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SECOND ORDER NONLINEARITY STUDIES ON
ORGANIC POLYMERIC MATERIALS
Hann-Wen Guan, Ph. D.

University of Nebraska, 1994

Adviser: C. H. Wang

Second order nonlinear optical (NLO) properties of organic polymer thin
films were studied by optical second harmonic generation (SHG) and
electrooptical measurements. The polar orientational order parameters (POP)
were deduced from the second order susceptibilities and from the first order
electrooptical coefficients. It is found, in the guest/host system, that the POP is
NLO chromophore concentration and external electric poling field dependent. By
monitoring the in situ SHG intensity change, we are able to study the temporal
stability of the polymer systems under different preparation and different poling
conditions. The decay of SHG signal is found to be affected by surface/trapped
space charges as well as polymer chain conformational changes induced by the
electric field. It is shown that reproduceable relaxation experiment can not be
obtained unless the sample has been successively poled. In guest/host systems
at temperatures above the glass transition temperature (7,), a two single
exponential decay function is found to give a good fit to the SHG intensity decay
curve. On the other hand, the SHG intensity decay curve from a main-chain

polymer system is found to follow a Kohlrausch-Willams-Watts (KWW) equation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It is alos shown that above T, the temperature dependence of the steady-state
average relaxation time is not Arrhenius; the Vogel-Fulcher-Tammann equation
gives a satisfactory fit to the temperature dependence data. It is shown that the
SHG relaxation is different from that obtained by bireferengence, dielectric, or
absorption recovery techniques. The SHG technique is also successfully applied
to investi the physics of pure blank polvmers in the presence of a high

electric field. Finally, the Mach Zehnder interferometry technique has alsc been

used to determine the Pockels and Kerr coefficients.
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|. General Introduction

Photonic systems offer the possibility of extremely high speed signal
processing, transmission and data storage. To realize this possibility, one
requires high-performance nonlinear optical (NLO) materials, particularly those
exhibiting second-order NLO effects. Certain conjugated organic molecules
have been known to exhibiting substantial second order optical nonlinearities
and are candidates for the high-performance photonic materials. Because of this
synthetic organic chemists have been engaged in preparing conjugated
molecules with high optical nonlinearity. Although synthesizing and assembling
new molecules with larger nonlinear optical responses are of great necessity,
gathering sufficient knowledge of the physical properties on the bulk assembly is
essential for converting the test tube miracle to the real world product.

Due to their potential applications in integrated optics, interest in organic
NLO materials has grown rapidly during the past decade." Organic polymeric
materials have lower dielectric constant, compared to the LiINbO; and GaAs
class of inorganic materials,? which can significantly enhance the signal coupling
efficiency. Due to ease in processability as well as considerable durability and
flexibility, polymeric materials, either doped or covalently bonded with NLO

chromophores, have been considered as promising candidates for potonic

applications.3 In order to exhibit the second order effect, not only must the
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2
molecule have a large second order susceptibility, but the bulk assembly can not

have a center of inversion symmetry. In isotropic NLO materials the effect
responsible for the electro-optic response and second harmonic generation can
be induced by a strong external electric field, by which the macroscopic center
of inversion symmetry is removed. The external electric field polarizes the
sample, and creates polar order in the amorphous polymer system. To
accomplish this, an electric field is usually applied at a temperature higher than
the glass transition temperature (7,) of the polymer, at which the polymer host
provides a mobile environment to allow the dipoles to reorient. Under the
influence of the strong external electric field, the dipoles of the NLO
chromophores orient along the electric field direction. Maintaining the electric
field, by slowly cooling below T, and then removing the electric field at the end,
will freeze in the induced polar order in the medium. Thus, by incorporating
these molecules into the polymer system and then polarizing them with a strong
DC electric field to remove centrosymmetry, one can prepare a second-order
NLO material. The electric field polarizing process is known as “poling”.

In addition to the electric field poling technique to process the NLO
polymers, at AT&T Bell Laboratories Katz et al* used a two step process to
deposit an inorganic interlayer next to a NLO organic chromophore. They
successfully packed up to 30 layers of seifassembled film onto a zirconium
phosphate layered surface.* By utilizing silicon chemistry, Marks and

coworkers® were able to directly synthesize NLO organic chromophore onto a
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3
glass substrate. They obtained a multilayered covalently bonded NLO

chromophore assembly in the desired direction.®

Immediate device applications rely on the linear electro-optical (e-0)
effect, that is, modulation of the refractive index depends linearly on an external
electric field. Using the linear e-o effect, Mach-Zehnder modulators made from
organic polymeric materials® capable of operating at tens to hundreds GHz have
been demonstrated by several research groups.7 An optical switch, working as
a light valve for projection display, has also been shown by Takizawa's group in
Japan.8

However, problems concerning thermal and temporal stability must be
solved in order to utilize the potential of organic NLO polymers.® IBM's group
has used NLO chromophores epoxide crosslinked at desired temperatures to
improve on the temporal stability. At the Naval Weapons Center, Lindsay’s
group has synthesized a main-chain NLO polymer which has a 7, of about
200°C."® At Lockheed Corporation, Lytles's group,' and at EniChem
Corporation, Jen’s group12 havé doped thermally stable NLO chromophores into
polyimide systems with a significant increase in the stability of the second order
effect because of the high T, of polyimide. Those groups have contributed one
way or the other on the temporal and thermal stability problem in the NLO

system. However, in addition to the concem over thermal/temporal stability,

chemical stability and optical loss are aiso potential problems that need to be
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4
taken into account in order for organic polymeric NLO materials to be used in a

practical device.”

Besides interest in possible applications, Second Harmonic Generation
(SHG) has been demonstrated to be an effective probe for interfaces and
surfaces.’ We have also demonstrated that SHG can be used as a technique
for an in-situ probe to study chain motion in pure bulk polvmers subjected to a
high electric field."

The works done in this thesis utilize two techniques to study organic
polymeric nonlinear optical systems: namely, Mach-Zehnder interferometry and
the Maker Fringe phase matching technique. Mach-Zehnder interferometry was
use to characterize the electro-optical coefficients; the Maker Fringe technique is
used to determine the second order susceptibility, x®. Both Pockels coefficient,
r, and the second order susceptibility, x*, are related to the intrinsic molecular
second order hyperpolarizability, 8, the number density, the local field factor,
electric field poling, and the manner in which dipoles oriented in the bulk. This
thesis is mainly concerned with each of these elements will affect the magnitude
of the bulk polarization. Our interest is to understand the poling/decay dynamics
and its temperature dependence of NLO polymers.

In Chapter ll, we demonstrate by using the chromophore concentration
dependence to show that the free oriented gas model is not adequate to
describe the order parameter. In the free oriented gas model, the intermolecular

interaction is excluded. We show that the dipole-dipole interaction will enhance
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5
the bulk polarizability as the chromophore concentration increases. Using the

Maker fringe technique in the SHG measurement, we obtain a quantitative value
of the orientational order parameter from x® value. In this chapter, we
introduce equations necessary for the presentation of this work and those which

are developed during the course of this work. A detailed theoretical correction

been developed by Wang.®

After incorporating of the dipole-dipole interaction and showing its effect
on polar orientation order parameter (POP), we present in Chapter Iil
experimental results on the temperature and poling field dependence of POP in
guest/host NLO polymer systems. We have associated the time dependence of
the POP with the orientational time correlation function. We investigate the
shape of the orientational relaxation profile and deduce the mean relaxation time
from the SHG intensity decay curve. We have found a lengthening “memory”
effect on all polymer systems studied. We have also found a two step
mechanism for the POP relaxation: (1) the fast relaxation process dominated by
the surface charges, and (2) a slow decay, reflected by the dipole reorientation
and the trapped charge hindrance effects. We find that at temperatures above
T,. the Vogel-Fulcher-Tammann equation describe well the dependence of the
steady-state relaxation time on temperature dependence. Finally, we
demonstrate that the order parameter relaxation curve observed from the

absorption recovery experiment (a second order Legendre polynomial function)
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6
has a much shorter relaxation time compared to the POP obtained from the SHG

signal decay experiment.

In Chapter IV, we characterize the second-order susceptibilities for a
novel main chain accordion polymer, which has the NLO chromophore covalently
bonded head-to-head along the polymer backbone. This polymer has a high 7,
and good thermalftemporal stability. However, the poling process induces
degradation of this polymer. in the second part of Chapter IV, by monitoring the
in-situ SHG signal from the pure blank polymers we are able to study the physics
of polymer chain motion subject to a high electric field. This is the first to
demonstrate SHG as a new technique for polymer physics research. Additional
comparisons of the temperature dependent POP relaxation to the dielectric
relaxation data are presented. With evidence from the inconsistency between
birefringence and POP performance, and longer relaxation time for POP
relaxation (compared to absorption recovering and dielectric relaxation), we
conclude that SHG relaxation results complement that from absorption, refractive
index, or dielectric loss measurements.

In the last chapter, we present electro-optical results on two guest/host
polymer systems. By modulating the field at high frequency, we are able to
eliminate signals from electrode attraction, electrostriction, thermal motion and
piezoelectric effect. Non e-o contributions can also be reduced by replacing the
sandwich configuration sample by an evaporated gold electrode sample. The

quadratic e-o effect also contributes to the total signal and can be obtained
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1
directly by measuring the modulated signal at the doubled frequency. POP’s

obtained from NLO chromophore concentration dependent e-o coefficient
measurements also suggest that the dipole-dipole interaction is important in the
guest/host NLO polymer sample.

In the context of earlier pioneering research, and the on-going projects in
our laboratory, this thesis has in part helped clarify some issues in the realm of
organic polymeric NLO material research. As can be seen from this thesis, there
are still many unanswered questions that need be addressed: Are the local field
correction factors suitable for the solid polymer medium (especially in the
resonance condition)? ls the second order hyperpolarizability, B, obtained from
the solution environment comparable with that from the polymer matrix? What
are the effects of trapped charges? Does the poling process change the
polymer chain structure, and to what degree?

This is just the beginning of nonlinear optical research on organic
polymeric systems; more sophisticated investigations of many interesting topics
are going on every minute. We should expect many fruitful results and the
commercialized implementations use organic polymeric based NLO devises in

the near future.
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ll. Dipolar Iinteraction Assisted Effects on Second Harmonic Generation’

A. Introduction

Organic molecules, with conjugated n-electron systems terminated by

hypnerpolarizabilities.  Polymer systems containing these molecules can be
made to produce a large second order nonlinear optical (NLO) effect, such as
second harmonic generation. The most common method employed to obtain a
high second order NLO effect is to polarize the polymer system by applying a
strong DC electric field, a process known as poling. To pole the system, the
polymer containing the nonlinear optical molecules is first processed as a film;
the film is heated above its glass transition temperature (7,) in the presence of
an electric field in order to orient the NLO chromophore; the polymer film is then
cooled below T, to lock the orientation in place before the field is removed. This
process breaks down the isotropic symmetry of the amorphous polymer and
freezes the electric dipoles in a noncentrosymmetric order.

The fundamental second order NLO effect in the polymer lies in the
existence of the polar orientational order parameter (POP), induced by the
external poling field Ep. When the POP vanishes, the second order NLO effect
also vanishes. To maximize the NLO effect, it is important to understand the
relationship between the poling process and the behavior of the POP. The effect
of NLO chromophore concentration on the POP is also important, because it is

associated with the interaction between the dipole moments of chromophores.

" The contents in this chapter were extracted from the paper published in J.
Chem. Phys., 1993, 98, 3463.
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