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The static dielectric constants and the optical birefringence for four
members of the homologous series of bicyclo[2,2,2]octane derivatives with
-NCS terminal group (pentyl to octyl) have been measured as a function
of temperature. From the dielectric anisotropy, the optical birefringence as
well as the polarized absorption spectra of the dichroic dye dissolved in the
liquid crystalline host the order parameter has been determined. The results
obtained by using various experimental methods have been compared with
those calculated from the Maier-Saupe mean field theory. It has been found
that the order parameter for the successive homologues shows alternation
similar to that exhibited for the nematic-isotropic transition temperature.

PACS numbers: 61.30.Gd, 77.22.Ch, 78.20.Fm

1. Introduction

In recent years a rapid progress of the liquid crystal displays (LCDs) tech-
nology has been observed. Among the various possible display technologies, LCDs
fascinate because of their low power consumption, design flexibility and flatness,
viewability in bright light and low costs. The use of LCDs was initially restricted
to simple applications, such as wrist-watches, pocket calculators and measuring in-
struments, where information displayed is rather limited. Today, the invention of
new electrooptical effects offers LCDs with high information contents, which can
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be applied in automotive instruments panels, computer and TV screens, telecom-
munication and in the important area of office automation. Such remarkable de-
velopment in the LCD technology is closely connected with the design and pro-
duction of novel liquid crystal materials with specific physical properties. The
electro-optical parameters of LCD, such as threshold voltage, response times, con-
trast ratio and multiplexing capability are strongly dependent on the anisotropy in
optical, electrical, magnetic and elastic properties of liquid crystal materials. In the
nematic liquid crystalline phase the anisotropy of these properties arises because
of the presence of the long-range orientational order, which is the most fundamen-
tal characteristics of this mesophase. Therefore, it is not astonishing that since
early days of describing the nematic phase by molecular theories [1, 2] intensive
scientific research is directed to the investigation of the degree of order.

In this paper we have studied the dielectric and optical properties of four
members (pentyl to octyl) of homologous series of bicyclo[2,2,2]octane derivatives
with —NCS terminal group. Because of their low viscosity, low melting enthalpies
and the existence of the nematic phase only, these substances can be highly useful
as components of the technologically important liquid crystal mixtures [3, 4]. In
our investigations we have measured the dielectric constants and the optical bire-
fringence of the liquid crystal as well as the polarized absorption spectra of the
dichroic dye dissolved in the liquid crystalline host as a function of temperature.
From the dielectric and optical data we have evaluated the order parameter, which
describes the orientational order in the uniaxial phases of liquid crystals.

2. Experimental

2.1. Materials

The molecular structure of nematogenic substances studied in this paper to-
gether with their crystal-nematic (TcN) and nematic-isotropic (TN') phase transi-
tion temperatures are gathered in Table I. The substances were kindly supplied by
Prof. R. Dąbrowski from the Military Academy of Technology in Warsaw and were
used in the investigations without further purification. 4-dimethylamino-4"-nitro-
stilben (DANS), which was taken as a guest probe in the absorption measurement,
was synthesized and chromatographically purified in the Institute of Dyes at Lódź
Technical University. It was dissolved in the liquid crystalline hosts at a concen-
tration of 5 x 10 -3 M.

2.2. Apparatus

The determination of the liquid crystal birefringence, An, was made on the
basis of Newton rings observed at a = 546 nm by means of the polarizing micro-
scope (ŻPO, Warsaw) equipped with the heating stage. The shift of the distance
between interference rings by the sample heating was used to determine the val-
ues of An as a function of temperature. The planar alignment of the molecules
between flat glass surface and glass lens was obtained using rubbing procedure.
The temperature was stabilized with the accuracy of ±0.05 K. The error in the
estimation of An was about 1%. The further details of the method are described
elsewhere [5].
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The static electric permittivity versus temperature was measured at the fre-
quency of 10 khz using a Wayne—Kerr 6425 bridge. In order to obtain the values
of the permittivity components of the oriented liquid crystals, the condenser was
placed in an electromagnet (B = 0.6 T) first in a position, where the magnetic
field was parallel to the measuring electric field E (ε||) and then rotated such that
E and B were orthogonal (e1). It was estimated that the overall uncertainty in e
was about 0.1%. The accuracy of the temperature stabilization was ±0.01 K.

The polarized absorption spectra of the dye dissolved in liquid crystals were
recorded using a SPECORD M-40 spectrophotometer (Carl Zeiss Jena) equipped
with UV polarizers. The measurements were made as a function of the temperature
in "sandwich" cells of 20 μm in thickness. The homogeneous planar orientation
of the guest and host molecules was achieved by means of treatment of the glass
surfaces of the cells with polyimide and by rubbing process additionally. The

temperature of the cells was regulated and controlled with the accuracy of ±0.1K.

3. Determination of order parameter

For the most purposes the long-range orientational order can be described
with sufficient accuracy by the second-rank order parameter, which is equivalent
to that introduced by Saupe [6] and is defined as follows:

where (3 is the angle between the long molecular axis and the direction of the
orientation and brackets denote an average over all possible molecules orientations.
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The most experimental methods used for determination of the order param-
eter in the liquid crystals require the sample to be macroscopically oriented. Such
an orientation can be produced by using the electric or magnetic fields, surface
forces or shear stress. If the macroscopic molecular alignment is complete it is
possible to obtain information about the order parameter from measurements of
the anisotropy of any bulk physical quantity such as for example electric per-
mittivity, Ac, refractive index, An, and diamagnetic susceptibility, Ax [7]. The
magnetic susceptibility is preferred parameter to the determination of S because
the diamagnetic moments of the molecules are very small, and consequently the
interactions between these moments can be ignored. As a result, the field acting
on a molecule can be taken to be equal to the externally applied magnetic field.
Assuming that the liquid crystal molecules are axially symmetric due to the effec-
tively free rotation around the long molecular axis, Zvetkoff [8] suggested many
years ago that Ax is a direct measure of the nematic order parameter S and he
defined S as follows [7-9]:

where Δxmax denotes the anisotropy of the susceptibility in the perfectly aligned
phase.

Other as in the case of the magnetic field, the effective electric field "seen" by
one molecule is a superposition of the external field, plus the field due to all other
dipoles. Therefore the direct relation between S and &E or An is not so evident
as in the case of Ax. On the other hand, the anisotropy of the dielectric constant
and the optical birefringence are very conveniently measurable quantities, which
depend on temperature in the similar way (mainly An) as the order parameter S.
Therefore, we assume S to be directly proportional to Ac and An [5]. As a result
we have determined the order parameter from the following relations:

and

where Δεmax and Δnmax are, respectively, the dielectric anisotropy and the optical
birefringence for (hypothetical) completely ordered liquid crystal.

ΔεmaxandΔnmaxshould be obtained in principle from the measurements
of the electric permittivity and the refractive index in the solid state. Another
possibility is application of the extrapolation procedure [5, 10, 11]. Assuming that
S changes with the temperature approximately as follows:

and is equal to 1 at 0 K, we are able to obtain Ac max andΔ

n

max plotting log Ac
or log An against log(1 — T/TNI) and using extrapolation to the absolute zero.

Previously [5] it was shown for the well known liquid crystal PAA that the
values of S obtained from the dielectric and optical birefringence data using the
method described above are in very good agreement with the data described in
literature and determined by other methods (Ax, NMR, IR).
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Another simple way to obtain information about the long-range orientational
order in nematic phase is utilization of the liquid crystal as a host matrix for a
dichroic dye probe ("guest-host" effect [12, 13]). If the molecular structure of the
dye is similar in size and shape to that of the liquid crystal molecules, the dye
adapts the same anisotropic orientation as the nematic host phase. Knowing the
direction of the transition moment with respect to the principal axis of the dye
molecule, the polarized absorption spectra can give qualitative information about
the molecular orientation, which is a very often used method. Then the order
parameter S can be easily obtained from the formula [14, 151

where A11 and Al denote the absorbances at Amax for the dye in the host medium
when the electric vector of the incident light is, respectively, parallel and perpen-
dicular to the director. B is the angle between the absorption transition moment
direction and the long axis of the dye molecule.

If O = 0°, Eq. (6) reduces to the equation given by White and Taylor [16]

In our 'experiment we have chosen the stilbene derivative dye DANS whose
molecular length is comparable to that of the liquid crystals used. This dye added
to the nematic hosts at a very low concentration (5 x 10 -3 M) used in this study
does not change the nematic-isotropic phase transition temperature within exper-
imental uncertainty, which indicates that it does not perturb the arrangement of
the liquid crystal molecules [17]. It seems that in the case of the dye probe DANS
the assumption that the orientation of the guest reflects the orientation of the
matrix is well satisfied. The longest wavelength absorption transition moment of
DANS molecule is almost parallel to the long axis of the molecule [18, 19], therefore
we can assume the angle O to be 0°.

4. Results

Figure 1 shows the principal electric permittivities in the nematic (ε|| and
&1) and isotropic (ε i so ) phases for four members of the homologous series of the
liquid crystal investigated as a function of temperature. The average values of
the dielectric constant T = (ell + 2e1)/3 in the nematic phase, calculated from
the measured ε|| and el are also given in the figure. The dielectric anisotropy,
De and the optical birefringence, An versus reduced temperature T* = T/TNI
for all the members of the series are presented in Figs. 2 and 3, respectively.
Figure 4 shows the temperature dependence of the order parameter S determined
from the measurements of the anisotropy of the dielectric constant (squares) and
the refractive index (circles) as well as from the polarized absorption spectra of
DANS (triangles) for all the liquid crystals investigated. The solid line in these
figure represents the results of the Maier-Saupe mean field theory of nematics [1].
Figure 5 presents the values of the order parameter, S, estimated from the absorp-
tion measurements at three reduced temperatures as a function of the alkyl chain
length of the liquid crystal studied (n — number of carbon in the chain).
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5. Discussion

From Fig. 1 it is seen that the dielectric anisotropy of the liquid crystals
investigated is positive which is due to the strong permanent electric dipole mo-
ments of the —NCS group parallel to the long axes of the molecules. The values of
Ac of the series member with a given n are similar to those of the corresponding
member of nCHBT's [20] and lower than Os of the member of nCB's [21] and
PCHn's [22]. Similarly as in the case of the all above-mentioned series of liquid
crystals, the values of E in the vicinity of the nematic-isotropic phase transition
temperature are for the compounds studied slightly lower than the values of ci s..
This difference is attributed to the antiparallel alignment of the molecules with
the strong dipole moment in the nematic phase [23, 24].

Figures 2 and 3 indicate that both the dielectric anisotropy and the optical
birefringence of the liquid crystals investigated decrease with the rise of tempera-
ture and jump to zero at the clearing point. The temperature dependence of Δe
and On resembles that of the order parameter S, presented in Fig. 4. From this
figure it is seen that the character of the changes of S with the increase in the
temperature is similar for all the liquid crystals investigated and is in fairly good
agreement with the Maier—Saupe theory. However, the values of S at the same
reduced temperature are different for various liquid crystals, which indicates the
influence of the alkyl chain length on the long-range orientational order. The char-
acteristic odd-even effect [25], explained as the alternation of interaction between
alkyl chains [26], is observed; the compounds with the odd number of carbon in
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the alkyl chain exhibit a higher order parameter value than the series member
with the even carbon number (Fig. 5). The same alternation is also observed for
the nematic-isotropic transition temperature, TN' (see Table I).

The agreement of the order parameter values determined by using various
experimental methods is quite good; the differences do not exceed 10%. Previously
many authors [5, 27, 28] had observed the difference between the order parameter
values obtained from various methods. It is rather difficult to estimate the absolute
scale of S with the same accuracy. The essential advantage of the methods applied
here by us is their simplicity and although the results obtained are perhaps not
the absolute values of order parameter, they allow us to ascertain and compare
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the orienting ability of various liquid crystals investigated, which is very important
information from the technological point of view.

Finally, let us compare the values of the order parameter for the compounds
investigated in this paper with S data for the homologues of other liquid crystals
series. To make this, in Table H the order parameter values, S, obtained from
the polarized absorption measurements of DANS dissolved in one of the members
(n = 6) of various liquid crystalline homologous series at two reduced temperatures
are gathered. It is seen that the order parameter of the liquid crystal with terminal
—NCS group is higher than that for analogous compound with —CN group and
that the S value decreases as the ring at the alkyl group is changed from benzene
through cyclohexane to bicyclooctane.
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