetry),
mp may have an opposite sign for homeotropically orienting glass plates that
are hydrophilic [2] or hydrophobic [4]. A complete theory ofone-dimensional
dielectric-flexoelectric deformations of nematic layers was subsequently devel-
oped [8]. The conclusion of our theory was that the flexoelectric bending is
not determined exclusively by the bend flexocoefficiente3x, but by an apparent
flexocoefficiente∗3x = e3x +mp. However, since end substituents of POPDOB
studied here are nearly symmetrical (both being alkyloxy chains,i.e. presumably
hydrophobic) it is reasonable to assume that surface polarization is negligible,
and only the bulk bend flexocoefficiente3x is active.
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The solution routinely used for interpreting experimentaldata on flexoelectric
bending in a homeotropic layer reads [4]

∆l = no

(

1 − n2
o

n2
e

)(dθ
dz

)2 d3

24
with dθ/dz = e∗3xE/K33, (1)

where∆l is the optical path difference,d – the sample thickness,θ – the director
deviation from its initial directionz, E – the applied field, andK33 – the bend
elastic constant;no andne are the ordinary and extraordinary refractive indices.
When the birefringence∆n = (ne − no) is very small, Eq. (1) simplifies to
∆l = ∆n(dθ/dz)2(d3/12). However, this equation holds under the assumption
of small deformations (linear approximation), vanishing anchoring strengthW
and zero dielectric anisotropy∆ε = ε‖ − ε⊥. In the event of the last two
assumptions are not satisfied, the following approximate solution [3,9] could
account for them:

∆l = ∆n
(dθ

dz

)2 d3

12
= ∆n

( e3x

K33

)2

E2
eff
d3

12
= AE2

eff; (2)

A = ∆n
( e3x

K33

)2 d3

12
,

where

Eeff =
E

(

1 +
d

2b
− ∆ε ε0E

2d2

12K33

)

(3)

with b = K33/W as the extrapolation length andε0 – the free-space permittivity.

4 Results and Discussion

For convenience, in describing the electro-optical bending, we take the observa-
tion direction asz and the normal to electrodes (field direction) asx; the setting
of the polarizer P crossed with respect to the analyzer A willbe indicated as
P(ψ)-A(90 + ψ), ψ being the angle made by the transmission axis of the polar-
izer withx.

4.1 Bend Elastic Constant and Dielectric Anisotropy

Monitoring cell capacitance as a function of the ac electricfield magnitude in
dielectrically unstable homeotropic nematic samples permits extraction of the
threshold field for the electric Freedericksz transition. Below this threshold the
dielectric constant parallel to the nematic directorε‖ was calculated from the
initial capacitanceC‖. The constant perpendicular to the directorε⊥ was deter-
mined from the above threshold capacitanceC⊥ corresponding to infinite field,
obtained by a suitable extrapolation of theC(V −1) line (Figure 1). After that,
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Figure 1. Temperature dependence of the dielectric constants parallel (ε‖) and perpen-
dicular (ε⊥) to the director in the I, N and Sm A phases.

the dielectric anisotropy∆ε = ε‖ − ε⊥ is calculated at any given temperature
(Figure 2), and the corresponding bend elastic constantK33 is calculated from
the Freedericksz threshold expression (Figure 3).
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Figure 2. Temperature dependence of|∆ε|, defined asε⊥ − ε‖.

Figure 3. The thermal variation of the bend elastic constantin the N phase as a function
of temperature, exhibiting a divergence on approach to the SmA phase. The line is only
a guide to the eye.
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4.2 Flexocoefficients

Under orthoscopic illumination, in the initial field off state, the sample appears
extinct between crossed polarizers P(ψ)-A(90 + ψ), for all anglesψ; and, in
convergent beam, it displays a uniaxial cross (Figure 4a). On applying a small
horizontal dc field, in parallel beam and between diagonallycrossed polarizers
P(45)-A(135), uniform birefringence with maximum transmission is observed,
and the higher of the two apparent refractive indices is found for the direction of
the applied field; for P(0)-A(90) and other three equivalentpositions the field of
view turns dark. Conoscopic observation now shows a biaxialacute-bisectrix-
like figure (Figure 4b). Compensating it to a cross (like in Figure 4a) by em-
ploying a Berek compensator (0-5λ), the effective path difference is measured.
No hydrodynamic motion is seen up to 50V (the maximum voltageapplied).

�
�

�

Figure 4. Interference figures under conoscopic observation between crossed polarizers
for homeotropic orientation of the director in the nematic phase at 80◦C. (a) No electric
field applied and (b) Horizontal fieldE = 47.3 V/mm applied diagonally as indicated by
the arrow.
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Figure 5. Optical path difference as a function of square of the dc electric field strength for
a number of temperatures within the nematic region. The cellthickness and the electrode
separation are,d = 100 µm andL = 2 mm.

8



Bend Flexoelectricity of a Polymorphic Mesogen

The graph of measured optical path difference∆l vs square of the applied elec-
tric fieldE2 is expected to be a straight line passing through the origin,Eq. (2).
Our measurements with POPDOB largely conform to a linear dependence (Fig-
ure 5). This is explained mainly by the fact that stabilizingeffect of the negative
dielectric anisotropy (∆ε = (ε‖ − ε⊥) < 0) of the material amounts to a max-
imum 0.162 contribution in the denominator of Eq. (3). This effect is further
reduced by the presence of the anchoring energy term, and therefore neglected
below.

The assumed value of the anchoring energyW = K33/b is about toW =
1.0 µJ/m2, a typical value expected for silane coated glass plates [10]. That
means thatb = 4 µm forK33 = 4 pN, a quite strong anchoring.

Figure 6 finally presents a plot of bend flexoelectric coefficientvs temperature.
The calculations are done according to (cf. Eqs. (2) and (3)):

e∗3x(T ) =
(2K33

d
+W

)

√

3

∆n d

√

slope(T ) , (4)

for W values as above,d = 100 µm, separation between the electrodesL =
2×10−3 m,∆n fixed to 0.11 in the whole nematic region andK33 from Figure 3.
The slope(T ) is the parameter of the linear fit through the origin of the data
points at any corresponding temperature in Figure 5.

Thedecreaseof flexoelectric coefficient on approaching the SmA phase points
to a pretransitional behaviour which is not due to theincreasedbend elastic con-
stant. This is just the opposite to the dipolar model prediction (if the molecular
mechanism were to be of a dipolar origin the coefficient woulddiverge, ase3x

then scales likeK33 [12-14]). This result suggests then a quadrupolar origin
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Figure 6. Bend flexoelectric coefficient in nematic region ofPOPDOB as a function
of temperature. Magnitude of the flexoelectric coefficient decreases on approaching the
SmA phase. The fit is only a guide to the eye.
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of the flexoeffect. Then, the flexocoefficient is finite at the phase transition and
scales like order parameterS [15,16]. The somewhat opposite trend observed
in Figure 6 may be a result from the assumed temperature-independent value of
the anchoring energyW in Eq. (4). An increase of the anchoring strength by
approaching Sm A phase is quite feasible, because of the nucleation of smectic
A layers at the boundaries.

Thus, we finde∗3x = 9 pC/m at 80◦C. In view of the symmetric end substituents
of POPDOB (alkyloxy chains), the surface polarization is probably negligible,
in which casee∗3x = e3x.

5 Conclusion

Flexoelectric bending deformation of a homeotropic layer by an in-plane electric
field is analyzed for a polymorphic mesogen with nearly symmetrical hydropho-
bic end substituents. Temperature dependence of bend flexocoefficient displays
no pretransitional behaviour near smectic A-nematic and nematic – isotropic
transition, pointing at its quadrupolar origin.
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