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The paper presents the results of measurements of the static and dy-
namic electric permittivity, the shear viscosity, and the splay and bend elas-
tic constants for 4-n-hexyloxy-4'-cyanobiphenyl (C¢H130-Ph-Ph-C=N). On
the basis of the static values of the nematic principal permittivities, (1)
and e (T'), the angle between the dipole moment vector and the long axis of
4-n-hexyloxy-4’-cyanobiphenyl molecule, the apparent dipole moment and
the nematic order parameter were determined. From the temperature de-
pendences of the dielectric relaxation time (corresponding to the molecular
rotation around the short axis) and the shear viscosity, the strength of the
nematic potential and the effective length of 4-n-hexyloxy-4'-cyanobiphenyl
molecule (in isotropic phase) were estimated. The K77 and K33 elastic con-
stants were determined from the voltage dependence of the capacitance of
the planar nematic cell with the method proposed by Gruler et al. and
Uchida et al.

PACS numbers: 64.70.Md, 77.84.Nh, 77.22.Gm, 66.20.+d

1. Introduction

A combination of anisotropic properties and fluidity of the nematic liquid
crystals makes these materials unusual from both the basic research and the techni-
cal points of view. The most important result of the combination is a possibility of
control of the molecular orientation in the whole nematic sample with an external
electric or magnetic field of a relatively low strength. This circumstance is impor-
tant from the molecular physics point of view, as allows to study the macroscopic
properties of nematic liquid crystals in relation to the direction of the principal
axes of the nematogenic molecules [1-4]. In case of the static dielectric studies, the
temperature dependence of the principal permittivities, e (T') and £ (T'), leads to
such important molecular quantity as the angle between the dipole moment of the
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mesogenic molecule and its long axis [5, 6]. It is a unique experimental method
yielding this quantity in the liquid state.

The frequency dependence of the nematic complex electric permittivity al-
lows to study the dynamics of mesogenic molecules. The rod-like shape of the
molecules makes the interpretation of the dielectric relaxation spectra Eﬁ (w) and
¢’ (w) quite perspicuous as the molecular rotations around the three axes of sym-
metry (the long and short molecular axes and the director n) manifest themselves
in the spectra as quite well separated absorption bands. There is no doubt that the
analysis of the absorption band corresponding to the molecular rotation around
the short axis is the most informative since together with the viscosity data, the
strength of the nematic potential and the effective length of the rotating molecule
(in the isotropic phase) can be estimated.

Numerous applications of the nematic liquid crystals result from peculiar
elastic properties of these materials. Determination of the elastic constants 1s based
on the measurements of distortion of the director n caused by an external electric or
magnetic field. In principle, the elastic constants corresponding to the three basic
distortions of the nematic liquid crystals: splay (K1), twist (K32), and bend (K33)
can be obtained from three experiments. In two of them, the electric field induces
the director distortion in planar (K1) or twisted planar (K22) cell and in the third
experiment a magnetic field causes the distortion in the homeotropic cell (Ks3).
In case of a strong anchoring of the nematic molecules at the cell surfaces, the
distortions have a threshold character (Freedericksz transition). Then, the elastic
constants K;; (i = 1,2, 3) can be calculated on the basis of the threshold value of
the voltage (Uin) or magnetic field (Bin), respectively, provided the dielectric or
magnetic anisotropy of the studied liquid crystal is known.

The most studies on the elasticity of the nematics concern the splay and bend
constants only, since these constants essentially govern such switching character-
istics as the threshold voltage or the response time. Many experimental methods
were elaborated for determination of Ki1 and K33 elastic constants. The most
widespread are based on the optical or capacitive observations of the director dis-
tortion in a pre-oriented nematic cell [7T—11]. In this paper the elastic constants
K11 and K33 were determined with the capacitance method.

2. Experimental

4-n-hexyloxy-4'-cyanobiphenyl (CsH130-Ph-Ph-C=N, 60CB) was synthe-
sized and purified at the Institute of Chemistry, Military University of Technology,
Warsaw. The compound has the following sequence of the phase transitions: crystal
(Cr) 58°C — nematic (N) 76°C — isotropic (I).

The static electric permittivity and conductivity were measured with a Wayne
Kerr 6425 Precision Component Analyser at the frequency of 10 kHz. The nematic
sample, placed between two plane electrodes of the capacitor, was oriented with
a magnetic field of about 0.6 T. The components of permittivity (¢ and 1) and
conductivity (o and o1 ) were simultaneously measured for appropriate orienta-

tion of the measuring electric field E with respect to the orienting magnetic field
B: E|| B and E L B, respectively.
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The dielectric relaxation spectra were recorded with a HP 4194A Tmpedance/
Gain-Phase Analyser in the frequency range of 100 kHz—100 MHz. The measuring
capacitor consisted of three plane electrodes: one central (“hot”) electrode and
two grounded electrodes on each side. The external biasing d.c. electric field was
used for ordering the nematic sample. Of course, in such circumstances only the
dielectric spectrum Eﬁ (w) can be recorded.

The density was measured with an Anton Paar DMA 60/602 vibration tube
densimeter.

The viscosity was measured with a Haake viscometer Rotovisco RV20 with
the measuring system CV 100. The system consists of the rotary beaker filled with
the substance being studied and the cylindrical sensor of the Mooney-Evart type
(ME15), placed in the center of the beaker. The liquid gap was 0.5 mm.

For the elastic constants measurements, the nematic 60CB was placed in
the LINKAM cell consisting of two flat ITO coated glass plates with a spacing
of 5 pm. Due to the brushed polyimide treatment of the electrode surfaces, the
nematic molecules were oriented planar with respect to the electrodes. The probe
sinusoidal voltage of the HP 4284 A Precision LCR-meter up to 20 Vs, at 1 kHz,
was applied and the cell capacitance as a function of the applied voltage was
recorded. The voltage step was 20 mV in the vicinity of the Freedericksz transition

and 200 mV for the higher voltage.

3. Results and discussion

3.1. Static permittivities

The temperature dependences of the static permittivities measured for the
nematic and isotropic phases of 60CB are presented in Fig. la. The results can be
interpreted with the use of the Maier—Meier theory [12], according to which the
permittivities measured, respectively, parallel (¢)) and perpendicular (¢1) to the
director n, are related to the molecular quantities by the following equations:

_ NhF _ 2 ﬂpr 2
eT) =1+ - {oz —+ gAaS—I— F3kT [1—(1—-3cos*B)S] ¢, (1)
NhF _ 1 ﬂpr 1 2
=1 - A 1+ =(1-
g1 (T) + ~ {a 5 aS+F3kT + 2( 3cos” 3)S| ¢, (2)

where g9 = 8.85 x 10712 F-m~! h and F are the Onsager local field factors [13].
N 18 the number of molecules per unit volume calculated from the measured density
of 60CB (Fig. 2).

In the Maier—Meier theory the mesogenic molecules are considered as spher-
ical, however their polarizability is anisotropic. In Eqgs. (1) and (2) the @ and Z are
the mean values of the polarizability and the permittivity, respectively

1 1
a= 5(0” + 2ay), = 5(6” +2¢,), (3)

and

Aa = Q] — g (4)
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Fig. 1. The solid lines in (a) are the best fitting of the Maier—Meier Eqgs. (1) and (2)
to the experimental values of static permittivities (points) of 60CB for # = 17° and
z =0.208. p2,,(7T) resulting from the fitting is presented in (b).

Fig. 2. Temperature dependence of the density of 60CB in the isotropic and nematic
phases.

denotes the anisotropy of polarizability. The a; and «y are respectively, the longi-
tudinal and transversal components of the molecular polarizability. 5 in Egs. (1)
and (2) is the angle between the total dipole moment vector p of the nematogenic
molecule and its long axis and S is the order parameter defined as

S:%<3cosz@—1>, (5)

where O is the angle between the long molecular axis and the director n.
For isotropic phase (¢ = ¢1 = ¢, S = 0), Eqgs. (1) and (2) transform into
Onsager equation [13]:

(E — Eoo)(QE + Eoo) _ ﬂ/’Lpr (6)
£(Eoo + 2)2 3e0 3kT

where £ denotes the high frequency value of the permittivity (often taken as the
refraction index square n?).

There are three unknown quantities in Eqs. (1) and (2). Two of them con-
cern the nematogen molecule and they are: (i) the angle 3 between the resultant
dipole moment g of the molecule and its long axis and (ii) the square of the
apparent dipole moment uzpp of the molecule; the third one 1s the macroscopic
order parameter S(T'). These three quantities can be obtained from the fitting
of the Maier—Meier equations to the experimental data [5]. The fitting procedure
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becomes quite effective when the S(T') dependence is expressed in an empirical
formula [14]:

S(T) = (1 - Tim) ) , (7)

where IN7 denotes the nematic to isotropic phase transition temperature. The
temperature dependence of the nematic order parameter is then determined by
one parameter (z) only.

The values of @ = 35.20 x 1072% ¢cm? and Aa = 23.25 x 1072* cm? for 60CB
were taken from [15].

The solid lines in Fig. la represent the best fitting of Eqgs. (1) and (2) to
the measured permittivities. The postulated in [5] requirement of the equality of
ptapp (1) resulting from e)(T') and e (T') dependences is fulfilled, as shows Fig. 1b.
The fitting leads to the following values of the parameters: 5 = 17° and z = 0.208.
The value obtained for 3 is expected and corresponds to 3 obtained for other
nematogenic molecules of similar structure [5, 16] and is close to 3 value resulting
from the quantum-chemical calculations (19°).

The solid line in Fig. 3 represents the S(T') function plotted for z = 0.208
(Eq. (7). The S(T') dependence obtained is quite close to that resulting from the
optical studies [15, 17].
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Fig. 3. Order parameter of nematic 60CB obtained from the static permittivities and
from Ar [15] and spectroscopic [17] measurements.

Fig. 4. Arrhenius plots for the conductivity measured in isotropic and nematic phases
of 60CB. The values of the activation energy are given in the picture.

In Fig. 1b the values of the uzp (T') are expressed in the dimensionless Kirk-
wood correlation factor ¢ = Npr/ﬂOa with the dipole moment of a single 60CB
molecule po equal to 5.0 D [18]. The g-values smaller than the unity indicate
the antiparallel dipolar correlations. Figure 1b shows that the transition from the
isotropic phase to the nematic phase of 60CB manifests itself by an essential
increase in degree of the antiparallel dipolar association.
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Figure 4 presents the temperature dependence of the ionic conductivity of
60CB in the isotropic and nematic phases. As usual for the nematic liquid crystals,
the conductivity in the direction of macroscopic molecular ordering (o) is higher
than in the perpendicular direction (o) with the activation energy somewhat
higher for o . In the isotropic phase of 60CB the conductivity activation energy
1s essentially smaller as compared with that in the nematic phase.

3.2. Dielectric relazation

Figure b presents the dielectric relaxation spectra recorded in the isotropic
and nematic phases of 60CB. In the latter phase the permittivity was measured
for E || n. The analysis of the dielectric relaxation spectra of 60CB can be carried
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Fig. 5. Frequency and temperature dependence of the real (¢') and the imaginary (&”)
parts of the electric permittivity of 60CB in the isotropic and nematic phases. In nematic
phase the permittivity 5|*|(w, T) was measured.

Fig. 6. An example of the dielectric absorption spectrum recorded in the (a) isotropic
and (b) nematic phases of 60CB. Solid lines correspond to the Debye-type curves.
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out in the framework of the molecular model presented in [19]. According to the
model, in oriented nematic sample, the nematogen molecule rotates around the
three axes of symmetry: two of them concern the molecule itself (the long and
short molecular axes) and the third axis is the director n. For a typical nematogen
substances (like 60CB), the electromagnetic energy absorption due to these three
modes of rotation can be expected in the frequency region from several megahertz
to several gigahertz [20, 21].

As shows Fig. 6, in the studied frequency range one dielectric absorption
band strongly dominates both in the isotropic and nematic phases of 60CB. The
band corresponds to the molecular rotation around the short axis and, as seen in
Fig. 6, can be perfectly described with the simple Debye formula

A

* _ R/ —
e (w) = (w) —je’ (w) 600+1+jm_,

(8)
where A and 7 denote the dielectric strength and the relaxation time, respectively.

The temperature dependences of the dielectric strength A and the relaxation
time 7 are presented in Fig. 7. At the temperature of the phase transition from
the isotropic to nematic phase one observes a strong increase in the values of A
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Fig. 7. Temperature dependence of the relaxation time (a) and the dielectric strength
(b) corresponding to 60CB molecular rotation around the short axis.

Fig. 8. Temperature dependence of the shear viscosity of the freely flowing 60CB in
isotropic and nematic phases.
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and 7. The temperature dependence of the relaxation time 7 can be interpreted if
the viscosity of the medium is known.

Figure 8 shows the temperature dependence of the viscosity of 60CB mea-
sured in the isotropic and nematic phases. At the isotropic to nematic transition
temperature a sharp decrease in the viscosity is observed. It is due to the flow
alignment effect occurring in the nematic phase [1]. The effect leads to the situa-
tion where the macroscopic ordering of the flowing nematic liquid crystal becomes
(roughly) parallel to the velocity » and perpendicular to the velocity gradient.
Then, the nematic viscosity has the least possible value. In terms of the Miesowicz
viscosity coefficients [22], the viscosity measured in our experiment is close to 7.

Figure 9 presents the Arrhenius plots for the dielectric relaxation time and
the viscosity in the isotropic and nematic phases of 60CB. In the i1sotropic phase
the activation energy for the molecular rotation around the short axis and that
of the viscous flow, are quite close to each other. It means that the viscosity 1s
the main factor, which determines the molecular dynamics in the isotropic phase
of 60CB. If so, one can use the Debye model [23] for evaluation of the effective
length of the 60CB molecule. In the model, the rotating dipolar, rigid, and axially
symmetric molecule is represented by the sphere of a diameter £. The relation
between the dielectric relaxation time, corresponding to the molecular rotation
around its short axis (7) and the viscosity (5) of the isotropic medium in which
the sphere is moving, has the following form:

. 7.‘.£377iso
15O __ 9
SET (9)
where T is the absolute temperature, and k¥ — the Boltzmann constant. The

linear dependence of the relaxation time to viscosity ratio on 7!, predicted by
this very simplified model, is quite well fulfilled here (Fig. 10). The slope of the
dependence gives a reasonable value £ ~ 17 A for the length of 60CB molecule.
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Fig. 9. Arrhenius plots for the relaxation time corresponding to the molecular rotation
around the short axis and for the shear viscosity of the freely flowing 60CB. The values
of the activation energy are given in the figure.

Fig. 10. Debye plot (Eq. (9)) for 60CB in the isotropic phase.
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The quantum-chemical estimation leads to quite close value ¢ ~ 19 A. Figure 9
shows that the value of the viscosity activation energy is practically the same in the
isotropic and nematic phases of 60CB. In case of the dielectric relaxation time,
the transition to the nematic phase manifests itself by a strong increase in the
activation energy for the molecular rotation around the short axis. On the basis of
these two experimental data the strength of the nematic potential can be estimated
as a difference between the activation energy for the molecular reorientation and
that for the viscosity of the medium [4].

3.3. Elastic constants

The capacitance method of determination of splay (K11) and bend (K33)
elastic constants consists in the analysis of the voltage dependence of the capacity
of the planar nematic cell. In case of nematic liquid crystals with a positive di-
electric anisotropy (Ae = ¢ — 1 > 0), the probing electric field E of a sufficient
intensity causes a distortion of the director (Fig. 11). With the increase in the field
intensity, the capacity of the cell increases from the initial value C'; — correspond-
ing to n L E, to the final value C}j — corresponding to n || E (Figs. 12 and 13).
The phenomenon has the threshold, i.e. the capacity is on the voltage dependent
when the voltage reaches characteristic of a given nematic liquid crystal value Uyy .
This value is the basic quantity for calculation of the splay elastic constant

[(11 IEQAEUtzh/TFZ, (10)

where g9 = 8.85 pF/m. Figure 12 shows an example of Freedericksz transition in
planar 60CB nematic cell at 60°C.
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Fig. 11. Daistortion of the director n in the planar nematic cell caused by the voltage
higher than the Freedericksz threshold value Uiy.

Fig. 12.  Voltage dependence of the capacity of planar 60CB nematic cell in the vicinity
of threshold voltage Usn for Freedericksz transition at 60°C.
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Fig. 14. Temperature dependence of the threshold voltage for Freedericksz transition

in the planar 60CB nematic cell.

Figure 14 presents the temperature dependence of the voltage threshold value
Uyp for the Freedericksz transition in 60CB planar cell and Fig. 15 shows the
dependence for the splay elastic constant K;; calculated from Eq. (10). The values
of the dielectric anisotropy Ae of 60CB were calculated from the data presented
in Fig. la. As seen in Fig. 15, the values obtained for Kj; elastic constant agree
very well with the results of Bradshaw et al. [24].

The K33 elastic constant can be determined in the same experiment from the
analysis of the dependence of the cell capacitance on the voltage above the threshold
value. The exact equation describing the C'(U) dependence was obtained first by
Gruler et al. [25]. Next, Uchida and Takahashi [26] proposed a procedure for the
K33 determination, which eliminates the need of a multiparameter least squares
fitting of Gruler et al. equation to the experimental data. The final equation for
C(U) dependence has the following form [27, 28]:

cU)y-Cy 2y Um )1/2

= 1 in? o,
o 0 ﬂ_U(—I—’ysmgo

X/w’” [ (14 ysin? p)(1 — sin? p) (11)
0 (14 ysin? )(sin? , — sin? ¢
where x = Ks3/K11— 1, v = E”/EJ_ — 1, ¢ is the tilt angle between the director
n and the cell walls and ¢, is the tilt angle at the center of the cell.

For the voltage much higher than the threshold value, the director n at the

center of the cell becomes perpendicular to the cell walls and ¢, = 7/2. Then,
Eq. (11) reduces to

c-cu_ - 2_7%(1+7)1/z/”/2 (mezw)”
o T U 0 1+ ~vsin?p

1/2
)] cos pdyp,

2

(12)

cos pdep.
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This equation predicts that for U > Uiy, the dependence (C'— C'1)/Cy on U~1!
should be linear. The extrapolation of the dependence to UU~! = 0 leads directly

to the value of v = Ae/e; and the slope
2

7 . /
_ % 1/2 //2 <1+Xs1n280)1
a=— (14U ; 71+'ysin2g0 cos pde (13)
contains only one unknown quantity y = Kss/ K11 —1. Therefore, the K33 constant
can be easily obtained since the K11 constant is known from Eq. (10).

The results of measurements of the C'(U) dependence for planar 60CB ne-
matic cell in the whole range of the applied voltage are depicted in Fig. 13. In the
used range of voltage, the capacity of the cell changes from C (for U < Un) to
close to C (for U > Un).
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Fig. 15. Temperature dependence of the splay elastic constant of 60CB. The open
points are the results of Bradshaw et al. [24].

Fig. 16. (C—C1)/CyL on U~! dependences for nematic 60CB at different temperatures
(step 2°C).

According to Eq. (12), the theory predicts that for the voltages much higher
than Usp, the change of the cell capacity should be proportional to the reciprocal
of U. The results presented in Fig. 16 show that this prediction is well fulfilled: for
U higher than about 4 V the dependences C'(U/~1) are linear. The extrapolation
of these linear dependences to U~ = 0, leads to the value of (C)=C1)/CL,ie. to
(g —¢1 )/, the quantity which can be directly determined in the static dielectric
measurements of the nematic sample oriented with a magnetic field, for example.
In Fig. 17 the values of (¢ —e.)/e1 obtained for 60CB from the extrapolation
procedure are compared with those obtained in direct static dielectric measure-
ments presented in Fig. la. Perfect agreement of these two results is a good test
for consistency of the experimental procedure and the theory.

As was mentioned above, the slope « of the (C'— C1)/Cy on U~! linear
dependence, as shows Eq. (13), leads to the value of x = Kas/K11 — 1 and hence
to the K33 elastic constant, because the K11 constant is known.
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sample oriented with magnetic field (open points are the results from Fig. 1a).

Fig. 18. Temperature dependence of the bend elastic constant of 60CB calculated with
Eq. (13) (full points) and the results of Bradshaw (open points) [24].

Figure 18 presents the temperature dependence of the bend elastic constant
of 60CB obtained with the capacitance method. The results are quite close to that
obtained by Bradshaw et al. [24] with the use of the cell with the homeotropic
molecular ordering and the magnetic field as an external force for the director
n distortion. The results presented in this paper show that the reliable data for
K33 elastic constant can be obtained with the simple capacitance method in the
same experiment in which the K1 constant is determined from the Freedericksz
transition in planar nematic cell.
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