Dielectric Properties of Strongly Polar Nematogens
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Results of the static and dynamic dielectric investigations of four liquid crystalline compounds con-
sisting of two or three phenyl rings with n-alkoxy and cyano terminals, carboxylic bridging groups,
and fluoro lateral substituents in pure state and in the solution of low polar liquid crystalline medium,
are presented. These compounds form the nematic phase being a monotropic one in the case of two
ring compounds. The dielectric parameters are analyzed in relation to the dipolar structures of the
molecules. The dielectric properties of pure substances are strongly influenced by conductivity and
dimerization effects, while extracted from the data for solutions are consisted well with the structures.
In the nematic phase the compounds exhibit a crossover of the principal permittivity components

among the kilo and megahertz frequency range.
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1. Introduction

Dielectric relaxation studies of liquid crystals (LC)
yield important information on molecular reorienta-
tions and their interactions in mesophases [1—4].
Knowledge of the dielectric properties of LCs is also
important for the technical reasons due to their con-
nection with electrooptical display devices as they
strongly influence threshold voltage and steepness of
electrooptical curves [5—7].

The aim of the present work was to analyze the
influence of rigid core length, terminal chain length,
and dipole moment value on the dielectric proper-
ties of four substances having similar chemical struc-
tures (Table 1). All substances are nematogens, al-
though two-ring compounds exhibit a monotropic ne-
matic (N) phase only. They have several dipolar groups
(-OChHj,4 1 and —CN terminals, F atoms at the lateral
positions, —COO bridging groups) which create strong
longitudinal and transverse dipole moment compo-
nents. This should be reflected in the dielectric proper-
ties of the isotropic and nematic phases observed at low
frequencies (static case) as well as at high frequencies
(dynamical case). Such a compound structure is espe-
cially interesting for some applications [7]. They be-
long to the class of materials termed as dual frequency
materials exhibiting a crossover in electric permittivity

constants at a certain frequency what leads to a change
of sign of the dielectric anisotropy [6, 7].

It was found that such compounds, especially the
three-ring ones, exhibited a large conductivity effect at
low frequencies in spite of purification the chromatog-
raphy column filled with silica-gel and several re-
crystallization procedures repeated. It is known from
calculations carried out by Demus et al. [8] that for
a LC medium with dielectric anisotropy Ae > 10 the
resistivity starts to decrease probably because of disso-
ciation of polar bonds and inclusion of ions. Therefore,
for those substances the static permittivity components
were determined also from the studies of their 10% wt.
solution in the Base 903 ester mixture showing a small
negative dielectric anisotropy (Table 1). Similar studies
were reported by Heppke et al. [9].

2. Experimental

All substances were synthesized in the Institute of
Chemistry, Military University of Technology, War-
saw, according to the route described in [10, 11].

The dielectric relaxation spectra, €*(f) = €'(f) —
ie”(f), were recorded with the aid of an impedance
analyzer HP 4192A in the frequency range of 1 kHz—
30 MHz. The parallel plate capacitor was used (C, ~
50 pF). The thickness of the samples was 0.7 mm.

0932-0784 /10 /0300-0221 $ 06.00 (© 2010 Verlag der Zeitschrift fiir Naturforschung, Tiibingen - http://znaturforsch.com



222 J.

Czub et al. - Dielectric Properties of Strongly Polar Nematogens

Acronym Substance

Phase transitions [°C] Table 1. Chemical formulae
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B1 10% wt. mixture of 1 with B
B2 10% wt. mixture of 2 with B
B3 10% wt. mixture of 3 with B
B4 10% wt. mixture of 4 with B

and phase transition tempera-

tures of the substances studied.
Cr57.81 (N 21.5) [10]

Cr62.51(N39.4)[11]

Cr 122 N 260 1[10]

Cr117.2N 188.11[11]

Cr—10N63.11

Cr<20N62.71
Cr<20N64.01
Cr<20N75.01
Cr<20N74.71

The samples in the N phase were oriented by a mag-
netic field of 0.8 T. Two experimental geometries were
applied: E|B=n and E L B =n (n - director, E —
measuring electric field), enabling the measurement of
the g and &, permittivity tensor components, respec-
tively. The temperature was stabilized within +0.1 K
in the range of 20 °C-90 °C and £0.2 K in the range
of 90 °C—-160 °C. In the isotropic phase a time do-
main spectrometer (TDS) was employed that covers
the frequency range of 10 MHz -3 GHz [12]. All mea-
surements were carried out with decreasing tempera-
ture which caused supercooling of the N phase. In sub-
stances 1 and 2 a monotropic N phase appeared.

3. Results
3.1. Two-Ring Compounds

Figure 1 presents a comparisons of the tensor per-
mittivity components, €|, €, and & = (EH +2¢g,)/3,
obtained for two-ring compounds. The monotropic
N phase could be supercooled by c. six degrees only

70+

60 |

40t

Permittivity

15 20 25 30 35 40 45 50 55 60
TrCl

Fig. 1. Static permittivity components for compounds 1
and 2. The inset shows the dielectric anisotropy Ae = g — €.
versus the shifted temperature AT = Ty; —T.

before a rapid crystallization. The relaxation spectra
collected in the isotropic and nematic phases of both
substances are shown in Figures 2 and 3 in form of the
Cole-Cole plots [13]. The superposition of the Debye-
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Fig. 2. Cole-Cole plots for the isotropic phase of two-ring substances 1 and 2. The spectra in the upper row were collected at
temperatures close to the clearing point with the aid of an impedance analyzer, in the bottom row by the TDS method in the

high temperature region of the isotropic phase.
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Fig. 3. Cole-Cole plots for two-ring substances in the nematic phase orientated parallel (upper row) and perpendicular (lower
row) to the measuring field. The spectra were collected with the aid of an impedance analyzer.

type processes well fits the experimental points,
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where & and & stand for the static and high frequency
permittivities, respectively, T is the relaxation time,
o () the ionic conductivity, @ = 27z f is a circular fre-
quency, k numbers the relaxation processes, & — € is
called the strength of the relaxation process or the di-
electric increment.
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3.2. Three-Ring Compounds

Due to high clearing temperatures in both three-
ring compounds (Table 1), the relaxation spectra could
be collected only in a temperature region far below
the clearing points. Both substances exhibited a strong
conductivity at low frequencies, as shown in Fig-
ure 5. Several re-crystallization procedures were ap-
plied which did not suppressed the ionic conductivity
considerably, especially in the case of compound 3.
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Fig. 4. Results of detailed analysis of the dielectric relaxation spectra presented in Figures 2 and 3 for the substance 1:

a) dielectric parameters, b) relaxation times.
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Fig. 5. Dispersion and absorption spectra for three-ring compounds in the nematic phase (parallel orientation).

The common feature of these spectra is the fact that
the dispersion curve does not exhibit a plateau at low
frequencies so that the static value could not be de-
termined directly. Moreover, the € values seem to be
too large which especially concerns sample 3. Similar
effects were observed in other strongly polar LC sub-
stances as well [14]. The absorption spectra of sam-
ple 4 consist of one Debye-type relaxation process
whereas for sample 3 an additional low frequency pro-
cess is present which can be attributed to the double-
layer relaxation caused by free charges. In that situa-
tion we decided to establish the static permittivity val-
ues of all four substances in an indirect way by mea-
suring their 10% wt. solutions in the Base 903 mixture
(Table 1) which exhibits the small negative dielectric
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anisotropy Ae = g — &, <0, see Figure 6a, bottom. In
Figure 6a the results of the measurements for all mix-
tures are presented. Their clearing points are given in
Table 2. Assuming that both components of the mix-
tures contribute additively to the permittivity, the val-
ues £, |, and &, characterizing the pure substances
were calculated, see Figure 6b.

Relatively low concentrations of strongly polar
molecules in the low polar solvent allow one to assume
that the permittivity values displayed in Figure 6b cor-
respond to the non-associated state of substances. In
real substances a strong association of molecules can
be expected which, besides of the conductivity ef-
fects, should change the permittivity values consid-
erably. This is seen well in Figure 7 where compar-
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Table 2. Dipole moment components and the angles between different molecular axes as explained in the text and Figure 10.

No 1 [D] Hx [D] /Jy [D] H [D] ﬁchem Aﬁ ﬁcal ﬁObs M [D] Mt [D]
1 8.880 —8.258 —3.142 —0.882 21.56 4.13 25.69 26.34 8.00 3.85
2 8.959 —8.340 —3.155 —0.866 21.42 4.94 26.36 27.60 8.03 3.98
3 11.826 —10.704 —4.579 2.074 25.16 3.78 28.94 - 10.35 5.72
4 11.893 —10.739 —4.718 1.968 25.45 2.49 27.95 - 10.51 5.57
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Fig. 6. (a) Tensor permittivity components measured for Base 903 and its four 10% wt. mixtures, B1 to B4, with particular
substances (corresponding to 0.09577, 0.08532, 0.07560, and 0.06234 of mole fraction for compounds 1 to 4, respectively).
(b) Tensor permittivity components calculated from the measurements in mixtures for the four substances.

isons of the experimental and calculated permittivity
values are presented. (In the case of compound 4 the
static permittivity values were obtained from the anal-
ysis of the relaxation spectra by fitting the semicircle
to the points measured above c. 100 kHz as is shown
in Figure 8a). Only for compound 2 the agreement of
both sets of data is fairly good. Relations between the
measured and the calculated permittivities for com-
pounds 1 and 4 are opposite which indicates the pres-
ence of parallel (1) and antiparallel (4) correlations in
pure compounds. More information about those effects
can be achieved if the measurements are made for sev-
eral concentrations of mixtures.

4. Discussion
4.1. Static Permittivities

Several dipolar groups constitute the molecules un-
der study. Figure 10 shows the molecule 1 simu-

lated with the aid of HyperChem™ Release 7.51
and CS Chem3D Pro with CS MOPAC Pro™ soft-
ware, based on the semi-empirical AM1 method [15].
These enabled us to calculate the dipole moment
components (gathered in Table 2), to determine the
principal inertia moments axes (marked as 1, 2,
3 in Fig. 9) and to estimate the angle B be-
tween the net dipole moment and the long molec-
ular axis (the 1-axis), as well as the angle Bchem
between the net dipole moment and the x-axis de-
fined as the para-axis of the phenyl ring with
the butyloxy chain. As can be seen in Figure 9,
the para-axis differs from the 1-axis by the an-
gle AB.

The angle  was also estimated on the basis of
the experimental data. From the TDS spectra of com-
pounds 1 and 2 presented in Figure 2 the parame-
ters & and & for two relaxation processes were calcu-
lated using formula (1). By applying the Onsager equa-
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Fig. 7. Comparison of the tensor permittivity values for three
substances obtained experimentally with those calculated
from their 10% wt. mixtures in Base 903.

tion [16],

(8 —€)(28+€) Ny u*
& (€0 +2)2 3y 3kT’

2

and taking into account the fitting parameters & .
and &.j¢,, governed by the longitudinal component p,
and & ¢ and €., governed by the transverse compo-
nent ; separately, we were able to calculate the an-
gle Bons = tan~! (14, /111). The obtained values Boys are
in good agreement with f., (Table 2).

As itis seen in Figure 1 and Table 3 the permittivity
values differ considerably between substances 1 and 2
in spite of close dipole moments values (Table 2). The
compound 2 may be treated as internal diluted medium
because of its longer alkoxy chain. In the solution this
effect is compensated by the low polar solvent. There-
fore, the sequences of permittivities in the isotropic and
N phases obtained from the measurements in solutions
(Figure 6b) seem to be in accordance with the dipole
moment values of particular substances.

Those behaviours of the permittivities may be dis-
cussed on the basis of the Onsager equation (2)
(isotropic phase) or the Maier and Meier equa-
tions (3)—(5) [17] (nematic phase),

2
(e~ 1) =& 'NFh{@-+ SAas

(3
weff 5
+ FE 1= (1—-3cos /3)5}},
» 1
(e1—-1)=¢g NFh{a—gAaS
P L s s @
+FE 1+ 5 (1= 3c05” B)S] .
Ae= (g —€L)=
Q)

& 'NF-h [Aa— FESE(1 3005 B)] 5,

where N = Nap /M with Na the Avogadro’s number,
p the density, M the molar mass, & is the permittiv-
ity of free space, A = oy — o and & = (o +204)/3,
S is the nematic order parameter. The local field pa-
rameters F' and h are expressed by the mean polar-
izability & and mean permittivity € = (g +2¢&1)/3.
u?esr = gu? is the effective dipole moment, and g is
the dipole-dipole correlation factor. The differences in
the observed g-values (Fig. 1) cannot be attributed to
the differences in the density values that change be-
tween the members of the homologous series rather
slightly: the ratio p4/pg ~ 1.04 [18], whereas the ratio
Agq/Agg ~ 1.6 (see in the inset of Fig. 1) and €4 /&g ~
1.4 in the isotropic phase. The change in the length of
the butyl and octyl tails yields reduction in the & and
Ag values by factor ~ 1.2 [18]. A possible difference in
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Fig. 8. Cole-Cole plots for the spectra of compound 4 in the nematic phase measured for: (a) the pure substance, (b) the
10% wt. mixture of compound 4 in the Base 903. The static g|; values presented in Figure 7 were taken from fitting the

Debye semi-circle to the spectra as indicated in (a).

the nematic order parameter values cannot be respon-
sible for that because the effect is pronounced in the
isotropic phase as well. Taking the above into consid-
eration, as well as the relations between the data ob-
tained from the mixtures (Fig. 7), one can suppose that
the observed effects must be attributed to the dipole-
dipole correlations which seem to be parallel (g > 1)
for substance 1 and antiparallel (g < 1) for substance 4,
with no correlations, perhaps, for substance 2. The
models describing different molecular correlations in
LC phases can be found in [19-23]. In many works
it was established that antiparallel pairing (dimeriza-
tion) strongly increases with alkyl (hydrocarbon part)
length of molecule, see example in [24,25]. In the case
of compounds having smectic A phase, transformation
of smectic A subphase to smectic Ag subphase is ob-
served with growing alkyl chain [26]. In the near future
the dielectric measurements for several concentrations
of substances 1 and 4 in a non-polar nematogen will
be performed in order to analyze these intermolecular
interactions.

4.2. Dielectric Relaxation

In the isotropic phase of two-ring compounds two
relaxation modes were observed by the impedance

Fig. 9. Molecular structure of
the substance 1 obtained with
the aid of the HyperChem™
software. The reference axes
and the angles listed in Table 2

are shown.
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Fig. 10. Longitudinal relaxation times vs. inverted tempera-
ture determined for pure substances (full symbols) and their
mixtures with the Base 903 (open symbols).

(low temperatures) and TDS (high temperatures) meth-
ods, see Figure 2. These modes can be attributed to
the molecular rotations around the principal inertia
axes. Superposition of two Debye-type formulae (1)
fits the spectra well (especially for substance 1). It
is rather unusual that these spectra are shifted to the
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Table 3. Parameters obtained from the analysis of the results of dielectric measurements for all substances. g, €, taken at
T ~ T,, or at AT = 30 K for the data calculated as explained in the text (marked by *). Ae(h.f.) taken at f ~ 10 X f.o. The

data marked by M correspond to the mixtures.

No & g €] Ae feo AH [kJ/mol]
lf hf [MHZ] I] Iz NHI M\Z NLl NLZ
N3
1 39.5 72.1 27.1 45.0 -79 0.06 81.2 65.3 120.8 57.2 101.3 63.9
26.7* 61.0* 20.4% xxM 67.3
2 27.5 46.7 19.6 27.1 - 0.58 72.0M
26.0%* 58.9% 20.2%* 5.0 70.5 27.4 118.4
3 37.7% 93.4% 27.8% 0.37 75.™
46.4% - 81.2
4 31.1% 81.9% 22.2% 6.5 1.32 83.5M
69.1
Base 903 3.82 3.28 4.40 41.8%* - 90.9M
5.1

kilo and megahertz frequencies; for many two-ring
cyano-compounds these modes were observed at hun-
dred MHz or even GHz frequencies [27,28]. Besides,
shifting of the process into low frequencies is stronger
for the shorter molecule 1. The relaxation times pre-
sented in Figure 4b yield the activation enthalpies,
AH = R(dInt/dT~!) (Table 3) which are distinctly
larger than those obtained for typical nematogens (usu-
ally 30-40 kJ/mole [4,25-30]). Certainly, that is
caused by the strong intermolecular interactions dis-
cussed above.

For the parallel orientation of the N phase in the
pure substances as well as in the mixtures are described
very well by the monodomain Debye formula, i.e. in
the Cole-Cole plots the semicircles fit the points excel-
lently, see Figures 3 and 8.

The relaxation spectra measured for the nematic
phase of two-ring substances, Figure 3, show features
typical for this class of compounds [4, 14,27, 28]. For
parallel orientation the low frequency mode corre-
sponding to the molecular rotations around the short
axis dominates the spectra of both substances, although
the high frequency mode connected with the molecu-
lar rotations around the long axis is also present due
to imperfect alignment of the samples. The ratio of
strengths of both processes equals to ~ 1.61 and is
markedly larger than 1.43 being the ratio of the re-
spective dipole moment components squared (compare
Maier-Meier equations (3), (4) and Table 2) which
indicates that the dipole correlation factor g > 1.
The calculated activation enthalpy values are listed
in Table 3. The so-called retardation factor [31] ¢ =
‘L’H/’Cn = 2.1 and 2.0 for substances 1 and 2, respec-
tively, and is typical for many nematogens [27, 28 —
30,32].

The longitudinal relaxation times determined for all
substances in the N phase of pure state and in mix-
tures are presented in Figure 10 in form of the Arrhe-
nius plot. The values of the relaxation times are simi-
lar, whereas the activation enthalpies AH are different
(see Table 3). For two-ring compounds the barriers hin-
dering the flip-flop molecular motions in mixtures are
considerably lower than in the pure substances; this, in
part, is connected with a narrow range of the N phase
but certainly arises from the strong intermolecular in-
teractions in pure substances. In the case of three-ring
compounds both quantities are rather similar.

For perpendicular orientation the spectra measured
for the compound 1 could only be properly analysed,
see Figure 3. Superposition of three Debye-type semi-
circles fits the spectra well. They can be compared
with the spectra obtained by Jadzyn et al. [32] for
similar substance, 4-cyanophenyl 4-n-heptylbenzoate.
Howeyver, in that case the modes were shifted to much
higher frequencies. These authors discussed carefully
the origins of three observed relaxation bands. It seems
that their conclusions can be applied to the present
case as well. The high frequency mode 3 was ascribed
to the molecular rotations around the long axis. The
mid frequency mode 2 can be associated with stochas-
tic precessional movements and/or fluctuations of the
long axis with respect to the director. The relaxation
process corresponding to mode 1 is not predicted by
the theoretical models. Jadzyn et al. have argued that
it may results from strong dipole-dipole interactions
present in the cyano-compounds. It should be men-
tioned that the activation enthalpy values obtained for
the modes 2 and 3 of compound 1 are remarkably
large (Table 3) whereas in the case of 4-cyanophenyl 4-
n-heptylbenzoate were negligible [32]. This indicates
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Fig. 11. Dispersion spectra recorded for two alignments of the nematic phase in pure compounds 1 (a) and 4 (b), and com-
pounds 1—4 in the Base 903 mixtures (c) at AT = 30 K. The crossover frequencies are indicated by arrows. (d) Temperature

dependence of the cross-over frequency in one mixture in two
character.

that in the substance 1 strong intermolecular interac-
tions hinder the molecular motions around the long
axes as well.

4.3. Cross-Over Effect

Figure 11 shows the dispersion spectra plotted for
two orientations of the nematic phase in two pure sub-
stances (a, b) and in four mixtures (c). At a certain
frequency, called the crossover frequency f.,, the di-
electric anisotropy changes sign from positive at low
frequencies to negative above f.,. The values of both
anisotropies are listed in Table 3. This effect enables
designing the dual addressing displays. The here inves-
tigated alkoxy compounds have higher f., value than
recently studied analogous alkyl derivatives [8,33].
Figure 11d shows that the crossover frequency expo-
nentially depends on the temperature with the activa-

scales; linear dependence fco, vs. 1/7 indicates its exponential

tion enthalpy slightly smaller than the value character-
izing the flip-flop molecular motion in the N phase.

5. Conclusions

The four studied nematogenic compounds possess
large longitudinal and transverse dipole components
which make them interesting for the formulation of
mixtures useful for some application. However, very
large dielectric anisotropy in the nematic phase causes
a dissociation of polar bonds and a distinct ionic con-
ductivity appears which influences the dielectric prop-
erties of pure substances considerably. It was shown
that the dielectric measurements of such substances
diluted in low-polar medium can bring valuable data
on the tensor permittivity components in the nematic
phase. Differences in the dielectric properties of sub-
stances in the pure and diluted states were interpreted
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in terms of strong dipole-dipole interactions, especially
in the case of two-ring compounds. Also the rotational
dynamic properties of molecules provide evidence of
such interactions in the isotropic and nematic phases of
these compounds. More information about those inter-
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