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Dielectric spectroscopy of the ferroelectric liquid crystal S-(-)-2-methylbutyl 4-n-nonanoyloxy-biphenyl-
4’-carboxylate shows the occurrence of an anomaly in temperature dependence of the dielectric strength
of the Goldstone mode related with a spontaneous polarization sign reversal present in this liquid crystal
compound. Particular attention was paid to the dependence of the inversion temperature on aerosil
nanoparticles density. Generally, the inversion temperature decreases with increasing aerosil density
as a result of a hydrogen-bonded gel structure formed in the ferroelectric liquid crystal. Both the size
effects and the interaction of the liquid crystal molecules with the aerosil surfaces play an important

role.
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1. Introduction

The polarization sign inversion caused by temper-
ature change is an intriguing phenomenon that has
so far been observed in single-component materi-
als [1, 2], two-component mixtures [3-5], and poly-
mer systems [6]. A number of theoretical models
have been proposed to explain the polarization sign
reversal with temperature in the smectic C* phase
(SmC*) of ferroelectric liquid crystals (FLCs). One
of them took into account the presence of two differ-
ent structural conformers in FL.C which at an inver-
sion temperature T}, are inter-convertible through
a potential barrier [7]. Another model based on
Landau’s theory takes into account competition be-
tween the polar and quadrupole order for a single-
particle rotational potential in which molecules ro-
tate around a molecular long axis [8].

In derivatives of substituted 2-phenylpyrimidines,
the temperature change of the sign of sponta-
neous polarization was explained taking into ac-
count the interplay between the chiral dipole, the
steric dipole and the polarizability properties of the
molecules [9]. An introduction to the rotational
potential of a coupling term between the molecu-
lar dipole moment and the magnitude of the elec-
tric field makes it possible to obtain a change in
the sign of spontaneous polarization under the elec-
tric field [2]. In freely suspended FLC films, the
value of inversion temperature decreases linearly
with the reciprocal film thickness [10, 11]. More-
over, in the three biphenyl series of FLCs it was
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shown that the inversion temperature Ti,, depends
non-monotonously on the chain length of the alkyl
end group [12]. In the binary mixture of chiral
FLC and achiral dopant, the inversion tempera-
ture was very sensitive to the concentration of the
dopant [4]. Additionally, with increasing concen-
tration of siloxane-terminated smectic mesogen in
a binary mixture with achiral smectic C (SmC) ma-
terial, the polarization sign inversion temperature
shifts towards the smectic A-smectic C* (SmA-
SmC*) phase transition [5]. Some authors show
that the inversion temperature T;,, increases with
the increase of the electric field amplitude [2]. How-
ever, in other works, where anomalous temperature
dependence of permittivity is observed, it is sug-
gested that Ti,, does not depend on the electric
field and this anomaly is not significantly affected
by applying pressures below 10® Pa [12].

The dielectric spectroscopy investigations of the
biphenyl ester series of FLCs reveal the presence of
the characteristic permittivity anomaly in the point
of polarization sign reversal [1, 12, 13]. An impor-
tant question that arises in this context is whether
the inversion temperature Ti,, depends on the geo-
metric constraints. In order to clarify the answer to
the above question, the dielectric measurements of
FLC S-(-)-2-methylbutyl 4-n-nonanoyloxybiphenyl-
4’-carboxylate were carried out in a wide frequency
range for different aerosil concentrations [1, 14].

In the present paper, the effect of aerosil concen-
tration on the inversion temperature of spontaneous
polarization is analyzed.
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2. Experimental

Broadband dielectric spectroscopy (BDS) of FLC
S-(-)-2-methylbutyl 4-n-nonanoyloxy-biphenyl-4’-
carboxylate (IS-2424) with the phase transition
temperatures sequence Cr — 312.15 K — SmC* —
315.65 K — SmA 332.65 K — I was performed in
the frequency range from 1072 Hz to 107 Hz. The
FLC 1S-2424 possesses spontaneous polarization
of about 2 nC/cm? and helical pitch equal to
about 3 pm [15, 16]. A characteristic feature
of this FLC is the occurrence of a polarization
sign inversion at a temperature of about 292 K.
The FLC was tested both in a bulk form and as
an aerosil dispersion system.

To prepare the dispersion systems, a hydrophilic
aerosil 300 with a primary nanoparticle size of 7 nm
and a characteristic surface area of 300 g/m? was
used [17]. The various mixtures with aerosil density
ps = 0.025, 0.05, 0.08, 0.15 g/cm® were prepared
using a solvent method, described in [16]. To calcu-
late the density, one applies the following relation

Ps = nTLSC pLc, where mg and mpc are the masses

of aerosil and liquid crystal, and prc ~ 1 g/cm?® is
the density of liquid crystal. It should be stressed
that aerosil nanoparticles are covered with hydroxyl
groups that enable the formation of hydrogen bond-
ing gel-like structures inside the FLC and cause
homeotropic orientation of the molecules on their
surfaces.

The complex dielectric function, namely
e*(w) = ¢/ (w) — ie"(w), was measured by using
a Novocontrol broadband dielectric spectrometer
with a high-resolution dielectric/impedance ana-
lyzer Alpha and an active sample cell. The bulk
FLC and FLC-aerosil composite were placed in
a measuring capacitor with gold-plated electrodes
separated by 50 um glass fibers. To improve
FLC orientation, the samples were slowly cooled
from the isotropic to the smectic A phase. The
temperature of the samples mounted in the special
holder and located in the cryostat was controlled
by nitrogen gas jet. The measurements were taken
every 0.5 K to obtain sufficient resolution near
the polarization sign reversal point. The dielectric
measurements were performed on cooling.

The dielectric spectra analysis was carried out us-
ing a superposition of two Havriliak—-Negami func-
tions [18] and a conductivity contribution in the
form

e* (w) =¢(w) — ie" (w)
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where parameters o; and 3; define broadening and
asymmetry of the j-th relaxation process, respec-
tively, Ae; is the dielectric relaxation strengths and
7; — the relaxation time. The high frequency limit
of the permittivity and the vacuum permittivity are
denoted as €., and gg, respectively, oy is the con-
ductivity parameter and k is the fitting parameter.
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3. Results and discussion

In the studied frequency range, several relax-
ation processes appear in the dielectric loss spec-
trum of the investigated FLC. In the SmA phase,
a doubly degenerated soft mode (SM) dominates
where dielectric strength increases but relaxation
frequency decreases with decreasing temperature
close to the SmA-SmC* phase transition. However,
in the SmC* phase, the SM splits into the Gold-
stone mode (GM) and the soft amplitude mode.
The dielectric strength of the GM in the SmC*
phase is temperature independent close to the phase
transition and reaches its maximum. The relax-
ation frequency of the SM increases but its dielectric
strength in the SmC* phase decreases with decreas-
ing temperature.

However, in the investigated FLC, the tempera-
ture induced polarization sign reversal phenomenon
appears. One of the consequences of the polariza-
tion reversal is a rapid decrease in the dielectric
strength of the GM to zero at the Tj,, point, and
then again, an increase to much lower values with
decreasing temperature.

In the FLC-aerosil dispersion, the collective re-
laxation processes are significantly modified. The
dielectric strength of the GM and the SM mode con-
siderably decreases with increasing aerosil density.
The GM disappears for a certain concentration of
aerosil nanoparticles, but the dielectric strength of
the SM becomes very low and the relaxation pro-
cess itself is much blurred. Moreover, the frequency
degeneracy in the SmA-SmC* phase transition is
removed in the presence of the aerosil nanoparti-
cles [19, 20].

The addition of aerosil nanoparticles to the FLC
also affects processes taking place near the point
of polarization sign reversal. For example, the di-
electric strength of the GM decreases more strongly
below than above the sign reversal point with in-
creasing aerosil density [16].

The dielectric strength of the GM calculated
on the basis of Landau’s theory can be ex-
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pressed [21] by
() .
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where P; is the spontaneous polarization, K3 is the
twist elastic constant, q is the wave vector, 6 is the
tilt angle, and ¢ is the vacuum permittivity.

The change in the sign of spontaneous polar-
ization with temperature observed in the investi-
gated FLC can be described by a model taking
into account the presence of two different struc-
tural conformers which at a certain temperature
Tinv are inter-convertible through a potential bar-
rier 7, 22, 23]. The temperature dependence of
the spontaneous polarization proposed in this model
has the form

P = (

AEG =
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Fig. 1. Temperature dependence of the dielectric

strength of the Goldstone mode for the bulk FLC
and chosen densities of FLC-aerosil mixtures. The
solid lines are an example of the fit of the data
using (7).

where k = E,/(ksT), E, is the activation energy,
P, and P, denote the spontaneous polarization of
each species, kp is the Boltzmann constant, ~ is
the critical exponent, and T, is the SmA-SmC*
phase transition temperature. Note that the spon-
taneous polarization Ps(Tin,) = 0. Hence, from (3),
one can obtain
1+ e™m

P, =— G%Z—Paeﬁﬂ (4)
where k1 = Eq/(kpTiny). Substituting (4) into (3)
gives the result

e — eft

()= () @1y 6

It should be noted that in conventional FLCs,
the parameters such as Ps, 6, and helical pitch
p = 27/q far from the SmA-SmC* phase transition
are almost temperature independent. Interestingly,
in the case of the investigated FLCs, they show
no anomalies at Ti,, [24, 25|. Therefore, (5) de-
scribing the temperature dependence of the spon-
taneous polarization, can be simplified near Ti,, as
1 1

follows [22, 23]:
(T - T) ' R

P.E,
kg
Substituting (6) into (2) and adding a certain con-
stant C, the relationship describing the tempera-
ture dependence of the dielectric strength of the GM
near the point of polarization sign reversal can be
written. Namely,

P, =

1 1\?
AsGA<TT_ > +C, (7)
2
P,E,
where A = TolKg (kBq0> .

Using (7), the dependence of T}y, on the aerosil
density was determined on the basis of fitting mea-
surement data near the point of polarization rever-
sal. Figure 1 presents the temperature dependence
of the dielectric strength of the GM on chosen hy-
drophilic aerosil densities. The solid lines show
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TABLE I

Fitting parameters obtained from (7) for different
aerosil densities. The calculated values for the cor-
responding average void lengths [y are also provided.

ps [g/em?®]| lo [nm] | A x 10® [K?]| T [K] C
bulk FLC | bulk FLC 2.81 291.60| 0.010
0.025 267 0.76 291.33| 0.011
0.05 133 0.38 291.12| 0.014
0.08 83 0.02 290.60| 0.019
1.0

bulk FLC
p,= 0.025 glem®
p,=0.05 glem’

0.5

AsG

0.0+
280

200 295 300

T[K]

285 305

Fig. 2. Enlarged area near the point of polariza-
tion sign reversal. Each of the solid lines is the
result of a fit to the experimental data using (7).

the best fit of the data using (7). Above Ti,y,
with increasing aerosil nanoparticles density, the
amplitude of the dielectric strength gradually de-
creases and for higher densities excides a very low
value. Also, below Ti,y, the dielectric strength de-
creases with increasing aerosil density. The ob-
served changes of the dielectric strength with aerosil
density are caused by the modification of the FLC
structure by aerosil nanoparticles and suppression
of the GM.

The results obtained from fitting the data close to
the point of polarization sign reversal using (7) are
summarized in Table I. The average void length [y
of the selected aerosil concentrations has also been
presented and will be discussed later. The Ti,y
temperature determined from fitting the data for
bulk FLC agrees well with the value of 291.65 K
obtained on the basis of the dielectric spectra in-
spection and observation under a polarizing micro-
scope [1]. It should be noted that in some cases it is
not just one specific temperature value, but rather
the range of temperatures in which the phenomenon
of spontaneous polarization reversal takes place [2].

Figure 2 shows the enlarged area of Fig. 1, very
close to the point of polarization sign reversal.
It can be seen that the fits with (7), expressed by
solid lines, are acceptable especially for data lying
above the T}, temperature. Below Ti,,, only data
lying very close to the point of polarization sign re-
versal are quite well matched by (7). Note also that
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Fig. 3. The inversion temperature dependence on

the aerosil density for the FLC-aerosil composite.
The solid line is drawn for eye guidance only. The
inset shows the dependence of the inversion temper-
ature on the reciprocal of the average void length.

the curve for the bulk FLC data shows some devi-
ations. Moreover, the quality of data fit using (7)
depends to a large extent on the selected range of
measurement points. The selected limits have been
optimized to obtain the best possible match in the
vicinity of Tiny-

Figure 3 shows the dependence of the inversion
temperature Ti,, on the aerosil density for the FLC-
aerosil dispersion. The data presented in Fig. 3
and summarized in Table I are obtained by fitting
experimental data for bulk and every aerosil den-
sity. Considering the applied procedure for deter-
mining 7Ti,, as appropriate in the vicinity of the po-
larization sign reversal, the inversion temperature
determined in this way decreases with increasing
aerosil nanoparticles density. The observed shift of
the inversion temperature can be related with the
influence of the aerosil nanoparticles on the struc-
ture of the FLC and effects on different conformers
near this point [1, 16]. For the aerosil density of
about 0.025 g/cm?®, the temperature Ti,, slightly
deviates from the linear relationship. It should be
noted that for the aerosil density in the range of
0.01 g/cm?® < py < 0.1 g/em?, a gel-like structure
is formed in liquid crystal which, due to the rear-
rangement of the aerosil nanoparticles network, can
cause complex changes in the inversion tempera-
ture [26, 27].

One of the parameters characterizing the
LC-aerosil dispersion is the average void length
given as lp = 2/(aps), where a = 300 g/cm?® for
hydrophilic aerosil used in experiment and density
ps was defined above (Table I). Since the parame-
ter [y is inversely proportional to the aerosil density,
it can be concluded that the smaller the characteris-
tic length of the cavity, the stronger decrease of i,y
is. In addition, it means that with the increase of
the aerosil density, the structure of the liquid crys-
tal is more strongly deformed and subjected to sig-
nificant effects related to the geometric constraints.
These are both interactions with the surface of the
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aerosil nanoparticles and dimensional effects related
to the characteristic length for a given aerosil den-
sity. In the ferroelectric phase, the geometric con-
straints also affect the helical superstructure, lead-
ing to a modification of the Goldstone mode [19, 20].

4. Conclusions

The applied procedure for fitting the measure-
ment data allowed to study the dependence of the
inversion temperature on the aerosil density. The
inversion temperature depends on the concentration
of the aerosil nanoparticles and decreases with in-
crease of its density.

The addition of the aerosil nanoparticles to the
structure of the ferroelectric liquid crystal can lead
to a modification of the potential barrier, which
must be jumped by one of the two conformers prob-
ably present in the investigated liquid crystal. The
effect is to lower the temperature at which the sign
of spontaneous polarization changes. Furthermore,
as a result of the interaction of the FLC molecules
with the surface of aerosil nanoparticles, the defor-
mation of the structure of smectic layers takes place
in their vicinity, which may also affect the value of
the inversion temperature. Another effect is the dis-
turbance and deformation of the helical structure
present in the FLC, which modifies the dynamics
of the Goldstone mode and may lead to a shift in
the polarization sign reversal temperature. Also,
the presence of the hydrogen-bonded gel structure
in FLC as a result of hydroxyl groups present on the
surfaces of aerosil nanoparticles can lead to a mod-
ification of the rheological properties of the exam-
ined structure, which may be manifested in a de-
crease in the inversion temperature.
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