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This paper investigates the average dielectric permittivity (£) in the Maier—-Meier theory for calculating the di-

electric anisotropy (Ae) of nematic liquid crystals. For the reason that € of nematics has the same expression as the

dielectric permittivity of the isotropic state, the Onsager equation for isotropic dielectric was used to calculate it. The

computed  shows reasonable agreement with the results of the numerical methods used in the literature. Molecular

parameters, such as the polarizability and its anisotropy, the dipole moment and its angle with the molecular long axis,

were taken from semi-empirical quantum chemistry (MOCPAC/AM1) modeling. The calculated values of Ae according

to the Maier—Meier equation are in good agreement with the experimental results for the investigated compounds having

different core structures and polar substituents.

Keywords: dielectric anisotropy, molecule modeling, semi-empirical quantum chemistry, nematic

liquid crystals
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1. Introduction

Liquid crystal displays (LCDs) have dominated
flat panel display in the past decade. The increasing
performance requirement for LCDs, leads to extremely
stringent demands on the liquid crystalline material.
The synthesis of new liquid crystal compounds, which
have to meet a certain set of physicochemical require-
ments (e.g., broad nematic phase, moderate dielectric
anisotropy, appropriate birefringence, low rotational
viscosity, and so on), becomes a challenge and can
no longer be fulfilled by conventional trial-and-error
approaches.!!] Fortunately, theoretical modeling and
calculation methods have been proposed, which aim
at predicting the physical properties of nematic liquid
crystals (NLCs) without performing time-consuming
experiments.! —3!

Among these important parameters, we focus on
the dielectric anisotropy (Ae = g — 1, ¢ and €
are the permittivity parallel and perpendicular to the
director respectively), which is critical for most of the
electro-optic applications because it dominates the re-

orientation of liquid crystal molecules under an ex-

ternal electric field. Bremer and Tarumil® first in-
troduced semi-empirical molecular orbit (MO) meth-
ods to calculate the dielectric anisotropy. They found
a quite reasonable correlation between Ae and the
dipole moment, but some scatter was also found.
Saitoh et all¥ reported an improved method based
on the Maier—Meier theory.!! Klasen et all® also took
advantage of the Maier-Meier theory to calculate Ae,
but they adopted uniform conditions for all molecules,
aiming at the comparability. The method!” of Fu-
jita et al is similar to that of Klasen, however,
molecular-specific molar volumes are determined by
using group contribution methods, order parameters
evaluated from an empirical relation to the clearing
point were used instead. Demus and Inukail®° com-
pared the results of the ab initio method (B3LYPD/6-
31 G(d)) with that of the semi-empirical method
(MOPAC/AM1), the latter showed better agreement
with experiments than the former. Different conform-
ers were also studied and no substantial difference was
found. In addition, they employed the effective dipole
for the Maier—Meier equation by taking the associa-
tion effects into account, attempting to improve the
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prediction of strong polar compounds. Recently, Ma
et all'% investigated the temperature dependence of
ratio between the dielectric anisotropy and order pa-
rameter in a series of fluorinated NLCs with the MO
methods and Maier—Meier theory.

All these studies have achieved a certain success
in predicting the dielectric properties of NLCs, but
some condition or assumption in the Maier—Meier the-
ory seems not naturally satisfiable. In order to clarify
its impact on the calculated result, we reinvestigate
Maier—Meier’s original assumption in this paper. Fur-
ther, we use different methods to evaluate the average
permittivity, then compare the reaction field factor F'
and cavity factor h in the Maier—Meier equation. It
turns out that the Onsager equation is more straight-

|

NhF 2
g =1+€{04+Aa5+
0

forward and convenient for the computation. We also
select a batch of commercially important molecules
with moderate polar or extremely low polar to test
the validity of this method by comparing the calcu-
lated values with those of the experiments.

2. Theory

As an extension of the Onsager theory of the di-
electric polarization of isotropic dipolar fluids, Maier
and Meierl® correlate the dielectric anisotropy of
NLCs with the anisotropy of molecular polarizability
(Aa), dipole moment (1) and its orientation relative
to the long principal axis () in the molecular frame,
and the long range orientational order (S),

2

Fu [1_(1_3c0525)s}},

3 3kgT
NhF [_ 1 Fu? 1 9
=1 N _ _
€1 + - {a 3Aa5+3kBT [1—1—2(1 3 cos 6)5}},
NhF Fp? ,
Ac = - 1- 1
€ - { o 2kBT( 3 cos ﬁ) S, (1)

where N is the molecular number density, g the
vacuum permittivity, and kg the Boltzman constant.
The reaction field factor F = 1/ (1 — fa) with f =
(—1) /2me0a® (22 + 1), @ = (o + 2a1 ) and the cav-
ity factor h = 32/ (2€ + 1). Where a, the radius of the
spherical cavity in the Onsager model, can be calcu-
lated from (4/3)mNa® = 1,  is an imaginary average
dielectric permittivity.

2.1. Approximation about &

According to Maier-Meier’s approximation, the

average dielectric permittivity € = (8” + 2¢ J_) /3,

meanwhile it satisfies the inequality ’EH —¢ J_| < E.
It implies that the values of €, ¢ and ¢, should
be close to each other to make sure that the errors
of the two correction factors (F and h) caused by
this approximation are insignificant and the devia-
tion of Ae is negligible. However, this assumption
is not always satisfied for NLCs. One example is 4’-
n-pentyl-4-cyano-biphenyl (5CB), for which € = 10.8,
but g —e; = 185 — 7.0 = 11.5 (see Table 1). The
contravention with Maier—Meier’s original assumption
makes it a hidden problem to calculate the dielectric
anisotropy of NLC.

Table 1. The calculated dielectric anisotropy Ae and two correction factors F' and h of 5CB, with the
assumption that € equals to |, 1, (g +2¢.)/3 and ¢ (the dielectric permittivity in isotropic state, which

were measured in Ref.[11]), respectively.

Ae — A
5 F h Ae Ae(exp) w/%

Ae(exp)
|l 18.52 1.31 1.46 22.78 5.5
€1 7.0 1.26 1.40 20.20 b 6.5

21.6
e +2e1)/3 10.8 1.2876 1.4336 21.59 0.0005
[

5 10.5* 1.2860 1.4318 21.51 0.4

2) Ref.[11], P Ref.[1].
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The computation of £ is critical for solving the
Maier—Meier equation. In order to test the validity of
the method while ’6” — EJ_| < Z is not satisfied, we
calculated F', h and Ae of 5CB under the assumption
that € can take the value of5||, €1, (EH + QEJ_) /3ande
(dielectric permittivity of isotropic state) respectively.
Table 1 reveals that the values of Ae is insensitive to
the variation of £, and are close to the experimental
value in Ref.[1]. We also show the -dependent proper-
ties of F', h and Ae of 5CB schematically. As in Fig.1,
all of them show a similar trend of variation versus €.

l

1.4

(a)

When € > €, a slow change can be found. But in con-
trast, when € < £, they will decrease rapidly. So, as
long as the calculated € is not largely underestimated,
there should be no substantial differences between the
results of calculation and experiment. However, if the
evaluated Z is smaller than ¢ , a reasonable value can
no longer be guaranteed. For positive NLC, it is well-
known that €, <& < ¢ (it is same for negative NLC
except that ) < € <€), so the Maier-Meier equa-
tion should be always applicable for 5CB and other
NLCs.

1.5

1.4

1.3

1.2
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15 20 25
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Fig.1. The g-dependent properties of (a) the reaction field factor-F, (b) the cavity factor-h, and

(c) the dielectric anisotropy-Ae.

2.2. Calculating =

There are two approaches to evaluate € in the lit-
erature. One is according to the Lorentz—Lorenz for-

mula to determine the initial value of gl4:10:12]

z = (320 + 2aN) / (320 — aN), (2)

[

where @ was obtained from MO modeling and calcu-
lation. Then €|, €1 and g were calculated in sequence
by Eq.(1). Next, by using the obtained &, the calcu-
lations of Maier—Meier equations were repeated until
Ae saturates.

The other is deduced from the Maier-Meier
equation (Eq.(1)), according to its definition ¢ =
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(5H + 2¢ J_) /3. The average dielectric constant can be
calculated by solving

_NBE (L Fp?
B €0 3]€BT

-1 (3)
numerically.=9 In essence, these two methods are
identical to each other and both of them need to iter-
ate several times.

In fact, the average dielectric permittivity ¢ is a
mathematical parameter, which has no concrete phys-
ical meaning. We note that while S = 0, i.e. in
isotropic state, it can be concluded that g = e, =
e (e denotes the dielectric permittivity of isotropic
state) from Eq.(1) and the expression of € looks the
same as that of g, i.e. € = .5 Take 5CB for exam-
ple, the average dielectric permittivity € = 10.8 and
the measured dielectric permittivity in isotropic state
is 10.5. So, we can consider £ as the approximation
of € in physics. Therefore, the Onsager equation™? is
appropriate to take the place of Eq.(3),

o (e—n?) (n®+2)  Np? )
£ (n? +2)°  9kpT’

when ¢ > n?, we could have

2c0e _ Np?
(n2 +2)*  9kpT’

(5)

On the other hand, for molecules without a strong
dipole moment, i.e. p is close to 0, Eq.(5) will be
no longer applicable and Eq.(4) agrees in the first ap-
proximation with the Lorentz-Lorenz equation. We
readily derive ¢ = n? from Eq.(4) if we assume p=0.
Then, Eq.(2) can be used to evaluate the value of .
In this way, it affords us a simpler route to perform
the calculation of € analytically other than by numer-
ical iteration. We will compare them in next section

of this paper.

3. Molecular modeling and calcu-

lation

The @, Aa, p and § can be calculated through
semi-empirical quantum chemistry modeling. For
comparability, we adopt the same conditions as those
used by Klasen et allfl A temperature T = 293 K,
and a density of 1000 kg-m~3 were assumed for all
molecules in subsequent calculation.

A difficulty is how to determine the order pa-

rameter. According to the Maier—Saupe mean field

theory,!*=16] the order parameter S is a function of
temperature for all NLCs. However, most compounds
are not at their nematic phase around 20 °C. Even
if it can be extrapolated to this temperature, it is
well known that the order parameters of different com-
pounds can be quite different. Fujiata et all” devel-
oped an empirical relation between S and the clear-
ing temperature Tny, but the prediction of Typ itself
is not an easy task. Since we want to compare the
calculated dielectric anisotropy with the experimental
values in Ref.[1], which were measured in a defined
solution (usually 10% weight/weight) of the respec-
tive single compound in a standardized nematic host
mixture and then extrapolated to its pure state, it
is reasonable to assume that the order parameter of
the expected compound is approximate to that of the
host mixture. This has been proved by recent molec-
ular dynamic study of a liquid crystal mixture, which
reveals that the order parameters of each component
are very close to each other, even if their length to
breadth ratio and clearing temperature are remark-
ably different.!'”] Saitoh et al and Klasen et al used
an empirical order parameter S = 0.7 respectively
during the calculation of dielectric anisotropy. Their
results show acceptable correlation between the cal-
culated and experimental data. So we adopted this
empirical value for all molecules under investigation.

Another question is about the association effects.
When the molecules have a large permanent dipole
moment, the effective dipole moment in the condensed
phase is usually smaller than the total dipole mo-
ment obtained in the gas phase or in highly diluted
solutions.!'® Kirkwood has introduced the so-called
Kirkwood g-factor to take into account the decrease
of the effective dipole. A comprehensive study of the
association effects of NLC has been carried out by De-
mus et al,[®% who brought forward a couple of solu-
tions. However, the evaluation of the effective dipole
moment is far from a straightforward work. Besides,
the discrepancy of the effective dipoles (and g factors)
extrapolated from polar and non-polar basic mixtures
shows the weakness of these methods. Because the
understanding of molecule interaction, especially in
the liquid crystal mixtures, which contain compounds
up to 20 or even more, is out of the state-of-the-art
knowledge, it is difficult to clarify the dipole—dipole
association effects. In practice, most liquid crystal
compounds have moderate or extremely low dielectric
anisotropy. We focused our attention on these kinds
of materials, for which the association effects are not
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S0 strong.

The molecular structure optimization and param-
eter calculation were implemented by a general semi-
empirical molecular orbital package (MOPAC, AM1

)_[19720]

Hamiltonian Because there were no substantial

differences for various conformers, 8! only the most sta-

ble one was chosen.

4. Results and discussion

The modeling results of 5CB are listed in Table 2.
a, Aa, u and 0 were calculated from AM1 method.

Table 2. The average polarizability (&), anisotropy of polarizability (A«), dipole moment (1)

and its orientation in the molecular frame (3) for 4’-n-pentyl-4-cyano-biphenyl (5CB) and 4’-n-
butyl-4-n-propyl-bicyclohexyl (BPBCH). (modeled by MOPAC/AM1 method).

type of molecule (optimized) a/a.u. Aa/a.u. u(D) B8/(°)
), g
< . € 171.85 178.84 4.121 7.9
5CB
¢l F f Y §
< <
. p 149.70 26.20 0.066 78.9
BPBCH

Table 3 shows the calculated data of €, F', h and
Ac based on Egs.(3)—(5) respectively. The results ac-
cording to Eqgs.(3) and (4) are identical, which coin-
cides with our expectation. The calculated £ is a little
overestimated than the experimental value 10.5, but
the deviation for Ae is less than 2%. The data ac-

cording to Eq.(5) is close to that of Eq.(4). This is
because the cyano-group makes 5CB have a relative
large permanent dipole moment. Therefore, we can
depend on the approximation in Eq.(5) to evaluate &
directly.

Table 3. The calculated data of €, F, h and Ae of 4’-n-pentyl-4-cyano-biphenyl (5CB)

through Egs.(3)—(5) respectively.

equation € F

h Ae Ace(exp) |Ae — Ae(exp)|

-1 12.73 1.30

NhF (7 Fu? )

= a +
€0 3kgT

g0 (e = n?) (n? +2¢ Nu?
o ) ( . ) _ N2 12.73 -
e(n?+2) 9kT

2e0e Np?
(n2+2)2 " 9kT

11.54 1.29

1.443 22.01 0.41
21.6¢ -

1.438 21.77 0.17

a Ref.[1].

Furthermore, we modeled a non-polar liquid crys-
talline compound”) (the results also listed in Table
2), with the same procedure and conditions for 5CB.
BPBCH carries a dipole moment only 0.066 Debye,
which is almost two orders of magnitude lower than

5CB. Table 4 shows us that the results according to
Eqgs.(3) and (4) are still consistent with each other.
When the Lorentz—Lorenz equation is used, the calcu-
lated values of €, F', h and Ae agree well with those
of Eq.(4).
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Table 4. The calculated data of €, F', h and Ae of BPBCH through Egs.(3)—(5) respectively.
equation = F h Ae Ae(exp) |Ae — Ae(exp)]
_ NhF [ FM2
eE—-1= a+ 1.8063 1.0798 1.1748 0.0975 0.4975
€0 3kpT
g0 (e —n?) (n? 4 2¢ N2
o ( ) ( b ) _ N 1.8063 ~ - - 0.4 -
e (n2 +2) kT
e = ot 2aN 1.8046 1.0797 1.1746 0.0975 0.4975
350 —alN
a Ref.[1].

Besides 5CB and BPBCH, a selection of 26 com-
pounds with representatives of the most important
core structures and polar substituents were investi-
gated. The chemical structures for these liquid crys-
tal compounds are shown in Fig.2. Table 5 summa-
rizes the parameters from molecular modeling and the
values of Ae from calculation and measurement. Fig-

CsHia CN

:

CsH7 X1

X3

ure 3 shows the relationship between the calculated
and measured values. Although the applied theories
and the semi-empirical calculations imply a lot of as-
sumptions and simplifications, the calculated Ae val-
ues agree well with those obtained experimentally for
all investigated molecules, with the correlation coeffi-
cient of 0.98.

X =CN R = CsHy: 2
X=F R =CsHix 3
X = CF3 R =CsHnx 4
X = OCF3 R = CsHy 5
X = OC2Hs R = CsHy 6
X = C3H7y R = C4Hg
X = C3Hy R = CsH1
X = OCqoHs R = CsHnt
X =CFs R = CsHis 10
X = OCF3 R = CsHi1 11
X = OCH=CF5 R = CsHy: 12
R = C3H~ 13
R = CsH11 14
X1 =F Xo=X3=H 15
X1 =Xo=F X3=H 16
X; =Xg=X3=F 17
X3 = OCFs3 Xg =F Xz=H 18
X3 = OCF=CF2 Xy =X3=F 19
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X = CF3 20
CsHi X = CsF5 21
X = C3F7 22
F
23
CsHit
F F
C3Hr 24
F F
CsHz C4Hg 25
CsHi1 { ) CsH~y 26
R = C3Hr 27

Fig.2. The chemical structures of the investigated liquid crystal compounds.

Table 5. The parameters from molecular modeling (AMI) and the calculated and measured values of Ae.

w(D) a/a.u. Aa/a.u. B8/(°) Ae(calc.) Ae(meas.)
1 4.121 171.85 178.84 7.9 21.773 21.6
2 3.901 155.99 105.25 13.5 16.231 18.0
3 1.961 141.57 69.78 12.6 3.172 4.0
4 3.893 151.42 72.27 11.6 12.510 9.2
5 2.634 141.25 80.61 10.5 5.335 7.1
6 1.251 149.19 86.46 86.5 -0.134 -0.1
7 0.066 149.70 26.20 78.9 0.097 -0.4
8 0.003 158.68 34.13 29.9 0.122 -0.5
9 1.224 156.65 43.21 75.4 —0.136 -0.4
10 3.189 145.33 31.54 14.8 7.112 5.3
11 2.804 150.01 41.70 11.9 5.070 6.9
12 3.604 165.05 74.69 31.7 6.375 5.6
13 0.226 136.63 49.91 8.0 0.252 -0.7
14 0.224 153.06 54.19 7.4 0.241 0.3
15 1.989 173.03 83.82 11.4 2.583 3.0
16 3.231 175.46 85.74 12.0 7.770 6.4
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Table 5. (Continued).

w(D) a/a.u. Aa/a.u. B/(°) Ag(calc.) Aeg(meas.)
17 3.768 177.76 84.23 11.1 10.289 8.3
18 4.088 191.98 100.95 9.6 10.569 9.0
19 4.356 210.58 114.78 9.0 11.370 10.7
20 3.945 199.15 90.79 13.5 9.699 9.1
21 4.032 212.06 96.85 12.8 8.688 6.3
22 4.341 225.15 107.33 8.5 9.280 7.5
23 3.388 207.26 157.26 30.5 5.898 6.3
24 5.478 196.18 148.48 6.1 22.189 20.5
25 0.011 197.84 49.98 82.3 0.144 -0.1
26 0.095 262.93 113.80 63.5 0.263 -0.3
27 7.160 172.58 184.92 18.7 48.936 50.2
28 7.184 189.79 195.72 20.0 43.522 43.0

50 1

40

30 1

ol

0 10 20 30 40 50
Ae/(meas)

Ae/(calc)

Fig.3. Calculated dielectric anisotropy Ae versus mea-
sured values and least-squares fit.

5. Conclusion

We have explored the g-dependent properties of
the dielectric anisotropy Ae of NLCs according to

the Maier—Meier equation. Under the framework of
Maier—Meier theory, € has the same expression with
the isotropic dielectric permittivity of NLC. The aver-
age permittivity € plays an important role in calculat-
ing Ae. Usually it is determined by numerical meth-
ods, which will iterate several times until the value
of £ is saturated. We apply the Onsager approxima-
tion and Lorentz—Lorenz equation to evaluate € for
polar and non-polar NLC respectively. This solution
is more straightforward and shows reasonable agree-
ments with those numerical methods.

The calculated dielectric anisotropy Ae through
semi-empirical quantum chemistry modeling and the
Maier—Meier equation shows good correlation with the
experimental values. The estimating method is useful
for the molecular design of liquid crystal compounds.
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