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ABSTRACT: Pretransitional order at the free surface of the isotropic phase of a liquid crystalline side-group
polyacrylate was studied by reflection ellipsometry. A large shift of the Brewster angle ¢g to higher values
was observed when the temperature approached the isotropic—nematic transition point, indicating a boundary
layer of large thickness together with negative anisotropy of the dielectric constant. To describe the profile
of the reflecting layer, a model function for the dielectric constant assuming uniaxial symmetry of the layer
and exponential decay of the anisotropy was used, taking into account a roughness of the surface. The data
are well represented by fits to the model, leading to negative values of the nematic order parameter at the

surface.

1. Introduction

The surface of liquid crystals is very sensitive with regard
to the boundary condition. Close to the surface the order
is often different from that in the bulk. Known examples
are boundary layers with smectic order in the nematic
phase! or layers with smectic? or nematic3 order in the
isotropic phase. Studies concern in most cases substrate—
liquid interfaces. There are also some observations of a
special order at free surfaces, i.e., at the liquid-vapor
interface. The effects have been discussed in several
theoretical treatments.®® As observed, and described by
theories, the thickness of the boundary layer increases on
approaching the temperature of the phase transitions. In
the vicinity of the isotropic-nematic or nematic-smectic
phase transitions, which are both weakly first order, two
different surface phenomena can occur: “complete wet-
ting” associated with a divergent boundary layer thickness
or “near-critical adsorption”, leading to a finite thickness
at the transition point (for a first-order transition). In
the case of near-critical adsorption, the thickness of the
boundary layer is given by the correlation length of the
order parameter fluctuations in the bulk. Complete
wetting introduces an additional length, which is deter-
mined by the surface tensions between the coexisting
phases.

Werecently have performed a study of the state of order
at the free surface in the isotropic phase of some low mo-
lecular weight and polymeric nematogenic compounds
applying ellipsometry. Commercially available ellipsom-
eters work at one or several fixed angles of incidence. Model
calculations showed us that the information content of a
measurement increases, if the complete angular depend-
ent reflection curves around the Brewster angle are
registered. We therefore have built for the study an el-
lipsometer with a high angular resolution. The investi-
gation concerned the surface properties of two phenyl-
cyclohexanes and of one LC side-group polyacrylate. For
the low molecular weight compounds we found clear
evidence for a complete wetting of the isotropic phase by
a nematic boundary layer with homeotropic order. The
results have been presented elsewhere.l® This report deals
with the surface properties of the LC polymer. We found
an order different from that of the low molecular com-
pounds, a boundary layer with a planar ordering of the LC
groups.
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Figure 1. Schematic drawing of a PCSA ellipsometer.

2. Experimental Section

2.1. Ellipsometry. Ellipsometry investigates the state of
polarization of a light beam reflected at an interface under
variation of the state of polarization of the incident beam.
Measurements yield the ratio of the reflection coefficients r, and
r, for light polarized within and normal to the plan of incidence.
The result is expressed using the two ellipsometric quantities
tan ¥ and A which are defined as

r,/r, = tan ¥e'* (o)

We have used a PCSA ellipsometer with a variable angle of
incidence. Figure 1shows a schematic drawing of the apparatus.
The quantities A and tan ¥ can be derived from the azimuthal
angles of the polarizer and analyzer for vanishing transmitted
intensity. Details of the techniques are described in the
literature.!! Measurements were performed under variation of
the angle of incidence ¢ in a range of £1° around the Brewster
angle, giving the reflection curves tan ¥(¢) and A(y).

For asteplike change of the dielectric constant e at the interface
A(p) and tan ¥(¢) aregiven by Fresnel’slaw. Ifa beamisreflected
at the free surface of a liquid with dielectric constant ¢, r, and
therefore tan ¥ vanish at the Brewster angle ¢, given by

tan gp = ¢/ 2
tan ¥(pp) =0 3

A shows a discontinuous change from A = 7 (¢ < ¢gp)to A = 0
(¢ > ¢B). Modifications of the profile, as they follow from a
special surface structure, lead to deviations from Fresnel’s law,
which are especially pronounced around ¢p. Ingeneral, A changes
smoothly from = to 0, and tan ¥ does not vanish. In this general
case of a structured surface the Brewster angle is defined as

Alpp) = /2 4
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Figure 2. LC-pAc. Unpolarized excess scattering, showing the
location of the isotropic-nematic phase transition T, Filled
symbols indicate the temperatures of ellipsometric measurements.

The minimum of tan ¥, at an angle ¢min with

it%“ﬁ(¢mm) =0 (5)

is called the “ellipticity coefficient”. Usually ¢min coincides with
¢p or is located very near to it.

2.2. Sample. The sample under investigation was a poly-
acrylate with a benzoic acid phenylene ester side group (LC-
pAc) with the chemical structure

|
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The molecular weight is around 18 000. It was synthesized by
R. Zentel (Fachbereich Chemie, Universitat Diisseldorf). The
compound possesses a nematic phase with a clearing point at 7',
= 115.5 °C. The transition from the isotropic to the nematic
phase occurs within 0.5 K. The nematic phase is frozen at a glass
transition located around 75 °C.

3. Results

In order to determine the transition point, we measured
the unpolarized reflected light. Unpolarized excess scat-
tering shows up in the transition region as a result of the
two coexisting phases. Figure 2 gives the measured
intensity. The clearing point is located at T, = 115.5 °C.
Measurements in the isotropic phase were performed at
the eight temperatures indicated by filled symbols. They
all lie outside the two-phase region.

Figure 3 shows the reflection curves tan ¥(y) and A(g),
obtained between 116.0 and 117.5 °C. On approaching T,
one observes a slight decrease in the ellipticity coefficient,
associated with a comparatively large shift of the Brew-
ster angle to higher values.

The behavior is qualitatively different from that ob-
served on low molecular weight compounds.>® For
comparison, Figure 4 gives the curves tan ¥(y) and A(e)
measured for a phenylcyclohexane (PCH5; compare ref
10). Here the change of the ellipticity coefficient on
approaching T is much larger, but the shift of the Brew-
ster angle is smaller and oriented to smaller angles.
Obviously, the state of order in the boundary layer differs
between the two samples. For a discussion of the data we
have performed calculations of tan ¥(¢) and A(y) for simple
model profiles.

4. Model Calculations

Two types of profiles were selected. The first one
describes a surface, located at z = 0, which is rough rather
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Figare 3. LC-pAc isotropic phase. tan ¥(¢) (a) and A(e) (b)
measured in the range of the Brewster angle at different tem-

peratures in the range from T'= 116.0°C (1) to T = 117.5 °C (8)
as indicated in Figure 2.
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Figure 4. Phenylcyclohexane (PCH5) isotropic phase. tan ¥(¢)
(a) and A(e) (b) measured in the range of the Brewster angle at
different temperatures near T, = 55.0 °C (ref 10).

than atomically flat:

€(z) =1+ (¢,- 1)(1 + tanh (2/7))/2 6

The parameter v specifies the roughness; ¢, is the bulk
dielectric constant. The second profile describes a ne-
matic boundary layer with uniaxial symmetry. Within
the layer the dielectric constant is anisotropic, with ¢,
(polarization along the surface normal) different from e,
(polarization within the surface). We assume an expo-
nential decay of the anisotropy, with a characteristiclength
&

€,(2>0) = ¢, + (2/3)Ac exp(~z/§) )]
€,(2>0) = ¢, ~ (1/3)Ac exp(~2/£) ®

with
Ae=¢,—¢ (z=0) )]

For a given profile the reflectivity curves tan ¥(¢) and
A(¢) can be determined using the matrix algorithm
introduced by Lekner.12 The surface region is described
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Figure5. Reflectivity curvestan ¥(y) (a) and A(¢) (b) calculated
for the profile in eq 6, choosing e, = 2.25 and v = 10 A.
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Figure6. Reflectivity curves tan ¥(¢) (a) and A(¢) (b) calculated
g)r the profile in eq 7, choosing e, = 2.25, Ae = 0.45, and ¢ = 50

as a set of layers with different internally homogeneous
dielectric constants. The total reflectivity follows as a
result of the reflections at all interfaces, which can be
calculated by a matrix multiplication.

Figures 5-7 show some typical examples, obtained for
a wavelength of light of A = 632.8 nm. As demonstrated
by Figure 5, a surface roughness (here ¥ = 10 A) results
in a nonvanishing value of the ellipticity coefficient. It
increases with 4. The location of ¢p remains unchanged.
The model calculations indicate that, given asimple liquid
with a roughened surface, v can be determined with high
precision. This is confirmed by experiments.1?

Figure 6 demonstrates the effect of a nematic boundary
with positive anisotropy, A¢ = 0.45, and Figure 7 that of
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Figure 7. Reflectivity curves tan ¥(¢) (a) and A(¢) (b) calculated
K)r the profile in eq 7, choosing e, = 2,25, Ae = —0.45, and £ = 50

alayer with negative anisotropy, Ae =—0.45. Inboth cases
nonvanishing ellipticity coefficients with similar magni-
tudes are observed. They differ in the direction of the
shift of ¢B, going to lower values for A¢ > 0 and to higher
values for Ae < 0. Hence, starting a measurement at a
temperature away from T., where the boundary layer
thickness becomes essentially equal to the roughness v,
and observing the shift of ¢ on approaching T, enable us
todiscriminate between Ae > 0, which usually corresponds
to a homeotropic nematic order, and Ae¢ < 0, which is
indicative of a planar order. Looking at Figure 3, we
conclude that the sample under study possesses a boundary
layer with planar order, in contrast to the low molecular
weight compound (Figure 4), which has a boundary layer
with homeotropic order. The decrease of the ellipticity
coefficient in Figure 3 is a consequence of the superpo-
sition of the roughness of the liquid-vapor interface (eq
6) and the nematic boundary layer (eqs 7 and 8), as will
be demonstrated in the following.

It is important to check under which conditions ellip-
sometric measurements enable a separate determination
of the two profile parameters Acand £. Figure 8 shows the
result of calculations (¢, = 2.25, A = 632.8 nm). The plot
gives the dependence of the two measured quantities, the
ellipticity coefficient and the Brewster angle, on the model
parameters Ae and £. Lines for constant values of Ae and
£ are indicated. Also given are typical error bars of a
measurement. Use of Figure 8 enables for a given pair of
measured quantities, tan ¥ (¢g) and ¢p, determination of
Ae and ¢, together with the respective error ranges. For
the system under study LC-pAc, the situation is favorable.
Approaching T.leads to small changes of tan ¥ but a large
shift in ¢p (=0.2°). This is indicative of the formation of
a boundary layer with a large thickness on the order of
several hundred angstroms, together with a small (neg-
ative) dielectric anisotropy at the surface. Both param-
etersshow upseparately. Hence, the result of a data fitting
procedure under variation of Ae and 4 appears reliable.
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Figure 8. Ellipticity coefficient tan ¥(¢g) vs Brewster angle ¢p
as calculated for the profile given by eq 7 (¢, = 2.25) for positive
(a) and negative (b) values of Ae. Error bars of experimental
values are indicated.

5. Data Evaluation

We have performed a fitting of the curves tan ¥(¢) and
A(y) measured at eight different temperatures. In order
to account for both the surface roughness and the nematic
boundary layer, we assumed as profile function a super-
position (by multiplication) of the two profiles in eq 6 and
eqs 7 and 8

=1 2\ n
6(2) = 2(1 + tanh 7)9 (2) 10)
€.(z) = l(1 + tanh i)e (2) (11)
X 2 ,Y X

with
,"(2>0) = ¢, + (2/3)A¢; exp(-2/£)
€"(220) = ¢, + (2/3)A¢,
¢, (2>0) = ¢, — (1/3)Ae exp(-z/£)
€."(2<0) = &, — (1/3)A¢

The roughness parameter v was assumed as independent
of temperature. The bulk dielectric constant ¢, changes
with temperature due to thermal expansion. The change
can be derived from the temperature dependence of tan
¥ at angles away from the Brewster angle range. We found
a value

de/dT =-9x 10 K™

For the highest three temperatures of the series (116.8,
177.0, and 117.5 °C) the curves tan ¥(¢) and A(y) remain
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Figure 9. LC-pAc isotropic phase. Temperature dependence
of the anisotropy Ae at the surface.
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Figure 10. LC-pAcisotropic phase. Temperature dependence
of the thickness £ of the nematic boundary layer.
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Figure 11. Profiles of the nematic boundary layer correspond-
ing to the parameters given in Figures 9 and 10.

unchanged. It appears that the effect of the nematic
boundary layer here is negligible. We therefore used these
curves for a determination of the constant parameters v
and ¢ (T = 117.5 °C). Application of a standard non-
linear fit procedure yielded the values

y=152%+06A
¢ = 2.5287 + 0.0002

The temperature-dependent parameters Ae(T) and £(T)
were then derived from the measurements at 7' = 116.0~
116.4 °Cbyacurvefitting. The results are given in Figures
9 and 10. One observes low negative values for the ani-
sotropy at the surface, A¢, and quite large values for the
decay length ¢£. Figure 11 gives the resulting profiles in
terms of the anisotropy Ae(2) = ¢,(2) - €(2). Figure 12
demonstrates that the model provides a good represen-
tation of the measured curves.
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Figure 12. LC-pAc. Representation of measured curves tan

¥(¢) by the model calculation.

6. Discussion

The data evaluation, together with the model consid-
erations presented in section 4, provides evidence for the
formation of a nematic boundary layer in the vicinity of
T.. The layer possesses a planar orientation; i.e., the LC
side groups are preferentially oriented along the surface.
The degree of orientation is only small; the thickness of
the boundary layer, however, is quite large, with values on
the order of several hundred angstroms.

There is a pronounced increase of the surface excess
order on approaching T,. Forthe L.C polymer understudy,
which shows a broader transition range than low molec-
ular weight nematogens, it appears difficult to discriminate
between a complete wetting, which would be indicated by
a divergence of the boundary layer thickness, and critical
absorption, associated with a finite thickness at T, A
distinction on the basis of the different profiles expected
for the two different surface ordering mechanisms is also
unfeasible. It was possible to determine separately the
anisotropy at the interface and the boundary layer
thickness, but more detailed information on the profile
can hardly be obtained.

The question of the state of order at a free surface and,
in particular, of the preferred molecular orientation, ho-
meotropicor planar, has been recently discussed by Tjipto-
Margo et al.1* The molecular alignment in the boundary
layer is related to the spatial orientation dependence of
the intermolecular potential. In the framework of the
Maier-Saupe theory, the (attractive) interaction energy
depends only on the angle enclosed by the long axes of the
two molecules (for a constant distance) and is isotropic
with regard to the relative positions of the centers. No
preferred surface orientation is expected in this case. The
situation changes if the interaction is spatially anisotro-
pic, i.e., if the interaction depends also on the direction
of the intermolecular vectors (relative to the long axes).
Theory predicts a planar orientation if the potential energy
between two equally oriented molecules is at its minimum
for a collinear setting (one molecule above the other). A
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homeotropic orientation in the boundary layer is expected
if the minimum occurs for the side by side position.
Differences in the interaction energy may well exist
between low molecular weight and polymeric nematogens
and result in the observed different boundary layer
orientations.

There are two possible forms of a nematic boundary
layer with planar orientation.!* In the first case the ne-
matic director is oriented along the surface normal; there
is a total disordering of the molecular orientations with
respect to directions parallel to the surface. The second
case is given if the nematic director is aligned parallel to
the interface. In this case the uniaxial symmetry with the
surface normal as the symmetry axis is broken. There
were no indications in the experiment speaking for a
breakdown of the uniaxial symmetry. Hence, we either
deal with the first case or the second case with variable
director orientations within the surface region probed by
the laser beam (1 mm?). A distinction appears difficult.
The data evaluation was based on the simpler system,
given by the first case.

A last remark refers to the large value found for the
boundary layer thickness {£. Principally, not only the L.C
side groups but also the polyacrylate main chain will show
a preferred orientation, either within or normal to the
surface. The large values for £ can be understood as an
indication for a preferential orientation of the main chain
normal to the surface.
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