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Temperature dependence of magnetic anisotropy of homologous nematic fluorinated phenyl bicyclohexane liquid

crystals is measured by a magneto-electric method. The result shows that the diamagnetic property is slightly influenced

by the positions and the numbers of fluorine atoms substituted at the phenyl ring. By investigating the correlation of the

dielectric anisotropy with the magnetic anisotropy, a novel explanation is proposed for the behaviour of the molecular

dipole—dipole dimerization in the polar liquid crystal compounds.
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1. Introduction

In recent years, full colour and flat screen liquid
crystal displays (LCDs) have gained growing interest
and are now almost indispensable in everyday life. Be-
cause of the fluorine large electronegativity, the pres-
ence of fluorine in a liquid crystal (LC) molecule exerts
a strong electron withdrawing effect and hence causes
a large influence on permittivity.!"2! Furthermore, due
to low rotational viscosity, wide nematic phase range
and long term stability, the fluorinated LC compounds
are widely used as materials for the active LC ma-

(3]

trix display.!”! Therefore, novel fluorinated LC mate-

rials have been synthesized and studied continually by
many groups.[*=7

A series of phenyl bicyclohexane (PBC) fluori-
nated LCs was invented by one of the authors in
the early 1980s.18) Our research group has studied the
physical properties of the compounds with one, two,
and three fluorine atoms substituted at the phenyl
ring. Particularly, the temperature dependences of
the physical parameters, such as the threshold voltage,
dielectric permittivity, splay elastic constant, birefrin-
gence, and order parameters have been investigated in
detail.l= 2 From our studies, a systematic relation-
ship between fluorine atom positions on the benzene
ring and some physical properties has been clarified.

It is shown that the positions and the numbers of the
fluorine substituent strongly influence dielectric per-
mittivity and threshold voltage, but hardly influence
other physical characteristics, such as elastic constant
and refractive index.

The susceptibility anisotropy of LC is also an im-
portant physical property. However, few researches
have aimed to measure the magnetic properties of
the PBC fluorinated LCs till recent literature to our
knowledge. In order to study thoroughly the fluorine
substituent effect and physical property of the ma-
terials, the determination of the dielectric permittiv-
ity and magnetic properties is practically as well as
theoretically very interesting. Therefore, the authors
measure the temperature dependence of the magnetic
anisotropy, in addition, study the correlation of the
magnetic anisotropy with dielectric anisotropy. The
target molecular configuration is shown in Fig. 1, and
the NI phase transition temperature is listed in Table
1.

2 3

Fig. 1. Studied molecular structure of 3PBC fluorinated
nematic LC compounds. At positions 2, 3 and 4 of the
phenyl ring, hydrogen atoms are substituted by one or
two fluorine atoms, separately.

© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

076104-1



Chin. Phys. B Vol. 19, No. 7 (2010) 076104

Table 1. Phase behaviour and abbreviation of liquid crys-
tal compounds corresponding to the molecular structure
shown in Fig. 1.

compounds 2 3 4 Tern/°C Tn1/°C

3PBC?4F, F H F 47.0 130.0

3PBC34F, H F F 40.2 121.0
3PBC3F H F H 51.4 90.2
3PBC*F H H F 88.6 153.1

2. Experimental measurement

In the previous studies,® 11l

we have investigated
the dielectric constants and the splay elastic constants
for these compounds, experimentally. Based on the
known of the above data, a method, where the mag-
netic filed is added perpendicularly to the LC layer,
is employed to determine magnetic anisotropy in this
study. The surface of the glass substrate of LC cells
is aligned with polyvinyl alcohol (PVA). According
to the rubbing direction, the glass substrate is bound
reversely to build an antiparallel cell. As splay de-
formation is induced by the magnetic field, thresh-
old field can be measured to determine the magnetic

anisotropy.[!3—16]

2.1. Dielectric anisotropy and splay elas-
tic constant

Capacitance versus voltage measurement with a
antiparallel aligned LC cell is used for determining
the dielectric constant and the splay elastic constant
which is employed in our previous studies.’~1 An
LCR meter (HP4274A) is used for capacitance (C')
measurement. The measurement process involves ap-
plying DC voltage in steps of 0.2 V and holding time of
5 s. A small alternating voltage with 1 kHz frequency
is superimposed. The small dielectric anisotropy leads
to a high threshold voltage that is described as

K 1/2
= , 1
Vin =7 <50A5) (1)

where Ki; is the splay elastic constant, Vi, is the

threshold voltage, g is the permittivity of vacuum,
and Ae = g — €L is the dielectric anisotropy. The
dielectric constant in the direction of the molecular
short axis, €, is obtained from the capacitance be-
low threshold voltage. The dielectric constant in the
direction parallel to the molecular long axis, €|, is ob-
tained from an extrapolation in capacitance as a func-
tion of inverse voltage, i.e. the value 1/V approaches
zero. The splay elastic constant K71 can be deter-

mined from Eq. (1).

2.2. Magnetic anisotropy

A magnetic field is applied perpendicularly to the
director of a uniform nematic layer with thickness d.
In the present study, it is assumed that the strong an-
choring condition of the molecules at the substrates is
not influenced by the magnetic field. Therefore, the
director pattern will be distorted only when the mag-
netic field is above a threshold B..l'3~161 When the
splay deformation is induced by the magnetic field,
the magnetic anisotropy Ay can be obtained from the
following equation:

B. — T (oK 1/27 @)
d \ Ax

where Ay = x| — x1. With magnetic field increas-

ing gradually, the characteristic curve of capacitance
versus field is measured at a frequency of 1 kHz. The
threshold B, value is determined by the intersection of
linear section (B < B.) with curved section (B > B,)
to be the field at which AC/Cy is about 0.1% — 0.5%,
where, Cy is the capacitance value at B < B, and
AC is the increment of capacitance at B > B.. From
Egs. (1) and (2), the magnetic anisotropy can be de-
termined. According to our experience and advice in
Ref. [14], the gaps of the cells used in this work are of
15 —90 pm.

3. Results and discussion

3.1. Dielectric anisotropy and splay elas-
tic constant

The dielectric anisotropy and the splay elastic
constant have been reported in detail in our previous

studies.[9—11]

These results are shown, respectively, in
Figs. 2 and 3 as a function of reduced temperature. As
already explained in the previous reports,®=1 the di-
electric anisotropy is mainly determined by the strong
dipole moment of C' — F bonds of the phenyl ring.
Therefore, the values of the dielectric anisotropy show

an order as follows:
3PBC3**F, > 3PBC*F > 3PBC**F, > 3PBC’F.

For the splay elastic constants, there are not
marked differences in temperature dependence be-
cause of the resemblant molecular geometries and di-
mensions of the LC materials. For 3PBC?*F,, the
elastic constant decreases rapidly close to Tni, how-
ever, for 3PBC*F, it decreases slowly and possesses
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a large value close to Tn;. A tiny difference at the
transition point is possible in that the splay constant
is influenced by the molecular rotation. In our an-
other study of LC mechanical rotation model,l'”) we
have investigated the critical angular velocity around
the molecular long axis at the transition temperature.
The velocities are obtained as below (in 10! rad/s):
3PBC*F(9.31), 3PBC**F5(8.21), 3PBC*F(8.01), and
3PBC?*F,(7.94).
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61 o —0—3PBC3“F,
] O\o\o\ —A— 3PBC3F
. O<o. ~—O3PBC'F
o.
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Fig. 2. Temperature dependences of dielectric anisotropy,
where reduced temperature T — Ty is used.
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Fig. 3. Temperature dependences of splay elastic con-
stant, where reduced temperature 7' — Ty is used.

In the study,'” we have found that the long
molecular rotation axis passes through the line con-
necting positions 3 and 4, but close to position 4.
When the molecule rotates around the molecular axis,
the molecule whose fluorine atom is substituted at po-
sition 4 will be in a slim shape compared with other
molecules. Therefore, the slim molecule 3PBC*F ro-
tates at a higher speed than 3PBC?F; does at NI
phase transition point. In other words, the molec-
ular rotation condition of 3PBC*F is steadier than

3PBC?“F, in the nematic phase range. The steady
molecular rotation maybe results in a larger elas-
tic constant value and higher order parameter close
to NI transition point, and hence a larger magnetic

anisotropy which will be shown in the next section.

3.2. Magnetic anisotropy
3.2.1. Density of compounds

In order to obtain mass magnetic anisotropy
Ax™ = Ax/p, where p is the mass density, the
density of the LCs is measured using an Anton Paar
Model 602 HT digital density meter.
are extrapolated from a solution, where the LC com-

The values

pounds are dissolved in an apolar solvent p-xylene ac-
cording to the weight proportion. The temperature
dependence of the density is shown in Fig. 4.

1.02 1 o 3PBC2’4F2
o 3PBC34F,
1.00 - A 3PBC3F
7 © 3PBCAF
g 0.98
j=10)
4
o)
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~
QU
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0.92 . . . . . . .
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Fig. 4. Temperature dependence of density of com-

pounds. The density value is extrapolated from LC so-
lution in which p-xylene serves as solvent by weight pro-
portions.

3.2.2. Magnetic anisotropy

The mass magnetic anisotropy Ax("™) as a func-
tion of temperature is illustrated in Fig. 5. The data
of magnetic anisotropy are weakly temperature depen-
dent at lower temperatures but strongly temperature
dependent near the nematic-isotropic transition tem-
perature point.

In the magnetic measurement, we find that the
electric capacity of the anti-parallel LC cell increases
with the applied magnetic field increasing. Because
we have known that the studied PBC LCs are dielec-
trically positive, we can judge that the diamagnetic
anisotropy observed in this experiment is positive, i.e.
Ay =™ = x{™ > 0.
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Fig. 5. Temperature dependences of magnetic anisotropy,
where reduced temperature 7' — Ty is used.

According to the experience and Refs. [16], [18]
and [19], phenyl ring makes main positive contri-
bution to magnetic anisotropy; however, bicyclohex-
ane makes a lower negative contribution to magnetic
anisotropy. Based on the molecular structure, it is
easy to understand that the fluorinated PBC LCs pos-
sess smaller positive magnetic anisotropic values. One
can obtain an order according to the Ay (™ magnitude
as follows:
3PBC*F > 3PBC*F, > 3PBC3F > 3PBC?*F,.

The compounds 3PBC*F and 3PBC?*F, possess
the largest and the smallest magnetic anisotropies, re-
spectively. Along with the direction of the molecular
long axis (position 4 of the phenyl ring), a polar flu-
orine substitution of hydrogen atom produces a posi-
tive effect on the magnetic anisotropy. On the other
hand, fluorine substitution on position 2 or 3 of the
ring brings about a negative effect on the magnetic
anisotropy. The magnetic anisotropy of 3PBC34F, is
larger than that of 3PBC?F,, which indicates that
the reducing effect on magnetic anisotropy of position

2 is more prominent.

3.2.3. Correlation of magnetic anisotropy with
dielectric anisotropy

Before investigating correlation between dielectric
anisotropy and magnetic anisotropy, it is necessary to
consider an effect of order parameter S of LCs on those
two anisotropic quanta.

Generally, mean diamagnetic polarizability in or-
dered LC compounds is independent of temperature.
When the LC sample sets in a magnetic field, the local
magnetic field in the nematic layer is equal to the ex-
ternal field, and the molecular magnetic polarization
is not influenced by the magnetic dipolar moments of

the surrounding molecules. The magnetic polarization
of the sample is basically determined by the macro-
scopic order of the molecular polarizability tensor.®!
Thus, an equation is established from which the order

parameter can be deduced.
Ax =x) —x1 = (xu—xt)S, 3)

where, x; — X4 is molecular absolute anisotropy, S' is
the order parameter which is temperature dependent.
From the equation, the anisotropic diamagnetic sus-
ceptibility is a function of order parameter only. For
the dielectric anisotropy, the temperature dependence
is presented by the Maier—Meier theory and shown as
follows:[20]

_ 2
_ NhF Aa—FuQ(l 3 cos® )

A
c o 2k’BT

S, (4)

Therefore, Ae is dependent not only on order pa-
rameter S, but also on the term that varies with the
inverse of absolute temperature increasing. However,
this term contributes very little, even negligible at
high temperatures, if we consider that most of LCs
possess relatively narrow nematic phase ranges.

Correlations between dielectric anisotropy and
magnetic anisotropy are plotted in Fig. 6. Attend-
ing to the high temperature region, both the dielec-
tric anisotropy and the magnetic anisotropy possess
small values, and they form a linear relationship. At
high temperatures, the dielectric anisotropy is propor-
tional to the magnetic anisotropy. As temperature de-
creases, the magnetic anisotropy increases slowly, or
almost stops increasing. Contrastively, the dielectric
anisotropy increases markedly with temperature de-

creasing.
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Fig. 6. Correlation between dielectric anisotropy and

magnetic anisotropy at the same temperature. In direc-
tion of grid origin, data correspond to the values at high
temperatures.
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To understand the correlation diagram, we con-
sider molecular associations, i.e. the dipole—dipole in-
teraction that might exists in the polar nematic LC
compounds.

In high frequency condition, the dielectric
anisotropy is directly proportional to the order param-
eter. Hence the dielectric anisotropy is analogous to
the magnetic anisotropy shown in Eq. (3). Therefore,
the magnetic anisotropy and the dielectric anisotropy
should present a linear correlation.[*321] At a low fre-
quency, e.g. 1 kHz measured in this experiment, both
the relative motions between molecules and the ran-
dom motions of molecules themselves contribute to-
gether to the static dielectric anisotropy. The di-
electric property strongly depends on the permanent
dipole of molecules. The molecular dipole—dipole in-
teractions perpetually take place in the polar PBC

[22=24] it was found that

LGCs. In the previous studies,
the polar molecules could easily form parallel or an-
tiparallel dimers.

For magnetic susceptibility, the magnetic dipo-
lar moments of the surrounding molecules have no ef-
fective influence on the considered molecule.['8! The
dimerization caused by electric dipolar—dipolar inter-
actions can enhance magnetic dipolar interaction be-
tween the molecules in the dimer organization, but
such an interaction is weak and has no influence on the
magnetic anisotropy of system. One reason is that the
magnetic dipole-strength is negligibly small compared
with electric dipole-strength. The other reason is that
positive diamagnetic susceptibility Ay of the studied
LCs is produced mainly from the large quantity of
|Ax 1|, which is determined by the phenyl ring orien-
tation in the dimerization. Thus, there is little chance
to establish a molecular-level system or dimerizations
that change the magnetic anisotropy markedly.

Having known the different dimerization effects
on the dielectric anisotropy and magnetic anisotropy,
we can easily understand why the dimerization
does result in the nonlinear correlation in the two
anisotropic quantities at low temperatures. In Fig. 6,
the nonlinear curves show different grades of slope for
different compounds. For 3PBC*%F; and 3PBC*F,
the curves show strong and large deviation from
the linear correlation than those for 3PBC%%F, and
3PBC?F when temperature decreases. In other words,
when the nematic phases of 3PBC34F, and 3PBC*F
approach to a crystal phase, the dimerization pro-
cesses are pronounced and stronger than those of
3PBC?%F, and 3PBC?F, which is consistent with the

previous results that the former is stronger than the
latter in molecular polarity.[?2~24

Generally, molecular association is pronounced
at lower temperatures, and contrarily, it is weak at
higher temperatures.[?223] The authors have inves-
tigated the molecular dipole—dipole association and
its temperature dependence for fluorinated PBC LC
compounds.l?2~24 The results revealed that these
molecules could form parallel molecular dimers, i.e.
Kirkwood factor g > 1 in isotropic and anisotropic en-
vironments at lower temperatures separately. There-
fore, the parallel dimers increase at lower tempera-
tures where they induce the expansion of the dielec-
tric anisotropy; however, the dimers do not increase
the magnetic anisotropy proportionally with order pa-
rameter increasing.

For these compounds, we can find the marked
inflexion on the correlation curves of magnetic
anisotropy versus dielectric anisotropy at temper-
atures (approximation values) of 124.0 (3PBC*F),
87.0 (3PBC34Fy), 74.0 (3PBC3F), and 94.0°C
(3PBC%%F3). Below the temperatures, the molecular
association becomes powerful and swarming. There-
fore, the presumption that the pronounced increas-
ing of the dielectric anisotropy accompanied with
the normal or even weak increasing of the magnetic
anisotropy is due to the molecular dimerization, has a
high priority.

4. Conclusion

Temperature dependences of the magnetic
anisotropy of PBC fluorinated LCs are studied. The
compounds possess diamagnetic properties and pos-
itive magnetic anisotropies (Ax(™ > 0). The mag-
netic anisotropy shows weak temperature dependence
at low temperatures, but strong temperature depen-
dence near the nematic isotropic phase transition
point. Along the molecular long axis, the polar flu-
orine substitution makes an effective contribution to
the magnetic anisotropy. On the molecular short
axis, the fluorine atoms bring about a canceling ef-
fect on the magnetic anisotropy. For the dielectric
anisotropy and the magnetic anisotropy, each of the
two anisotropic quantities presents a linear corre-
lation at high temperatures, but deviates from the
linear course at lower temperatures. We consider that
the pronounced molecular dipole—dipole dimerization
gives rise to the above correlative properties in polar
PBC LCs.
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