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ABSTRACT: The static structures and switching dynamics of a side chain ferroelectric liquid crystalline
polymer (PSiOFLC) were investigated by using time-resolved optical waveguide spectroscopy (TROWS).
A good alignment of the mesogenic side chains was obtained by a shearing procedure. The liquid
crystalline phases of PSIOFLC were characterized by determining the dielectric tensor diagonals of
PSIOFLC, in which the contribution of the main chain to the optical anisotropy could be neglected. The
PSIOFLC layer in the S phase could be treated as a uniaxial refractive index ellipsoid which aligned
parallel to the substrate plane with bookshelf structure. The PSIOFLC layer in the Sc+ phase under the
large electric field was also considered as a uniaxial ellipsoid model. The transient waveguide mode
patterns of PSIOFLC were successfully obtained with a millisecond time resolution. During the
reorientation, the smectic layer structure changed from bookshelf to chevron and then back to the bookshelf
structure. The slowness of the switching time was attributed to a “polymer effect” in which the polymer
backbones lying in the smectic layer plane act as a “hook” to restrict the motion of side chains due to the
binding of the mesogenic moieties to the polymer backbone, resulting in the increase of viscosity.

Introduction

Ferroelectric liquid crystalline polymers (FLCP) have
attracted much attention, e.g., in nonlinear optics,
optical storage, electrooptic devices, and large area
liquid crystal (LC) displays. Side chain FLCPs have
been extensively synthesized and studied by various
groups for 1 decade.’~*> The backbones of these poly-
mers are flexible chains such as polyacrylates,1=3.6.15
polymethacrylates,1=3.6.8.11.12 polysiloxanes,”°12 poly-
(vinyl ethers),’® and poly(oxyethylenes).!* The me-
sogenic moieties which show ferroelectricity in the low
molecular mass LC are attached to the polymer back-
bone through a flexible spacer. The static behavior in
the FLCP has been studied not only in the bulk but also
in the monolayer, using optical microscopy, X-ray dif-
fraction, and differential scanning calorimetry.16-25

As for the study of the dynamic properties of these
polymers, time-resolved Fourier transformed infrared
(FT-IR) spectroscopy?6~28 has revealed that the polymer
backbone moves with the motion of the mesogenic side
chains under an external electric field. Here we de-
scribe the optical characteristics of a side chain FLCP
in each phase. The dynamics of the polymer under an
alternating electric field have been investigated through
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the analysis of the transient data of time-resolved
optical waveguide spectroscopy (TROWS).

Experimental Section

Sample Preparation. The molecular structure of the
sample used is given below. The polymer has a polymethyl-
siloxane main chain containing alkyl spacer and (2S)-2-
methylbutyl 4-(4'-hydroxybenzoyloxy)benzoate mesogenic side
groups. The molecular weight was about 30 000, which was
obtained by gel permeation chromatography (GPC) and cal-
culated using a polystyrene standard; one polymer chain
consists of ca. 50 monomer units. Hereafter the polymer is
abbreviated as PSiIOFLC. The phase transition temperatures
of PSIOFLC were determined by polarized microscopy as
summarized below the chemical structure. The range of the
Sc+ phase is much wider than that of the relevant low
molecular mass ferroelectric liquid crystal (FLC) due to the
polymerization of monomeric mesogen groups.

GHs
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(CH2)100—~(O)—C02—(0)—CO2CHCH-CaHs

Mw = 3.2 x 10°, Mn=2.5 x 10", Mw/Mn = 1.28
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Figure 1. Schematic illustration of the sample cell structure
used in the current study. The polyimide (PI) layer was not
rubbed. The thickness of each layer is listed in Table 1.

An optical waveguide cell of PSIOFLC was fabricated as
explained previously.?® The PSIiOFLC was sandwiched be-
tween two glass plates by a capillary effect at the isotropic
phase above 140 °C; it took 7—8 h for preparation. A polyester
(PET) film was used as a spacer. The cell spacing was adjusted
to keep the number of the interference fringes observed on the
top gold layer as small as possible.

For investigating the molecular reorientation of the FLCP,
it is vital but often difficult to obtain a well-aligned optical
cell. In the present case, rubbing of the precoated alignment
layer was not useful. We tried to orient the mesogenic groups
by applying an alternating shearing force3® along one direction
at the isotropic—Sa phase transition temperature during the
cooling process at 0.2 °C/min, but severe damage of the gold
layers and distortion of the uniform cell spacing often occurred.
The polyimide (PI, AL1524H, Japan Synthetic Rubber Co.)
layer was coated to a thickness of ca. 150 nm, and the
thickness of PSIOFLC was approximately 7.0 um so as not to
damage the optical cell. The cell thus obtained was coupled
with a right-angle prism (BK-7) by using index matching oil
as illustrated in Figure 1.

Measurement. The procedure of the optical waveguide
measurement to obtain an angle-dependent reflectivity (not
time-resolved) has been outlined previously.3! In this section,
only the time-resolved measurement for the PSiOFLC cell is
explained.

The time-resolved measurement was performed in the Sc«
phase. As an incident beam, linearly polarized light from a
He—Ne laser (632.8 nm) impinged on the PSIOFLC cell. An
alternating rectangular voltage was applied to the PSiOFLC
cell from a function generator. The signal, i.e., the intensity
of the reflected light from the prism coupler was detected by
a photodiode and time-resolved through a transient memory
synchronized with the applied voltage. We did not use a
polarizer in front of the photodiode; thus, the total reflectivity,
not a component of polarization, was monitored in the mea-
surement. The increment of the incident angle was fixed at
0.2°, and acquisition of the signal was repeated seven times
with a 3.0 ms time resolution; 1.5 h was needed for scanning
the incident angle from 35° to 55°. As for polarization of the
incident beam, either a TE (transverse electric) field or TM
(transverse magnetic) field, i.e., s- or p-polarization was used.

Coordinate System. The coordinate system of the sample
cell with respect to the laboratory measurement coordinate
system is as follows. The polarized microscopic observation
revealed that in the S, phase the mesogenic side chains were
aligned toward the direction perpendicular to the shear
direction. Therefore as shown in Figure 2(a), the Y axis is set
to coincide with the shear direction. The direction of the
incident light beam is given by the angle § between the X axis
and the projection of the light beam on the XY plane. This
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Figure 2. (a) Coordinate system for the optical waveguide
measurement. The black rod depicts the director in the Sa
phase; (b) The coordinates of the director of PSiOFLC in the
Sc+ phase. Three angles (6, ¢, y) represent the cone angle, the
azimuthal angle, and the smectic layer tilt angle.

Table 1. Optical Parameters for Each Layer in the
Isotropic Phase at T = 139 °C

BK-7  Au(top)  Au(bottom) Pl

PSIOFLC

ea 2.296 -11.818 -11.816 2560  2.289
e 0.000 1.433 1.254 0.000  0.000
d° (nm) 318 442 1437 7479

a The real part of the optic dielectric constant. ® The imaginary
part of the optic dielectric constant. ¢ The thickness of each layer.

means that at § = 0° the plane of incidence is parallel to the
smectic layer normal (parallel to the director of mesogenic
group), while at § = 90° the plane is perpendicular to the
director.

Results and Discussion

1. Optical Characterization of Each Phase. 1.1.
Isotropic Phase. Figure 3 parts a and b show
waveguide mode patterns in the isotropic phase at T =
139 °C. The polarization of the incident light was,
respectively, (a) s-polarization or (b) p-polarization.
Since PSiOFLC is optically isotropic at T = 139 °C, the
polarization of the incident light was kept in the
reflected light, which resulted in a series of sharp dips
in parts a and b of Figure 3. The optical parameters of
each layer except for the PSIOFLC layer were deter-
mined by the surface plasmon and the optical guided
wave measurement before inserting the PSIOFLC be-
tween the two substrates. The refractive index of
PSIOFLC at T = 139 °C was evaluated from the fitting
with the curve calculated by the Fresnel theory3? (solid
lines in parts a and b of Figure 3). The thickness of
the PSIOFLC was precisely determined as 7.479 um.
All these parameters are summarized in Table 1.

1.2. SaPhase. Inthe Sa phase the mesogenic groups
form the so-called bookshelf structure in which they
tend to align toward the direction perpendicular to the
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shearing direction and parallel to the substrate plane
as mentioned in the Experimental Section. In a polymer
system, as observed by neutron scattering and X-ray
diffraction measurements,3® the main chains are nor-
mally located between the mesogenic layers, orienting
perpendicular to the direction of mesogenic long axis.
These facts indicate that both the optical anisotropies
of the main chains and side chains must be taken into
account in the Sa phase. However, it is still ambiguous
how the polymer backbones as well as the mesogenic
side chains affect the optical anisotropy in the Sa phase.
The contribution of the polymer backbone to the optical
anisotropy remains to be estimated.

To evaluate the optical anisotropy of the polymer
backbone, the intrinsic (or specific) birefringence of the
chemical bonds is evaluated with

_27Np

oM (n2 + 2)2((10 B aa)/n 1)

Ang=n,—n,

where Ang is intrinsic birefringence, n, and n, are
refractive indices parallel and perpendicular to the bond
direction, respectively, N is Avogadro's number, p is
density; M is molecular weight per bond unit, n is
refractive index of the material, and o, and o, are
molecular polarizabilities parallel and perpendicular to
the bond direction. It should be noted that n. and n,
are the values when the polymer backbone is perfectly
stretched out while n is the averaged value. The
following values were used in order to obtain the
intrinsic birefringence for the backbone of Si—O bond-
ing: M = 74.1 for the monomer unit, p = 0.970, n =
1.4035 and o, — oz = 0.96 x 10725 c¢cm3 from the
published data for poly(dimethylsiloxane),3* resulting
in the value Anp = 0.0061. The physical meaning of
the intrinsic birefringence Ang is that it is the maximum
value when the main chains perfectly align along one
direction (presumably shearing direction in this case).
The magnitude of Ang obtained seems rather small
compared with those for other polymer backbones (e.g.,
0.21 for polyester, 0.060 for nylon, 0.058 for polyethyl-
ene, and so on). This implies that the siloxane chain
has very little birefringence effect on the optical ani-
sotropy of PSIOFLC in the Sa phase; that is, the polymer
backbone acts as an isotropic medium in the Sa phase
from the optical point of view. This conclusion allows
us to employ the model that the refractive indices of
PSiOFLC can be regarded as a refractive index ellipsoid,
the anisotropy of which is mostly attributed to the
orientation of the mesogenic side chain groups. Herein
the optic tensor of PSiOFLC in the liquid crystal phase
is defined as diagonal components ¢ parallel to the
mesogenic long axis and €yy and ¢, perpendicular to it.

Figure 4 shows waveguide mode patterns for (a)
s-light and (b) p-light in the Sa phase at T = 120 °C
and f = 90° at which the probe beam propagates
perpendicular to the direction of the mesogenic units.
Waveguide mode patterns were obtained from two
directions of incident light at § = 0° and 90° (the result
of f = 0° was not shown here) using s- and p-light. At
B = 90° the incident light polarization coincides with
the principal axes of the optic dielectric diagonals of
PSIOFLC. Therefore, there was no optical coupling
between s- and p-polarized fields, giving rise to a simple
waveguide mode pattern similar to that in Figure 3; no
additional shallow dips appeared. For the radiation of
s-light from g = 90°, only one component of the optic
dielectric tensor of the PSIOFLC, €4, contributes to the
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Figure 3. Waveguide mode patterns in the isotropic phase
at T = 139 °C for (a) s-light and (b) p-light.
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Figure 4. Waveguide mode patterns in the Sy phase at T =
120 °C for (a) s-light and (b) p-light.

Table 2. Optic Dielectric Diagonals of PSIiOFLC in the
Sa Phase at T = 120 °C

Exx Eyy €72z
€ 2.542 2.257 2.257
€’ 0.005 0.002 0.002

waveguide mode pattern shown in Figure 4a, whereas
for p-light ¢, and ¢, relate to the waveguide mode
pattern in Figure 4b. The solid curves shown in parts
a and b of Figure 4 were calculated with the Fresnel
equation®? and the obtained dielectric diagonals (exx, €yy,
€zz) were summarized in Table 2. The theoretical curves
in both parts a and b of Figure 4 are in good agreement
with the experimental data. From these results, the
PSIOFLC in the Sp phase can be expressed by a uniaxial
optical ellipsoid model where the mesogen long axis is
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Figure 5. Top: Waveguide mode patterns for p-light in the
Sc+ phase at T = 95 °C under an electric field of (a) —20 V and
(b) +20 V. Bottom: geometry used for the calculation of the
solid lines in the upper parts of Figure 5.

oriented toward the direction parallel to the substrate.
The waveguide mode pattern was broader than that in
the isotropic phase, in particular for s-light. This could
be caused by the inhomogeneity of molecular orientation
and cell spacing resulting from the shearing procedure.
In this instance, we introduced a small amount of
imaginary part into the optic dielectric diagonals in
order to reproduce the experimental data. These are
also listed in Table 2, but it should be mentioned that
these imaginary values are apparent and would be zero
if the alignment technique is more improved. There are
some differences in the imaginary part between the
parallel and perpendicular components. This will be
discussed later.

1.3. Sc+ Phase. In the Sc+ phase are tilted the
mesogenic moieties from the smectic layer normal, and
the tilted director is turned with a given constant
azimuthal angle in passing from one layer to the next.
Consequently the trace of the director forms a helix. The
layer structure is also deformed from a bookshelf to a
so-called chevron geometry where the smectic layer is
bent at the middle of two substrates. When a large
external electric field is applied to the PSiOFLC cell,
the helicoidal structure of the director is unwound and
the layer structure can be rearranged from the chevron
to the bookshelf structure as well as in the case of the
low molecular mass FLC (3M2CPOOB),2° making the
analysis in the Sc+ phase easier. In practice, a sufficient
large electric voltage +20 V was applied to the PSIOFLC
cell. An attempt to apply a voltage larger than 20 V
was unsuccessful because such a high electric field gave
rise to destruction of the smectic layer, probably due to
ionic impurities. The contribution of the polymer
backbone to the optical anisotropy was also assumed to
be negligible in the Sc+ phase.

Figure 5 shows waveguide mode patterns for p-light
under an electric field of (a) —20 V and (b) +20 V. These
patterns were obtained at § = 90° and T = 95 °C.
Because the director of PSiOFLC is titled away from
the X axis, the effect of off-diagonal components of the
dielectric ellipsoid must appear in the waveguide mode
patterns, which would cause additional dips due to the
p—s coupling in the PSIOFLC layer. In the present
case, however, no additional dips were observed in both
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Table 3. Optic Dielectric Diagonals of PSIOFLC in the
Sc+ Phase at T = 95 °C#2

Exx €yy €27 6 (deg)

—20V 2.605+ 0.006i 2.263 + 0.002i 2.263 + 0.002i 20.0
+20V 2.605+ 0.006i 2.263 + 0.002i 2.263 + 0.002i 20.0

2 The angle 0 is the cone angle. The PSIOFLC layer has a
thickness of 7.565 um. This means that the amplitude of the
electric field was 2.64 x 10* V/em.
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Figure 6. Subtraction of the waveguide mode patterns
R(—E) — R(+E) for p-light.
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parts a and b of Figure 5. This is due to the optical
parameters of the PSiOFLC layer, i.e., the thickness and
the refractive indices given in Table 3, which made the
p—s coupling very weak. The solid curves were calcu-
lated with the geometry depicted in the lower sections
of parts a and b of Figure 5 using the optical parameters
summarized in Table 3.

The experimental data in parts a and b of Figure 5
suggest that the waveguide mode patterns are identical
since the orientation of directors at E = +20 V is
symmetric with respect to the plane of incidence as
shown in parts ¢ and d of Figure 5, but the detailed
analysis clearly shows that there are slight differences
between two waveguide mode patterns for the alternat-
ing electric field. Figure 6 shows the plots of R(—E) —
R(+E) for p-light where E = +20 V. Although we set
angle B to be exactly 90°, the real direction of the
incident light was 1.0° away from the Y axis, as denoted
in parts c and d of Figure 5, which is the experimental
limit for the accuracy of setting angles. The theoretical
curves are in good agreement with the experimental
data in Figures 5 and 6.

The director was tilted by 20.0° away from the smectic
layer normal (the X axis) with the bookshelf geometry.
The thickness of the PSIOFLC was also evaluated as
7.565 um, that is, the amplitude of the applied electric
field was 2.64 x 10* V/cm. The results imply that under
the high electric field the optic dielectric diagonals of
PSIOFLC can be treated as a uniaxial ellipsoid model
aligned parallel to the substrate.

2. Switching Process. Our goal is to understand
the molecular motion of the PSiOFLC under the influ-
ence of the alternating electric field. For example, (1)
how does the mesogenic side chain hanging on the
polymer backbone rotate around the cone? (2) What
kind of conformation can be considered from the mo-
lecular motion of the PSiIOFLC? Figure 7a shows time-
resolved waveguide mode patterns for s-light. The cell
alignment was the same as that in Figure 5: § = 90°.
An alternating large electric field V,, = 5.29 x 10* V/cm
and 1 Hz frequency was applied to the PSiOFLC cell.
The values given on the right side of each graph indicate
the time after the reversal of the polarity of the electric
field from —2.64 x 104 to +2.64 x 10* V/cm. The time
response of the PSIOFLC was seen in several tens of
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Figure 7. Time-resolved waveguide mode patterns for (a)
s-light and (b) p-light. The geometry of the incident light was
the same as that in Figures 5: § = 90°.

millisecond range. The reason for the slowness will be
discussed in section 2.5. Judging from the position of
the resonance angle in Figure 7a, the resonance angles
shift toward smaller angles until 30 ms and then return
to the original positions in around 300 ms. The angle
shift is only 1.0° at maximum and the waveguide mode
patterns seem to change monotonically. However, this
slight change does include detailed information about
the switching dynamics of the PSiOFLC mesogenic side
chains. As shown in Figure 7b, we measured the other
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Figure 8. Effect of the rotational direction for the director of
the PSIOFLC layer. The solid lines of each graph were
calculated with the model illustrated in Figure 9. For details,
see text.

waveguide mode patterns with p-light, fixed at 5 = 90°.
The opposite movement of the resonance angle position
against the case of s-light was seen. To analyze the
switching process of the PSiOFLC, we tried to fit both
TROWS data in the next section.

2.1. Data Analysis. The assumptions and defini-
tions were made for the analysis of the transient
waveguide mode patterns as follows:

The orientation of the director in the PSiOFLC layer
is represented by a dielectric tensor in the dynamic
states as well as both in the initial and final states. The
geometry of the director is defined with three angles;
the cone angle 6, the azimuthal angle ¢, and the smectic
layer tilt angle y. The geometry of the director is
depicted in Figure 2b. We divided the PSiOFLC layer
into two regions. This means that the transient layer
structures of the PSIOFLC layer are expected to be
deformed into a chevron geometry during the reorienta-
tion as elucidated for the low molecular mass FLC.2°
The total thickness of the PSIOFLC layer is kept
constant throughout the reorientation process. The sum
of the optic dielectric diagonals is also assumed to be
constant. The numerical calculation of the angle-
dependent reflectivity was done with the modified
Berreman 4 x 4 matrix method, which is described in
detail elsewhere.3®

2.2. Rotational Direction during the Reorienta-
tion. Let us determine the direction of the rotational
motion of the mesogenic groups around the smectic cone.
Figure 8 shows the dependence of rotational direction
on the transient waveguide mode pattern at t = 42 ms.
The solid lines are theoretical curves calculated with
the rotational models as depicted in Figure 9: (a) the
mesogenic moieties rotate uniformly in the whole PSiOF-
LC layer with the bookshelf structure; (b) the mesogenic
groups rotate simultaneously in the chevron structure;
(c) the director rotates uniformly with the oblique
bookshelf structure; (d) the mesogenic groups rotate
toward the opposite direction between the top and
bottom halves of the PSiOFLC layer. There are clear
differences among parts a—d of Figure 8. Figure 8d
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Figure 9. Model of the director rotation used in Figure 8.
The layer structures are (a) a bookshelf structure, (b) a chevron
structure, (c) an oblique bookshelf structure, and (d) a chevron
structure. The smectic layer tilt angle was 5.7° for all graphs
except for part a.

(a)

- X X

Figure 10. Optical rotational model for the PSIOFLC. The
optic dielectric ellipsoid is tilted as shown in the right side of
part a, while the dielectric ellipsoid on average reorients within
the XY plane as shown in the right part of part b.

shows the best fitting among them, supporting the
counterrotation of the directors in the chevron structure.
This is the same as observed for 3SAM2CPOOB, probably
attributed to the same surface effect of the substrate
since both the 3M2CPOOB and the PSiOFLC layer were
sandwiched between the same PI layers. Another
plausible reason for the counter rotation is that the layer
structure still has the memory of the previous chevron
form at the beginning of the rotation. This means that
the bookshelf structure under the electric field was not
a perfect one, in particular at the interface with the
substrate. Anyway the counterrotation model thus
obtained will be applied to the following analyses.
2.3. Effect of the Molecular Motion. Comparison
of each transient mode pattern, in particular from the
viewpoint of the resonance angles in Figure 7, revealed
that the waveguide mode pattern at 30 ms corresponds
to that at the middle of the rotation, because the
resonance angle starts going back toward the original
position at this moment. In this section we discuss the
mode of the motion of the mesogenic groups. Two
models were considered as shown in Figure 10. One
possible model is illustrated on the left side of Figure
10a. The polymer backbone lies between two smectic
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Figure 11. Fitting results for the subtraction Rs(t) — Rp(t)
obtained from the rotational model illustrated in Figure 10.

layer planes (the YZ plane). The director tip always
points at the top of the cone which corresponds to the
joint of branch from the polymer backbone. Two me-
sogenic side chains reorient around the cone synchro-
nously with each other in the adjacent layers, fixing one
end of the side chain to the polymer backbone. The
other is the model that the mesogenic units rotate on
the cone surface in opposite directions to each other as
shown on the left side of Figure 10b. The rotational
directions of the two directors are assumed to be
opposite at the observation from the plus X axis. Each
rotational model for the mesogenic units can be optically
transfigured as follows. As shown on the right side of
Figure 10a, an optical ellipsoid rotates around the
smectic cone, keeping each component of diagonals,
while in Figure 10b an optical ellipsoid on average
moves on the XY plane.

To obtain a better fitting, we employed the difference
of Re(t) and Ry(t), i.e., Rs(t) — Rp(t) at 30 ms. The time
30 ms corresponds to the midpoint of the reorientation
as mentioned above. The fitting curve shown in Figure
1la is in good agreement with the experimental data.
The theoretical curve in Figure 11b was calculated with
the switching model shown in Figure 10b. This is not
the case. The reason for the large difference between
parts a and b of Figure 10 arises from the difference in
the magnitudes of the dielectric diagonals. In Figure
10a, the components of the dielectric tensor are (exx, €yy,
€;) = (2.579, 2.276, 2.276), while the average compo-
nents in Figure 10(b) are (exx, eyy, €27) = (2.543, 2.276,
2.312). These findings indicate that the mesogenic side
chains rotate around the smectic cone in the same
optical mode as the reorientation of the low molecular
mass FLC. In other words the side chains reorient
around the cone, keeping the balance at the center of
gravity. This also indicates that the polymer main
chain has little effect on the rotational mode of the
mesogenic groups, although the switching rate becomes
very slow due to the restriction from the polymer chain.

2.4. Effect of the Layer Structure. 2.4.1. Smec-
tic Layer Tilt Angle. Figure 12 shows the effect of
the smectic layer tilt angle on the reflectivity curves.
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Figure 12. Effect of the smectic layer tilt angle i on Rg(t) —
Rp(t); the tilt angle gradually increases as follows: (a) 0.0°,
(b) 4.0°, (c) 8.0°, and (d) 12.0°.

To analyze the transient waveguide mode pattern we
use the difference Rs(t) — Ry(t) defined in section 2.3.
In Figure 12a the theoretical curve was obtained using
the model in which the mesogen moieties reorient
around the cone constrained in the bookshelf structure.
However, as described in section 2.2 and shown in
Figures 8 and 9, the smectic layer is bent at the middle
of the cell and takes a chevron structure during the
reorientation. Such transient deformation (bookshelf—
chevron—bookshelf) is called “layer buckling” during the
reorientation. Parts b—d of Figure 12 show the tilt
angle dependence of reflectivities at the midpoint of the
reorientation. The values given in the caption of Figure
12 are for the layer tilt angles, by which the layer plane
is tilted like a chevron. From the fitting, Figure 12c
gave the best fit, signifying that the maximum smectic
layer tilt angle was ca. 8.0° at the middle point of the
reorientation.

2.4.2. Position of the Chevron Cusp. We discuss
the effect of the cusp position in the chevron structure
on the curve of Rs(t) — Rp(t). In the case of the low
molecular mass FLC (3M2CPOOB), the alignment of the
molecules could be obtained by the two alignment layers
which were rubbed in the same way.?® The surface
effect from each substrate on the FLC layer is therefore
equivalent. In the case of the polymer FLC, however,
the effect of the shearing procedure must be considered;
only the bottom glass substrate was moved during the
shearing procedure while the top substrate was fixed.
This may cause an asymmetric influence to the FLCP
from the top and the bottom surfaces, thus the position
of the chevron cusp may not be at the center of the cell
thickness. From the fitting shown in Figure 13, the
cusp in the cell was estimated to lie at a distance of 42%
thickness from the top surface. As Rieker et al. men-
tioned,3¢ the asymmetric cusp in the Sc+ phase might
be caused by the oblique bookshelf structure in the Sp
phase. If thisis the case, the tilting of the smectic layer
would be observed in the Sa phase, but actually no layer
tilting could be detected in the Sa phase.

2.5. Effect of the Optical Parameters. According
to these reorientation models, the transient waveguide
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Figure 13. Effect of the chevron cusp position on Rs(t) —
Rp(t). The position of the chevron cusp changes as follows: (a)
33%, (b) 42%, (c) 50%, and (d) 59%.

mode patterns were analyzed over the whole time range
observed. Figure 14 shows the fitting results for both
(a) s-light and (b) p-light. The theoretical curves are in
good agreement with the experimental data obtained
each time, although the simplified two-layer analysis
was used. Next the dynamic properties of the PSiOFLC
layer will be discussed in detail using the optical
parameters obtained from the fitting.

2.5.1. Azimuthal Angle. Figure 15 shows the time
dependence of the optical parameters obtained from the
fitting: (a) azimuthal angle and (b) smectic layer tilt
angle. As is obvious in Figure 15, the mesogenic side
chains reorient around the cone in the millisecond
range. Xue et al. reported an equation of the cone
motion with respect to the azimuthal angle ¢, which is
given in eq 2, neglecting the small contribution from

9 _ e sin o+ (AVE? sin? g <
dt—PEsm¢+(4ﬂ)E sin“@singcosg (2)

the moment of inertia and the surface interactions,3”
with # being the rotational viscosity, Ae the dielectric
anisotropy at low frequency, E the electric field applied
to the liquid crystal cell, and P the magnitude of the
spontaneous polarization. The solid line in Figure 15a
was obtained using eq 3, which is the numerical solution

1 [, tan(¢2)
V=T Man (902)

aln

(1 + acos ¢) sin ¢,
(1 + o cos ¢) sin ¢ 3

for eq 2, with v = y/PE, ¢o = ¢(t = 0), and a =
AeE(sin?0)/(47P). When the proper parameters were
chosen, a good agreement of both the azimuthal angles,
calculated and observed, was found, although the con-
tribution of the smectic layer tilt angle v is neglected
in eq 2. In the case including the layer tilt angle, the
two right terms in eq 2 are multiplied by cos v and cos?
. The maximum tilt angle was y = 8.0°, at which the
values of cos y and cos? y are 0.99 and 0.98, respec-
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Figure 14. Fitting results of the transient waveguide mode
patterns for (a) s-light and (b) p-light.

tively. This is the reason for the good agreement was
seen between the experimental data and the theoretical
curve of eq 3. From the fitting, not only were the
parameters 7 = 9.6 ms, ¢o = 0.5°, and o = 0.75 were
obtained, but also the rotational viscosity was estimated
as 5.08 Pa-s.38 Comparing this value with the rotational
viscosity of the low molecular mass FLC, the value for
PSIOFLC is ca. 140 times larger than that for the low
molecular mass FLC (y = 0.037 Pa-s for 3aM2CPOOB).
This indicates that the increase of the rotational viscos-
ity is the most important factor responsible for the
slower switching time. The increase of the rotational
viscosity is due to the binding of mesogen groups to the
polymer backbone. Kawasaki et al.?® suggested that the
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Figure 15. Time evolution of the optical parameters obtained
from the fitting shown in Figure 14: (a) the azimuthal angle
¢ and (b) the smectic layer tilt angle y; (c) the real part and
(d) the apparent imaginary part of the optic dielectric diagonals
(exxs €yys €22)-

polymer backbone moves synchronously with the me-
sogenic side chains during the reorientation. Further-
more, the spacer length between the mesogenic side
chain and the polymer backbone influences the temper-
ature range of the Sc+ phase and the switching time.
These findings suggest that the polymer backbone
strongly affects the reorientation of the side chain
FLCPs, retarding the cone motion of the side chain. This
seems to be in disagreement with the finding obtained
in section 2.3: the polymer backbone does not affect the
mode of the motion. From these viewpoints the reori-
entation model will be discussed in section 3.

2.5.2. Smectic Layer Tilt Angle. The time evolu-
tion of the smectic layer tilt angle y is shown in Figure
15b. The PSIiOFLC layer undergoes the layer buckling
deformation as follows: The smectic layer is arranged
from the initial bookshelf structure to the chevron like
structure during the reorientation, and the smectic layer
tilt angle reaches 8.0° at the maximum just halfway
through the reorientation. This value is slightly smaller
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than that evaluated by the X-ray diffraction measure-
ment at static conditions.?® Compared to the original
chevron structure formed without electric field, the layer
structure during the reorientation seems to be a non-
equilibrium one, thus leading to the smaller layer tilt
angle. The layer buckling during the reorientation
could be attributed to the antiparallel dielectric interac-
tion between the spontaneous polarization and the
external electric field.*0 This also implies that the
movement of the mesogenic side chains is similar to that
of the low molecular mass FLC except for the point that
the mesogenic moieties are strung together by the
polymer backbone.

2.5.3. Real Part of the Optical Diagonals. Figure
15c¢ shows the time course of the real part of the optic
dielectric diagonals. The component parallel to the
director of the mesogenic unit decreases from the initial
value toward 30 ms, thereafter returning to the initial
value. The components perpendicular to the director
move in opposite directions, first an increase and then
a decrease toward the initial value. This indicates that
the mesogenic side chains reorient cooperatively but
have some velocity distribution in the microscopic scale,
although the deviation is rather small. In other words,
the shrinkage of the optic dielectric ellipsoid reflects the
orientational distribution around the mesogenic long
axis of the PSIOFLC. This affects the optic dielectric
tensor (ex) to shrink along the director but increase in
the plane perpendicular to the director (eyy and €,;). The
maximum change for ey was only 0.026. This value is
similar to that for the 3M2CPOOB.2° These values
reflect the velocity distribution of mesogenic moieties.
This also implies that the packing of the mesogenic
moieties of the PSIOFLC is similar to that of the low
molecular mass FLC.

2.5.4. Imaginary Part of the Optical Diagonals.
Figure 15d shows the time course of the apparent
imaginary part of the optic dielectric diagonals of the
PSIOFLC. There is a somewhat anisotropic effect on
the imaginary part. In this case the components paral-
lel to the layer plane (¢"yy and €'",,) were smaller than
that perpendicular (¢"x) even at the initial and final
states. The PSIOFLC itself has no absorption band at
632.8 nm. Therefore this anisotropy could be caused
by light scattering resulting from the fluctuation of
alignment of the side chains and/or inhomogeneity of
the cell spacing induced by the unidirectional shearing.
The larger contribution of €« implies the larger fluc-
tuation of the smectic orientation in the direction of the
layer normal.

During the reorientation, on the other hand, all
components once increase and then decrease as seen in
Figure 15d. In this case, the director undergoes the
counter rotation between the top and the bottom halves
of the PSIOFLC layer, which results in the nucleation
of the disclination, i.e., discontinuity of the director,
which may be one of the reasons for the light scattering
during the reorientation. Another possible reason is a
defect in the alignment. For the measurement of
TROWS, the orientation of mesogenic groups was not
perfect. A few defects such as the hairpin and thunder
shapes still remain in the cell. These possibly become
the defective points where the transient disclination
easily appears during reorientation,*! resulting in the
increase of the imaginary part.
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Figure 16. (a) Top: Conformation of a ferroelectric liquid
crystalline polymer illustrated from the top view. Bottom Side
view of the packing of the polymer block.*® (b) Top: mesogenic
side chain rotating around the top of cone. Bottom: Mesogenic
side chain rotating around the center of double cones.

In conclusion, the motion of the mesogenic side chains
is the same as that of the low molecular mass FLC, the
difference being only the switching time range.

3. Reorientation Model. Before discussing the
reorientational model, let us consider the molecular area
to estimate the molecular packing. The cone angle 0
correlates the molecular area of two aromatic cores as
cos 6 = 2pa/S where pgyr is the molecular area of the
aromatic cores (par = 22—24 A2)%2 and S the molecular
area occupied in the smectic plane by the two molecules.
The observed tilt angle was 20.0°, resulting in S = 48
A2, Clearly this suggests a monolayer arrangement of
tilted aromatic cores. The molecular area of a dimeth-
ylsiloxane monomer psi has been evaluated as ca. 19
A243 Thus, the molecular area of the backbone is
smaller than that of mesogenic units.

From the result of the molecular area, the mesogenic
groups interdigitate with each other from both sides of
the smectic layer. The schematic illustration in Figure
16a shows the top and side views of the layer struc-
ture.#-51 In PSIOFLC, the thickness of the smectic
layer corresponds to the side chain length, obtained by
the X-ray measurement.52

Under this layer structure, the side chains can
reorient around the cone as shown in the upper part of
Figure 16b. The results in Figures 10 and 11 indicate
that one of the side chains rotates clockwise (right),
while the other rotates counterclockwise (left) with
respect to the observer sitting on the polymer main
chain. In this model the polymer backbone does not
move during the reorientation. This seems to be
inconsistent with the results by time-resolved FT-IR
showing that the polymer backbone moves synchro-
nously with the mesogenic groups.2¢

It is also possible to consider the model shown in the
lower part of Figure 16b. The position of the center of
motion and the scale of the molecular motion is different
in the top and bottom models in Figure 16b. The
mesogenic units in the bottom can reorient around the
cones in half scale of those in the top; the volume
necessary for the motion is four times larger in the top
model than in the bottom model. In the bottom case,
the side chains reorient around the cone in the same
manner as the 3M2CPOOB molecules, although they
must tow the polymer backbone during the reorienta-
tion; most but not all of the whole side chain including
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the aromatic cores and several methylene spacers take
part in the reorientation. As Kawasaki et al.** reported
previously, the methylene spacer promotes the decou-
pling between the main chains and the mesogenic
groups, resulting in the decrease of the switching time.
The methylene spacer may act to release the side chain
from the polymer backbone, although it still draws the
polymer backbone. Thus the side chains reorient around
the cone, keeping its center of gravity in the side chain,
although the motion must be coupled with the main
chain to some extent.

Conclusion

The static structures and the switching dynamics of
the side chain ferroelectric liquid crystalline polymer
(PSIOFLC) were investigated by time-resolved optical
waveguide spectroscopy. The optical characterization
in each phase was done carefully. We obtained a good
alignment of the mesogenic side chains by shearing the
cell at the isotropic—Sa phase transition. Since the
contribution of the main chain to the optical anisotropy
was negligibly small, the PSIOFLC layer could be
treated as a uniaxial optical ellipsoid which aligned
parallel to the substrate plane in the Sa phase. In the
Sc+ phase, the PSIOFLC layer was arranged from
chevron to bookshelf structure when a high electric field
was applied. The optic ellipsoid in the Sc~ phase was
also considered as a uniaxial one. The molecular motion
of PSiOFLC was similar to that of the low molecular
mass FLC from the optical point of view, except for the
switching time; that is, the molecular motion of the side
chains, in particular the mode of motion, is not influ-
enced by the polymer backbone. The slowness of the
switching time is ascribed to a “polymer effect”. the
polymer backbone lying in the smectic layer plane acts
as a “hook” to restrict the motion of side chains due to
the binding of the mesogenic moieties to the polymer
backbone, which is responsible for the increase of the
rotational viscosity. The stabilization of the liquid
crystalline phase is also attributed to the “polymer
effect”, resulting in the enhancement of the alignment
stability.
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