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Organic and Polymeric
Nonlinear Optical Materials

Donald R. Ulrich (a) and Otto Vogl (b)
g{} Air Force OCifice of Scientific Research

A Topical Warkshap entitled *Organic and Polymeric Non-
linear optical Materials™, sponsored by the Division of Pa
mer Chemistry of the American Chemienl society was held
from May 16-19, 1988 in Virginia Beach, VA, The workshop
was argrnized und chaired by Diana Gerbi of the 3M Com-
pany and by Sukant Tripathy of the University of Lowell. It
was attended by over 80 participants and consisted of 18
lectures and about 10 poster presentations.

The meeting was held in & most pleasant surrounding at
'u:n(hvahmﬂutdm‘fugirunﬂmmllmrudwnhthwf;
coming reception on Monday Thursday evening
whﬂqﬁﬂmwwhupm

The Workshop on “Nonlinear Optical Properties” was a
maost waleome undertaking and very timely; it holped the par-
ticipants to understand all the intricate problems that ano as-
eociated with the nonlinear optical (NLO) properties of ar-
ganic as well as of polymeric materials. A general hope was
expressed that successful applications will be found, cape-
cally for polymeric materials; many theoretical considers-
tions and model compound studies that are presently under-
way are expected to promote understanding of the overall
phenomena of NLO in NLO sctive matarials and their appli-
cation in various devices.

The field of nonlinear propertiss, particularly nonlinear
qmmlogmpﬂ'hud' , polymeric materials is in the embryonic

anmﬂrmmdmmmﬁmpmﬁm

m'hhnp was lo define the possibilities of where NLO

materials could be used and how NLO molecular structures
actually could be desipned and prepared in a useful form.

Since the field is still in its beginning stage of development,
it was dominated by discussion of the physies of the NLO
phenomenn and by theoretical considerations, Possible ap-
plications of the NLO materials for various device applica-
tions wore also disenssed.

The Werkshop was opened on Tuesday morning by D.R.
Ulrich who presented “An Overview on lemw ical
Polymer Systems and Dévices”.

The opening speaker asked the question: “Why study prop-
erties of NLO materials and especially w}u'h'l.ﬂuhnpnly-
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mers?” It was suggestod that many advantages might be ox-
pected from polymeric materials. They would have subpicos-
econd response times, large nonresonant non-linearities, low
DC dielectric constants, low switching energy, broadband
performance, low absorption, absenee of diffusion problems,
potential for (UV to Near-IR) resonance enhancement, epse
of processing by synthesis modification, pessibly room tem-
perature operations, environmental stability, and mechani-
cal and structural integrity. The NLO response in polymers
can be viewed on the molecular level: on the microscopic
polarization relating to applied electric Geld and on the
microscopic NLO properties which originate from the polari-
zation response of molecular electrons. The polarization of
the electrons depend on; x(l)}—which represents linear
optics, 3(2) the second order response, i.e. second harmonie
generation, optical rectification, and x(3) which represents
ﬂnﬂurdordarnunhnmpm i. e, third harmonic and
four wave degenerate mixing.

NLO polymers (as far as xti}nmnne:mad.’l have groat po-
tential for optical signal processing (optical computing), as
neutral networks, and as spatial light modulators, In all
optical applications (where y(3}is im portant), NLO polymers
show promise in signal processing, either in series, such asin
wave guides, or in parallel plmawnwm.ﬁgw:ﬂm.'l‘hq
also have potential for tunahble filters, sensor protection,
phase conjugation, and optical switches. D. Ulrich discussed
various aspects of the comparisan ofaphmlnwﬂ:hm; tech-
nologies, optical performance and the mechanisms of four
wave mixing. He pointed out the research directions of NLO
properties in the polymer requirements, particularly for the
importance of nonlinear suseeptibilities. He pointed out the
potential ease of proceasing of polymeric materials and the
great need for thin films of reasonable optical quality both in
terms ol transparencies (4<0,1/em); optical loss in a waveguide
[s1 dB/cm] and smooth surfaces, environmental stahility and
the low switehing energy that might be needed for picojoule
and diode lasers. Mention was made of the status of the
known NLO active polymer classes. [sotropic palymers, bond
alternation polymers, liquid-crystalline polymers, rigid rod
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aromatic heterocyelie polymers and polydiacetylenes have
beoen identified with such characteristics.

Isctropic polymers include poled glasses, guest-host and
blends. Electrically poled pendant side chain polymers (PMMA
with side chaom NLO mesogen) show best second order and E-
O activity so far. They have SHG 7(2) equivalent to or better
mm{mul recently pcnstrated
NLOD mmtrmddbfh:ghduhehm constant
and Curie temperature operation (to obtain the highest
resonant y(2) like LiNbO,), As a result performance to 104
GHzia pudurbul. Only thealmm“wgmdasmﬂu
limiting factor. LiNbO, is limited to 8-24 GHz. KTP, potas-
sium titanyl phosphate, is a new oxide crystal which shows
higher SHG efficiency than LiNbO,, but has a low laser
damage threshold, The poled polymers show damage thresh-
olds of] GW/cm and better. The Air Force haslet development
contracts for high efficiency laser doublers and Mach-Zehndor
modulaters. One interest is for 20 GHz radar signal process-

ing.

Bond alternation polymers are ladder polymers and pris-
tine conducting polymers such as polyacetylene. Vinylaming
and BEL ladder palymers have now been reported with x(3)
in the arll)"ﬂu.ﬂntmramthtbmwh'mm
showed 107" esu and a few 10 esu. For
application such as for optical shutters Mﬂmﬂuﬂﬁ}ﬂl’!ﬁ'
esu was required. For use as etalons, which would be a major
step toward optical neural nets for optical computing at least
107 is required,

Ancther major step has been the discovery to bleach out
bands in the visiblo of the ladder polymers and shift them to
the near IR. This is done by doping the ladder polymera which
also increases y(3) in preliminary measurement; the doping
causes acharged lattice (hipolarcn). These are candidates for

threats,

Liquid crystalling polymers are of interest for both second
and third crder effects, The rigid rod polymers, polyben-
zothinzole and polybenzoxazole, PET and PBO, respectively,
show good ¥(3) in biaxial films. Pblrphlmrlﬂmrlam. PPV,
recently showed (3] of 107" esu and is a candidate for NLO
polarization bistability and birefringent devises along with
PBT.

Metallated macrocyless such as silicon napthaleyanine
and ph ine have recently boen shown to have near-
resonant ¥(3) of 10r* esu, which is approsching the resonant
valoes of galliumaluminum arsenide (GaAlAs) multiguan-
tum wells. The macrocycles have electronic bistability re-

in the nanosecond regime. Their has
sy i g
selectors.

quency

It was pointed out that in pelymeric svslems there
to be no need for units of conjugation longer than 50 to
or 20 to 25 monomer repeat units.

P.N. Prasad of the State University of New York at Buffalo
prmnhdhiiwlkan'!fﬂnhemﬂpﬂmlkﬂ‘uu Pol
Films". He suggested that the predictability of polymer
structures for maleciilar engrneening 18 rensonable and that
large y(2) with fast responae time and low DC dielectric
constant have already been achieved. Guided wave devices
have been demonstrated with polvdiscetylene in Langmumr
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Blodgett films; %(3) =107 esu his bean achieved. Polvmers
seam to be desirable from the material and device

processing
lication points of view; and liguid
npp poin doped polymers and lig m

visualized, and p mmmaplhutmmmdhr
inorpanic erystal materials limitations.
Far s of 3(3) there are a number of impor-

tant and relevant parameters: the mtﬁﬂwﬁ;rxm. the
response time, the anisstropy of ¥(3), the sign of x(3), local
field effacts, electronic resonance enhancement, and vibra-
tional reponance enhancement. Polymers most studied in
this group were phthalocyanines, polythiophones, liquid
crystalline rod palymers, side chain liquid crystalline
polymers, polyacetylenes and specifically designed deriva-
tives of methasrylates

“Recent Advances in Nonlinear Optical af Or-
ganic and Polymer Systems” wuﬂmmhntnl‘lm.‘lhrﬁ.l"
Garita, of the University of Pennsylvania. He discussed in
great detail the electron correlation and resonance processes;
he pointed out that the n-electron states of organic molecules
are dominated by electron correlations. Octatetraene was

gram and the study of the dependence of gamma on the
number of sites, but also the microscopic origin of gumma for
various polyenes, The dependence of gamma on the chain
length of the polymer was also discussed, nok only for regular
dienesbut also for the WL susceptibility of other conjugated
chains. These were shown toa p!rmuqﬁdurmmneriﬁd
chain polymers (PET and

This talk was followed hgrala:mmbjﬂ Etemad of Bell
C‘mummhu_u.wlu spake on

and he focused on finite polyene structures of polvene units
invelving limited conjugation lengths, the Coulomb interac-
tions in terma of the perturbation approach and the highly
correlated states. He also emphasized the third harmonic
generation and the effect of soliton doping; it invelves the
appearance of absorption bands near the mid-gap and tho
amaumnfmhmdmmlncﬂmndu bat no in-

talk wos “Anisotropy of the Third Order Nonlinear Ciptical
Suscoptibility in Conjugated Polymers”™. He also discussad
the NLO properties of polyacetylene and described the dif-
ferent molecular ns wall as electronic structures involving

using trans-polyacetylene as the example) that the broken
yacetylene symmetry with a twafold
grm.u:rl state of the bond-bond alternational domain, or
soliton and the “instantons® as the source of ¥(3) in trans-
paolyacetylens. The instantons are nonlinear #ero point us-



tuations abtained by the photoproduction of charged solu-
tions; Heeger concluded that direct photogeneration of solu-
tions can be obtained with the help of ground state fluctua-
tions; he gave examples where resonance processes {excitons,
solitons and polarons are involved) existed and

them to non-resonant processes. Heeger also concluded that
solutions can lead directly to resonance; the non-resonance is
caused by instantons. Three photon resonant procisses wara
charscterized (in the level of 0.4 to 0.6 electran velts) in the
trans-polyacetylenes spectram.

Poly(p-phenylenevinylenes) wore also discussed. These
structures havea malecular weight and large gapa; they
can form oriented from water soloble precursors. Hee-
ger concuded that large 3(3) is a general feature of conju-
goted systems and that the nonlinearity is assocated with
the x-electrons from rigid bandstructures.

“Monlinear Opties in ried Molecular Systems” was the
subject of & presentation by K. D. Singer of the AT&T
Engincering geﬂn:h Center, Princaton. Singer compared
molecular materials in terms of macroscopic polarization,
microscopic polarization and Van der Waal's materials. He
compared crystals, Langmuir-Blodgett films, smecticand ne-
matie liquid erystals, and oriented order in isotropic liquids.
He paid particular attention to the electric field poling where
low molecular weight polarizable materials are immersed
into either a liquid or & glassy material. Poling can be carried
out under unievial stress which affects the second harmonic

substituents on trans-stilbencs; m&whmﬂmﬂarpn-
larizabilities, Buup to 4,0 x 10-* B em*Dvesu were obtained.
AT A of 1.36 to 1.58 pm.

H. Nakanishi of the Research Institute for Polymers and
Textales, Tsukuba, Japan presented his work on “Several
Saries of Novel Polydiacetylenes for Nonlinear Optics”, His
work primarily involved polydiacetylenes. Diacetylencs
substituted with aromatic rings on either side of the diacety-
lene groupa were polymenzed and the properties of their
polymers studied. Nakanishi discussed in great length the

of the monomers and their polymerization and
found that in many polydiscetylenes the 3(3) values of thin
films were in the neighborhood of 107 to 10-"%esu. Polydiace-
tylenes with n-butyl-tetrafluorophenyl-groups have values
10 times bigher.

The final talk of the first day was presented by F. Kajzar,
of the CEA-CENS, Gif Sur Yvetle, France on “Hesonance
mmmcumwm Conjugated Poly-
mi' He described mmmmmmmmum

film preparation, again based on polydiscetylenes, Other
méthods that were used for the preparation of these thin
monocrystalling films were solution casting, d.i.pp‘.ngtech—
niques from polymer solution, evaporation sub-
limation, and shear techniques. Thin films (0.003 microns up
toafew 0.1 miemm)mnhmmd.m;ﬁndphhrmm
oftheso LB filmas is that they are centro-symmetric films
mntmlh.bluthchn:uﬂ’hnthﬂh&nmmhmw tom

fow thousand Angstroms there was o two dimensional order.
Problems existed because of the formation of free
hm Even solution casting gave similar problems; in addi-

nigues, i
mation at 10 Torr followed by pol
discussed. It was conclndad that advantapes in some of these
methods have been encountered with large x(3), fast re-
spanse times and two photon ahsorption processes leading to
broadband trans . Thin film feasibility by different
h:hmq‘uulndnnuﬂndﬂ:mﬁlumitmmnbmd
for communication windows, active optical path stability and
Ium: systems. Optical and physical-chamical properties of
the polymers could be modified by proper selection of their
pide groups. Problems have been noticed in some cases with
polyacetylenes: light scattering, photodecompositon, limited
chemical stability and the blus-red transformation.

On Wednesday, the moming session was opened by Y.R.
Shen of the University of California at Berkeley on “Monlin-
ear Optical Measurements on Liquid Crystals and Quasi-
Liguid Crystals®. Shen pointed out that the motivation for
this work was the chservation that liquid crystalline mole-
cules are kighly nonlinear, that the existence of liquid erys-
tals with different molecular structures are known and that
the nonlinearities were found to depend on their molecular
structure. He particularly pointed to the fact that interesting
material properties could be measured when melecular
monolayers were spread on water. The advantages are that
the molecular density can be vanable and that the local Geld
effects could therefore be lessimportant. This method hasthe
disadvantagesthat not all molecules are spreadable in water,
and some molecules eould interact with water. The author
worked particalarly with alkyl-cyanopolyphenyls and the
corresponding pyrimidines. Large second order polarizahbili-
hummhmnhmles mahsuved,ltwumluﬁndﬂmt

group was found to have lower itiee than
hipheny] moity presumahbly becanse of the twisting between
phenyl ringa decreases the pi-orbital overlap.
Monlinesrities of hemicvanine dyes were alao studied. Pro-
tonation in these dyes plays an important role in their
behavior; it was found that it sorpressed the charge transfer
absarption substantially, which drastically redoced ¥(2); the
UV-absorption band has little effect on (21 A very interest-
mgmufmmpmuuhwmthalpumpm#hthmh
easily transformed by ion into merocyaninas,
the latter having relatively high 2(3) values.
*Monlinear Optical Effects in Conjugated Systems® was
the subject of a presentation by D.J. Gerbi of the 3M Com-
pany. She described the utiliration of materials on the basis
ufﬂ)mnphulmmmmamw:humﬁbuupm,hd&
communication and possibly utilizating of %(3) in signal
procesging such as in all-optical information processing,
imaging and as sensors in fber optics. Initially
the compounds that are suspected as being NLO active were
studied as powders becuuse the second harmonis gentration
(SHG) can be determined with microcrystalline powders by
the Hurtz Powder Mathed, and compared with wrea, This
technique is usehil for screcning bt cannol resolve micro-
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and macroscopic contributions to nonlinearity. Singlecrystal
SHG measurements reguires large noncentro-symmetric
single crystals, but mﬂ.ﬂn‘u more accurately the tensor
elements g(2); it required, however, crystal orientation and
the indices of refractive index must be balanced. Efish meas-
urements were also carried out under an electric field. These
measurements were done in solutions of low polanity sol-
vents; molecular properties were obtained but these proper-
ties were subject to the electron environment. Polymer pol-
ing, or orientation of the dipales in the polymer matrix by an
electric field were measured directly on polarizable polymer
systems. Tt was pointed out that the advantage of erganic
materials gre: Good synthetic approaches via the uee of delo-
calization substiluents, subpicosecond responss times, trans-
parency, mechamical and stroctural stability, high radiation
damage threshold, environmental stability, processability,
ud:mummmnpﬂﬂunuflhm Potential
a for SHG are in wave guides and optical disks,
izing the electro-optical effects in modulator and direct
couplers. Particularly studied were derivative and various
isomers of chloro-nitroaniline.

G.R. Meredith of E.I. du Pont de Nemours and Co. gave his
presentation on “Optical Nonlinearity: Molecules, Assem-
blies and Wava Phenomena”,

The last talk of the morning session was by G. Khanarian
“Characterization of Polymeric Nonlinear Materi-
als”. His group has been studying the types of molecular

packing and linear polanizability of bi- and terphenyls with a
mhu-mwpatmanﬂnﬂh:mdmhmdmlmmumon

mdyu[Hledznhnnpdymmthwmw
soparated from the backbone of the polymer chain with
flexible spacer groups. The dependence of the glass and
clearing temperature on the length of the methylene spacer
tarma of 3(2); Langmuir-Blodgett film formation was also
studied.

In the afternoon of Wednesday, May 18, T. Richardson of
the University of Oxford, UK. spoke on “Preparation and
Characterization of Organo-Transition Metal Langmuir-
Blodgett Films". He described o series of novel ruthenium
compounds which have been developed for the use of
Langmuir-Bledgett techniques. Complexing of a ruthenium
as the head group to a eyanoterphenyl, liquid crystalline
molecules have been shown to increase the NLO hyperpolar-
uﬂtyﬂhﬁmmﬂﬂnmfmﬂmﬂphmlm
tion data have revesled excellent reproducihility of suceess-
ful menolayer transfer, A second harmonic generation was
observed; the effect could be increased by incorporation of
substituted liquid erystalline molecules into the void be-
wmﬂmtaphmylﬂmnmdmmmthm-

ing groups and the conjugation within the molecule.

icnl Properties of Organized Assemblies” was dis-
cussed by B Tripathy of the University of Lowell. The
author studied diacetylens derivatives as the backbone re-
sponsible for the optical and NLO properties. Specifie sida
groups were used as substituents to provide a handle to
eontrol the structure and facilitate the fabrication of the

materials. Selected conjugated macromolecular sysiems that
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were capable of erganizing in mono-and multilayer assem-

“The Nonlinear Optics of Langmuir. Films" was
also the subject of a talk by I, Peterson of GEC Research, Lid.,
. K.Patmundnmibodmmm:mmruhmdu%{;
nitroanilines and merocyanine, in monolayer formation.
measurement of the refractive index on the surface plasmon
(2} was done by attenuated total reflection. x(2) was found
to dopend very much on the morphology obtained based on
the sample preparation.

Wednesday evening was reserved for a poster session
which consisted of 10 posters on the following subjects:
“Optical Kerr Measurements on some Forrocene Derivatives
by C.8. Winter, J. D. Rush, and 8., Oliver from the British
mﬂuﬂlrchuhmdlhzhthpnhiunhhurﬂlw'

ovel wﬂo‘:‘mfmm by D.N. Ber f.lftth'
N atan et
Propulsion Laboratory; “INonlinear Optical of
Transition Metal Poly-ynes” by E. A . Cock-
erham, P.L. Porter, 8. Guha, C.C. Frazier from the Martin
mmmwmm Indan-
throne and Its Derivatives” by R.S. Potember, B.C. Hoffman,
de.thﬂhu.]uhmHnﬂ;u murmty “The

Preparation of Polymeric
with Enhanced Second Order Nonlinearities” by M.L. Shil-
ling, H.E. MIMDLGM,AT&TMIIMM&
F'unc!im “Al:-ml?;gfdﬂ L. Hampsch, J
Films asa of Physical -
'{m G.K. Wong and J M. Torkelson of {-’.urth-nmm Uni-
¥, “Electro-Optic, Polymer Clad, E-Field Sansor” by L.
LLHlydnnmﬂﬂ,F Sauter of the UNISYS Corporation,
“Molecular Conformation and the Stability of Tict Statein P,
P-Disubstituted-l, 6-Diphenyl-1, 3, 5-Hexatrienes” by C.T.
Lin, HW. Guan, B.K MeCoy and C.W. Spangler of Northern
Ilincis University, “Second and Third-Order MNonlinear

Optical Properties of End-Capped Ascetylenic Oligomers® by
J.W. Perry, AE. 8t 5.R. Marder and D.R. Coulter of
the Jet Propulsion ,"Oplimlﬁﬂdln‘jﬁ:]s&dr

tering in Polymer Dispersed Li Films" by P.
Palffy-Muhoray, MA. Lee and J L. West of Kent State Uni-
wversity, “Fabrication of Waveguide Structures From Soluble
Polydincetylenes” by G.L. Baker, N.E. Schlotter, J.L. Jackel,
P. Townsend, 5. Etemad of the Bell Communication He-
search Laboratory.

The session on Thursday morning, May 19 was opened by
R85, Lytel of Lockheed Research and Development on “Ad-
nﬂmmmmm Tho major benefits
of NLO organi materials were discussed. Espe-
cially emphasired was the large nonresident respanse and
the speed of the response. The author pointed out the impor-
tance of polymeric materials as potential candidates for &
number of device applications that are in various stages of
eoneaption, preparabion and utilization.

This lecture was followed by & talk on “Organic Nonlingar
Optical Devices and Material Considerations™ by B.E. Nayar
af the British Telecom Research Laboratories, UK. Laser



spectroscopy in polymers allows the study of energy dia-
mumm«mmmm&m

phnhcmﬂncﬁnl

conjugation length of &mhlmumhhibmm—
mated from the planarity of the chain backbone. It was found
that the inecreass of the chain length of the lene
molecules does not gpuarantee the increase of the conjugation

length. are known to exist in allylic and
gf: mmtm

fabricability.

The workshop was concluded by talks by M. Thakur of
ATET entitled “Toward Nonlinear Optical Applications of
Polydincetylenes® and by D. Hnnwuhh University of
Bayreuth, Federal Republic of Germany on “High Resolution
Laser Spectroscopy in Polymers®.



