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Functionalized Polymeric Materials for
Electronics and Optics

S. SENGUPTA. J. KUMAR * A. JAIN" and S. TRIPATHY
Departments of Chemistry and *Physics. University of Lowell. L owell. MA 01854, USA

Abstract Polymeric materials are being developed to possess unique electronic
and optical properties. A number of polymeric nonlinear optical polyiners and
electrically conducting polymers have been reported that also present significant
processing and cost advantages. Design of new polymeric materials for electronic
and photonic applications relv on incorporation of molecula: level functionalities
into the polvmer structure. These and other functionalities significantly impact the
processing and fabrication characteristics of the thin film devices as well. Design,
characterization and thin film fabrication aspects of candidate polymers are dis-
cussed.

introduction

The largest application of synthetic polvmers has been in the replacement of
structural materials such as wood, steel and aluminum, textile fibers like the natural
polymers woo!, cotton and silk and the natural elastomer rubber. Polvmeric
materials have plaved a steadily expanding role in the past five decades due to their
relatively low cost, easy processability and wide range of performance capabilities.
Starting with the development of nylons by Carothers, engineering plastics have
found application where high performance is desired. The use of the term poly-
meric in the modern sense dates from its use by Carothers [1] in 1929.

More recently, there is increasing emphasis on engineered plastics or polymers
where appropriate design features are incorporated at the molecular or morpholog-
ical level to produce desired functionality. The role of polvmers as the active
component in electronic and optical devices is an area of research that has seen
tremendous expansion during the past decade. The search for new electronic and
optical materials has led to the development of new classes of polymers with
emphasis on their rich molecuiar architecture and overall molecular organization.

Techniques that are relevant to molecular level manipulation are Langmuir-
Blodgett (LB) film growth, spin coated large area films and polvmeric thin film
single crystals grown by confined solution growth techniques. In the LB films
molecular systems are manipulated at thicknesses of molecular dimensions. Both
polymeric and monomeric systems may be handled in this manner [2]. The
monolayers may be designed to possess desired molecular architectures and func-
tions and may be stacked into complex multilayered systems. The multilayer
arrangement method was pioneered by Kathryn Blodgett [3] and may be used to
introduce different functionality to different layers.

Polymerization in these mono- or multilayer systems leads to rugged multifunc-
tional films and have been proposed as approaches to the development of intelli-
gent polymeric systems. Biopolymers and other biological macromolecules may be
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an integral part of these materials that can be designed 1o mimie the complex
functions and attributes of hving organisms. Numerous electronic. optical and
molecular electronic devices have been proposed based on these structures.

Films with detined properties up to a few microns thick may be prepared simplh
by spin coating technique for many electronic and optical apphications. This is
ideally suited for glassy polvmers where appropriate functional groups have been
added to elicit the desired optical properties. For waveguide devicss film thickness
of the order of the light wavelength (~1 um) is desirable and spin coating leads to
such thickness in a one step process. The spun-on films are 1sotropic and have 10 be
further processed if properties originating from ordering of the functional units are
desired.

Large area thin film single cryvstals of polvmeric svstems have been recently
developed. In addition to the higher degree of molecular order achieved in these
crystalline systems. compiex lattice structures mav aiso be realized by appropriare
molecular design. This technique of polymer crystal growth is most readily
applicable to polyvdiacetylenes. Some of the largest nonresonant optical nonlinear-
1ties have been reported from these polvmers [4]. Approaches such as electropoly-
merization may also be emploved for growing films of functional polymers. Other
techniques include thin film deposition of monomers and oligomers and sub-
sequent polymerization. Molecular self-assembly. chemisorption. and chemical
vapor deposition are some other approaches towards growth of polvmeric thin
films for electronics and optics application.

Several electroactive polvmers have been prepared using these methods. These
approaches focus on incorporating complex functionalities in macromolecular thin
film systems directed towards novel devices. The trend towards miniaturization in
electronics and optics has sparked the interest in the ultimate limit of molecular
level function and organization.

In this chapter approaches to molecular design and thin film growth will be
explored in the context of novel applications and properties. Polymeric materials as
they are processed using these techniques will be discussed. Some of their proper-
ties will be investigated for application in electronic and optical devices. This
chapter will touch upon some of the relevant issues of molecular design but will not
provide an exhaustive review.

Nonlinear optical polymers

General background

The large scale application of optical techniques to communication, signal
processing. and data storage and processing technologies has been both driven by
and created a need for high performance optical devices such as lasers. electro-
optical modulators, image processors, optical memories and harmonic generators.
Most solid state optical devices are currently based on inorganic dielectric and
semiconductor materials, While there is considerable development in materials
technology there 1s still significant room for improvement. The promise of optical
computing can be realized in practical form only by further developments in
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optical device and materials technelogy. Growth of single crvstals and subscquen:
processing and fabrication continues to be a difficult problem. Polymenc materials
can be designed to have cnhanced opuical coethcients. betier processabibity and
fabricability and significant cost advantage. In manyv of the tradimonal opuical
applications polvmers have atready tound extensive usc. The use of polvacnlates
and polvcarbonates 1n plastic lenses and fibers 18 now widespread. The opuical
clarity achieved in some of these glassy polvmers is excellent and wide vanatuon n
the index of refraction 18 possible.

The versatility of polymer technology 1¢ seen in 1ts application o soft contact
lenses. where good optical quality and permeabitity to water and oxygen has been
achieved in the same matenal. Similarly, it is believed that the application of
polymeric materials in active optical devices will be most advantageous. Active
electronic and optical devices are beginning to be fabricated using polymeric
materials [S]. In principle one could have complete opto-electronic svstems based
on polymeric materials technology. For device applications, the polvmeric mate-
rials should possess excellent linear optical properties such as transparency at the
desired wavelengths and appropriate index of refraction. In addition. for active
optical devices appropriate nonlinear optical properties are desired.

There is distortion of the charge cloud in 2 nonlinear (NLO) medium under the
application of an electric field. For weak electric fields. the applied electric vector E.
induces a polarization P in the material. which is linearly dependent on the electric
field. P, o = x'V'E, where /"’ is the susceptibility tensor. The net polarization in
the medium under the influence of several fields is a linear superposition of the
effects of the same fields acting independently. The fields can interact with each
other through the higher order terms in the polarization vector P, which. can now
be expanded as [6]

P=y"E +x?E*E + yYE*E*E + - - - ()
The nonlinear susceptibilities ¥, x*, .. .. of the medium represent the magni-
tudes of the higher order interactions with the applied fields. These properties
are dictated by features at the molecular levei; including electronic and
molecular structure and the nature of the overali molecular packing. The optical
device architecture is dictated by the magnitude and the nature of these NLO
coefficients.

Second-order NLO polymers

The design of NLO moieties and NLO polymers has been approached from both
theoretical and experimental vantage points. The general view that has emerged is
that both a large charge separation (and hence a large dipole moment) and a large
molecular polarizability is required. This can be accomplished best by coupling
strong donor and acceptor groups through a conjugated electron svstem like an
aromatic ring. The resultant systems exhibit strong intramolecular charge-transfer
transitions, so that transparency and high NLO coefficients need to be carefully
traded off against each other [7.8].
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For applications such as second harmonic generation (SHG) the choice of NLO
chromophore 1s dictated by transparency at the fundamental and second harmonic
frequencies. Molecular polarizabilities can be measured in solution by electric field
induced second harmonic generation (EFISH) [7.5-11]. and solvatochromic [12]
techniques. For second-order nonlinearity, acentricity is required at the molecular
and macroscopic levels. In molecular crystals, acentricity is determined by the
crystal structure. which 1s difiicult to control. since in most highly polar molecules,
a centrosymmetric packing is usually energetically more favorable. However. a
number of molecular crystals with noncentrosymmetric structures leading 10 large
optical nonlinearity have been identified. The problems of crvstal growth and
processability remain the major stumbling blocks to be overcome for these systems.

In polvmer systems, acentricity is readily achieved by alignment of the NLO
moieties in an electric field (electric field poling). In addition, polvmers possess
excellent mechanical properties and processability. Thus, the fabrication of devices
from fragile molecular crysials ~an be replaced by planar integrated optics technol-
ogy using large area NLO polymer fiims cast or spun-on from solution or processed
from a melt. Polymer properties are readily modified by making changss in the
structure such as, altering the molecular weight distribution or appropriate chemi-
cal modification.

Electric field poling for the creation of macroscopic acentricity in NLO polymer
systems was introduced by Meredith et a/. [13]. Singer and coworkers extended this
work [14-16] and at present it is a standard procedure used to process second-order
NLO polymers. A very usefu! variant of the paraliel electrode poling technique is
corona poling (Fig. 12.1) [17].

Tungsten wire
(5.5 kV)

N\

[}

Polymeric thin film

Giass plate

1.5cm

Aluminium plate

Cold
water Hot stage

Fig. 12.1 Experimental set-up for corona poling.
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This has the advantage that electrodes do not have to be depostted on the
polvmer film and breakdown under large clectric ficlds may be avoided. Also very
high fields (of the order of MV/cm) over a large surface area are readily obtained. A
corona discharge is a partial ionization of air. usually at atmospheric pressure.
During the corona poling process, charges deposit on tire polymeric film when the
applied voltage is higher than the corona discharge voltage. These charges give rise
to a large local field given by: E = o/e. The local electric field 15 dependent on ©
(surface charge density) and ¢ (dielectric constant). The value of field obtained by
corona poling is usually much larger than that from paraliel plate poling. For
unpoled polymeric thin films. the NLO active molecules are randomly placed in the
polymeric matrix. although a small amount of residual anisotropy is sometimes
seen as the asymmetric molecules are spin coated on the substrate. Noncentrosyiu-
metric order in the thin films is introduced by the alignment of the NLO molecules.
The second-order NLO properties are proportional to the orientational order of the
optically responsive molecules in the matrix.

In general, poling is carried out at temperatures close to the glass transition
temperature, T,, in order to allow sufficient molecular motion. The simpiest
polymeric system as a second-order NLO material consists of two components: an
NLO chromophore (referred to as guest) dispersed in a glassy polymer matrix
(referred to as host). The advantages of such a system are obvious. A wide variety
of NLO molecules can be used, since acentric crystal growth is no longer a
requirement. The polymer host imparts excellent processability and ease of
fabrication. However, limited solubility of the guest in the host matnx leads 1o
dilution of the NLO effect. The concentration of the guest molecule is limited by
phase segregation at higher concentrations. This phase segregation at high
concentrations leads to large scattering losses. Another difficulty encountered in
the two component system is the thermal relaxation of the ordering of the NLO
molecules. While this problem is common to all poled polymer systems. it is
particularly acute for guest-host media. Higher stabilities can be obtained by using
high T, matrices. For example, a polyimide~dye system (Pyralin 2611D-Erio-
chrome Black T) has been described with a T, of 320°C. where optical nonlinearity
was found to be stable at 150°C [18]. Higher NLO dye concentration may be
achieved without the associated phase segregation problem by designing compat-
ible dve-host systems.

The probiems associated with the two component systems may be alleviated by
direct covalent attachment of the NLO dve to the polvmer host. The NLO moiety
may be attached either to the side chain or incorporated into the main chain itself.
In either case, much higher loadings of the NLO units are possible, since they are
chemically attached to the polymer. Side chain NLO polymers may be easily
prepared by designing a suitable NLO moiety containing monomer. Alternately,
NLO units may be derivatized to the side chains of an existing polymer. For
example a copolymer of methylmethacryvlate (MMA) and 4-[4-(-methvlacryloxv)-
octyloxv-2-methylphenyliminomethyl] cyanobenzene has been synthesized [19]. In
general, grafted systems are considerably more stable than guest-host systems. In
Fig. 12.2 the relaxation behavior of second harmonic intensity which is a measure
of the order in the system is plotted versus time.
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Fig. 12.2 Typical relaxation behavior of guest-host and grafted systems [20].

A number of systems with the NLO units incorporated in the main polymer
chain have also been prepared. For example a series of polycarbonate copolymers
based on bisphenol A (BA), 3,3’ dinitrobisphenol A (DNBA). sulfonvidipheno! and
thiodiphenol were prepared and studied [21]. The DNBA/BA polvcarbonate copoly-
mer had the highest NLO activity, with an average d5; of 1.35 x 10~° esu (about
0.45 pm/V). A representative system has been schematically shown in Fig. 12.3.
After an initial decay, stable NLO activity was observed over a period of almost 2
yerrs.

Although room temperature stability has been demonstrated in a number of
NLO polymers it is essential that the materials also have reasonable thermal
stability. Lack of thermal stability in these materials will result in depoling either
during device fabrication process or in device operation whenever power dissipa-
tion heats up the material significantly above room temperature.

A significant advance in the development of poled polymer systems came with
the realization that temporal relaxation effects could be eliminated or greatly
reduced by fixing the oriented nonlinear moieties in place by binding them to the
polymer matrix in a three-dimensional network. A group of scientists at IBM have
taken the well-known chemistry of epoxv-based polymers and adapted it for this
purpose. An NLO group containing prepolymer is poled and simultaneously

0N NO,
Bispheno! A (BA) 3.3 -dintromispnenol A (DNBA)

OO O],

O,N NO;

DNBA/BA Polycarbonate

Fig. 12.3 Polycarbonate main-chain NLO polymer system.
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thermally cross-linked to vield fairly large NLO coethicients and excelient temporal
stability [22.23]. Cross-links between the polvmer chains restrict the molecular
motion of the segments and hence prevent the randomization of the ordered NLO
molecules. This approach was reported by Eich er @/ [22] 1n an epoxy system in
which the NLO moieties are incorporated either in the multifunctional epoxy or
amine components or in both. A low molecular weight prepolvmer 1s made to impan
adequate flexibility to the NLO compoenents. Long term poling and thermallyv in-
duced cross-linking are performed simultaneously 1n order to obtain a three-
dimensional NLO polvmer network. The problem of slow relaxation which s an
inherent property of NLO-dve doped and NLO-dve functionalized side chain poh-
mers[16.17.24-27].1s eliminated. A high degree of loading of NLO molecules is also
possible without the problem of phase segregation. In addition the cross-linked
svstem 1is expected to possess enhanced thermal stability due to 11s network structure.

A group at the University of Lowell has adopted solid state photochemistry as a
vehicle to obtain cross-linked three-dimensional networks containing NLO units.
The principle is based on the 2+2 photodimerization reaction between the
photoreactive carbon-carbon double bonds which are substituted in both the
NLO-dve and the polvmer. In this section some of the physical charactenstics of
the photocrossiinkable svstems derived from a cinnamate functionalized NLO-dve
and the photoreactive polymers polyvinyvicinnamate (PVCN) and polvvinyistyry-
lacrvlate (PVSA) are discussed.

The structures of one of the NLO-dve and some of the polvmers are shown in
Fig. 12.4. The azo dve. 3-cinnamovloxv-4-[4-(N . A-diethylamno)-2-cinnamoyloxy
phenvlazo] nitrobenzene (CNNB-R), has the appropriate design features including
the photocrossiinking groups [28]. Solutions of the polymer and the dve in an
appropriate solvents are spin coated over substrates such as glass. guartz and
indium-tin-oxide (ITO) coated glass at speeds depending on the desired film
thickness. The samples are then baked in a vacuum oven to remove excess solvents.
These films can be poled by corona poling technique to 1mpan the second-order
NLO properties [17]. Lamps with the spectral peak at 254 and 366 nm can be used
as the source of UV radiation in order to cross-link the PVCN and PVSA matrices
respecuvety. Tne expusuic time for desirid cross-liuking may be establiched from
the UV-Vis spectra of the doped polymer films.

NO;
O

/ \ l
o] o’" N~\\
O N
2
. o]
N
A

?

PVCN PVSA CNNB-R

1

Fig. 12.4 Photocrosslinkable polymers and NLO-dve.
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NLO molecules were also incorporated in the mamn chain whils photocross-
linkable chromophores were covalently attached as pendent side groups. This
svstem allows high conceniration of NLO moietes. The svnthesis of this type of
photocrosshinkable polymers may be done 1n two steps: svnthesis of functionalized
NLO prepolymer and the chemical attachment of photorcactive groups. The
prepolymers may be prepared by reacting an expoxy and an NLO chromophore
consisting of an amine group. Epoxy compounds shown in Fig. 12,5, with the
nonlinear species (1) have been used to prepare the polvmer. Appropriate photore-
active groups are then attached to the prepolymer (2). Two photoreactive groups.
cinnamoyl and styrvlacrvloyl. differing in reactivities have been used to invesigate
the photocrosslinking behavior (the nonlinear species is indicated by the dotied
line). The synthetic route for obtaining the photocrosslinkable polvmers (3. 41 1n
schematically shown in Fig. 12.5. The mechanism of cross-linking via the pnoto-
crosslinkable group is schematically shown in Fig. 12.6.

The most significant advantage of these svstems is the photoprocessability. The
poling and cross-linking processes are separated. Cross-linking is dose dependent
and can be achieved in minutes. The level of cross-linking can be controlled eaxily
by controlling the radiation dose. An index change of 0.02 or more betweer the
cross-linked and uncrosslinked regions can be easily achieved. Therefore. writing of
channel structures and phase gratings is possible by selective photo-irradiation.

The alignment of NLO moieties can also be achieved without the poling
procedure using the LB technique. The LB method is a convenient technmique for

NM-
o] CH.. :
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Fig. 12.5 Svnthesis of photocrosslinkable main-chain NLO polvmers,
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producing very thin films that can be controlied to molecular dimensions. The close
control of laver thickness and molecular orientation makes this technigue particu-
lariy attractive for orgamzation of NLO moieties. Molecules that are most suttable
for LB manipulation are linear molecules with a hvdrophilic head group and a
hvdrophobic tail [2]. These tvpe of molecules are spread at the air—water interface
of an LB trough and a monolaver is formed as the surfactive head groups associate
with the water subphase. while the hvdrophobic tails stand awav from the water
surface. The molecules may be aligned and organized in a compact monolaver by
compressing the molecules. using moving barriers. The monolaver thus formed 15
inherently noncentrosymmetric. Multilavers may be prepared from the monolaver
by successive transfer to an appropriate substrate. Thic may be achieved 1n a
number of different wavs. Horizontal transfer with a hvdrophobic substrate or
vertical transfer, where head-to-head and tail-to-tail transfer 1s avoided. will lead to
noncentrosymmetric multilaver films. In a typical vertical transfer process a single
monolaver i1s deposited in both downstroke and upstroke and head-to-head align-
ment of the amphiphiles occur. This type of multilaver though thermodynamically
most stable. leads to the cancellation of polarizabilities and hypemolarizabilities
for each bilaver.

These mululayer LB films usually have centrosymmetric alignment of molecules
on the macroscopic level. Much effort has been invested to organize the maienal in
a noncentrosymmetric film architecture [29-32]. X\ Y and Z tvpe multilavers are
schematicaliy shown n Fig. 12.7. If the surfactive molecules contained an NLO

TIITIITT TTTTTTTTT  cdesecbes
TITTITTIT cessedass eesesssae
TITITITIT TTITITITY eaddiddes
TTITITTT dadaddddl  sddddidae

Fig. 12.7 Langmuir-Blodgett multilavers.
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unit. with a large molecular hyperpolarizabihtny . a iarge nonhimear response s
expected from both Vand Z tvpe multilavers. As mentuioned eariier. in the LB film
fabrication process. disunct vet comphmentan tunctionabty may be mtroduced i
the separate monomolecular lavers forming the multilaver. A Y tvpe structure mus
be designed with nterleaving monolavers with NLO units only 1 one of the
monolavers. This generates a thermodynanucaliy stabie Structere with o etk
second-order NLO response,

In order 1o fabricate LB films which are thermally and mechamecally stable oser
long periods of time. 1t mayv be preterable 10 empioy polvmers rather than fow
molecular weight organic molecules. LB films prepared from polvmens are expected
1o be stable and transfer onto a substrate without serious disruption in the onented
structure. The polvmers svnthesized for this purpose should possess amphiphihic
groups. Polvmers with hvdrophobic backbone structure and polar NLO moseties in
the side groups have been synthesized. —CN and —NO- groups attached to the
NLO moieties are suthciently polar to render them hydrophilic. There have been o
number of research reports on nonlinear optical poivmer LB films [33-36].

Recently. polvmers in which the NLO moyeties separated by flexible methyvlene
spacer are covalently attached in the side chain of polyvmethacrylate (PMA)
backbone [19] have been fabricated into monolaver films. Aromatic Schiff buses
substituted with appropriate donor and acceptor groups were chosen because of
their large ground state dipole momen: and large molecular hvperpolanzabiiny
[37.38]. Alternatively. NLO chromophore functionalized surfactive moenolavers
may also contain a polvmerizable grorp. An NLO monomer monoiaver may be
assembled and subsequently polvmerized in the solid state to form a rugged film.
Diacetyvlene functionatized NLO surfactive monomers have been svnthesized and
NLO polvmer monolayers have been formed from these structures [39].

This approach to monolaver formatios and preparation of heterostructure
assemblies need not necessarily use the LB technigue. Funcuonalized molecules
may be self-assembled. where thermodynamically stable organizations with desired
symmetry are realized. Molecules may then be stitched” together and overlaid to
form superlattices that are NLO active. Recently for example. L1 and coworkers
[40] have reported a self-assembled superlattice structure consisting of alternate
lavers of an NLO chromophore and a silicone spacer with an additional transverse
polvvinyl alcohol laver for structural stabitity.

The NLO chromophore (Ch). 4-[N A-bis(3-hvdroxyvpropyvhamino]styryl-4-
pyridine. was used and resulted in one of the largest muitilaver NLO responses
reported. Figure 12.8 is a schematic of that arrangement where Cp s the coupling
agent (shown in Fig. 12.9). Ch 1s the chromophore and X's and Y's are methvlene
spacer units. The first step in generating these structures involves binding of the
coupling agent to the free hvdroxvi groups on the glass substrate to form a siloxane
laver. The chromophore 1s then reacted with the bound methylene iodide groups.
The free hvdroxvl groups in the chromophore laver are in turn reacted with a
silvlating agent such as Cl:S10S:iCl,0SiCl, to form a second siloxane laver. A
polvvinvialcohol laver 1s now added for structural stabilitv. Additional lavers of
coupling agent. chromophore. siloxane are added in the same sequence to form
multilavers. These multilaver films adhere strorgly to the glass subsirate. show
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Fig. 12.8 Binding of coupling agent to substrate surface.

excellent chemical resistance and a high degree of order as evidenced by the NLO
properties.

Investigation of linear and seconad-order NLO properties

Linear and NLO properties of these polymeric systems are investigated for two
purposes. Linear optical properties such as absorption and refractive index are
crucial parameters for device design. Second. these properties are used as diagnos-
tics to identifv whether the desired molecular structures ana organizations were
realized in the macroscopic medium,

UV=-VIS NEAR IR SPECTROSCOPY

Since many of the proposed NLO devices using these polymeric materials are
expected to function in the 0.4-1.5 um spectral range. it is importiant to investigate
the UV-Vis near IR absorption charactenstics of the polymers. For example. a
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Fig. 12.10 Polanzed UV-visible spectra of 11 layers of a side chain NLO polymer where the
backbone is polymethvlacrviate (a) p-polarization. (b) s-polarization.

polvmer to be used for SHG must be transparent for both ihe fundamental and the
second harmonic frequencies. A desired application is frequency doubling of diode
laser sources. operating in the blue-green region of the spectrum. Due to intra-
molecular charge transfer NLO moieties have their characteristic electronic absorp-
tion in the near UV or visible spectral regime. Orientation of these NLO groups
may be established by obtaining polarized absorption spectra with the incident
electric vectors oscillating parallel and perpendicular to the substrate.

Polarized UV-visible spectrometry is an effective 100! to examine the molecular
orientation in LB films {41-43). Figure 12.10 shows the polarized UV-visible
spectra at 45° incidence from a multilaver of a side chain NLO polymer. The
absorption of the p-polarized spectrum is weak in comparison with the s-polarized
spectrum. This resuit indicates that the NLO moieties are oriented at a shallow
angle to the substrate.

The orientation of NLO moieties in the LB film were evaluated using a dipole
model. Taking the ratio between the absorbances due to the s- and p-polarized
lights, the molecular tilt angle was calculated. For 11 and 5 layers of this polymer,
the value of 8. the molecular tilt angle was estimated to be 60°. Methylene units are
expected to orient away from the substrate surface due to their hvdrophobic
character. Molecular orientation in this type of a monolaver i1s schematically
illustrated in Fig. 12.11.

Orientation of the NLO unit in the poled and unpoled state may alse be
determined by measuring the relative absorbance of the fiilms at the absorption
peak of the NLO chromophore. Figure 12.12 is a UV-Vis spectrum of polyvinyl
cinnamate film doped with 10% of the cross-linkable NLO azo dve CNNB-R.

The spectrum for the poled polymer film indicates a significant decrease in
absorption at the characteristic absorption wavelength with respect to the unpoled
film. Stability of the poled polymer films may be monitored by measuring the
absorption spectrum over a period of time. As the aligned chromophores relax the
reduced absorption at the characteristic wavelength creeps back to the original
value obtained for the unpoled sample. On the other hand. if the poied film were
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Fig. 12.12 UV-Vis spectra of PVCN film doped with 10% CNNB-R. | = unpoled and
uncrosslinked; If = poled and cross-linked.

photocrosslinked subsequent to poling the absorption spectrum remains constant
in time.

The order parameter obtained from anisotropic absorption in poled films is
defined by f=1- Ap/40. where Ap and Ao are the absorbances of the poled and
unpoled film respectively. This order parameter is a measure of the degree of poling
of the NLO chromophore and can be used to compute second-order NLO suscep-
tibility 3@ [17).

2.3.2 WAVEGUIDE MEASUREMENTS

Thin film waveguides of NLO polymers may be fabricated on glass, fused quartz.
and other suitable substrates by spin coating from a polymer solution. Planar and
channel waveguide structure have been fabricated using these spun-on films.
Approaches such as prism and grating coupling techniques have been used to
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Fig. 12.13 Waveguide loss measurement system.

couple laser beams into the waveguide structures. Propagation and coupling into
the various waveguide modes provide information about the thickness. index of
refraction and optical losses in the polvmer waveguide [44].

In order to measure waveguide loss. light scattering out of the waveguide from a
propagating mode can be coliected by a fiber bundle. The fiber bundie facing the
waveguide plane is held by a xy- translator as shown in Fig. 12.13. The other end of
the fiber bundle goes into a detector. The fiber is scanned along the streak formed
by the guided beam and light collected by the fiber 1s detected as a function of its
position. As the fiber is moved along the waveguide streak. the collected intensity is
proportional to the light intensity in the guide at that point. The waveguide loss can
thus be determined as a measure of difference in intensity along the waveguide
streak [38]. The index of refraction and thickness may be measured by this
technique as well. Ellipsometric techniques may also be used to determine the
index of refraction in these polvmeric films.

SECOND HARMONIC GENERATION

The NLO coefhicients g;; of the polymeric optical materials can be obtained by SHG
measurements. The standard calculations of the d;; coefficients follow Jerphagnon
and Kurtz’s method [45]. For uniaxial polymeric films. SHG power is given by

3 —
P2m = 512“ t:)TZmd:p:PE:R(G) [_513]—‘/7(?] (2)
4 (ng, ~ 130)

where 4 1s the area of the laser beam spot. P, is the incident laser power. ¢, and 75,
are the Fresnel-like transmission factors [46]. n, and n.,, are the refractive indices
at the indicated frequencies, R(8) is the multiple reflection correction, and ¢(6) is
the angular uependence of the second harmonic power resulting from interference
between free and bound waves.
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A widely used technique for the measurement of the second-order nonhinear
susceptibility is one that compares the SHG intensity of the unknown sample with
that of a reference material with known d coefhicients. like crvstalline quartz (Y cut)
whose d,, coefficient is accurately known. Second harmonic intensity of the
polymeric films relative to the reference material (quartz). neglecting muluple
reflections 45, 46] 1s:

Py, A Tan) RAON NG - n3)asin e, pl
= - ~ - A~ A - (
P8, dqtd)o(Tr0)qRo(0)ng - N3, )isin g pg

»3

where d; and d,, are second harmonic coefficients of the polymeric film and quanz
respectively and ps are projection factors. Kleinman [47] symmetry (i.e. d3, = <)
is used here, and for small values of the poling field d;./d5, is assumed to be 3. The
rate of relaxation of orientational order and hence, second-order nonlinearity can
thus be conveniently monitored by following the temporal decay of the intcnsity of
the second harmonic.

ELECTRO-OPTIC PROPERTIES

The electro-optic coefficient is an important parameter for the design of the
electro-optic modulators and several measurement techniques have been developed
[48-51]. An interferometric technique is employed to measure any changes in the
refractive index when a modulating electric field is applied across the film. These
techniques are relevant for both linear and quadratic (Kerr) electro-optic effects. In
the case of linear electro-optic effect the modulated intensity of the light beam is at
frequency w. where o is the frequency of the modulating electric field. In the case of
quadratic electro-optic effect the modulated intensity from the interferometer is at
2w. In Fig. 12.14 the experimental arrangement of the Michelson interferomerric
technique is shown schematically. The interferometer with phase-sensitive detec-
tion is used to measure the EO coefficient of the polymeric thin films [52]. For this

Incident light
Beam \'4
sphtter Fringe
Lens pattern Sit
detector
Mirror > >—
A 4 ——I
Lock-1n
Glass 7 amp.
T
° N\ At
NLG film
Metal Ay) V.. cosiit

Fig. 12.14 Michelson interferometer.
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configuration. sampie preparation 1s simple and efiects of air current. vibrations
and temperature fluctuations are much smaller than those for a Mach-Zender
interferometer.

In the sample arm. a laser beam propagates through an [TO-coated glass
substrate, a thin NLO polvmer film. and is then reflected back by a metal electrode.
The linear EO coefficient 1s measured using the phase shift introduced by the
modulating voliage.

Third-oraer NLO polymers

Polymeric materials with large second-order nonlinearity may also possess large
third-order nonlinearities. regardless of packing svmmetries in the bulk material.
Thus NLO guest-host systems with large dve concentrations have been shown to
possess large third-order nonlinearities. However, the largest third-order non-
linearities have been observed in polvmers with exiensive n-conjugation along
the polymer backbone. Large third-order optical nonlinearities have been
demonstrated in conjugated polvmers including polyvacetviene. polvthiophene and
polyphenylene vinvlenes [53-56]. These conjugated polymers mayv be oxidized
to form conducting polymers as well. a topic that will be discussed in a later
section.

The thira-order NLO properties of polydiacetvienes are best defined among the
conjugated polymer svstems currently under investigation. Polvdiacetvienes may
be grown as discussed earlier in the form of Langmuir monolavers and sub-
sequently polymerized to form a polymer monolayer. Multilayers mayv be formed
by repeated deposition of the monomer monolaver and subsequent polvmerization
in the film. Alternatively, polymerized monolavers may be transferred using the
dipping techniques discussed earlier. Third-order NLO susceptibility '’ as large as
102 esu has been reported for these multilaver films. The response time of this
electronic nonlinearity has been determined to be faster than tens of femtoseconds
in the transparent regime“

Polydiacetylenes form a unique class of polvmers as polvmerization is carried
out in the solid state [57]. The lattice-controlled polymerization in the single crystal
monomer leads to a single crystal polvmer. The monomer single crystals are usually
transparent but take on an intense color upon polymerization. The third-order
nonlinear response also increases by several orders of magnitude as a conjugated
backbone is formed [58].

Third-order nonlinearity in NLO dve incorporated svstems is of considerable
interest. This interest stems from the excellent processability of glassv polvmer
based guest-host systems. It is relatively easv to fabricate planar or channel
waveguide structures in spun-on films of these materials. There is in addition a
tremendous flexibility in the design of the nonlinear molecular systems. In fact dve
molecules may be approximately tailored to be compatible with the host polvmer.
However, most guest-host systems suffer from the usual problem of phase segrega-
tion at large concentrations of the NLO dye. As discussed earlier. NLO dves may be
attached as side chains to polymers to eliminate the phase segregation problem and
obtain a high degree of loading.
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2.5

2.5.2

Investigation of third-order NLO polymers

There are a number of techniques that may be emploved to measure the third-order
NLO coefhcients in a polymeric thin film svstem. These techmiques include third
harmonic generation, four wave mixing. EFISH. Kerr measurements. and electro-
reflectance and absorbance measurements. Time resolved nonlinear spectroscopy
and pump probe experiments may be used to measure the response time of the
nonhineanty.

THIRD HARMONIC GENERATION

Conceptually, the simplest experiment to carry out to measure third-order suscep-
tibility is third harmonic generation. While SHG is limited to noncentrosymmetric
systems, any medium can give rise to a third harmonic signal. Therefore 1n addition
to the polymeric sample of interest, any intervening medium, such as air. or
supporting substrate will contribute to the third harmonic signal. In spite of these
problems, experimental techniques allow unambiguous determination of x'*' from
these measurements [56.58].

An experimental arrangement very similar to the one used for measuring SHG
coefficients may be used to study the generation of third harmonics. Some of the
early experiments on third harmonic generation from conjugated polymers were
carried out by Sauteret er al. [58]. Comparison of results from singie crystals of
diacetylene monomer and polydiacetyiene indicated more than a coupie of orders
of magnitude enhancement in the nonlinear response. This is a result of polvmer-
ization leading to a conjugated backbone which is responsible for the large
nonlinearity. In the polymer single crystal x*' along the polvmer chain direction
was found to dominate the other x'* components by two orders of magnitude.
Third harmonic generation from a number of conjugated polvmers such as poly-
acetylene, polyphenylene vinylene and polvthiophenc have also been carried out.

KERR EFFECT MEASUREMENT

Application of large electric fields can result in a significant perturbation of the
electron cloud in a polvmeric material in a nonlinear fashion. This is manifested in
a change in the index of refraction and can be written as An = n,E*. The constant -,
is directly related to the effective third-order NLO susceptibility of the material.
Such index change resulting from third-order noniinearity is proportional to the
square of the applied electric field.

Kerr measurements under large electric and optical fields have been carried out
in several polvmers in the film form in different configurations. Optical Kerr
measurements in polydiacetylene LB multilavers were carried out by Carter et al.
[39]. The variation of refractive index with incident intensity in the polvdiacetylene
multilayers fabricated on silver coated gratings on a silicon wafer were measured.
Coupling angie is a sensitive measure of the index of refraction of the polvmeric
overlayer. Change in the index of refraction 1s measured as a function of the
incident laser intensity by measuring the shift in the grating coupling angle.
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Electric field induced changes 1n the index of refraction may be measured using
interferometric techniques in a manner analogous to the measurement of lincur
electro-optic coefhicient. The nonlinear optical polvmer confined between two
transparent electrodes is inserted in one arm of a Mach-Zender mterferometer.
Phase shift introduced by the change in the index of refraction as a result of the
applied field is recorded and is 4 measure of the change 1n the index of refraction.
In the case of quadratir electro-optic effect the modulated intensity 1s at & frequency
2w. where w is the frequency of the modulating electric field.

A number of dve doped guesi-host syvstems have been investigated for their
third-order properties in this manner. Kuzvk ¢r al. |50] have reported on a
guest-host svstem with PMA as the host and an azo dve as the nonlinear guest.
using the Mach-Zender configuration. Similar experiments have been carried out
with side chain polymers with azomethine pendant groups by Kumar er al. [59].
More recently, CNNB-R-doped PVCN system has been investigated for its third-
order properties in the unpoled isotropic phase by Li ef al. [60]. The experimental
arrangement in this case is similar to the set-up for the investigation of the linear
electro-optic effect shown in Fig. 12.14. For this measurement. the polymer film
was spin-coated on an ITO-coated glass plate where the I'TO laver was used as an
electrode. A gold laver was thermally evaporated onto the polvmer film to form the
second electrode. An a.c. modulating field (about 5 kHz) was applied across the
polvmer film. A detector was emploved to measure the modulations at two
half-intensity points of a selected interference fringe at 2w. noted as /,,. and I, _.
The quadratic electro-optic coefficient. S,,3;. as a measure of the third-order
optical nonlinearity is then given by:

Sii33 = (1n’) [l + = Lo WlIimax = L)) (2A/175,) (4)

where n is the refractive index, « is the laser wavelength, 4 is the thickness of the
film. ¥V, is the modulating voltage. and /., and I, are the maximum and
minimum intensities of the selected fringe. respectively.

The measured quadratic electro-optic coefficient as a function of dve concentra-
tion is shown in Fig. [2.15. The quadratic electro-optic coefficient exhibits an
approximately linear relationship with the dve concentration. This indicates that
there is no dye aggregration in the polymer film at concentrations as high as 50%.
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Fig. 12.15 Quadratic electro-optic coefficient as a function of NLO dve concentration in the
polymer.
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The quadratic e¢lectro-optic coefficients in this svstem are large compared with
those reported by Kumar er al. [59] based on azomethine dves and those reponed
recently by Kuzyk ¢7 al. [50] at the same dve concentration.

Degenerate four wave mixing experiments have been carried out on dve
incorporated as well as conjugated polvmer system {4]. These measurements may
be nterpreted as diffraction of a probe beam from an index grating created by
interfering two write beams. The index grating is brought about through the
itensity dependent refractive index of the polymer. The diffraction efficiency of
the grating provides a measure of the third-order nonhinearity.

PHOTOREFRACTIVE EFFECTS IN POLYMERS

A photorefractive materials 1s one in which an incident light pattern induces a
corresponding index pattern. For example. if two coherent beams are interfered in
a photorefractive material a sinusoidal index pattern results. This occurs because
the light pattern induces a space charge field fs in the material by phntogeneration
of charge carriers from the bright areas which subsequently diffuse or drift into the
dark areas where they tend to get trapped. The space charge field leads to an index
change via the linear electro-optic effect and is given bv An = 1/2n'rfs-. Unlike the
Kerr effect where index changes are brought about through the third-order nonlin-
earity, the photorefractive effect is mediated by linear electro-optic effect. Optical
erergyv is ahsorbed in the process and using very low laser power it is possible to
produce large refractive index modulations [61].

Until recently many of the potentially useful phenomena of NLOs such as
optical phase conjugation and real time holographiy have been demonstrated with
inorganic photorefractive crystals [62. 63]. These inorganic photorefractive crvstals
are slow. difficult and expensive to process and are relativelv fragile. Further. it is
not possible to process these in the form of large area single crystals. It is for this
reason polymeric photorefractives that can be processed as films are of interest. For
a photorefractive polymer large and stable electro-optic coefficient and photo-
conductivity are desired in the same material. Dark conductivity in the material
should be significantly smaller than photoconductivity. otherwise the photoinduced
grating will be thermally erased.

Recently Ducharme et al. [64]) have been able to demonstrate photorefraction in
100 um thick films of electro-optic polvmers based on the epoxy system discussed
earlier [23]. A suitable hole transporting agent (for photoconduction). diethvlami-
nobenzaldehyde diphenylhydrazone (DEH) was incorporated into the polymer. In
these films significantly large diffraction efficiencies have been observed in nonde-
generate four wave mixing experiments. This class of photorefractives could be
further improved if phase segregation due to the presence of incompatible compo-
nents could be avoided. Li ez al. [60] have recently reported large photoconductiv-
ity in the photocrosslinkable second-order material PVCN/CNNB-R discussed
earlier. In Fig. 12.16 photocurrent as a function of light intensity is piotted.
Photocurrent as a function of wavelength of incident light is plotted in Fig. 12.17.

The photorefractive diffraction efficiency figure of merit Q=n’r/e for this
system was estimated to be 12 pm/V where n is the index of refraction. r the
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Fig. 12.16 Photocurrent in PVCN/CNNB-R as a function of laser intensity at 514 nm with
1C V bias.
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Fig. 12.17 Photocurrent in PVCN/CNNB-R as a function of laser wavelength at 10 V bias with
laser intensity of 0.3 W/cm.

electro-optic coefficient and ¢ the dielectric constant of the medium. This value is
quite competitive with the values of figure of merit for most inorganic crystalline
materials including the semiconductors. It is anticipated that cheap and efficient
polvmeric photorefractive will have benefits in image enhancing and motion
sensing devices, in addition to uses in optical signal modulation and routing.

Electrically conducting polymers

During the past decade there has been an explosive growth in the research
involving electronically conducting polymers. This started with the report on
polvacetvlene whose conductivity was increased by about ten orders of magnitude
as a result of doping [65]. A large number of conducting polvmers has since been
developed. These conducting polymers are characierized by a n-conjugated poly-
mer backbone with the ability to support a delocalized electronic charge defect.
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Fig. 12.18 Electronically conducting polvmers.

The charge defect may be introduced in the backbone by the removal or
addition of electrons (oxidation and reduction). Overall. the conducting polymer
system remains neutrals as the backbone charges are compensated by the dopant
counterions. The nature and extent of doping has a strong influence on the
electronic and optical properties of the candidate conducting polvmers. Figure
12.18, adapted from Kanatzidis [66]. shows a number of the better known
materials.

The electrical properties of conducting polymers have been the subject of
intense interest and research in the past decade. This has been driven both by the
interest in practical applications and the desire to elucidate the mechanisms behind
the conductivity of these materials. In particular the frequency and temperature-
dependent conductivity has been extensively studied. extending from d.c. to optical
regions.

Electropolymerization and dielectric behavior

Several of the conducting polvheterocyclic polvmers such as polvpyrrole and
polythiophene are most conveniently prepared in film form by electropolymeriza-
tion [67]. The monomer is usually polymerized by anodic oxidation in the presence
of an organic salt which provides electrolytic conductivity and counterions. An
organic solvent such as acetonitrile is used. or the monomer itself may serve as the
solvent. This method of synthesis has the advantage that the polvmer is deposited
on the anode in an uniform thin film. and is already in the oxidized conducting
state. If the reduced form is desired. it can be produced by reversing the current
flow in the electrolytic cell. Polvaniline can be similarly prepared from aqueous
solutions containing aniline and hydrochloric or sulfuric acids. A very useful review
of synthetic methods for conducting polymers has been given by Naarman and
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Fig. 12.19 Conductivity of polypyrrole as a function of doping level.

Theophilou [68]. These films have been extensivelv studied for their electrochem-
ical. electronic. electrochromic and optical properties and applications.

Recently Phillips and coworkers have reported measurements on the microwave
and far infrared properties of polypyrrole tosyiate [69.70]. Thin films ranging In
thickness from 5 to 50 um were prepared electrolvtically in the fully oxidized form
and then some of the samples were partially reduced by passing a reverse current
through the electrolyvtic cell. As may be expected. the high frequency conductivities
correlate with the d.c. conductivities and both are a function of the degree of
oxidation (doping level).

The high frequency conductivities could be varied by more than two orders of
magnitude bv adjusting the doping level as shown in Fig. 12.19. Both the real (m)
and imaginary (k) parts of the refractive index and hence also the dielectric
constants [g, = n? - k- and &, = 2nk] show pronounced dispersive behavior for the
more heavily doped samples. The real and imaginary parts of the complex
dielectric constant are plotted in Fig. 12.20.
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Fig. 12.20 Complex dielectric constants for a doped polypyrrole sample with 6 = 80 S'cm.




FUNCTIONALIZED POLYMERIC MATERIALS 289

3.2

10000C v ,
i roataregon |

Compliex dinlnctac constants

Fig. 12.21 Plot of ¢, and ¢- for a polypyrrole sample.

The overall behavior was found to be in accord with a Debve tvpe model. Figure
12.21 1s a fit to a Debye model where experimental data in the microwave and the
far infrared region were available. Zuo e al. [711 have successfully fit low frequency
(10 Hz-1 MHz) data for polvaniline (emeraldine form o = 5 S/cm) to the Debve
mode! as well. Since polvpyrrole can be obtained in large area films. and 1v
relatively stable. and readily modified by doping. it may be useful in the fabrication
of devices such as filters in the infrared and microwave spectral range {69].

Monolayer electrically conducting films and heterostructures

Recentiv. LB techniques have been used quite extensivelv 1o prepare and study
films of conducting polvmers. It has been used as a technique for fundamental
studies in these materials. LB films of conducting polvmers are of particular interest
for molecular electronics device applications {72.73]. Conducting polvmer mono-
lavers have been prepared in a manner analogous to the NLO poivmers. Surface
active monomers may be set up in a monolaver and simultaneously polymerized
and oxidized to form a conducting monolaver. Alternately. soluble conducting
polvmers mixed with a surface active host such as stearic acid mav be spread on the
LB trough. The conducting polvmer need not possess surfactive characier in order
to form a good monolayver film.

Monolavers based on the polv{3-alkyl pvrroles) and polv(3-alkyl thiophenes).
were manipulated in a number of different wavs [74-79] to produce monolavers
and multilavers in complex organizations. Mixed monolavers of 3-hexadecyi-
pvrrole and pyrrole were polvmerized at the air—water interface in the presence of
ferric chloride as the oxidizing agent to vield conducting monolavers and studied by
electron microscopy and diffraction techniques. LB films of polvmerized 3-alkyl
pvrrole and unsubstituted pyrrole prepared by this technique and mixed mono-
lavers of stearic acid and polyv-3-alkyl thiophenes were studied by near edge X-ray
absorption fine structure spectroscopy (NEXAFS) using a svnchrotron radiation
source.
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Fig. 12.22 Schematic of the two-dimensional polypyrrole lattice with mixed alx<i and ferrocens
dernivitized unit extended 1nto the third dimension.

The polarization dependence of the spectrum was interpreted to estimate the
degree of ordering of the hvdrocarbon chains. and the conducting components. A
particularly interesting study of a ferrocene-derivatized pvrrole surfactant svstem
has been done {80]. The molecule 3-(13-ferrocenyl. 13-hvdroxviridecyl) pyvirole
(Fc-Py), which consists of a pyrrole group at one end of a 12 carbon aliphatic chain
and a hvdroxyl ferrocene at the opposite end was used. While structurally similar to
3-n-hexadecvipvrrole (3HDP). Fc-Py does not form a stable monolaver by itself.
However. mixed monolavers of Fc-Pv and 3HDP were readilv prepared and
transferred as mono- and multilavers to suitable substrates. Conducting pol-
merized films could be obtained as before. in the presence of unsubstituted pyrrole
and ferric chloride. The NEXAFS spectra indicated that the hvdrocarbon chains
are highlv ordered and normal to the substrate. in these fiims. This information.
together with the pressure-area isotherm data suggests the schematic arrangement

monomer units.

It was demonstrated by cvclic voltammetry that the redox behavior of the
ferrocene moiety is completelv preserved in these mixed polyvpvrrole films. This
provides additional indirect evidence to support the proposed structure. indicating
that the ferrocene moieties are not buried within the polvpvrrole laver and free to
interact with the external environment. It was further demonstrated that this
reversible behavior of the ferrocene—ferrocenium couple could be utilized. to create
thin-film amperometric glucose biosensors [81).

New directions

Research over the past decade has clearly established molecular and polvmeric
matenials as candidates for application in clectronics and optics technologies.
Polymeric materials provide access to new process technologies for active elec-
tronic and optical devices. Further. the poessihilities of incorporating the desired
functionalities are immense. Search and incorporation of these funcuionalities in
artificially structured pelvmeric materials will continue, Polvmers will be designed.
taking into account the arrangement of these functionalities, to provide ease of
processing and fabrication and long term stability. Biological systems may serve as
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models for the design and development of these new matenials. Weli-estabhished
planar microfabrication technologies on the other hand will provide approaches to
device design and fabrication. Polvmers are expected to be mostly used in the him
form for these applications.

5 References

1

RNV R P

[ WV ]

10
11
12
13
14
15
16
17

18
19

20
21

22
23

W.H. Carothers. J Am Chem Soc S1, 234K (1929). For 4 veny readable account of the histon
of polymers, see H. Morawetz. Polvmers: The Onigins and Growth of ¢ Scrence Wiley, New
York (1985).

G. Robens [Ed.}: Langmuir-Blodgett Films. Plenum Press. New York (1990).

K. Blodgett. J Am Chem Soc §7. 1007-22 (1935).

G.M. Carter, J.V. Hryniewicz. M.K. Thakur. Y.J. Chen & S.E. Mevler. 4pp/ Phve Let: 49,
998-1000 (1986).

D. Bloor. Nature 349, 738—40 (1991).

Y.R. Shen. The Principles of Noniinear Optics. Wiley, New York (1984).

L.T. Cheng, W. Tam, A. Feiring & G.L.J.A. Rikken. In: G. Khanarian (Ed.} Nonitnear Optical
Properties of Organic Materials I1l, Proc SPIE 1337. 203-14 (1990).

S.R. Marder. D.N. Beratan & L. T. Cheng. Science 252. 103~6 (1991).

B.F. Levine & C.G. Bethea. J Chem Phys 63. 2666 (1975).

C.C.Teng & A.F. Garito. Phys Rev Letr 50, 350-2 (1983).

C.C.Teng & A.F. Garito. Phvs Rev B 28, 6766-73 (1983).

J.L. Oudar & J. Zyss. Phys Rev A 26. 2016 (1982).

G.R. Meredith. 1.G. VanDusen & D.J. Williams. Aacromolecules 15. 1385-9 (1982).

K.D. Singer & A.F. Garito. J Chem Phys 75. 3572 (1981).

K.D. Singer, S.J. Lalama & J.E. Sohn. SPIE Proc 578. 130 (1985).

K.D. Singer, J.E. Sohn & S.J. Lalama. App/ Phys Lett 49, 248 (1986).

M.A. Mortazavi, A. Knoesen, S.T. Kowel, B.G. Higgins & A. Dienes. J Opt Soc Am B 6.
733-41 (1989).

J.W. Wu, LF. Valley. S. Ermer et al Appl Phys Letr 58. 225-7 (1991).

B.K. Mandal, T. Takahashi, M. Maeda. S. Kumar. A. Blumstein & S.K. Tnpathy. Makromo!
Chem 192, 1009-16 (1991).

S.K. Tripathy er a/. Unpublished data.

R.J. Gulotty, C.A. Langhoff & S.E. Bales. G. Khanarian (Eds.): Nonlincar Optical Properues of
Organic Materials I1l, Proc, SPIE 1337, 258-70 (1990).

M. Eich, B. Reck, D.Y. Yoon. C.G. Willson. G.C. Bjorklund. J Appl Phys 66. 3241 (1989).
D. Jungbauer. B. Reck, R. Twieg. D.Y. Yoon, C.G. Willson. J.D. Swalen. .4pp/ Phys Lett 56,
2610 (1989).

J.R. Hill, P.L. Dunn. G.J. Davies, S.N. Oliver. P. Pantelis & J.D. Rush. Electron Letr 23, 700
(1987).

C. Ye. T.J. Marks, J. Yang & G.W. Wong. Macromolecules 20, 2322 (1987).

K.D. Singer, M.G. Kuzyk, W.R. Holland. et al. App/ Phys Lete 53, 1800 (1988).

M. Eich, A. Sen, H. Looser er al. J Appl Phys 66. 2559 (1989).

B.K. Mandal, j. Kumar, J.C. Huang & S. Tripathy. Makromol Chem Rapid Commun 12, 63
(1991).

B.L. Anderson. J.M. Hoover. G. Lindsay. B.G. Higgins. P. Stroeve & S.T. Kowel. Thin Solid
Films 179, 413 (1989).

I. Ledoux. D. Hosse. P. Fremaux et al. Thin Solid Films 160. 217 (1988).

I.R. Girling, N.A. Cade. P.V. Kolinsky. J.D. Earls. G.H. Gross & L.R. Peterson. Thin Solid
Film 132, 101 (1988).

L.M. Hayden, B.L. Anderson. J.Y.S. Lam. B.G. Higgins. P. Stroeve & S.T. Kowel. Thin Solid
Films 160, 379 (1988).



#7—

292

S.SENGUPTA ET 4L

33
34

s
36

3%
39
40

41
42
43
44
45
46

47
48

49
S0
51
52

53
54
§3
56
57
S8
59

60

63

64
65

66
67
68

69

M.M. Carpenter. P.N. Prasad. & A.C. Gnthn. Tarn Solid Fiims 1610 315 (1984

N. Carr. MJ. Goodwin. AM. McRobents. GW. Gray. R Marson & RN Scrowaon
Makromol Chen: Rapud Commua: 8. 387 (1987)

K. Oguchi. Y. Yokoh. K. Sanut & N. Ogata MRS Svmp Prac 178277 (11989

A Vickers. R.H. Tredgold. P. Hodge. L. Khoshdel & 1 Gatling Thin Solid Fiims 134 453
(1988).

" R.S. Kumar, J. kumar. S.S. Kumar., A Blumstem & S K. Trpathy, Fromprers o Maor i ae

ular Scrence 463, Blackwell Scientine Publications, Oxford (13%9),

Y.M. Chen. A.K.M. Ruhman. T. Takahashy o o Jup J Appi Prive 30, 6726 (1991,

G.M. Carnter. Y.J. Chen & S.K. Tripathy. App! Py Lerr 43 891 (1983).

D. Li. T.J. Marks. C. Zhang. J. Yang. G.K. Wong & G. Khananan (Eds): Nonlinear Opiica!
Properties of Organic Materiais 111, Proc. SPIE 1337, 341-7 (1990).

H. Nakahara. K. Fukuda. K. Kitahara & H. Nishi. Thun Solid Fiimy 178, 43 (198K)

H. Nakahara, H. Endo. K. Fukuda & M. Sisido. Thin Solid Films 178, 353 (19885,

T. Kawai. J. Umemura & T. Takenada. Langmuir 5. 1378 (1989).

R. Ulrich & R. Torge. App! Opt 12. 2901 (1973},

J. Jerphagnon & S.K. Kurtz. J 4pp/ Piivs 41, 1667 (1970).

S.K. Kurtz in H. Rabin & C.L. Tang (Eds): Quanium Electronics, 1. Academic Press. New
York. p. 1 (1975).

D.A. Kieinman. Phys Rev 126, 1977-9 (1962).

T. Kobavashi (Ed.): Nonlinear Optics of Organics and Semiconductors. Springer-Verlag. Berlin
(1989).

C.C. Teng & H.T. Man. App! Phys Lett 56. 1734 (1990).

M.G. Kuzyk. J.E. Sohn & C. W' Dirk. J Opt Soc An. B6. 842 (1990).

J.F. Valley. JW. Wu & C.L. Valencia. App/ Phys Lete §7. 1084 (1990).

X.F. Zhu, Y.M. Chen. B.K. Mandal, R.J. Jeng. J. Kumar & S. Tripathy. Opr Commun 88. =~
{1992).

T. Kaino, K. Kubodera. S. Tomaru er al. Electron Ler: 23. 1095-7 (1987).

T. Kaino. H. Kobavashi. K. Kubodera & T. Kurihara. App/ Phys Letr 54, 1619-21 (1989).
G.M. Carter. Y.J. Chen & S.K. Tripathy. In: D.J. Williams (Ed.) Nonlinear Optical Properties
of Organic and Polvmeric Materials. American Chemical Society. Washington pp. 21318
(1985).

F. Kajzar & J. Messier. In: D.S. Chemla & J. Zvss (Eds) Nonlinear Optical Properties of
Organic Molecules and Crysials 2. Academic Press. Orlando. p. 51. (1987).

G. Wegner. Nawurforsch 24b. 824 (1969).

C. Sauteret, J.P. Hermann. R. Freyv et al. Phys Rev Letr 36, 959 (1976).

J. Kumar, A.K. Jain, M. Cazeca. J. Ahn. R.S. Kumar. & S.K. Tripathy. SP/E 1147. 177
(1989).

L. Li, J.Y. Lee, RJ. Jeng. K. Kumar & S.K. Tripathy. SPIE Nonlinear Optics of Organic
Materials IT", (1992). in press.

D.M. Pepper, J. Feinberg & N.V. Kukhtarev Sc/ 4 263. 62 (1990).

2 P. Gunter & J.P. Huignard (Eds): Photorefractive Materials and Their Applications 1 and 2.

Springer-Verlag. Berlin (1988. 1989).

L. Hesselink. J. Wilde & B. McRuer. In: S. Martelluci & A.N. Chester (Eds) Nonlincar Opuics
and Optical Computing. Plenum Press. New York. pp. 197-213. (1989).

S. Ducharme. J.C. Scott, R.J. Twieg & W.E. Moerner. Piiy's Rev Letr 66. 1846 (1991).

H. Shirakawa. E.J. Louis. A.G. McDiarmid, C.K. Chiang & A.J. Heeger. J Chem Soc Chem
Commun 578 (1977).

M.G. Kanatzidis. C & EN 68. 36-54 (1990).

A.F. Diaz, K.K. Kanazawa & G.P. Gardini. J Chem Soc Chem Commun 635 (1979).

H. Naarman & N. Theophilou. In: T.A. Skotheim (Ed.} Electroresponsive Molecuiar and
Polymeric Systems. Marcel Dekker. New York. pp. 1-39. (1988).

G. Phillips, R. Suresh. L.1. Chen et al. Solid State Commun 76. 963 (1990).




FUNCTIONALIZED POLYMERIC MATERIALS 293

78
79
80

81

G. Philhips. R. Suresh. 3.1 Chen er al. Mol Crisg L Crvss 190 2733 (1990,

F. Zuo. M. Angelopoulos. A.G. McDiarmid & AJ Epstein. Piny Rev B 39, 39 (19K9)

J. Paloheimo & P. Kuivaluinen. App/ Piys Let 86, 11574 (194901

M. Ando. Y. Watanabe. T. Ivoda. K. Honda & T. Shimdzu. Trin Soid Fidm 179, 225231
{1989).

4 K. Hong & M.F. Rubner. Thin Solid Films 179, 213-20 (1989),

T.A. Skothetm. X.Q. Yang. J. Chen er a! Svnrk Mer 28, C229-36 11959

A.K.M. Rahman. L. Samuelson. D. Mimnchan. § Ciough & S Trpaths, Senrh Mer 28,
C237-44 (1989).

T. Inagaki. T.A. Skotheim. H.S. Lee. Y. Okamoto. L. Samuclson & S. Tripathy, Svath Mer 28,
C245-50 (1989).

X.Q. Yang. ). Chen. P.D. Hale er al. Langmuar 5. 12848-92 (198Y).

T.A. Skotheim. X.Q. Yang. J. Chen er a/. Thin Sohd Fiims 178, 2335=42 (19&9).

L. Samuelson. A.KLM. Rahman. S. Clough ¢7 a/. In: R M. Metzger (Ed.y Lewer Dimensional
Svstems and Molecular Devices. Proceedings of NATO ASI. Spewses. Greeee. 12-23 June 1959,
Plcnum Press. New York (1991).

T.A. Skotheim. H.S. Lee. P.D. Hale ¢r a/. Synth. Met 42, 1433-7 (1991).



