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ABSTRACT: Polyamides based on 2',5'-diamino-4-(dimethylamino)-4'-nitrostilbene (DDANS) and linear
aliphatic diacids represent a class of polymers with large and stable second-order nonlinear optical
properties, where the nonlinear optical units are fixed in the polymer backbone with their dipole moments
oriented transversely to the main chain. Such NLO polymers were processed by spin-coating into planar
waveguides ranging from 500 to 1500 nm in thickness. Subsequently, a macroscopic noncentrosymmetric
orientation of the NLO-phores was induced by a corona-discharge poling process. The refractive indices,
ntv and ntg, and the electro-optic coefficients, rzz and riz, were determined by measurement of the
waveguiding modes of such devices at a wavelength of 785 nm. The electro-optic coefficient rs3 of 12
pm/V compares favorably with state-of-the-art polymeric electro-optic materials. It also equals ap-
proximately the electronic contribution to the electro-optic effect which can be calculated from the nonlinear
optical susceptibility dss. The ratio of electro-optic coefficients rss/rs; was found to be ~3, independent of
the magnitude of the NLO-phore orientation. This behavior is in perfect agreement with the predictions

from the isotropic model.

I. Introduction

In recent years there has been considerable interest
in nonlinear optical (NLO) and electro-optic (EO) poly-
mers because of their potential application in efficient,
ultrafast, and low-voltage integrated electro-optical
devices.! The frequently cited advantages of poled
polymers are large nonlinear susceptibilities and EO
coefficients, fast response times, and easy processability.
However, additional requirements such as long-term
stability of the NLO or EO effect, high physical and
chemical stability, and low optical propagation losses
must be satisfied before polymeric materials can dem-
onstrate their potential as actual device materials.!

Recently, we have developed a new approach to the
design of NLO polymers with large and stable second-
order nonlinear susceptibilities.2=® In these polymers,
the NLO-phores are part of the polymer backbone with
their major dipole moment oriented transversely to the
polymer main chain. This structure is a consequence
of the assumption that in this arrangement the NLO-
phores can easily be oriented above their glass transi-
tion by an external electrical field but exhibit an
improved orientational stability below T4, when com-
pared to guest—host or side-chain NLO polymers.
Within the framework of this concept, we have reported
the preparation of a series of semiflexible polyamides
based on the bifunctional NLO-phore 2',5'-diamino-4-
(dimethyamino)-4'-nitrostilbene (DDANS) and different
linear aliphatic diacid chlorides (Figure 1 contains the
polymer example relevant here).? The polymers are
amorphous, showing glass transition temperatures that
depend on the number of methylene groups of the diacid
chloride and range from 125 up to 206 °C. Transparent
thin films of these polymers can easily be oriented by a
corona-discharge poling process. Indeed, large second-
order nonlinear optical coefficients (dss) of up to 40 pm/V
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Figure 1. DDANS and the aromatic-aliphatic NLO polyamide
P12 under investigation.

at a fundamental wavelength of 1542 nm and electronic
electro-optical coefficients (rsz) of up to 16 pm/V (1300
nm) have been determined, using a standard Maker-
fringe technique.? Orientational relaxation experiments
have revealed a remarkable orientational stability for
these polymers.® At ambient conditions, no significant
relaxation of the NLO coefficients can be observed
within 240 days after poling in any of these polymeric
materials. Also at elevated temperatures, these new
polyamides exhibit an enhanced orientational stability,
as can be seen from the aging data.

In order to demonstrate the usefulness of these new
NLO polyamides in actual devices, the electro-optical
properties of planar waveguides from one of the poly-
mers of the series, P, (see Figure 1), are investigated
here by measurements of the waveguiding modes rel-
evant for such devices, using attenuated-total-reflec-
tance (ATR) spectroscopy.”~® The electro-optic coeffi-
cients so determined are compared with the electronic
contribution to the electro-optic effect that has been
calculated from the nonlinear optical susceptibility, and
the ratio of electro-optic coefficients rz3 and ris is
discussed with respect to the predictions that are
derived from the isotropic model.1°

© 1997 American Chemical Society



Macromolecules, Vol. 30, No. 11, 1997

1. Theory

Isotropic Model. The macroscopic noncentrosym-
metric orientation of the NLO-phores, which is a
prerequisite for second-order NLO effects, is generally
achieved by poling the material in an electrical field.!
In this process, the temperature of the polymer film is
raised to near its glass transition temperature while a
dc electric field is applied. Thus, the permanent dipoles
of the NLO-phores experience a force, tending to align
them in the direction of the field. If the equilibrium is
established, the net orientation is determined by the
potential energy of the molecular dipoles in the applied
field relative to the energy associated with thermal
fluctuations of the system, as well as the dielectric and
electric properties of the medium and its interfaces.1!
The system is then cooled under the influence of the
poling field and the alignment of the NLO-phores is
retained in the glassy state.

This poling process is conceptually simple, but the
related complex physical processes are quite difficult to
express theoretically. The isotropic model is the most
common way to describe the effects of poling in a
polymeric NLO material.’?~13 The main assumptions
made by this model can be summarized as follows:1! The
NLO-phores in an isotropic polymer matrix are treated
as independent particles, the interactions of which
(among themselves and with the polymeric host) are not
influenced by the orientation of the system, which in
turn is induced by the poling process only. Since the
average orientation of the NLO-phores in a polymer so
induced is typically small (order parameters of 0.3 for
cos® o are often quoted,'*!® with o defined as the
average angle between the NLO-phore’s molecular axis
and the poling direction), this approximation holds
generally well for amorphous polymers.

Using the approximations of the isotropic model as
discussed above, assuming that the NLO-phore’s static
dipole moment u is parallel to the NLO-phore’s molec-
ular axis chosen to define a and that the internal electric
field F is parallel to the poling field, the average value
of cos" a at equilibrium becomes?®

J3" exp[—uF cos a/kT] cos” a sin a da

[Gos" o=

1)

S exp[—uF cos a/kT] sin o da

where u and F are the magnitudes of the respectives
vectors. The solutions of eq 1 are the Langevin func-
tions. The relevant ones for this model are L;(u) and
La(u), which, respectively, relate to cos a and cos® q,
defining u = uF/KT as the poling parameter. For the
regime where the poling energy is smaller than the
thermal energy of the NLO-phore (u < 1), the Langevin
functions reduce to0-16

Lw~3 )
and

La(u) ~ ®3)

u|c

The macroscopic second-order nonlinear properties of
a poled polymer are characterized by the nonlinear
optical susceptibility y3(—w;w1,02). The simple
model of noninteracting NLO-phores!’” relates this
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susceptibility tensor to the NLO-phore’s molecular
hyperpolarizability 815«, the number density of the NLO-
phores, and the local field factors in the Lorentz ap-
proximation f (f = (n? + 2)/3). Taking Kleinmann
symmetry!8 into account, the susceptibility tensor is
completely defined by the susceptibility in the direction
z of the poling field:

K5~ wiw,0,) = NFf, f

w o

P00’ ol (4)

[

and the susceptibility perpendicular to the poling direc-
tion:

1

aizllC0s ol [Gos® al]

()

Usually, these tensor components are simply referred
to as ya3 and ys1. They are related to the nonlinear
optical coefficients ds3 and ds; by a factor of 2 and, as
discussed below, are also directly related to the electro-
optic coefficients rz3 and ra;.

Using the average [dos" all(eq 1) and utilizing the
simplified Langevin functions for small values of the
argument u, egs 4 and 5 reveal that the ratios yss/xs1,
dss/di3, and rss/ri3 all equal the value 3:

13 (wiwy,0,) = Nf,f, fo B

d r
X33 _ Y33 _ a3 ~3 (6)
X1z iz Tig

In many cases where both tensor components of either
the NLO or the EO coefficients have independently been
measured, the ratio 3 predicted by the isotropic model
is in good agreement with the experimental data.1®-23
However, substantial deviations from this isotropic
behavior have sometimes been observed.”?425 Such
deviations can have a variety of origins all deriving from
situations where one or more of the approximations
made within the frame of the above discussed model are
violated. Typical situations include poling at high field
strength,?® strong interactions between the NLO-phores,
such as in liquid crystalline phases,?” or photophysical
experiments carried out at optical frequencies near the
NLO-phores’ resonance.?® It has also been shown” that
higher ratios can arise as well if the mobility of the
NLO-phores is significantly restricted by their immedi-
ate environment. Within this concept, a threshold
torque is required before a dipole can be oriented and
this threshold may be different for different NLO-
phores.

Relation between NLO and EO Coefficients. The
electro-optic coefficient rjjk is the sum of an electronic
contribution (rf,) and the effects from optic (rj,) and
acoustic (rf}k) phonons. The electro-optic effect for
organic materials is assumed to be mainly of electronic
origin.?® There exists, therefore, a direct relation be-
tween electronic EO and NLO coefficients:30

e _ —4 Eo
Fijk = niznjgdijk ()

where the nonlinear optical coefficient dﬁ,? for a static
and an optical field at frequency w is related to the NLO

susceptibility d, ;" measured at optical frequencies
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Figure 2. Schematic representation of the experimental ATR
setup for the investigation of linear optical properties.
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Figure 3. Schematic representation of the experimental ATR
setup for the investigation of electro-optical properties.
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I11. Results and Discussion

Samples. The polymer investigated here is poly{[2-
[2-(4-(dimethylamino)phenyl)vinyl]-5-nitro-1,4-phenyle-
neliminocarbonyldodecamethylenecarbonylimino} (P12)
(Ty = 125 °C, x = 12 methylene units [see Figure 1]).
Synthesis and characterization of this polymer have
been reported previously, including linear and nonlinear
optical measurements.2® The sample preparation is
described in the Experimental Section.

Measurements. In order to directly investigate the
behavior of this NLO polymide in actual devices, the
electro-optical properties of planar waveguides have
been investigated by measurements of the waveguiding
modes of such devices using attenuated-total-reflectance
(ATR) spectroscopy.’~°31 This technique is an adequate
tool to simultaneously measure birefringence and both
non-zero electro-optical coefficients of a polymeric mate-
rial and, hence, to also investigate the degree of order
achieved by the poling process.

The experimental setups used are shown schemati-
cally in Figures 2 and 3; a full set of experiments for
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Figure 4. Reflected intensity as a function of the angle of
incidence for TE polarized light, measured on a poled sample
of P12 using the apparatus represented in Figure 2. Circles
refer to measured data, while the solid line is the theoretical
fit.
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Figure 5. Reflected intensity (a) and a lock-in signal (b) as a
function of the angle of incidence for TM polarized light,
measured on a poled sample of P1, using the setup shown in
Figure 3. A sinusoidal modulation (amplitude 1 V, 1 kHz) was
applied to the device. Circles refer to measured data, while
the solid line is the theoretical fit.

the same poled sample of P12 is represented in Figures
4 and 5. The characterization of linear optical proper-
ties was performed with the setup shown in Figure 2.
If a laser beam enters the prism at an angle that is
sufficient for total internal reflection at the prism base,



Macromolecules, Vol. 30, No. 11, 1997

an evanescent light field penetrates the gold, the
thickness of which was adjusted to optimize the cou-
pling. At certain angles of incidence, the in-plane
propagation vector matches that of a waveguide mode,
giving rise to a substantial drop in the reflected inten-
sity, which, hereafter, is referred to as “dip”. Figure 4
shows the reflected intensity as a function of the angle
of incidence for TE polarized light. From these
waveguide spectra, the thickness and the refractive
indices of the polymeric layer could be determined, the
latter with a relative accuracy of approximately 1073,
by fitting the experimental spectra with Fresnel's
formulas according to the procedures given by Swalen32
and Zhang and Sasaki.33

The electro-optic effect in the waveguides was mea-
sured using the setup shown in Figure 3, by evaluating
the influence of an electric field over the EO polymer
(applied by the two gold electrodes) on the position of
the dips. Since typical electro-optical coefficients are
of the order of several picometers per volt, the relative
changes in the refractive index that must be resolved
are on the order of 1073. These subtle changes can,
however, be easily observed with a modulation tech-
nique.”313 A sine wave of 1 V in amplitude at a
frequency of 1 kHz was applied to the EO device. The
modulation of the reflected intensity was recorded with
a lock-in amplifier, operating at the fundamental fre-
quency. At angles of incidence close to one of the mode
dips, lock-in signals with a large signal-to-noise ratio
were obtained, as is shown in Figure 5 for TM polarized
light. The signal is proportional to the first derivative
of the reflected intensity. This is expected if the modes
are shifted by the field-induced changes in the refractive
index of the waveguide.?®> The amplitude of the lock-in
signal at the resonance angle permitted the determi-
nation of the electro-optic coefficients ry3 and r3; of the
EO waveguide using the methods described in detail
before.”~® In the vicinity of a resonance, the first
derivative of the ATR spectrum and the measured lock-
in curves are proportional to each other and their ratio
yields the field-induced angular shift of the respective
resonance, independent of its width. The evaluation of
the electro-optic coefficients from these shifts is then
straightforward. In the first step we calculated the
partial derivatives of the theoretical ATR curve with
respect to the various parameters (i.e. refractive indices
and thicknesses). This yielded, for every parameter
separately, an “artificial lock-in signal” and thus, in a
fashion similar to that for the measured signal, a set of
theoretical values for the shifts of the mode dips.
Fitting these sets of theoretical shifts to the set of the
shifts measured, we finally obtained the field-induced
changes on the refractive index by using the following
formulas:’

2 Ny
r33: 3 oF (9)
N v
2 N
g =———1 (10)
N"re

where F denotes the electric field strength.

The photophysical properties of P12 that have been
measured are summarized in Table 1 and Figure 6,
together with other relevant photophysical data, mea-
sured earlier using a conventional Maker-fringe tech-
nique. The electro-optic coefficients ri3 and rzz have
been determined to be 3.9 and 12.1 pm/V in the case of
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Table 1. Photophysical Properties of Pi; Films

ra3 ris ds3 diz réss réi3
ne? N (pm/V)E (pm/V)R (pm/V)P (pm/V)P (pm/V)e (pm/V)©
1.667 1.599 12.1 3.9 40 13 16 5

aValues measured with ATR at 785.5 nm. ? Determined by
Maker-fringe experiments at 1542 nm, as described in ref 2.
¢ Value calculated for 1300 nm from the Maker-fringe experiments
according to ref 2.
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Figure 6. Electro-optical coefficients ri3 and rz; as a function
of the birefringence.

best orientation, as obtained here. Using different
poling conditions, i.e. varying the poling voltage, time,
or the distance between the corona and sample, the
degree of orientation of the NLO-phores can be influ-
enced and, thus, various devices with different EO
responses could be prepared. Figure 6 shows the
electro-optic coefficients versus the square root of the
birefringence (n = nte — nnv) for a series of such devices,
showing a linear behavior for the two tensor components
riz3 and rzz on the corresponding birefringence compo-
nents. Evidently, these ratios are not influenced by the
degree of orientation. The ratio of the slopes of these
two linear functions (formed by the ratio for the two
tensor components riz and rsz) is 3.1, in excellent
agreement with the predictions of eq 6.

The experiments carried out on the waveguides
prepared here, for the first time, show the suitability
of the new NLO polyamides under investigation for the
application in actual devices. The large electro-optic
coefficients compare well with state-of-the-art EO poly-
mers.! The EO coefficients, as directly measured here,
are in accordance with the electronic EO coefficients that
have been derived from the NLO susceptibilities? using
relations 7 and 8. The values obtained using ATR
spectroscopy are about 20% smaller than the values
calculated from Maker-fringe experiments. Considering
the different techniques used, especially bearing in mind
the rather crude model which relates electronic EO and
NLO coefficients® and the fact that the poling condi-
tions that control the extent of NLO-phore orientation
are difficult to reproduce exactly,”3¢ this deviation is
surprisingly small.

The orientational behavior of the polymer P35 is in
agreement with the predictions made by the isotropic
model. First, as already discussed above, the average
ratio of the EO coefficients ri3 and rz3 of 3.1 is in
excellent accordance with the predictions of the model.
The second concordance is the linear dependence of both
electro-optic coefficients on the square root of the
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birefringence. This behavior is expected in a first-order
approximation for small poling parameters u (based on
the static dipole moment of about 9 D of the NLO-phore
DDANS36 which the polymer investigated comprises and
the poling fields of below 15 kV, the poling parameter
u was estimated as significantly smaller than unity),
since it has been shown that within the frame of this
model the birefringence An must be proportional to u?,
while the electro-optic coefficients are proportional to
u_35

The fact that the experimental results obtained using
ATR spectroscopy are in good agreement with the
isotropic model makes it evident that the NLO polymers
based on DDANS discussed here are well described by
the assumptions discussed in the theoretical section:
Even after poling, the polymer samples are still com-
pletely amorphous (no aggregation or crystallinity
present). Despite the fact that the NLO-phores are
restricted in their mobility because they are rather
rigidly incorporated into the polymer backbone, they
behave like independent guest molecules dissolved in a
polymer host. The attenuation in the device, due to
optical absorption, is negligible at a wavelength (785.5
nm) that represents a regime interesting for various
applications.?

IV. Conclusions

We recently proposed a new approach to the design
of NLO polymers with large and extraordinarily stable
second-order nonlinear susceptibilities, where the NLO-
phores are part of the polymer backbone with their
dipole moments oriented transversely to the polymer
main chain.

In order to demonstrate the usefulness of these new
NLO polyamides in actual devices, we investigated the
electro-optical properties of planar waveguides by mea-
surements of the waveguiding modes of these devices.
Indeed, the results obtained using attenuated total
reflectance spectroscopy prove the suitability of these
materials for electro-optic applications. The electro-
optic coefficient rsz of 12 pm/V compares favorably with
state-of-the-art polymeric electro-optic materials. Italso
equals approximately the electronic contribution to the
electro-optic effect as calculated from the nonlinear
optical susceptibility dss. The ratio of electro-optic
coefficients rs3 and r3; was found to be independent of
the magnitude of the NLO-phore orientation and equal
to 3. This behavior is in perfect agreement with the
predictions from the isotropic model.

V. Experimental Section

Materials. Synthesis and characterization of the polymer
used in this work (poly{[2-[2-(4-(dimethyamino)phenyl)vinyl]-
5-nitro-1,4-phenylene]liminocarbonyldodecamethylene-
carbonylimino}, P, Tg = 125 °C, 12 methylene units [see
Figure 1]) have been described previously.?

Device Preparation. The polymer was dissolved in dry
NMP at concentrations of 4—8% w/w. The solutions were
filtered through a 0.45 um Teflon filter and were spin-cast onto
slides of high-refractive-index glass (n = 1.80) that were
previously covered by a gold layer (Balzers 99.99%) of ap-
proximately 30—40 nm thickness. The samples were dried at
70 °C in vacuum for at least 24 h. The thickness of the
polymer films ranged from 0.5 to 1.5 um. The samples were
corona poled with a dc electric field using a custom-made
hotstage as the ground electrode and a tungsten corona needle.
The applied corona voltage was up to +15 kV at a gap distance
of approximately 3 cm. The films were heated under an
applied field to 5—15 deg above Ty, held at this temperature
for about 30 min, and then cooled to room temperature at an
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Figure 7. Schematic representation of the device employed:
(a) front view; (b) top view.

average rate of 1.5—3 °C/min. These samples were used for
the determination of the linear optical properties, as discussed
below. For the measurement of the electro-optic response, a
top layer of gold of approximately 100 nm thickness was
thermally evaporated subsequently onto these devices. In
order to obtain multiple, independent devices on a single
polymer film, the gold electrodes were applied in well-defined
patterns, as sketched in Figure 7. The active area of these
devices was 16 mm?.

ATR Experiment. The experimental setups used are
sketched in Figures 2 and 3. A diode laser working at a
frequency of 785.5 nm and a power of 5 mW was used as the
light source (Hitachi HL7806G). The light was polarized to
TM or TE by means of a rotating polarizer and focused with
conventional optics to the base of the prism. The laser was
mounted on a computer-controlled, stepping motor driven (C-
560, Physik Instrumente) translation stage, in order to adjust
the laser spot throughout the experiment to the center of the
prism base (it is of extreme importance to ensure that the
entire experiment is performed on exactly the same section of
the device). The material of the prism was identical to the
substrates used. The glass slide upon which the waveguiding
device had been prepared was attached to the prism with an
index matching fluid (n = 1.8, Cargille Laboratories Inc., Cedar
Grove, NJ). The prism was mounted on a rotating stage,
which was also driven by a computer-controlled stepping motor
that allowed an angular step size of 1073 °. A silicon photo-
diode (Temic BPW 20R) with a maximum sensitivity at 750
nm was used as the detector. It was fitted with a focusing
lens, a diaphragm that allowed us to only detect the light in
the center of the spot (1.5 mm diameter), an analyzer, and a
filter (with a cutoff at around 650 nm) to reduce the effect of
adventitious light. The detector was mounted on a goniometer,
which was also driven by a computer-controlled stepping motor
that allowed us to follow the reflected light. The system was
calibrated so as to ensure the optical alignment of the major
components (laser—prism base—detector) throughout an ex-
periment.
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