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Dynamic light scattering from liquid crystal polymer brushes
swollen in a nematic solvent
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Surface-attached side group liquid crystal polymer monolayers (‘brushes’) swollen in a nematic
solvent were studied by means of dynamic light scattering. In the temperature range 47.5-66°C,
the swollen brush is nematic while the bulk liquid crystal is isotropic. Under these con-
ditions the light scattering is dominated by the brush. The fluctuations in the brush are 1-2
orders of magnitude slower than the fluctuations in the bulk nematic. The autocorrelation
functions are well fitted by Kohlrausch-Williams—Watts stretched exponentials of the form
exp[(— t/t)’] with a dynamic exponent f in the range 0.6-0.8.

1. Introduction

Polymer surfaces swollen in their environment are very
interesting objects with regard to their structure, their
dynamical behaviour, and the function they may carry
[1]. A particular class of such interfaces are tethered
layers, which consist of surface-attached linear polymer
chains. For high graft densities, neighbouring chains
overlap (‘polymer brushes’) and the chains stretch away
from the surface [2,3]. In good solvents, polymer
brushes swell and are very soft [4].

In liquid crystal (LC) polymer brushes the LC director
field introduces additional complexity into the system
[5]. LC orientation is of particular interest when the
adjacent phase is a low molecular mass nematic liquid
crystal. In this case, the LC orientation at the polymer
surface may be transferred into the bulk phase and the
polymer can act as an alignment layer. Such alignment
layers are key elements in liquid crystal displays [6—8].
Naturally, this possibility has attracted some interest.
Hikmet has described in some detail the use of surface-
attached gel phases of liquid crystal polymers (LCPs) as
alignment layers [9]. Although the interaction of the
bulk phase with the gel surface in general may be com-
plicated, the gel layer provides design flexibility in terms
of the chemical structure and the degree of crosslinking.

* Author for correspondence
e-mail: johannsmann@mpip-mainz.mpgde

In the case of LCP brushes, vertical chain stretching
plays a special role. If, for example, the mesogenic side
groups of a side group LCP brush are preferentially
aligned perpendicular to the main chain, the nematic
director will be parallel to the substrate. If, on the other
hand, the graft density is low and the main chains lie flat
on the surface, forming a ‘pancake’, the nematic director
will be perpendicular to the interface. In addition, the
ordering influence of the polymer chains may compete
with a second, different orienting force originating from
the uncovered portions of the substrate [ 10, 117.

In this work we report dynamic light scattering
measurements on LCP brushes in contact with their low
molecular mass analogues. According to the ‘grafting-
from’ approach, the polymer chains were grown in situ
by free radical chain polymerization from initiator
molecules which were covalently attached to the surface
[12,13]. A laterally homogeneous orientation can be
achieved by strongly rubbing the substrate with a nylon
cloth prior to the immobilization of the initiator [14].
For the light scattering measurements, we have focused
on temperatures between 47.5 and 66°C. In this range
the swollen brush is nematic while the solvent is isotropic
and, as a consequence, the scattering from the nematic
brush by far outweighs the scattering from the isotropic
bulk.

Fytas and other workers have previously investigated
the dynamics of terminally anchored polymer layers
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with evanescent dynamic light scattering. From the
thermal fluctuations of the segment density profile these
authors inferred the dynamic behaviour of the ‘breathing
mode’ [15-17]. In the depolarized light scattering
experiment, orientation fluctuations of optically aniso-
tropic samples are measured. For nematic liquid crystals
these fluctuations result in a much higher scattered
intensity than density fluctuations. The strength of the
scattering mechanism is impressively demonstrated by
the fact that one can collect depolarized light scatter-
ing data under conditions where only the 60nm thick
brush contributes to scattering. In this case the effective
scattering volume is a factor of 1000 smaller than in
regular 3D’ experiments. The high scattering efficiency
in the VH configuration made our experiments much
easier compared with evanescent light scattering, which
entails problems in the analysis because the scatter-
ing vector becomes complex. On the other hand, the
underlying modes of fluctuations are more complicated.

In addressing the dynamic fluctuations in the brush,
we must first ask the question, to what extent is the
brush indeed ‘soft’. We argue that the mere existence of
dynamic fluctuations proves that the brush is swollen.
With regard to the application of the LCP brush as an
alignment layer for LC cells, the dynamic properties
of the brush will clearly enter the dynamic behaviour of
the bulk liquid crystal as a boundary condition. The
dynamics of the interface affects the dynamic response
of the entire cell.

2. Director fluctuations in polymer brushes

In nematic liquid crystals fluctuations of the orientation
and concomitant fluctuations of the dielectric tensor are
the dominant source of light scattering [18, 197]. The
formalism developed for low molecular mass nematics also
holds, in principle, for polymer liquid crystals [20-22].
In a well aligned sample the mesogenic molecules are on
average oriented parallel to the preferred direction given
by the director n,. The instantaneous local orientation
fluctuates around the average orientation by a small
amount, dn(r, f). The concomitant fluctuations of the
dielectric tensor, d¢(r, ¢), strongly scatter light.

In the bulk the eigenmodes of the orientation
fluctuations are given by exponentially decaying harmonic
waves. The intensity autocorrelation function, G*”(q, 1),
of the scattered light is proportional to the autocorrelation
function of the dielectric constant fluctuations, I(q, ?),
given by [23]

1 t,+ T
%(q, 7) = lim ?J de'def(q, )Se(q, £ + £) (1)
t

T— ©
0

where q is the scattering vector, and ¢ is the auto-
correlation time. The asterisk denotes the complex

conjugate. d&;(q, #) is given by the integral

Seie(q, 1) =J d*r exp(iqr)n; de(r, 7) ;. (2)
14

Here V is the scattering volume, n is the polarization
vector, and the indices 1 and f denote the initial and the
final state, respectively. In the bulk, the quantity 8e;¢(q, ¢)
is the Fourier transform of n; 3e¢(r, ¢) n;. Scattering in a
given direction is caused by the individual Fourier
components, the Fourier components being at the same
time the eigenmodes of the orientation fluctuations.

In tethered LCP layers the situation is more complex
because the system is inherently heterogeneous in space.
The boundary conditions strongly come into play [24].
Also, the sample thickness is comparable to the wave-
length of light and the integration over the scattering
volume no longer amounts to a Fourier transform [ 25].
Strictly speaking, the integration over the vertical spatial
component amounts to a discrete Fourier transform
with very poor sampling. Due to these complications we
do not attempt a rigorous quantitative analysis of our
data. However, some general statement about the nature
of the fluctuations may be made.

Perpendicular to the substrate plane, the scattering
volume is of the same order of magnitude as ¢, *. If the
thickness is much less than ¢, ' (for example because
the scattering vector is in the sample plane, see con-
figuration A in figure 1), the situation is simplified
because one can use the relation exp(ig,z)~ 1. Along
the z-coordinate the scattering amplitude turns into an
integral over the director fluctuations. In this case the
scattering is dominated by the mode with the lowest
gradients along z satisfying the boundary conditions.
The higher order modes have nodal planes in the brush,
and the integral leads to a partial cancellation between
regions with an opposite sign of dn(z). Also, the modes
with low gradients are least expensive in terms of the
elastic free energy and therefore have the largest thermal
excitation amplitudes.

The boundary conditions at the bottom of brush are
known. The easy axis is the rubbing direction identified
here with the x-axis. Although we have not measured
the anchoring strength, it seems reasonable to assume
‘strong anchoring’ in the sense that the director is pinned
at the bottom of the brush [267]. This assumption is
corroborated by our finding that randomly aligned dry
brushes have a strong surface memory effect [13,27].
The anchoring conditions at the brush—bulk interface are
degenerate with regard to the azimuthal angle correspond-
ing to twist distortions. With regard to the polar angle
(corresponding to a splay—bend distortion of the brush),
there may be a preferred angle and a non-zero anchoring
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Figure 1. Geometries chosen for the DLS measurements In
both cases the detector was placed 35° away from the
transmitted beam. In geometry A the sample was perpen-
dicular to the incident beam, while in geometry B the
sample was tilted away from normal incidence by 80°.

energy. The degree to which the bend distortion contri-
butes to scattering depends on the scattering angle. The
bend contribution is small for a scattering vector perpen-
dicular to the nematic director (geometry B in figure 1).
Bend contributions couple to shear flow, which is much
suppressed in brushes.

As we will see, the observed correlation functions in
most cases cannot be described by single exponentials.
On a heuristic basis, we fitted the data with Kohlrausch—
Williams—Watts stretched exponentials of the form

G‘Z)(Z)—lwAepr:— (f)ﬂ] (3)
T

where G?(r) is the intensity autocorrelation (AC)
function as measured with the correlator, 7 is the decay
time, and <1 is the dynamic exponent. For mono-
exponential decays f is close to 1. A dynamic exponent
of <1 is frequently encountered in polymer physics
[28]. A is the amplitude of the correlation function

S04

@O _  PMe

—~Or o~ zL1-1008
~ (o]
C \04@/\/\ ZLI-245

Figure 2. Chemical structure of the side group liquid crystal
polymer PM6 forming the brush and the low molecular
mass components ZLI-1004 and ZLI-245. The nematic
solvent ZLI-1052 is a 2:1 eutectic mixture of ZLI-1004
and ZLI-245.

ranging between 0 and 1. The amplitude A4 is less than
1 in the case of heterodyne detection where a static
and a dynamic scattering signal are superimposed. In
our experiments the imperfect alignment and substrate
roughness always introduced some static background.
The static background varied significantly over the
sample surface and further depended on the sample
state. Imperfect alignment causes strong static scattering
when the sample is in the nematic state. In the isotropic
state, this source of scattering vanishes just like the
dynamic fluctuations of the nematic director. The con-
trast of the correlation function 4 depends on the ratio
of the intensity scattered by the ordered liquid crystalline
sample to the intensity of the static background.t For
example, 4 drops sharply around the bulk N-I transition
temperature, Txivux =47.5°C, because the entire cell
scatters below Ty pu While only the brush contributes
significantly above the bulk clearing temperature. The
intensity of the light scattered in the completely iso-
tropic state (T > 66°C) was negligible compared with
the scattering below 66°C.

3. Materials and sample preparation

Figure 2 depicts the chemical structure of the LCP
brush and the bulk nematic solvent. Details of the
synthesis which followed the ‘grafting-from’ technique
are provided in [13]. The surface-attached monolayers
of the polymer PM6 were grown in situ from a covalently
grafted initiator layer. The phenylbenzoate mesogenic
side groups are linked to the poly(methyl methacrylate)-
backbone via a flexible hexyl spacer. Polymerization
was carried out at 60°C in toluene. The substrate was a
BK7 glass slide (Schott, Mainz, Germany). The thickness
of the investigated brushes was around 65 nm in the dry

+ Very fast relaxations which are not resolved by the correlator,
for instance caused by the reorientation of individual molecules,
would have the same effect as a static background. Strictly
speaking, the amplitude 4 is given by the ratio of the ampli-
tudes of scattering inside and outside the experimental time
window.
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state as measured with a profilometer. The brushes were
aligned along the x-axis, i.e. along the scattering plane,
by rubbing the substrate prior to polymer growth [14].

The low molecular mass LC material (kindly provided
by Merck KGaA) has the code ZLI-1052. It is a eutectic
mixture of the two phenylbenzoate derivatives ZLI-1004
and ZLI-245 shown in figure 2. Unfortunately, liquid
crystal polymers are often poorly miscible with their
low molecular weight analogues [29]. Since the meso-
genic molecules are larger than conventional solvent
molecules, the intermolecular cohesive forces are large
and the relative importance of the mixing entropy is
low. In a previous study, we have investigated the
miscibility of the bulk side group LCP PM6 with its
low molecular weight analogue ZLI-1052 by differential
scanning calorimetry and optical microscopy [30]. At
room temperature there is an extended miscibility gap
ranging from a very small polymer fraction to a polymer
content of about 50%, see figure 3(a). Around 65°C the
gap narrows and shifts towards higher polymer concen-
tration; it vanishes at the N-I transition temperature of
the pure polymer. This phase diagram implies that at
room temperature the brush can only swell to about
twice its dry thickness. At the upper edge of the brush
there is a phase boundary where the polymer concen-
tration rapidly drops from about 50% to close to zero,
figure 3 (b).

The light scattering experiments were carried out on
liquid crystal cells with a thickness of about 30 um. The
thickness was adjusted with Mylar spacers between the
two microscope slides forming the cell. Only one cell
surface was coated with a brush; the other surface was
rubbed with a peice of teflon in order also to provide
alignment along the x-axis. The cells were filled with
ZLI1-1052 by capillary action at room temperature.
After filling, the cell was sealed with a UV-curable glue
(B651-0 from Bohle, Haan, Germany). The glue did not
deteriorate in the index matching fluid (trans-decalin)
over a duration of 11 h at 100°C.

In one experiment the brush was replaced by a
spin-cast film of the same polymer as the brush. This
material was prepared from the same monomer, and
the initiator was dissolved in the bulk, rather than
being immobilized on the glass surface. The molecular
weight was 156 000 g mol™ ' with a polydispersity index,
M, [M, ~3.85. The thickness of the spin-cast layer was
100nm as measured with a profilometer. The director
of the spin-cast film was also aligned along the rubbing
direction of the substrate.

4. Experimental
Dynamic light scattering (DLS) measurements were
performed using an ALV goniometer (ALV, Langen,
Germany). We used a frequency-doubled 200 mW

(@)

o Isotropic/ Tvipo=110°C
5
© ol 65°C
@ +
Q. o
e Tou=47.5°C
o) .
- Nematic .
+Nematic Nematic
O (Ppol 1

9(2) ]

.

z

Figure 3. (a) Schematic representation of the phase diagram
of the polymer/ZLI-1052 mixture. ¢,o1 is the polymer
volume fraction. (b) Sketch of the phase boundary at the
brush/LC interface: a meniscus separates the swollen
brush and the almost pure low molecular mass nematic
phase.

Nd-YAG laser (ADLAS, Germany) with a wavelength
of A =532nm. When working on the bulk nematic,
attenuating filters were inserted into the beam to reduce
the count rate of the scattered light to less than 100kHz.
For measurements on the brushes, for which the count
rate was low, all filters were removed. We used crossed
polarizers so that only the depolarized component of
the scattered light was detected. We observed no effects
of laser-induced heating. The sample was immersed into
a cylindrical cuvette fitting the goniometer; it could
be translated and rotated with a special holder. The
cylindrical cuvette was filled with trans-decalin to pro-
vide thermal contact with the thermostat. Moreover,
the refractive index of trans-decalin closely matches that
of glass, reducing static scattering from the outer cell
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surface. The thermostat controlled the temperature to
within 0.1°C. Optical fibres were used to collect the
scattered light. The detector was an avalanche diode
connected to an ALV-5000 digital correlator (ALV,
Langen, Germany); the correlator measures the intensity
autocorrelation function G?(z).

We used two different scattering geometries, A and B
as shown in figure 1. In geometry A the incoming beam
hits the sample with vertical incidence. The detector was
placed at an angle of 35° away from the transmitted
beam. The scattering vector in this case had a magnitude
of 10.6 um~ ' and made an angle of 17.5° with the sample
plane. In geometry B the sample was inclined with
respect to the incoming beam. We placed the detector as
close as possible to the specular reflection, resulting
in close-to-perpendicular orientation of the scattering
vector with respect to the sample plane. The scatter-
ing vector had a magnitude of 10.6pym™"' and made an
angle of 82.5° with respect to the sample surface.

5. Results and discussion

Figure 4 shows two autocorrelation functions dis-
playing the general phenomenology. Both data traces
were obtained on a cell with a 65nm brush in contact
with the bulk solvent in geometry A. At temperatures
below the clearing temperature of the bulk nematic,
47.5°C, we found autocorrelation functions dominated
by the bulk. The decay curves are single exponentials
and look similar to the decay curves found for ZLI-1052
on bare glass slides. When raising the temperature to
above 47.5°C the picture is significantly different. Firstly,
the amplitude of the autocorrelation function drops,
indicating a decrease in the dynamic scattering intensity
relative to the static background; while the entire cell
contributes to scattering below the bulk N-I transition
temperature, only the brush contributes above. Secondly,
the time constants for the decay are much larger for the
brush; apparently, the polymer main chains considerably

1 -0 LELAALLL, LA AALLL IR LLLL BRI LLLLL IR LLLL AR L
e brush + nematic bulk
brush + isotropic bulk

0.0

0.01 0A1 1 10
Time [ms

100 1000

Figure 4. Autocorrelation functions taken in geometry A below
45°C (O) and above 62°C (/\). The bulk N-I temperature
is 47.5°C. The solid lines represent fits with stretched
exponentials according to G (1) — 1~ 4 exp[(— t/7)’].

slow down the processes of relaxation. Also, the decay
is no longer given by a single exponential but rather by
a stretched exponential of the form A4 exp[(— t/t)?] with
a dynamic exponent f less than 1. We attempted to fit
the data with biexponentials but could find no solutions
with an acceptable margin of error. In figures 5 and 6
we show the fitting parameters 7, ff, and 4 as a function
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Figure 5. Decay times 7, dynamical exponents f§, and scatter-

ing amplitudes 4 as a function of temperature obtained
in geometry A.
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Figure 6. Decay times 7, dynamical exponents f§, and scatter-
ing amplitudes 4 as a function of temperature obtained
in geometry B.
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of temperature for the two scattering geometries A and
B. In geometry B the bulk has a longer decay time and a
smaller coefficient ff than in geometry A. Above the N-I
transition temperature of the bulk the general behaviour
is rather similar in the two geometries. The decay time
decreases with increasing temperature, presumably due
to a decrease of viscosity with temperature. The dynamic
coefficient f does not vary much with temperature. The
scattering amplitude 4 shows some variation; however,
A is affected by the static background, which is difficult
to control.

Figure 7 shows the autocorrelation functions as the
temperature is slowly increased through the bulk N-I
transition temperature. When keeping the sample at a
nominal temperature of 47.5°C there is a slow evolution
with time. The true temperature at the sample spot
increases very slowly. At intermediate times we find a
distinctly bimodal decay curve. We attribute the slow and
the fast component to the brush and to a thin wetting
layer of the nematic solvent, respectively. Because the
wetting layer contains very little polymer, it shows
fast fluctuations. Such prewetting behaviour is expected
because the brush and the bulk nematic are chemically
similar [31]. Figure 8 shows an optical micrograph
obtained on a similar cell close to the bulk N-I transition
temperature, corroborating the prewetting interpretation.
The bright circular regions are nematic droplets in an iso-
tropic matrix. In addition to these droplets one observes
a bright region with a diffuse boundary at the bottom
of the micrograph. Interference fringes indicate that the
thickness of this prewetting layer at the brush surface
increases continuously from top to bottom. The fast
dynamic component in figure 7 originates from such a
nematic layer decreasing in thickness with time.

In figure 9 we show data sets gathered around the
N-I transition temperature of the swollen brush at 66°C.
According to the phase diagram from [30], figure 3 (a),

0.8} S A
. —ems T=47°C
N, —T=47.5°C, 1 min
0.6F \ - = =T=47.5°C, 10 min 7
- ‘\' ---- T=47.5°C, 30 min
o4 ‘ ——--T=48°C ]
o
0.2 1
0.0 : *
0.01 0.1 1 10 100 1000
Time [ms

Figure 7. Autocorrelation functions measured close to the
transition temperature of the bulk.

¥

W o
B ‘i\m
Figure 8. Micrographs of a cell showing prewetting behaviour.
The field of view corresponds to about 100 um.
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Figure9. (a) Autocorrelation functions obtained in geo-
metry A close to the transition temperature of the swollen
brush of 66°C. (b) Fitting parameters as a function of
temperature.



18: 00 25 January 2011

Downl oaded At:

Liquid crystal polymer brushes 1359

this transition temperature indicates that the swollen
brush contains about 50% nematic solvent. Presumably,
there is a composition gradient from the top to the
bottom of the brush resulting in a rather broad transition
range of 0.5°C. As the temperature increases the nematic
sheet gradually becomes thinner until the isotropic phase
hits the substrate. As figure 9 (a) shows, the amplitude 4
gradually decreases with increasing temperature. At
the same time, the decay time decreases because the
reorientation becomes faster as the nematic layer thins
out. The coefficient f remains essentially unchanged.
Finally, we investigated the question of whether the
dynamic exponent <1 is an effect related to polymer
dynamics in a very general sense, or whether it is a
consequence of the terminal attachment of the chains
at the bottom of the brush. Gu and co-workers have
worked on bulk side group LCPs in nematic solvents
and found monoexponential decays, despite the presence
of the polymer chains [22]. As figure 10 shows we also
find monoexponential decays when working on a spin-
cast polymer layer instead of a polymer brush. While

(a)

10 LA, B LR ALL | bbbl DL ELEALLL B L B AR
o pure ZLI 1052, 45 °C
- o spin cast LCP, 60 °C
| &  brush + ZLI-1052, 62 °C,
§ 0.5 dry brush, 65 °C
\N/
O]

0.01 01 1 10
Time [ms
(b)
1 T
%) 3 ]
& 1 l' = 1
N F ]
0.1 f » 1 1 . 3
I T ] o 1 1
1.0 - ] -
@- - -
- []
0.5 1 1 1 1
2, o) ) <
Z .
/be Xe/zld‘é X ,O/OO 7/6/2/
< < <1, s, S
’0 ~,0 \,0 2
% % Co

Figure 10. (a) Comparison of the dynamic behaviour in geo-
metry A of the pure nematic solvent, a swollen brush, a
swollen spin-case film of the polymer PM6, and a dry
brush at the temperatures indicated in panel. (b) Fitting
parameters for the various samples.

both dry and wet brushes yield stretched exponentials
with f~0.6-0.7, the swollen spin-cast liquid crystal
polymer shows an almost purely monoexponential decay
with > 0.95. We conclude that the broad distribution
of relaxation times found for brushes relates to the fact
that the polymer chains are covalently tethered to the
substrate. Interestingly, the breathing modes in swollen
polystyrene brushes observed by Fytas and co-workers
also showed monoexponential relaxation dynamics [15].
It should be noted, however, that the dynamic behaviour
of LC-brushes is much richer than the behaviour of
semidilute isotropic brushes, because the director field
can transmit a torque between different chains. A direct
comparison of the dynamics of isotropic and liquid
crystalline brushes is problematic.

6. Conclusions

The depolarized light scattering from liquid crystalline
polymer brushes is so strong that it easily allows one to
probe the dynamical behaviour of 60 nm thick specimens
with conventional DLS equipment. The decay times of
the autocorrelation functions were in the millisecond
range and decreased with increasing temperature. Just
above the bulk N-I transition temperature of 47.5°C, a
thin nematic solvent layer prewets the nematic brush. The
N-I transition of the brush has a width of about 0.5°C,
which is attributed to a polymer concentration gradient
perpendicular to the substrate. The autocorrelation
functions decay according to stretched exponentials
with a dynamic exponent f in the range 0.6-0.8. A com-
parison with spin-cast films shows that the low dynamic
exponent f is related to the covalent attachment of the
chains to the substrate.

F. Benmouna thanks Professor W. Knoll for his
kind invitation to the MPI-P where this work has been
accomplished.
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