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We have measured as functions of temperature the refractive indices and linear birefringence of
seven homologous compounds of p, p’-di-n-alkoxy-azoxybenzenes in the nematic phase. Using
the Vuks’ model of local-field correction, we have deduced from our results both the micro-
scopic and the macroscopic order parameters. The former agree well with those determined by
Pines et al from the NMR results. The variations of the various microscopic parameters with
the increase of the alkyl chain length are discussed. It is shown that addition of CH, groups to
the alkyl chain increases the average polarizability much faster than the polarizability anisotropy.
Contributions to the polarizability anisotropy from the core and from the alkyl chains respec-
tively are found.

I INTRODUCTION

Among the many interesting properties of liquid crystals, optical birefringence
is probably the most important. It is the basis of liquid crystal display as well
as other device applications. Physically, the strong optical birefringence
arises from alignment of molecules with large molecular anisotropy.! The
molecular anisotropy reflects not only the geometric shape of the molecules
but also anisotropy of their electronic orbitals. With increasing molecular
alignment in the nematic phase, the optical birefringence increases accord-
ingly. It can therefore be used as a measure of the nematic order.

As emphasized by the de Gennes,? any tensorial property of the nematics
can be used to define a nematic order parameter. Thus, we can write the

T Supported by The National Science Foundation Grant No. DMR 74-07361.
1 On leave at The Miller Institute of University of California.
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refractive indices parallel and perpendicular to the direction of molecular
alignment as

i
St

+ 20An

QAn

n

(1)

n,=n-—

=

where 7 is the average refractive index, Q the order parameter, and An the
birefringence corresponding to full molecular alignment (Q = 1). From Eq.
(1), the optical birefringence is given by

én=ny — n, = QAn. 2

The order parameter Q defined in Eq. (1) is in general not identical to the
order parameters defined through other tensorial properties such as electric
and magnetic susceptibilities, although all order parameters should range
from O for random molecular orientation to 1 for perfect alignment. In par-
ticular, because of local-field correction due to intermolecular interaction,
Q should be different from the microscopic order parameter defined as?

S =<{(3cos*b — 1)/2 (3)

where 6 is the angle between the long molecular axis and the average direction
of molecular alignment. However, with a given model for local-field correc-
tion, there should be a definite relation between Q and S. For example, the
Vuks’ model gives®

on = (4n/3) N (n® + 2)daf(ny + n,) (4)
(Aaf@)S = (ny + n)on/(n? — 1) (5)

where da = ay — a; = SAa, A is the number of molecules per unit volume,
the superbars indicate average over molecular orientations, o and «, are the
average polarizabilities parallel and perpendicular to the direction of align-
ment respectively, and Aa is the polarizability anisotropy at S = 1. From
Eqs. (2) and (4), we find immediately

(27 + 61/30Q)

¢= (24 + on/3) (©)

Usually, we have An ~ 0.4 and # ~ 1.6. Then, Eq. (6) shows that for inter-
mediate values of Q or S, the two order parameters can differ by a few
percent and Q is not strictly proportional to S. p

Several authors have suggested that one can express the temperature
dependence of the order parameter S in the form*-

S=(1-T/T*y 7
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where T* and y are constant coefficients. Then, by least-square fitting the
results of (Aa/&)S versus T to the form A(1 — T/T ™), one can deduce both
the absolute values of S and Aa/d. Such an approach, however, has implicitly
assumed that @ = 1 at T = 0°K and 4 = Aa/a. These assumptions are not
justifiable. In fact, as we shall see later from our work, S can indeed be
approximated by S,(1 — T/T*)" but the constant S, is different from 1.

Experimentally, dn can be measured with very high accuracy.* If we neglect
the temperature dependence of An, then dn(T) gives directly the variation of
nematic order with temperature. On the other hand, if a particular local
field model is chosen and n(T) and n,(T) are measured, we should be able
to find the temperature dependence of Q and S without making other assump-
tions. The absolute values of Q and S, however, have to come from other
measurements.

There already exist in the literature a number of reports on the measure-
ments of refractive indices and optical birefringence of liquid crystals and
their temperature dependence.’ From these measurements, the order param-
eters were deduced and compared with those obtained from other measure-
ments. One would expect that these measurements carried out on a homol-
ogous series of liquid crystals could yield valuable information about the
effects of molecular structure on refractive indices, optical anisotropy, and
molecular ordering. However, no such measurements have yet been re-
ported.

In this paper, we present the results of refractive index measurements on
the homologous series of p,p’-di-n-alkoxy-azoxybenzenes. We first describe
in Section II the experimental arrangement, sample preparation, and experi-
mental results. We then deduce the order parameters as functions of temper-
ature for the homologous nematics and compare them with the microscopic
order parameters deduced from nuclear magnetic resonance (NMR) measure-
ments.® In Section III, we discuss the results and show how the increase of
alkoxy chain length on the molecules affects the average molecular polariz-
ability and the polarizability anisotropy.

I EXPERIMENT

We used the wedge method to measure the refractive indices and linear
birefringence of the nematics.*'” As shown in Figure 1, the wedge was made
of two glass plates with a 0.015 in. tungsten wire as the spacer to give an apex
angle B of 0.0210 radian. The glass plates were coated with a surfectant (Dow
Corning XZ 2-2024) and rubbed along the wedge axis. The nematic sample
introduced into the wedge had its director parallel to the wedge axis. The
wedged sample was then mounted on an enclosed hot stage which had a
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FIGURE 1 Schematic of the wedged sample.

temperature uniformity and stability of ~0.1°C at an operating temperature
of ~130°C. It was put under a microscope between crossed polarizers and
illuminated by a He-Ne laser beam. The alignment direction of the nematic
was 45° from the polarizer axes.

As seen in Figure 1, the incoming laser beam produced two reflected beams
at angles 0, and 0, respectively from the sample. They were polarized parallel
and perpendicular to the wedge axis respectively. The refractive indices
n; and n; could then be deduced from the Snell’s law ny , = sin 8, ,/sin 2
if 8, and @, were measured. At the same time, we could use the microscope
to photograph the interference fringes in the beam transmitted through the
sample. From the observed fringe spacing d, we could deduce the linear
birefringence

on = A/pd (8)

where 4 is the He—Ne laser wavelength.
In our experiment, the samples of azoxybenzene derivatives

(CNH2N+ 10_C6H4_N20_C6H4—'CNH2N+ 10 WIth N = 1, 2, ceey 7)

were purchased from Kodak Co. and recrystallized before use. The nematic-
isotropic transition temperatures Ty remained constant during the measure-
ment and were measured to an accuracy of +0.05°K. The accuracy of the
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FIGURE 2 Refractive indices of the seven azoxybenzene derivatives (N = 1,2,...,7) as
functions of temperature. Ty is the isotropic-nematic transition temperature. For T < Ty,
the upper and lower branches of the curves refer to optical polarizations parallel and perpen-
dicular to the molecular alignment respectively.

refractive index measurements was better than +0.39,. The spacing of the
interference fringes was determined by averaging over 20 £ 0.1 fringes. This
led to a dn accurate to <0.5%,.

The results of our measurements of n, and n, versus temperature for the
seven homologous nematic liquid crystals are presented in Figure 2. The
directly measured linear birefringence data én versus T are shown in Figure
3. In all cases, n; — n, from the refractive index measurements and én from
the linear birefringence measurements agree well within the experimental
accuracy. Our results on the N = 1 and N = 2 compounds agree very well
with those reported earlier.®

As we mentioned in the last section, one can define a macroscopic order
parameter Q = én/An. With a given model of local field correction, Q is then
related to the microscopic order parameter S. Here, we adopted the Vuks’
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FIGURE 3 Linear birefringence on of the seven azoxybenzene derivatives as functions of

temperature.

local-field model.> Knowing én(T), n;(T), and n,(T), we could find from
Egs. (5) and (6) the relative values of S and Q versus T, realizing that Aa/x
should be essentially independent of temperature. Then, for each sample, we
normalized our S value at a temperature sufficiently far below Ty (where Ty is
the nematic-isotropic transition temperature) against the absolute S value
obtained by Pines et al. from measuring the chemical shifts of the '*C NMR
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FIGURE 4 Microscopic order parameter S and macroscopic order parameter Q versus
temperature for the seven azoxybenzene derivatives.

spectra.® The results of S and Q versus T thus obtained are shown in Figure 4.
As an example, we compare our S(T) results for PAA with those of Pines
et al. obtained from NMR in Figure 5(a). We also show in Figure 5(b)
Q(T) and on(T)/An(T,) for PAA, where T, is arbitrarily chosen to be 31°K
below Tx.

In the process of deducing S, we also obtained values of Ax/a for the seven
homologous compounds. They are listed in Table I and plotted in Figure 6
together with the order parameters S(Tx) deduced from extrapolation of
the curves in Figure 4.
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FIGURE 5 (a) Comparison of microscopic order parameters obtained in this work for
p-azoxyanisole (PAA) with those of Pines et al. in Ref. 6. (b) Comparison of Q versus T with
on versus 7 for PAA.
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FIGURE 6 Variations of Ao/@ and S(T) with the number of carbon atoms in the alkyl
chain of the p, p’-di-n-alkoxy-azoxybenzene homologous series.
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Il DISCUSSION

The highly accurate measurements of refractive indices and linear birefring-
ence enables us to obtain the temperature variation of the order parameters
with very good accuracy. The relative accuracy of S and Q shown in Figure
4 is certainly within 1 9. The absolute values of § and Q depend on calibration
of S at one temperature against measurements of Pines et al. which were
accurate to within +3%,.

In deducing the values of S and Q, we have used the Vuks’ local-field model.
We can check the validity of this model by comparing our S versus T curves
with those of Pines et al.®* The NMR experiment of Pines et al. measures the
chemical shifts of !*C spectra from which the microscopic order parameter
can be deduced. As shown in Figure 5(a) for PAA, our results are in excellent
agreement with theirs. Aside from the point at Ty, the highest discrepancy is
about 19/ and is certainly within the experimental uncertainty. The same is
true for all the other homologous compounds we have studied. This shows
that the Vuks® model is adequate for the present application of local-field
correction.

Figure 4 shows a clear difference between the macroscopic order param-
eter Q and the microscopic order parameter S. The difference is due to
local-field correction which is governed by Eq. (6) in the Vuks’ model. In all
cases, Q is larger than S by 0.5-2%;, as it should be.

One may think that the temperature dependence of An in Eq. (2) should be
negligible so that the linear birefringence én versus T measures directly Q
versus T. Actually, this is not true as can be seen in Figure 5(b) comparing Q
with on/An(T,) for PAA where T, = Ty — 30.8°C. The discrepancy between
Q and 6n/An(T,) is however less than 3%, This is also true for all the homol-
ogous compounds. The variation of An over a temperature range of 40°C is
about 4 9. It is presumably due to thermal expansion of the medium. The
latter can be estimated from the expression

N = (3/4m)(n? — 1)/(n® + 2) 9)

since & should be independent of temperature. As an example, we show
Aaversus T for PAA in Figure 7. From the results, we can deduce the thermal
expansion coefficient dV/V dT. We have listed the values of dV/V dT for
the seven homologous compounds in Table . The first two agree well with
those reported in the literature.’

For all the seven homologous compounds, we can fit our data of S versus
T by an equation of the form

S = So(1 — T/T*Y (10)
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FIGURE 7 Variation of 4z.17d/3 with temperature for p-azoxyanisole.

where Sy, 7, and T* are constants to be determined. We have listed the values
of Sy, y,and T — T for all the compounds in Table II. Contrary to what
has been suggested,** we find in no case does S, = 1. As mentioned in
Section I, this means that from the refractive index measurements only, it is
not possible to obtain the absolute values of the order parameter S and the
polarizability anisotropy Aa/x. We note, however, that the exponent y for all
compounds except N = 3 falls in a narrow range between 0.181 and 0.192.
The physical meaning of such a coincidence is not clear to us.

The values of T* — Ty show a zigzag variation as N varies from 1 to 7.
This actually reflects the well known zigzag behavior of S(Tx) among the
homologous compounds resulting from the cogwheel configuration of the
alkyl chains. From either Eq. (10) or simple extrapolation of the curves in
Figure 4 to Ty, we can obtain S(T) for all compounds. They are plotted in
Figure 6 showing explicitly the zigzag behavior. We compare our values of
S(Ty) with those of Pines et al.® in Table I. The discrepancy of ~ 10 % is mainly
due to inaccuracy in our extrapolation procedure and partly due to the larger
uncertainty in the measurements of Pines et al. at Tx.

Figure 6 also shows that Aa/&, the anisotropy of molecular polarizability
normalized against the average polarizability, decreases almost linearly with
the number of carbon atoms in the alkyl chain or with the increase of chain
length. This suggests that the polarizability anisotropy A« mainly comes
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from the core (azoxybenzene) contribution. The covalent bond electrons in
the alkyl chain, on the other hand, contribute more to the average polariz-
ability than to the anisotropy. As a result, the addition of the CH, groups to
the alkyl chain increases & much more than Aa, and so Aa/& decreases with
with N. We can find & and Aa explicitly if 4" is known. It turns out that the
molar volumes of the seven homologous compounds studied here have
actually been measured by Linsert.!! Therefore, from Eq. (9) and our results
on n* and Ao/, we can deduce the values of & and Aa separately. They are
listed in Table I and plotted in Figure 8. As N increases from 1 to 7, & in-
creases almost linearly by a factor of 1.8 while Aa shows a saturable increase
of a factor of 1.18. The saturation of Ax at larger N is presumably because the
waggling end segment of the chain is more disordered than the core. By assum-
ing an order parameter S, which varies along the alkyl chain, Maréelja'®
has calculated S ,/S as a function of N, We can then write

Aa = Aao + (SA/S)NAGA (11)

where Aa, comes from the core and Aa,, from each CH, group in the chain.

60 T T T T T T T
/
]
-3 //
e Aa
O Theory 7
—~ 50+ //f -
e /'/
b /
e e
e yd
; 40— Vol -
I /
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30— -
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FIGURE 8 Variations of & and Ax with the number of carbon atoms in the alkyl chain of the
p, p’-di-n-alkoxy-azoxybenzene derivatives. The solid line is a theoretical fit using Eq. (11).
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Using Mardelja’s values of S ,/S, we can fit the data of Ax versus N with Eq.
(11) in Figure 8, but the result suggests that Marcelja’s values of S /S do not
decrease fast enough with N. The least-square fit gives Axy = 25.6 x 10724
and Aa, = 2.06 x 10724

IV CONCLUSION

Highly accurate measurements of refractive indices and optical anisotropy
together with a local-field model enables us to deduce the temperature
dependence of both microscopic and macroscopic order parameters with
very good accuracy. We have made these measurements on seven homol-
ogous compounds of CyH,y,,O—CsH,—N,O0—CsH,—OCyH;y,,
with N =1, ..., 7. Using the Vuks’ model for local-field correction and
calibrating the microscopic parameter at one temperature against that
obtained by Pines et al. from NMR measurements, we have deduced as
functions of temperature absolute values of both microscopic and macro-
scopic order parameters for these compounds. They agree very well with the
results of Pines et al. on the temperature dependence of the microscopic
order parameters. This shows that the Vuks’ model is adequate in the present
application. Our results also indicate that the use of linear birefringence
on(T) as a direct measure of the temperature dependence of the order param-
eter could lead to a few percent error.

We have shown that for all the homologous compounds, the microscopic
order parameter S as a function of temperature can be described by a simple
equation § = So(1 — T/T*), but §, is not equal to 1 as has been suggested
by others. Our results on the homologous series also yield information about
the effects of molecular structure on the optical properties. We have found that
with increasing N from 1 to 7 in the CyH,y . ; alkyl chain the average polariz-
ability increases by a factor of 1.8 while the polarizability anisotropy only
increases by a factor of 1.18. Using Mar¢&elja’s calculation, we have also been
able to deduce separately the contributions to the polarizability anistropy
from the core and from the CH, groups in the chain.
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