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ABSTRACT: The novel functionalized side-chain polymer wherein p-nitrophenylcarbamate is imbedded
into phenoxy resin backbone was synthesized. The orientation of the nonlinear optical chromophore of
drawn and poled polymers was analyzed by measuring linear and nonlinear optical properties. The
chromophore ratio, i.e., the ratio of monomer unit substituted by 4-nitrophenylcarbamate, was varied
from about 28% to 100%, and then physical properties of polymers were characterized. The glass transition
temperature (Tg) increased up to 130 °C with increasing chromophore ratio due to the formation of
hydrogen bonding. We demonstrated that the poling and drawing can control both the in-plane and
out-of-plane birefringence by using the functionalized side-chain polymer having a large dipole moment
u and linear molecular polarizability o.. The measurement of nonlinear optical properties was carried
out to confirm the poling condition and orientation of polymer. The ideally uniaxially oriented films
were poled parallel to the film-thickness direction by the contact poling method at T, — 17 °C. As the
result, the out-of-plane birefringence (Anz-y, X = drawing direction, Z = film thickness direction) of the
drawn and poled polymer films was increased with increasing applied electric voltage and was independent
of the draw ratio. It has been shown that most of the drawn and poled polymer films satisfy the relation
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of refractive indices such as nx > nz > ny.

Introduction

An anisotropic property of the oriented polymer can
be described by the birefringence. Birefringence is, in
particular, one of useful methods to measure the
orientation state of an oriented amorphous polymer.!
Accordingly, there had been many studies of molar
refraction of polymers in 1950s.2 However, computer
simulation such as MOPAC (molecular package) has
been recently used to calculate the birefringence of the
polymer.2 The refractive index of the polymer is related
to the linear polarizability a. Thus, for controlling the
refractive index of the polymer, molecular polarizability
should be considered in the molecular design level. For
example, if a polymer representing positive birefrin-
gence has a large linear molecular polarizability in the
main-chain direction and then it can be aligned, the
refractive index of this oriented direction will be in-
creased. With respect to this, drawing is one of the
useful methods even though the molecular chains of the
polymer are not aligned with the drawing direction
exactly. If the molecular chains of the polymer are
exactly aligned with the drawing direction, its mechan-
ical properties may be greatly improved. By the way,
drawing can only control the in-plane birefringence in
the polymer; the refractive index nx of the drawing
direction can be controlled in the case of uniaxial
drawing, and two refractive indices nyx and ny in two
directions parallel to the plane and crossing each other
at right angles can be controlled in the case of biaxial
drawing. For example, a fiber can be only oriented
uniaxially by drawing because refractive indices ny and
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nz cannot distinguish between themselves. The fiber
is thus sufficient to consider two-dimensional refractive
indices and then refractive index nz is not important.
However, in the case of a polymer film, three-dimen-
sional refractive indices should be considered. In-plane
birefringence can only be controlled by drawing, but
drawing is not sufficient to control the refractive index
of the film-thickness direction nz. For example, uniaxi-
ally oriented Bisphenol A-polycarbonate (Bis-A PC)
polymer film generally shows the relation of refractive
indices such as nx > ny = nz. Even if this film is drawn
biaxially, refractive index nz of the film-thickness direc-
tion is much smaller than ny. Therefore a special
method should be used to control the refractive index
nz and to satisfy the relation of refractive indices such
Nx > Nz > Ny.

Several approaches to obtain the three-dimensional
characteristics of the refractive index such an nx > nz
> ny have been reported in patents and scientific
journals. There are also other special methods to
control the refractive indices nx, ny, and nz in addition
to drawing. The desired film is obtained by slicing an
extruded rod and stretching it in the thickness direction
in which the molecule is oriented.* The other method
is a laminating method using a shrinkable film.> This
method comprises laminating a resin film, i.e., the
desired film, on one or both sides by a shrinkable
polymer film such as poly(vinyl chloride) (PVC) or poly-
(ethylene terephthalate) (PET). Then this laminate is
stretched while heating, so that the ability to shrink in
the direction crossing the stretching direction is im-
parted to the resin film. Another method is film
preparation under an electric or magnetic field.® After
the polymer is oriented in the film-thickness direction
in the film-preparation step, the polymer film is drawn.
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There is also a stacking method in which a stretched
PC film representing positive birefringence is stacked
with a stretched polystyrene (PSt) film representing
negative birefringence.” However, all of these methods
are incomplete because thickness control is difficult, the
desired film size is limited, and the gained out-of-plane
birefringence (Anz—v) is very small, about 0.004. There-
fore we have applied the poling technique, well used in
nonlinear optics, as the alignment method to the
polymer film having a large dipole moment in the side
chain.

Poling is carried out to introduce noncentrosymmetric
structure into the polymer in nonlinear optics (NLO)
because second-order optical nonlinearity is not ob-
served in isotropic media having a center of symmetry.8°
Even though polymers have a chromophore presenting
large hyperpolarizability, they are not SHG active if a
center of symmetry exists. In other words, when an
external electric field is applied to the polymer film
having an NLO chromophore with a dipole moment
around the glass transition temperature, the dipole
moments are aligned parallel to the direction of the
electric field. Itis found that macroscopic polarizability
parallel to the applied external electric field is increased
while a decrease occurs in the other directions. This
phenomena is more effective when the polymer has a
larger dipole moment. Polymers such as Bis-A PC and
PSt fail to be completely aligned by poling because of
their small dipole moments. But if an NO, group is
bonded in the main chain or side chain, the total dipole
moment becomes larger and their orientation by poling
will be effective.

Accordingly, it may be possible to control three-
dimensional anisotropy such as nx > nz > ny by drawing
and poling of a functionalized side-chain polymer,
wherein a large molecular polarizability is introduced
into the main chain to increase the in-plane birefrin-
gence and a large molecular polarizability and dipole
moment are also introduced into the side chain to
increase the out-of-plane birefringence. In this paper,
we synthesize the novel phenoxy polymers containing
p-nitrophenylcarbamate as a side chain. The chro-
mophore ratio, side chain having a large molecular
polarizability a, and dipole moment u are varied to
confirm the effect of the chromophore ratio on birefrin-
gence. After the characterization of materials, the
nonlinear optical measurements are carried out to find
the optimum poling conditions and superstructure of the
polymer chain. Futhermore, three-dimensional aniso-
tropic variation by drawing and poling is discussed.

Experimental Section

Polymer Synthesis. The novel polymers were synthesized
as shown in Figure 1. Phenoxy resin having an average
molecular weight (My) of 75000 was obtained from Tohto
Kasei Co. Ltd., and the other reagents were obtained com-
mercially. Phenoxy resin was dissolved in THF and purified
by precipitation in methanol. Tetrahydrofuran (THF) as
solvent was distilled twice under the reduced pressure before
use’? and di-n-butyltin dilaurate was used as the catalyst. A
three-necked flask was charged with 44.4 g (0.156 mol:
relatively 1 mol against 4-nitrophenyl isocyanate) of phenoxy
resin, 15.38 g (0.094 mol: relatively 0.6 mol against phenoxy
resin) of p-nitrophenyl isocyanate, and 400 mL of THF; the
slightly yellowish solution thus obtained was stirred at 70 °C
for 9 h. The polymer was purified by precipitation in methanol
three times after dissolving in THF and dried in a vacuum
oven at 100 °C for 2 days after extraction in a rotary evaporator
to remove methanol. In the same procedure, the mole ratio
of p-nitrophenyl isocyanate against 1 mol of phenoxy resin
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Figure 1. Synthetic scheme of functionalized side-chain
polymers.

varied from 0.4 to 1.1 mol. All of these polymers were slightly
yellow powder and could easily dissolve in THF, 1,4-dioxane,
and dimethylformamide (DMF).

Nonlinear Optical Measurements. In order to investi-
gate the optimum poling condition, thin films with 1 um
thickness were prepared by spin coating on a soda lime glass
from 10 wt % 1,4-dioxane solution. These spin-coated films
were dried in a vacuum oven for 3 days with increasing
temperature. The thickness and refractive indices of the films
were determined by DEKTAK IIA and the prism-coupling
method.1713

A high positive voltage in the range of 4—9 kV was applied
to the spin-coated films by the corona poling technique wherein
the evaporated aluminum layer about 0.05 um on the other
side was used as the ground electrode. After poling, the
evaporated aluminum electrode was removed by a potassium
hydroxide (KOH) solution for other measurements. Poling
temperature was optimized during in-situ second harmonic
generation (SHG) measurement. The chromophore orientation
of the polymers was analyzed by a UV/visible spectrophotom-
eter before and after poling. The setup for in-situ SHG
measurement was similar to that described earlier by us,'415
and the irradiating Q-switched Nd:YAG laser beam (1064 nm,
10 ns/pulse, 10 Hz) was used. Nonlinear optical coefficients
of polymer films were measured by the Maker fringe method.
The Maker fringe data were analyzed by fitting parameters
to the appropriate theoretical formula.1617

Drawing and Poling. The films with about 70 um
thickness were prepared by the cast method on a glass plate
from 25 wt % 1,4-dioxane solution. These solvent-cast films
were dried in a vacuum oven for 10 days with increasing
temperature. To obtain isotropic polymer films, these cast
films were dried above the T4 temperature under about 107!
Torr. After first drying, cast films on the substrate were put
into a water bath of 60 °C for 5 h. The cast films were peeled
off, and then these films, were fixed on the small glass frame
by tape. These films were dried in the vacuum oven under
the same temperature step of the first drying condition. These
isotropic films were uniaxially drawn near the Ty temperature
by a tensile tester. The draw rate is set to 2 mm/min to obtain
the ideally uniaxially oriented films (nx > ny =nz). The draw
ratio, here defined as the ratio of the final length of the drawn
film in the stretching direction relative to the length before
stretching, was varied from 1.3 to 2.3. The thickness and
refractive indices of the pristine and drawn films were
determined by a dial gauge and KS Optical Birefringence
analyzer (KOBRA-21ADH, New QOji Paper Co. Ltd.).

The thicker pristine and drawn polymer films were poled
by the contact poling method. The evaporated aluminum
layers on both sides of the film were used as electrodes. A
positive electric field of 75—150 V/um was applied to the these
films at room temperature, and the temperature was heated
to about Ty - 17 °C and maintained for 2 h. The film is then
cooled to room temperature in the presence of the electric field,
and this electric field was finally removed. After poling, the
evaporated aluminum electrodes were removed by KOH solu-
tion to measure other measurements. The refractive indices
were measured by the same instrument.
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Figure 2. Chemical formula of methyl N-p-R-substituted
phenylcarbamate and coordinate axes in the aromatic plane.
The ac plane also lies in the XZ plane.

Results and Discussion

Molecular Design. In molecular design of a func-
tionalized side-chain polymer, the choice of side chain,
i.e., chromophore, is important. The molecular polar-
izability o and dipole moment u of the chromophore
should be considered. Furthermore, it is necessary to
select the chromophore having a large polarizability and
dipole moment in the same direction. According to this
molecular design concept, we selected some chro-
mophores of a quasiplanar structure!® such as p-
nitroaniline and the selected chromophores are methyl
N-phenylcarbamate (R = H), methyl N-p-nitrophenyl-
carbamate (R = NO,), methyl N-p-bromophenylcarbam-
ate (R = Br), and methyl N-p-fluorophenylcarbamate
(R = F). Using these chromophores, the theoretical
polarizability according to the applied external electric
field was calculated using MOPAC. However MOPAC
calculation results are presented on the Cartesian
coordinate, so they differ from the effective polarizability
according to the applied external electric field. Thus
the coordinate system is translated to achieve the
effective polarizability. The relation of the coordinate
system is represented by Figure 2. The effective polar-
izability Pz of the Z direction according to the applied
external electric field (Ez) can be represented as follows:

P, = 0zE; 1)

Furthermore Pz based upon Figure 2 can be expressed
as follows:

P, = cos 6P, + sin 6P, 2

where P, and P; are the calculated polarizability from
MOPAC. Polarization occurs according to the applied
external electric field E; and E; and can be given as
follows:

Pa aaa 0'ab 0*a(: Ea
Py | =|%a % Ay || Ep 3
Pc aca acb acc Ec

Since the off-diagonal components on the matrix are
approximately /190th when compared to diagonal com-
ponents, they may be ignored. Therefore, polarizabili-
ties P, and P are

P E P, = 0, E

=aQ a’ c cc—c

a

0 P, = o, cos 0E; + o, sin OE, (4)

aa

The applied external electric fields E; and E; can be
illustrated on the basis of # and the applied external
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Table 1. Theoretical Results of Methyl N-p-R-Substituted
Phenylcarbamate

R H NO; F Br
u (Debye) 2.12 7.00 3.08 2.76
Oce (x10723 esu) 3.95 5.06 4.12 5.13
calc azz (x10723 esu) 2.74 4,76 3.28 3.60
Acutofe (NM)2 290 350 290 300

a It was calculated by ZINDO.

electric field Ez, so eq 4 is
P, = (o cos® 0 + a,, sin® O)E, (5)

When the eq 1 is compared with eq 5, effective polar-
izability azz occurring according to the applied external
electric field Ez is

0y = O C0S° 0 + a, Sin® 6 (6)

Angle 6 can be calculated on the basis of the scalar sum
of the strength of dipole moment of the a and ¢
directions of chromophore. Furthermore, for polariz-
abilities a.. and oaa, the results calculated with the
molecular orbital calculation MOPAC PM3?° were used.
The results of the calculation for the chromophores
selected as mentioned above are shown in Table 1. The
cutoff wavelength of those chromophores could be
calculated with the molecular orbital calculation ZINDO
(Professor M. C. Zerner's INDO (Intermediate Neglect
of Differential Overlap?°) program). ZINDO was devel-
oped at the University of Florida Quantum Theory
Project. ZINDO provides two different valence-electron-
only semiempirical procedures: a method for computing
spectroscopic properties (electronic spectra) and a method
of computing molecular geometries (conformations and
structures). Especially, in a method for computing
spectroscopic properties (electronic spectra) the UV/
visible spectrum can be computed. Of the four chro-
mophores, the effective polarizability of methyl N-p-
nitrophenylcarbamate was the largest, and its value was
about 4.76 x 10723 esu. The o, of methyl N-p-nitro-
phenylcarbamate was nearly identical with that of
methyl N-p-bromophenylcarbamate; however it can be
oriented by the external electric field parallel to the
direction of the external electric field larger than methyl
N-p-bromophenylcarbamate because methyl N-p-nitro-
phenylcarbamate has a much larger dipole moment
than N-p-bromophenylcarbamate. Thus methyl N-p-
bromophenylcarbamate may not be effective in the
poling although having large molecular polarizability
og. Incidentally, the polymer synthesized by phenoxy
polymer and methyl N-p-nitrophenylcarbamate might
appear slightly pale yellow because the cutoff wave-
length of this chromophore was presented in the near-
visible range. However, we selected this polymer for
the characterization of the drawing and poling effect
because it may show a large polarizability by poling
parallel to the poling direction.

Characterization of Polymers. The chemical struc-
ture of polymers was characterized by 'H-NMR and FT-
IR. The ratio of 4-nitrophenylcarbamate substituted in
phenoxy resin, namely chromophore ratio, was varied
from about 28% to 100%. The proton peak of carbon
linked with an —OH group in the main chain was
changed from 5.2 to 5.4 ppm according to the substitut-
ing chromophore, as shown in Figure 3. In the FT-IR
spectra, the absorption peak of the carbonyl group at
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Figure 3. Characterization of the polymers: (a) FT-IR
spectrum (0.99 chromophore ratio); (b) NMR spectra (DMSO-
ds) measured by 400 MHz NMR at 60 °C as a function of
chromophore ratio (1 — m) (1) 0, (2) 0.52, and (3) 0.99,
respectively.

Table 2. Basic Properties of Polymers

chromphore Ty Acutoff® density® refractive

ratio (1 — m) (°C) (nm) (9/cm?3) index°¢
0d 95 305 1.2038 1.5985
0.33 114 420 1.2184 1.6090
0.52 122 425 1.2332 1.6144
0.72 127 430 1.2489 1.6169
0.99 130 450 1.2636 1.6219

a The cutoff wavelength defined as the onset wavelength of the
absorption peak at the longer wavelength side. P The densities
were measured by a pycnometer at room temperature. ¢ Refractive
indices were measured at the Na D-line (589.3 nm) at 20 °C. 90
means phenoxy resin itself.

1740 cm™1t increased with the increasing chromophore
ratio. The absorption peak of the amine group appeared
at 3350 cm~! and hydrogen bonding formation was
characterized compared with free amine absorption
peak at 3450 cm~1. The basic properties of polymers
are shown in Table 2. The glass transition temperature
(Tg) of these polymers increased to 130 °C with the
increasing chromophore ratio because of hydrogen bond-
ing formation, while the T4 temperature of the polymer
substituted by a side chain such as the benzoyl group
was decreased with the increasing esterification ratio.?!
This phenomenon of Ty temperature increase due to
hydrogen bonding formation also appeared in the phe-
noxy polymer containing the a-cyano unsaturated car-
boxylate.?? The T4 temperature of the phenoxy polymer
containing the o-cyano unsaturated carboxylate was
increased to 123 °C. The cutoff wavelength of the
synthesized polymer was largely shifted compared with
that of the phenoxy polymer due to the introduction of
the nitro group. As a result, the color of the synthesized
polymer film having about 100% chromophore ratio was
yellowish. Before decomposition, no melting peak was
observed in these polymers, indicating that they are
amorphous.

Confirmation of Poling Effect. To find the opti-
mum poling temperature, in-situ SHG measurements
were carried out as shown in Figure 4. In-situ SHG
experiments measure SHG intensity as a function of the
temperature. According to the increasing temperature,
chromophores of the polymer chains are aligned parallel
to the direction of the applied electric field, so that a
noncentrosymmetric structure is being made by poling.
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Figure 4. In-situ SHG measurements of the polymer films
having chromophore ratio (1 — m) (a) 0.99, (b) 0.72, and (c)
0.52, respectively.
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Figure 5. UV/visible absorption spectra of the polymers
before and after poling and the corresponding chromophore
ratio (1 — m): (a) 0.99; (b) 0.52.

The SHG signal is proportional to a degree of poling
effect, and the SHG signal would typically reach a
plateau and then decrease as the ionic conductivity of
the polymer film increased, reducing the internal elec-
tric field.22 The optimum poling temperature was
determined from a temperature at which the SHG
plateau was observed. Thus the optimum poling tem-
perature of the spin-coated films having different chro-
mophore ratios was increased with the increasing
chromophore ratio, but the temperatures were almost
17 deg lower than the glass transition temperature.
Considering this, poling above T4 — 17 °C may not be
effective for chromophore orientation and thus the
optimum poling temperature is determined to be Ty —
17 °C.

The absorption spectra of polymer films before and
after corona poling were measured with a UV/visible
spectrophotometer in the wavelength range 200—800
nm, as shown in Figure 5. After poling, a decrease in
absorbance (hypochromic shift) was observed in all
polymers, and the decreasing ratio was increased with
the increasing chromophore ratio. The decrease in
absorbance after poling is due to the alignment of the
chromophore. During corona poling, the surface charge
is accumulated on the surface of the polymer films with
opposite charge at the planar electrode,?* and this
introduces a large electrostatic field in the film that
interacts with the chromophores of the polymer. The
static field aligns the dipoles in the direction of the
poling field, which leads to a change in the intensity of
the absorption spectrum, i.e., dichroism. One parameter
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Figure 6. Birefringence of spin-coat films before and after
corona poling measured by the prism-coupling method at 632.8
nm.

to express the extent of poling-induced orientation is the
order parameter shown:

©=1-AJA, @)

where A, is the absorbance perpendicular to the poling
direct of a poled film and A, is the absorbance of an
unpoled polymer film. The order parameter was deter-
mined to be 0.10 at about 0.99 chromophore ratio and
0.05 at about 0.54 chromophore ratio, and it also
increased with the increasing chromophore ratio.

The refractive indices of polymers were measured by
the prism-coupling method in a slab waveguide config-
uration, the results of which were plotted in Figure 6.
In the waveguide technique the birefringence can be
expressed as the difference between n;and np. nyis the
refractive index of the sample in the direction along the
film plane, and ng is the refractive index in the direction
perpendicular to the film plane. The value of birefrin-
gence was determined by the orientation of the chro-
mophores and steric constraints in the films. In these
polymer films, the refractive indices of ng become larger
than those of n; by corona poling. Namely, birefringence
(ng — ny) induced by corona poling was found to be in
the range 0.005—0.014, as shown in Figure 6. These
results mean that, before poling, the polymer chains are
preferentially stretched along the film plane. When a
strong electric filed such as corona discharge is applied
to the films, the chromophores are alighned along the
field direction.

Superstructure Analysis Using Nonlinear Opti-
cal Properties. Nonlinear optical properties of both
drawn and poled polymer films were studied to analyze
the superstructure. The isotropic polymer films having
0.99 chromophore ratio were poled by the contact poling
method at 75 and 150 V/um. And the same isotropic
polymer films were uniaxially drawn about 1.8 times
and poled at the same poling conditions. Using these
films, nonlinear optical coefficients were measured by
the Maker fringe method. Maker fringes for both the
s- and p-polarized fundamental and the p-polarized
second harmonic of pristine and poled polymer films
were measured. The pristine and poled polymer belongs
to the comm point group, representing two independent
nonlinear optical coefficients, ds3 and ds;, because of
Kleinman symmetry, and is changed to the mm2 point
group by drawing. For a system with a mm2 point
group the nonlinear polarization Py 2>26 is given by
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where there are five nonzero d coefficients. Under the
Kleinman symmetry restriction, we have

dg; = dys, dg, = dyy 9)
The second-order NLO properties are finally governed
by the three independent nonzero coefficients. These
coefficients can be determined by the Maker fringe
method, and the Maker fringes obtained and the cor-
responding sample schemes are shown in Figure 7.27:28
Thus Maker fringes for both the s- and p-polarized
fundamental and the p-polarized second harmonic of
drawn and poled polymer films are measured in the
drawing direction and perpendicular direction against
the drawing direction, an example of which is shown in
Figure 7. Here @ is the angle between the propagation
direction and the normal to the film surface. The SHG
intensity is zero at 0° and grows symmetrically around
this angle, indicating that after poling the average
dipole moment of the polymer is perpendicular to the
film surface. The nonlinear optical coefficients can be
estimated by fitting the measured SHG intensities in
both p—p and s—p polarization compared with the Y-cut
quartz reference,?® and the calculated results are shown
in Table 3. Refractive indices at 1.064 and 0.532 um
were measured by the prism method. The ds; value of
the pristine and poled polymer film was increased from
2.4 to 4.0 pm/V with the increasing applied electric
voltage. By drawing, this dsz3 value was increased from
3.6 to 6.8 pm/V with the increasing applied electric
voltage. And ds3 values of most films were about 3
times as large as dzj, such that dsz = 3d3;;3° however
one film drawn and poled at 150 V/um showed ds3 about
5 times as large as ds;. These results mean that the
main chains of the polymer may be better aligned by
drawing and the orientation of chromophores by poling
may be easy due to the decrease of steric hindrance.
Kuzyk et al.3! stated that tensor ratio a (a = da/dz3)
can be controlled with stress; a large ds; value was
obtained whereas the ds; value was decreased in their
experiment because the polymer film was poled and
pressured in the same direction. We also confirmed
similar phenomena presented by Kuzyk et al.3! in which
tensor ratio a can be controlled by drawing and poling.
Tensor ratio a of the poled film under stress was found
to be 0.70 by Kuzyk et al., whereas we found that it
decreased to 0.29 when the films were poled in the
influence of 150 V/um and drawn perpendicular to the
poling direction. This means that a larger dss value
relative to d3; was obtained and the chromophore of the
polymer can be more easily oriented by poling and
uniaxial drawing. Therefore, the tensor ratio ds;/ds3 of
drawn and poled films can be controlled. The ratios dsi/
ds; of all poled polymer films were found to be 1 and
not changed by drawing. These results suggest that the
chromophore would be randomly oriented along the in-
plane direction of the polymer. And both ds; and ds;
values of polymer films poled in the influence of 150
V/um were about 2 times larger than that at 75 V/um.
These results suggest that chromophores were oriented
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Figure 7. Maker fringes of drawn poled polymer film with
P—P and P-S polarization at the drawing direction and its
perpendicular direction. The chromophore ratio of the polymer
film with 46 um was 0.99, the draw ratio was 1.8, and the
applied electric field was 150 V/um. The nonlinear coefficients
corresponding to each configuration are (a) daz, (b) ds; and dss,

(C) d31, and (d) d32 and d33.

Table 3. Nonlinear Optical Coefficients? of the
Solvent-Cast Polymer Films Having 0.99 Chromophore

Ratio (1 — m)
drawn and poled film pristine and poled film
75 Vium 150 Vium 75 Vium 150 V/um
das 3.6 £0.51 6.8 +£0.95 244035 4.0 £ 0.59
ds; 0.7 £0.09 14+021 0.7+£0.11 1.1+0.17
ds2 0.5+ 0.08 1.2+ 0.22

adyi(quartz) = 0.4 pm/V.

more to the direction of the applied electric field
according to the increasing poling field.

Change of Refractive Indices by Drawing and
Poling. The thicker films to confirm the control of the
refractive index by drawing and poling were prepared
by the solvent-cast method. All prepared films showed
the isotropic relation of the refractive index such as nx
= ny = nz because the polymer chains were randomly
oriented by drying above Ty for 2 days. Then these
isotropic films were uniaxially drawn by tensile tester.
Refractive indices of all films were evaluated from the
measurement of film retardation R. It can be expressed
as follows:

R = And (10)

where An is the birefringence and d is the thickness of
the film. Therefore, if the thickness of the film is
known, the birefringence can be gained. When the
linear-polarized light is transmitted perpendicular to
the plane of film surface, retardation Ry composed in-
plane birefringence nx — ny and in-plane birefringence
can be calculated. When the incident linear-polarized
light is illuminated with incident angle 6 by rotating
the film around the Y-axis, nz is composed to the
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Figure 8. Change of birefringence by uniaxial drawing. The
drawing temperature was about the T, temperature, and the

drawing rate was 2 mm/min. The values in the legend refer
to the chromophore ratio (1 — m).

retardation Ry, and Ry is expressed as follows:

R, = (n, — ny)d/ cos a (11)
n2 = n,’n,’(n2sin a4+ n, cos’ o)  (12)

where a is the refractive angle. The refractive angle a
can be calculated by Snell's law as follows:

n, sin oo =sin 6 (13)

where n is the average refractive index, n can be
measured by an Abbé refractometer using the Na D-line
(589.3 nm) at 20 °C and is expressed as follows:

n=(ny+ny,+ny,/3 (14)

Thus refractive indices ny, ny, and nz of the drawn and
poled polymer films can be derived by solving eqs 10—
14.

The uniaxially drawn films showed the relation of the
refractive index such as nx > ny = nz, as shown in
Figure 8. These results mean that chromophores are
cylindrically oriented around the main chain of the
polymer. The slopes of the in-plane birefringence
(Anx-v) were decreased with the increasing chro-
mophore ratio because the macroscopic linear polariz-
abilities of chromophores in the Y- and Z-directions
become larger according to the increase of the chro-
mophore ratio, and then the in-plane birefringence
become smaller.

The uniaxially oriented films were polarized by
contact poling. The range of applied electric voltage that
could be sustained without breakdown was varied from
75 to 150 V/um, and the optimum poling temperature,
i.e., Tg — 17 °C, was decided by in-situ SHG measure-
ment. The out-of-plane birefringences (Anz—y) of the
drawn and poled polymer films as a function of applied
electric voltage were shown in Figure 9. The out-of-
plane birefringence generally tended to increase with
the increasing chromophore ratio; especially, the out-
of-plane birefringence of the film poled at the 150 V/um
applied electric field was only increased in proportion
to the chromophore ratio. The slopes of the fitting line
of the out-of-plane birefringence in the case of each
electric field were varied with the increasing electric
field and the change of slope in the case of 75 V/um was
smaller than that at 150 V/um. These results indicate
that the out-of-plane birefringence variation depends on
the chromophore ratio. We thought that the reason
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Figure 9. Out-of-plane birefringence (Anz-v) as a function of
the chromophore ratio and the applied electric field: (a) O
Vium; (b) 75 V/um; (c) 100 V/um; (d) 150 V/um. The poling
temperature was Ty — 17 °C.
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Figure 10. Refractive indices before and after poling: (a) nx
(before poling); (b) nx (after poling); (c) ny and nz (before
poling); (d) ny (after poling); (e) nz (after poling). The uniaxi-
ally drawn polymer films having 0.52 chromophore ratio were
poled in the influence of 150 V/um at Ty — 17 °C.

might be the increase of steric hindrance and hydrogen
bonding formation of urethane bonds according to the
increasing chromophore. The cylindrically aligned side
chains of the uniaxially drawn polymer film can be
aligned toward the direction of the applied electric field
in the lower chromophore ratio by poling because the
average distance between each chromophore is rela-
tively long; then the effect of steric hindrance may be
smaller, and hydrogen bonding formation between the
polymer chains may be difficult. But while the chro-
mophore ratio increases, the effect of steric hindrance
is bigger and it may be possible to form hydrogen
bonding between the polymer chains. We reported that
the hydrogen bonding of polyurea was only broken
under a high electric field but reconstructed hydrogen
bonding after poling results in remanent polarization
which exhibits ferroelectric properties and a stable
SHG.32 Thus, in our polymer system, chromophores can
be aligned according to the cutting of the hydrogen
bonding under a high electric field such as 150 V/um
and the hydrogen bonding is reconstructed after orien-
tation.

The drawn polymer films as a function of the draw
ratio were polarized by contact poling under the same
conditions, and the change of refractive indices is shown
in Figure 10. The refractive index nz was increased
whereas nx and ny were decreased according to the draw
ratio because the side chains of the polymer can be
aligned parallel to the applied electric field by poling.
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(-1) : Only drawing(A=2.3)
(-2) : Drawing + Poling(100 V/um)
(-3) : Drawing + Poling(150 V/um)
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Figure 11. Equilateral triangle coordinates representing the
degrees of the drawn and poled polymer films of the three

quantities of cos’ ¢;- Chromophore ratio (1 — m): (a) 0.33
(0); (b) 0.52 (@); (c) 0.72 (O); (d) 0.99 (m).

The increase of nz by poling is a sum of the decrease of
nx and ny because the refractive indices nx, ny, and nz
are calculated using the average refractive index by the
polarization analysis method. The interesting result
was that the poling effect was independent of the draw
ratio. Namely, the increase of nz by poling was the
same because the chromophores of each drawn polymer
film were cylindrically oriented by ideally uniaxial
drawing, as the relation of refractive indices showed nx
> ny = nz. The other drawn and poled polymer films
showed the same results.

The molecular orientation of polymer films changed
by drawing and poling can be, as in Figure 11, shown
in the convenient equilateral triangular coordinate
system described by Desper et al.3® Three quantities

cos? ¢; (i = X, Y, Z), which are one of the representa-
tions for the molecular orientation, can be obtain by
solving the following equation:34

n;=(n,— nycos’¢; +ny  (i=X,Y,2Z) (15)
where (n;, — np) is intrinsic birefringence A° (it is defined
as the difference between the principal refractive index
in the main-chain direction n;, and the principal refrac-
tive index perpendicular to the main-chain direction np)
and n; is the refractive indices measured in the three
principal dielectric axes. Intrinsic birefringence A° can
be calculated by the following approximated Lorentz—
Lorenz relation:3®
2 2
A° = %(@)NA& (16)

where n is an average refractive index, N is the number
of molecules per unit volume, and Aa is the difference
of the linear polarizability between that in the main-
chain direction and that in the direction perpendicular
to the main-chain direction. The values of Aa were
calculated by molecular orbital calculation. The sum
of the three quantities is 1, and this means that only
two of the three quantities are independent, the third
being fixed. Perfect orientation of the molecular axis x
parallel to the principal dielectric axis X maps onto the
vertex of the equilateral triangle diagram, labeled X and
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the three quantities are

cos® ¢ =1, cos’ ¢, =cos’¢, =0  (17)
For orientation of the molecular axis x perpendicular
to the principal dielectric axis X the three quantities
are

cos® ¢y =0, cos® ¢, +cos®¢p, =1  (18)

And random orientation of the polymer chains would
map onto the center of the triangle where

cos® ¢y = cos® ¢, = cos® ¢, = "I, (19)

And uniaxial orientation of the molecular chains about
the x direction maps onto the line bisecting the 60° angle
at vertex X. In this case,

(1 — cos® ¢y)/2 = cos® ¢, = cos® ¢, (20)

Three quantities cos® ¢; (i = X, Y, Z) were calculated
and plotted as shown in Figure 11; however the equi-
lateral triangular coordinate system having a scale from
0 to 1 was magnified up to 0.4 in order to emphasize
the difference of each datum because these values were
very small. These points of drawn and poled films mean
either that drawn and poled films were oriented smaller
than intrinsic birefringence or that calculated intrinsic
birefringence was overestimated by the molecular or-
bital method. In Figure 11, the data (a-1), (b-1), (c-1),
and (d-1), of all polymer films drawn about 2.3 times
show that polymer films were uniaxially drawn, and the
change of the data position according to the chro-
mophore ratio coincides with the result of Figure 8. And
in-plane birefringences of the drawn polymer films of
0.99 chromophore ratio, representing data (d-1), were
smaller than those of the other drawn films since the
chromophore having a polarizability larger than that
of the main chain is cylindrically oriented around the
main chain and then the drawing effect thereof would
not become larger. The data of drawn and poled films
map onto the position tilted to the vertex of the
equilateral triangle diagram, labeled Z, and the position
is more moved to the Z vertex by the higher poling field.
For example, the out-of-plane birefringence of the drawn
polymer film (d-1) was increased to (d-2) or (d-3)
according to the applied poling field. Such results mean
that the drawn and poled films were biaxially oriented
in the film-thickness direction due to the orientation of
the chromophore and that the orientation of the chro-
mophore is larger corresponding to the strength of the
applied external electric field.

Figure 12 shows the three-dimensional anisotropic
variation of the polymer films by drawing and poling
according to the chromophore ratio, and these drawn
polymer films wherein the draw ratio was about 2.3
times poled under the same conditions. The increase
ratio of the refractive indices, after these drawn polymer
films were poled, was larger with the increasing chro-
mophore ratio. Almost drawn and poled polymer films
showed the relation of refractive indices such as nx >
nz > ny, but the drawn and poled polymer films having
the 0.99 chromophore ratio showed the relation of the
refractive indices such an nz > nx > ny. Accordingly,
we confirmed that in-plane and out-of-plane birefrin-
gence can be simultaneously controlled by both drawing
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Figure 12. Refractive indices of drawn and poled polymer
films as a function of chromophore ratio: (a) nx (before poling);
(b) nx (after poling); (c) ny and nz (before poling); (d) ny (after
poling); (e) nz (after poling). All samples were drawn by 2.3
times, and poled films were applied by 150 V/um at Ty — 17
°C.

and poling using the novel phenoxy polymer containing
4-nitrophenylcarbamate as the side chain.

Conclusions

The novel functionalized side-chain polymers wherein
4-nitrophenylcarbamate is introduced into phenoxy
resin were synthesized. Using these polymers, in-plane
and out-of-plane birefringence could be controlled by
drawing and poling. The factors for the control of in-
plane and out-of-plane birefringence depend on chro-
mophore ratio, draw ratio, and poling voltage. The
chromophore ratio can control both types of birefrin-
gence, the draw ratio can control in-plane birefringence,
and the poling voltage can control the out-of-plane
birefringence only. Therefore, in-plane and out-of-plane
birefringence can be controlled independently by these
three factors. In conclusion, out-of-plane birefringence
was increased with the applied electric field of contact
poling and was independent of the drawing ratio in the
case of uniaxial drawing. And almost drawn and poled
polymer films showed the relation of refractive indices
such as nx > nz > ny.
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