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CONDUCTING, FERROMAGNETIC, AND NONLINEAR
OPTICAL PROPERTIES OF POLYMERS®)

by E.W. MEIJER, S. NIJHUIS and E.E. HAVINGA
Philips Research Laboratories, P.O. Box 80000, 5600 JA Eindhoven, The Netherlands

Abstract r

Recently, polymers show promising prospects as active coqsliluents _of
optical and electronic devices, especially polymers for nonlinear optics
and conducting polymers. In a remote future even organic ferromagnets
and molecular electronics may become more than wishful thinking. For
this reason several fundamental aspects of these materials are the subject
of intensive research. In this paper we will review the present state of the
art in these new fields of polymers for electronics and photonics. Special
emphasis will be laid on recent results from our laboratories.

Keywords: conducting polymers, ferromagnetic polymers, nonl_inea{ op-
tics, poled polymers, polyazepine polymers, polynitroxides,
polypyrroles, polythiophenes, self-doped polymers, Stetter
reaction.

1. Introduction

It is well-known that polymers are important materials in various elec-
tronic| and photonic applications'). For example, packaging and intercon-
nection of electronic components, coatings for optical fibers, optical record-
ing media, polymeric waveguides and lenses, and microlithography?).
Receiitly, polymers show also prospects as active constituents of optical and
electronic devices?). With these applications in mind, the important prop-
erties‘jof the polymers studied are physical phenomena like electrical con-

ductivity, ferrgmagnetism, and nonlinear optical properties as optical
switching or frequency doubling. In order to be really useful, the polymers
should retain their typical polymer properties like mechanical strength and

*)Pres¢nted as a plenary lecture to the Rolduc Polymer Meeting, April 1988, to appear later
in ‘Integration of Fundamental Polymer Science and Technology’, eds. L.A. Kleintjens and
P.J. Lemstra.
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ease of processing. A combination of properties will afford a new class of
active materials in devices. For this reason several fundamental aspects of
these materials are the subject of intensive research. High conductivity is
measured in a variety of doped polymers and the nonlinear optical proper-
ties of polymers exceed those of the best inorganic materials, whilst very re-
cently an organic polymer is claimed to show ferromagnetism. Although these
interesting properties are found in polymers, they show quite a number of
disagreeable properties too, such as insolubility and nonprocessability or
instability in time. No wonder that a large part of the research going on in
this field is aimed at restoring, by means of chemical modifications, some of
the properties that make polymers in general such valuable materials. In this
paper we will review the present state of the art in these new field of poly-
mers for electronics and photonics. Successively, we will discuss the con-
ducting, ferromagnetic, and nonlinear optical properties of polymers. Spe-
cial emphasis will be laid on recent results from our laboratories.

2. Conducting polymers

Since the seminal experiments in 1977 on polyacetylene?) showing that this
polymer could be made electrically conductive upon doping, an intensive re-
search activity has been unfold world-wide ®). In the years following these
first disclosures, polyacetylene has been studied in great detail, eventually
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Fig. 1. Structures of some principal polymers that can be doped to conductors.
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leading to improved syntheses and a conductivity of 1.5 x 10°S/cm, which
equals that of copper at room temperature °),

The alH‘trans structure of polyacetylene (1) is shown in fig. 1, together with
some other well-studied polymers like: polypyrrole (2), polythiophene (3),
po]y—p-phénylene (4), and polyaniline (5). They represent the key structures
of condudting polymers. The polymers as given in fig. 1 are insulators with
bandgaps|in the order of 1.5eV or more. In order to become electrically
conductive the polymers have to be doped, that is to be oxidized (to p-type
conductors) or reduced (to n-type conductors), yielding positively charged
backbones or negatively charged backbones, respectively. Not in all cases
both types of doping can be realized. For instance, the reduction potential
of neutral' polypyrrole is so high, that-only oxidative doping can occur. With
respect to environmental stability this oxidative doping is preferred for all
polymers. The doping occurs either simultaneously with the preparation of
the polymers (e.g. the electrochemical polymerization of pyrrole and thio-
phene) or by separate doping with strongly oxidizing agents (e.g. gaseous I,
AsFs, etc.).

Several experiments have been performed on conducting polymers to es-
tablish the mechanism of conduction in these polymers’). Conducting pol-
ymers are often divided into two classes, namely those having a degenerated
ground st#te and those where the ground state degeneracy is lifted. Poly-
acetylene (1) is an example of the first class, where the interchange of dou-
ble and single bonds involves no loss of energy. Here solitons are considered
to be the important excitations>). In the other class, comprising compounds
like polypyrrole (2), polythiophene (3), and poly-p-phenylene (4), polarons
and bipolarons are the dominant charge-storage configurations. Most of these
polymers have a nondegenerated ground state that is aromatic, while the
quinoid form is of higher energy®).

Despite| numerous reports on the mechanism and theory of conduction in
these polymers, exact descriptions are still hard to give, let alone to prove.
Only for the very high conductivities recently measured in pure, well-char-
acterized and ordered polymers, the assumptions made in theoretical models
may be realistic. For a good review on these aspects we like to refer to sev-
eral papers in the Handbook of Conducting Polymers®).

The topics of special interest for polymer chemists are the search for new
and better polymers or new procedures to the well-known polymers. In or-
der to improve the properties of conducting polymers emphasis is given to
higher conductivity, better environmental stability, and processability. A
fundamental approach to increase the conductivity is based on decreasing the
bandgap of the undoped polymer !°). A ‘pure’ intrinsically metallic polymer
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would be reached at a bandgap of 0eV. However, such a low bandgap in a
simple conjugated polymer is hardly to be expected, as theory gives many
reasons for lifting the degeneracy of the extended w-electron groundstate
(correlation energy, Peierls effect because of onedimensionality). Up to now
the polymer with the lowest bandgap shows a value around 1eV ). How-
ever, the search for polymers that really show intrinsic metallic properties
remains challenging.

To the contrary, in the area of processability much progress has been made.
Specially designed polymer synthesis has been carried out leading to either
soluble precursors or even soluble conductors '').

Feast and Edwards introduced’ this concepts of soluble precursors with their
polyacetylene synthesis as outlined in fig. 2'?). The soluble precursor 6, ob-
tained by metathesis polymerization, yielded the socalled Durham polyace-
tylene in a thermal retro Diels-Alder reaction. Another illustrative example
is the synthesis of poly-p-phenylene-vinylidene (8) from the poly-sulfonium
salt (7) by thermal elimination (fig. 2)'?). When the polymer is stretched
during this elimination a highly oriented film is obtained with a high aniso-
tropy in its conductivity after doping (for instance with 1,). The conductiv-
ities can become as high as 10*S/cm. In these and many other cases the pre-
cursor polymers are made processable !'). Another breakthrough in this area
of research was achieved by synthesizing soluble conjugated polymers. This
aspect will be discussed in sec. 2.2 as introduction to self-doped conducting
polymers.
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Fig. 2. The formation of conjugated polymers from soluble precursors '>13).
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2.1. Polymers obtained by the Stetter reuction
|

Since new strategies for polymers synthesis are at this basis of the progress
made in tlj}e area of processable conducting polymers, we have conducted an
investigation to a new synthetic scheme for polyheterocyclic polymers ). For
heterocyclic polymers, all syntheses known today are based on the coupling
of pyrrolg or thiophene monomers, either electrochemically '), by FeCl,
oxidation |of pyrrolé '%) or by Grignard-type reactions of 2,5-dibromo-thio-
phene 7). To date no schemes have been proposed in which the heterocycle
is formed during a reaction performed on a preformed polymer. This is sur-
prising, since the synthesis of pyrroles and thiophenes by ring closure of the
appropriate precursor is a well-known reaction '®). The reason that this pro-
cedure haj never been used in polymer chemistry is probably due to the lack

of suitable precursor polymers.
o O cH, cH, Q O CcH,cH - o 9
% O A & R e 4 *
W “H N / \ / —> \ /
CHCH, CHcH, CH,—CH,
10 ‘ 1 9

‘ Fig. 3. The Stetter polymerization.

We have synthesized such a precursor polymer by using the Stetter reac-
tion (fig. 3). Poly-1,4-phenylene-1’,4’-butanedione (9) was formed in the re-
action of terephthalic-dicarboxaldehyde (10) and the bis-Mannich base of 1 4-
diacetylbenzene (11) in a yield of 81 %. The conversion of (9) into the al-
ternating copolymers of p-phenylene-2,5-pyrrole (12) and p-phenylene-2,5-
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Fig. 4. The formation of the alternating copolymers 12 and 13.
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thiophene (13) is performed with liquid NH; and Lawesson’s reagent, re-
spectively (fig. 4). Upon doping with either I, or AsF; both polymers 12 and
13 become electrically conducting with specific conductivities up to 0.1 S/cm.

In order to increase the conductivity to still higher values we will optimize
the reactions used in this new strategy. Since it is expected that polymer 9
can be substituted and that also-other aromatics than benzene can undergo
the Stetter polymerization, we foresee a broad scope for this reaction scheme
in the area of conducting polymers.

2.2. Self-doped water-soluble conducting polymers

Polyheterocyclic polymers that are soluble in the highly doped state were
made for the first time by Frommer et al. ). However- the solvents used were
the toxic and environmentally unstable AsF;-AsFs or liquid I,, being both
solvent and dopant simultaneously !°). More recently, several groups, with
seeding work from Elsenbaumer et al., prepared soluble and highly con-
ducting polymers based on polythiophenes substituted with alkyl chains (like
14, fig. 2)°). The solubility is achieved through the addition at appropriable
side-chains. Elsenbaumer prepared polymers like 14 by coupling of substi-
tuted 2,5-diiodo-thiophenes, but later on similar polymers have also been
made by electrochemical polymerization of the corresponding monomers?2!,
Conductivities in the range of 10-100 S/cm were obtained. Recognized draw-
backs of the electrochemical polymerization of thiophene is the relatively high
oxidation potential (1.65 eV versus 0.7 eV for pyrrole) and the susceptibility
to the reaction for oxygen, leading to sulfon formation. 1t is a prerequisite
to perform the polymerizations in inert media, whilst substituted a-terthien-
yls can be used to lower the oxidation potential to values of 0.7e¢V??). In
the latter case polymers (like 15) are obtained with only one substituent per
three thiophene units (fig. 5).

These alkyl substituted polythiophenes initiated our idea to synthesize po-
lythiophenes that are so-called self-doped by the covalent attachment of the

14 15

Fig. 5. Soluble conjugated polythiophenes.
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Fig. 6. The synthesis of sélf—doped polythiophenes 22-24),

counter apion to the polymer chain?). The first successful example is given
in fig. 6, ! ased on a sulfonate anion substituted poly(alkyl)thiophene (16).
This polymer is made by electrochemical polymerization of the correspond-
ing a-terthieny! (17) in acetonitrile without the addition of a conducting salt.
The use of a conduction salt is generally considered as obligatory in order
to have a sufficient conducting solution. Part of the anions is incorporated
in the polymer during its electropolymerization, providing the dopant. In the
case of 16 the monomer itself is a salt and addition of another conduction
salt can be omitted. This experimental procedure gives a solid proof that the
conduction in the polymer is due to doping with the counterions of the si-
dechains. | The conducting polymer, with conductivities up to 0.01S/cm,
proved to|be soluble in water. However, the stability of this doped polymer
in aqueous solutions is very limited while in methanol the polymer is already
undoped upon solvation. Similar results were found by Wudl et al. by pre-
paring and studying self-doped polythiophene (18) as made via an indirect
route 24). In order to increase the stability of the self-doped polymers we di-
rected our attention to polypyrroles 222%).

Upon electrochemical polymerization of 3-substituted pyrroles 19a-c (again
without additional conduction salts) an acetonitrile-insoluble polymer is
formed as'a blue, changing into black, precipitate at the (Pt or ITO) anode.
In these polypyrroles part of the sulfonate groups act as a dopant and form
‘Zwitter-ions’ having delocalized positive charges. The remaining sulfonate
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‘ Fig. 7. Monomers 19a-c and a sketch of self-doped polypyrrole 20b (X is either HyO™ or

Na®).

ions not participating in the self-doping are neutralized with either sodium
ions or H;0% (fig. 7). ) . :

The electronic spectra of solid films of the polypyrroles, prepared on an
ITO-glass electrode are compared with those of freshly prepared aqueous
solutions of the same polymer (fig. 8). Both spectra exhibit low-energy humps
that are characteristic for doped conjugated polymers2%). Contrary to the self-

(au) |

) )

2]

300 500 700 800
——o/\ {(nm)

Fig. 8. Electronic spectra of the self-doped polypyrrole 20b; a) Solid film grown on ITO-
glass electrodes in acetonitril; b) Aqueous solutions obtained from these films: ¢) Film after
the evaporation of water at 70°C.,

A
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doped polythiophenes (16), the aqueous solutions of the polypyrroles (20a-
¢) are stable (hardly any change in the UV-vis spectrum could be observed
after several months). Pressed pellets of the self-doped material showed
conductivijties of the order of 0.1 to 0.5 S/cm. Films obtained from these so-
lutions by| evaporating the water at about 70°C exhibited a low conductivity
of about 1078 S/cm. However, slow evaporation of the solvent at ambient
temperature afforded films with a conductivity of 0.01 S/cm.

These first examples of self-doped conducting polymers that are stable as
aqueous solutions will no doubt lead to new applications as well as to new
insights in the behaviour of charge carriers in conducting polymers.

2.3. Polytl,2-azepines by the photopolymerization of phenylazides

Up to now most of the effort to achieve processability of conducting pbl-
ymers is directed to arrive at soluble (precursor) polymers. This allows films
to be cast from solutions of these polymers. In order to produce microscopic
structures as may be used in the electronic industry, these films have to be
processed using conventional techniques like photolithography, etching etc.
In anothelr approach, Wrighton et al. used patterns of gold electrodes on a
substrate to form electrochemically polypyrrole or polyaniline on the gold-
patterns only, leading to the production of polymer-based diodes and tran-
sistors?’).| We were interested in methods by which conducting polymers
could be formed pattern-wise on a substrate via a direct one-step method.

In our studies of the photochemistry of phenylazides we first thought that
it could pjussibly provide a new route towards polyaniline. The results showed
that a different polymer was formed instead; poly-1,2-azepines. We found
that upon irradiation of phenylazide in the gasphase the poly-1,2-azepines
are grown on the surface of the reaction vessel?®). When the irradiation is
performed through a photomask, as illustrated in figure 9, high resolution
patterns dre formed (figs. 10 and !1). Upon doping with 1, or AsF; these

uv—irradiation

)

HN TN TR W s
L |

in-situ grown patterns

vapour phase
reactor chamber

Fig. 9. Reaction vessel for poly-1,2-azepine (24) film formation.
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Figs. 10 and |1. SEM photographs of poly-1,2-azepine as grown pattern-wise on fused silica
using contact illumination. The bars represent 100 pm (fig. 10) and 10 pm (fig. 11).

films (or patterns) begome électrically conductive with conductivities up to
0.01S/cm.

Although the photochemistry of phenylazide (21) has been the subject of
intensive research since its discovery by Wolff in 1912%), only a few co-
tradictory notes have been made concerning the composition of the ‘tar” and
its possible mechanism of formation®’). In a variety of other reactions both
singlet (22) and triplet (23) phenylnitrenes act as intermediate. Several re-
actions can be distinguished (fig. 12)3').

We have found that the primary product of the photochemistry of phen-
ylazides is the formation of poly-1,2-azepines (24) (fig. 13)%). This polymer
is formed via the ring-enlarged aza-cycloheptatetraene (25). The structure
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Fig. 12. Phenylazide photochemistry.

elucidation of the polymer is based on a variety of spectroscopic data and
chemical analysis. The polymerization succeeded with a series of substituted
phenylazidis (fig. 14). The virgin poly-1,2-azepines (24) are very susceptible
to oxidation by air, leading to charged species. When the polymers are sub-
jected to strong oxidants like T, or AsF;, conducting polymers are formed.

The formation of conducting poly-1,2-azepines suggests that the charged
species|formed are stabilized by conjugation or even aromaticity. The spe-
cies to be expected are radical cations and dications of azepines. Delocali-
zation of these species and 6-m electron aromaticity of the dications is evi-
dent both from theoretical studies and from experiments®?). However,
extended conjugation is excluded owing to steric hindrance between iadi-
vidual azepines (similar to ortho-substituted phenyls). Hence a moderate
conductivity is expected and found. In order to increase the conductivity from

QN/|
N b
O mo Yy ) U
: ('

21 25 24

Fig. 13. Photopolymerization ol phenylazide.
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Fig. 14. Monomers that are used in the photopolymerization.

poly-azepines, it seems necessary to synthesize 1,4-azepines. However, no
design for such a synthesis is available at this time.

2.4. Conclusions and prospects

The field of conducting polymers is still full of activity, mainly due to
progress made in the synthesis of new polymers and the design of new syn-
thetic schemes for the well-known polymers. In the first section of this paper
we have given an anthology of our own recent results together with some of
the landmarks in the field worldwide. Higher conductivities are reached and
processability is improved. What can we expect in the near future? A fur-
ther improvement in all areas of conducting polymers can be foreseen, es-
pecially since at the present time scientists from several disciplines are co-
operating.

One of the reasons for an increasing interest in conducting polymers is the
expectation of their use in electronic devices3®). Several applications are an-
nounced and prototype devices have been demonstrated ). By far the most
studies application is the polymer battery, in which polyaniline (5) and po-
lypyrrole (2) are the important candidates for the electrodes. Other appli-
cations are based on the semi-conducting properties of the polymers; e.g.
transistors for Liquid Crystal Displays based on processable polythiophenes.
Another announced application is found in conducting adhesives. In the fu-
ture we will probably see more of these types of applications.

3. Ferromagnetic polymers

In 1987 the first claims on ferromagnetic properties found in organic pol-
ymers were published **-3). Together with the comprehensive study of fer-
romagnetic charge transfer complexes from ferrocene compounds?’) it rep-
resents the first experimental counterpart of the theoretical studies published
since 1963. In that year, McConnell presented his proposals **) for high spin
charge-transfer complexes from the combination of a triplet and singlet
ground state donor and acceptor. In those systems a parallel alignment of
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Fig. 15. Charge-transfer complex, that exhibits bulk ferromagnetism below 4.8 K*7).

all sping is expected. Polymer structures with such a high-spin multiplicity
were proposed in 1968 by Mataga’). Several investigations along the lines
of these|proposals have been performed.

The experiments following the McConnell model were concentrated on
model studies and organometallic stacks 26 (fig. 15).
These low-molecular weight charge-transfer complexes exhibit bulk ferrom-
agnetism below the Curie temperature of 4.8K, as observed by Miller and
Epstein®’). A model of configuration mixing of the lowest charge-transfer
excited state with the ground state was developed to understand the mag-
netic coupling as a function of electron configuration and direction of charge
transfer. In a series of studies by Breslow et al. pure organic charge transfer
complexes were made*’). However no bulk ferromagnetism has been ob-
served. A

From hard-to-reproduce experiments on the polymer network from 1,3,5-
triamindbenzene and iodine, Torrance et al. concluded that it represents the
first polymer with bulk ferromagnetism *®). Despite the possible presence of
impurities the work is stimulating for further research. In an elegant study
on oligomers of poly-carbenes Iwamura et al. were able to synthesize po-
lycarbenes as given in fig. 16!).

Although intramolecular alignment of the spins is observed in 27 and as
a model for intermolecular coupling also in 28, the bulk properties are those
of an antiferromagnet.

Most Fuccessful up to now seems to be Ovchinnikov et al. with the prep-
aration of a polydiacetylene with dangling stable nitroxyl radicals 29 °3+%).
The structure of the polymer and its way of preparation are given in fig. 17.

27 28

Fig. 16. Modelcompounds for polycarbenes*!).
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Fig. 17. The formation of polydiacetylene (29) that is claimed to exhibit bulk ferromagne-
tism 43),

The solid state polymerization of 30 is claimed to be feasible by both ther-
mal treatment and by irradiation. Selected samples of the polymer exhibit
magnetization values above 1Gauss and respond noticeably to the field of a
permanent magnet. The observed Curie temperatures ranged from 150-190 K
up to 310K for the high magnetization samples. Despite the experimental
evidence presented, some scepticism against the results seems justified. Sev-
eral other laboratories have tried to reproduce Ovchinnikovs results, how-
ever, sofar unsuccessfully +%).

A variety of other examples for possible high spin polymers possessing free
nitroxyl radicals have been investigated. In most cases the spin density is low
and hence polymers like 31 (fig. 18) are antiferromagnetic*).

s

+CH- cl: *,
c=0
o

L

|
o}

31

Fig. 18. An example of a polymer with dangling nitroxyl radicals *).

3.1. Approach to high-spin polynitroxide

One of the major drawbacks of the polynitroxides synthesized sofar is the
limited concentration of stable radicals. In an approach to reduce the num-
ber of ‘useless’ additional atoms, we have tried to synthesize polynitroxide
(32) one of the polymers with the highest concentration of radicals experi-
mentally possible **). The synthetic plan is outlined in fig. 19.

Philine Yanernal af Rocaneab Vol 41 Rla. £i£ 1000 ~—



E.W. Meijer, S. Nijhuis and E.E. Havinga

ow
| ) ox >\
. ‘Z_A‘ I { -T
} (o]
| " 32

Fig. 19. The synthetic plan to high spin polynitroxide (32).

’The oxidation of a secondary amine to a nitroxy! radical is well-docu-

ented and known to proceed in high yield *®). Furthermore, numerous pa-
pers concerning aziridine polymerization have appeared*’). However, no
reports are given on the polymerization of -the most hindered derivative in
the aziridine series, i.e. tetramethylaziridine (33). Monomer 33 is made us-
ing a slightly modified procedure published earlier **). Neat 33 is polymer-
ized at a temperature of 110°C using BF, as the catalyst. After prolonged
heating in an inert atmosphere, the polymer complex 34 / BF; precipitated
from the solution. Although grafting is a well-known stde-reaction in aziri-
ine polymerization, structure elucidation of 34 ('H- and “C- NMR spec-
?roscopy) showed that no grafting had occurred in the polymerization of 33.
' The yield of the polymer proved to be strongly dependent on the ratio ca-
alyst/monomer, as illustrated in fig, 21. Furthermore, the estimated molec-

lar weight on the basis of solubility decreased by increasing yield. The fol-
lowing picture emerges from the experiments: As in common aziridine
polymerizations, the aziridine 33 is activated by BF; and polymerizes. The
polyimine produced is a strongly hindered amine and has to be regarded as
a very strong base, that upon formation complexes the acid catalyst BF,,
leading to an inhibition of the polymerization. At high catalyst concentra-
tions many macromolecules can be formed; however, the complexing ratio

Ty __ O NOCI cl '. SnCi, Base
TN ’ '
cH, CH; NO net

W
uzﬁ[

fﬁ P\/N)\)n B Q\TNn 2); Q\T ::"
H B, H X

34/BF, 34

Fig. 20. The synthesis of 34 and its oxidation.

Ao Philips Journal of Research  Vol. 43 Nos 5/6 1988

3 A o f
Crroma netic a)ld n )ll”leg} O tha‘ 154 ernes O ()1 mers

100
80

60
yield 0
viia(s) |

40

20 ©°

Fig. 21, The yield of polymer 34/BF, as a function of

f1on of monomer 33 js in all cases 5 mmol

catalyst concentration
. a
m(I))lecular weight macromolecules js formed
ue to the strong com : o
plex formation t .
the free polvim; . » 1L proved to be difficylt i
polylmine (34). Ultimately 34 was isolated after decompletxoat?(t)) Ia?n
nin

polynitroxide (32) was performed

. conditions, The i i
0 10 now B 1o beime s v maximum conversion obtained

0 no A . . .
Vf:ersmn is based on the low solubilit T2 g o nation, o o oW con-

ve . y of 32 and 34 und i
1ons used. The characterization of the ultimate poly:;retrhﬁ; YS‘:?CUOIH (I:OD-
. ongly lim-
ci
“k‘f, >
,£ No

P ] 5]

32

Fig. 22.
8. 22. Examples of unsuccessful approaches to synthesize 32
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ited by ;he presence of (para)magnetism and some inorganic im.purities.. |

Someiothcr approaches to synthesize polynitroxnde. (3.2) to wit the direct
polymerization of the monomeric unit tetramethylaziridin-yloxy or“the po-
lymerization of the a-nitroso radical were all unsuccessful (fig. ‘22) 2).

Many problems are still underlying the research to'p.olymerlc ferromag-
nets. The work is strongly hampered by possible impu.nt\e's. Hov.vevejr, much
progress has been made lately. For the time being it is S.tlll a smén.tlﬁc chal-
lenge t | observe ferromagnetism in polymer§ and organics, and it is not yet
worthwhile to speculate on possible applications.

4. Polymers with nonlinear optical properties

Although nonlinear optical properties of materials.are .kHOW’n f(?r more
than a century, the relevance of organics and polymers 111( t{}nqs1 fascm'fmng area
of research originate from a more recent development 95651y T.o mtrodu.ce
the subject of this paragraph, the fundamental concepts of.nonlmear optics
and their relation to chemical structure are briefly summarlzed. ‘

The dipole moment. p, of a molecule will ch.ange .1f th.emolecule 1s sub-
jected tb an electric field, E.Since the response is mainly lmeaqrz, a power ex-
pansion can be used to describe the resulting dipole moment~™):

p=p,+ «E+ BEE+ yEEE + ... _

Here p| p, and E are vectors and a, 8 and y tensors, normally ref.erreid. to
as polarizability, hyperpolarizability and second order hyp‘crpol‘arlzablylty,
respectjvely. Similarly, the polarization, p, in bulk or macroscopic media is
given by:

p=ps+ YVE+ XPEE + YVEEE + ...,

where ¥, the linear susceptibility, ¥'* and x, the second and third order
susceptibilities, are the macroscopic counterparts of «, 8 Z?I]d Y. Th‘e ??(f.lct
relation between molecular polarizabilities and macroscopic SUSCleptlbllltleS
is rather complicated and depends on the positions and orientat10n§ of th.e
molecule. As a consequence of symmetry. the second order SuSCCptlb]llt).’ is
zero in centrosymmetric media. For x®-materials such a Fule fioes nf)t exist.
The magnitudes of y'» and x'® depend critically on the directions of ﬁelQ(s)
and polarization(s), both susceptibilities can be greatly cnhanced by aniso-
tropy. . |
For most materials and reasonable fields, the effect of nonlmea.r response
is only small. Therefore, only molecules with an exceptlonal_ly high hyper-

.
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polarizability 8 are of interest when applications of nonlinear optics are con-
cerned. The recent increase in interest in sccond order nonlinearities is mo-
tivated by two major applications, to wit light modulators by electro-optical
cffects (Pockels-effect) and the frequency doubling of laser light. The elec-
tro-optical effect is based on the property of materials with a high value of
x? whereby the refractive index is markedly dependent on the applied elec-
tric field. The frequency doﬁbling of light by means of nonlinear optical ma-
terials (Second Harmonic Generation, SHG) is another manifestation of
second-order nonlinearities. For example, light with low energy (e.g.
1.064 um of a Nd:YAG laser) can be doubled in frequency to the second
harmonic (532 nm).

Proposed applications of third order nonlinearities are very intriguing and
include all-optical computing and communication %), However, the pro-
posed materials and technologies are still far from adequate. Third order
nonlinearities are only large in extended m-electron conjugated systems, and
therefore the high-x® polymers are of the same class as those in fig. 1. The
polymers of choice are polydiacetylenes, as there can be prepared well-ori-
ented-in a topochemical polymerization. The solid-state monomer can either
be in the form of a crystal or of a Langmuir-Blodgett thin film ). Recently
a variety of other polymers are the subject ot investigation and oriented po-
lyacetylene seems to be comparable to polydiacetyleness). A major draw-
back of possible applications of x®-polymers is stressed by Stegeman %), viz.
the low absorption demanded for application is hard to combine with the
high nonlinearities found today. In this review we will concentrate on the
x?-materials.

As stated above, non-zero 8- and ®-values can only be found in non-
centrosymmetric molecules and media. Even a molecule with an asymmetric
charge distribution in a centrosymmetric crystal of in an isotropic liquid or
amorphous polymer matrix will exhibit a vanishing small value of y@. Only
surface effects, due to the intrinsic anisotropy on surfaces will lead to a mi-
nor nonlinear response. The value of 8 is strongly dependent on the molec-

NO
@ :

i N
- » —N
X
+ y Q““NH
CH—N
3 - CH
\_7" N v s . N

“CH, ' |

Fig. 23. Examples of molecules exhibiting large hyperpolarizabilities.
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ular stru%:ture. Typically, high values for g are fo::’nd in molea;le_s 12 :ll:;e}i
low-lying charge-transfer transitions are present *°). In gclanerad szcelectron
cules poésess an electron donor at one side of thff molecule an aEnormous
acceptor at the other side, separated \?y a Tr-con]ugzj\ted §ystem. rmous
enhancement of B is found by extending tbe w-conjugation. Examples
given in fig. 23, whilst many others are sub]ect. of resgarch.. et feld
B-Valﬁes can be measured by several techniques, mclludmg electric oo
induced |second harmonic generation and solvatochromic measpreimer; slc;_
absorptipn and fluorescence sy, Moreov.er, q.u.ant:;m @echan1ca gatcxill o
tions can be used to estimate these nonlmearltl.es- ). qu a moref eta <
descriptjon of the physical backgrounds of nonlinear optics We 1€ ertoe
cellent teviews and books 49.50.51y . . —
In order to transform a molecule with a hfgh B—val}le into a mater'la1~w1
out a centrosymmetric structure three main techniques of material engl
neering|are available:_9
. .3
) %rl)t;smtlnel:tg;'rl:s rtlﬁit gxhibit high B-values possess in many cases a ?ar.ge
groujd-state dipole moment. As a result of the latFer the electrostatic ;n—
teraction between the molecules is large too, leading to a Preference or
antiparallel order and, hence, to X(z). = 0. One way to achlgvetgorz—]ccir;:
trosymmetric crystals is obtained by mtfodu.cmg asymme_try in ! e wle
cule.| Optically ‘active molecules are of special interest since nature
not permit centrosymmet;y in clrystlals oﬁf0 )these molecules.
- ir-Blodgett thin film technology ). . ’
l[;(irrllﬁ;:g;:ilic mglecules \Jzith a polar head and .an. apolar chain form hlfﬁllzfl
ordered monomolecular films at the solvent-air interface. These; §0—ca e
LanJmuir-Blodgett films can be deposited on a substrate, retaining their
high|ordering. Stable polymer Langmuir-‘Blodget% films are formed-up;)lz
topochemical polymerization of amphiphiles pr0v1d§:d with polymelillza
functionalities like double bonds or diacetylene. High sur.face non me;lr-
itiesrare observed for these thin films when they are built up 1n such a
manner that the amphiphiles with the charge-transfer groups are depos-
ited|in a polar alignment.
_ The|poling of dipoles in a polymer,
Thig subject will be discussed in the next paragraph.

4.1. Poling of dipoles in a polymer

Useful optical polymers with high second order susceptibilitie.s should be
completely transparent. Hence semicrystalline and polycrystalline samples

b Tl oF Danmawah Val 41 Nac 3/4 1088
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< Ty ¢ O \Tf\

Fig. 24. The poling sequence. 1) Glassy PMMA at room temperature with a frozen-in ran-

dom orientation of the dipoles. 2) Heating above Tg yields a rubbery state with a random

orientation and dipoles that are free to rotate. 3} E-field applied on the PMMA at high T

yields a rubbery state with aligned dipole. 4) Cooling to room temperature followed by re-
moving the E-field yields glassy PMMA with aligned (frozen-in) dipoles.

as well as incompatible blends have to be avoided, while anisotropy by a large
number of oriented B-molecules or fragments is demanded. The latter can
be achieved by applying an external electric field to the polymer. The se-
quence as used by many investigators and introduced some 10 years ago at
our laboratories is outlined in fig. 24 for a dipole dissolved in PMMA, the
pre-eminent optical polymer ®:62).-

A PMMA sheet with a thickness between 1-100 wm is heated just above
its T, to introduce molecular mobility. At that temperature, an external dc-
field is applied to the polymer film and as a consequence the dipoles are ori-
ented. The degree of orientation is dependent on the dipole moment of the
dipole, the field-strength and the temperature of the experiment ®'). This non-
equilibrium state is frozen-in by lowering the temperature, while the field
remains. After reaching room temperature the field is removed. The electric
field can bg applied by using two electrodes sandwiching the polymer film.
One of the electrodes can be replaced by a corona discharge that is applied

SO

/™0

—rTTTey
1 min

Fig. 25. Electrochromic measurements at different temperatures of a dye in a Epikote polye-

poxide.

]
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v v v

Fig. 26. Electrochromic measurements of DANS (4-dimethylamino-4’-nitrostilbene) in
PMMA at 125°C. The change in absorption is measured at a wavelength of 435nm.

to the polymer film. With the latter higher fields can be obtained and hence
a better alignment. .

The degree of orientation obtained can be measured in several ways. Qb—
viously, second harmonic generation is one of them, however interpreta.tlon
of the data in a quantitative manner is subject to a variety of assumptions
and measurement inaccuracies. In many cases, SHG is only given in arbi-
trary units or related to reference samples, and is strongly dependent on the
wavelengths used due to resonance effects. Another method uses the change
in the absorption spectrum of the polymer sheet upon poling due to the
alignment of the molecular dipoles and, hence, of the transition moments
(electrochromism) ®').

In fig. 25, the decrease in absorption of a dye with a high dipole moment
dissolved in an epoxide polymer network is given. The alignment is strongly
dependent on the temperature used. Only at temperatures reaching T, a large
decrease in absorption is found. The quadratic dependence of applied field

CHy CHy
CH,

| |
CHy=C ﬁOCH.‘,CHz(ZHzCHzN -@—N02
a b
-
| ( +
CH =CCO(CH,)— CH CH
H=C¢ g O Nen ,CH3
° n

N
N
CHy

n=1,2

Fig. 27. Examples of monomets for X' polymers.

<Y 4 Philips lournal of Research Vol. 43 Nos 5/6 1988

Conducting, ferromagnetic, and nonlinear optical properties of polymers

and decrease in absorption is illustrated in fig. 26 for another dye poled in
PMMA at T = 125°C.

Several issues are under investigation with this alignment strategy in mind.
First, how can we increase the number of dipoles in the polymer matrix? In
most polymers the maximum amount of dipoles that can be dissolved is in
the range of 1-5 ww %, only. Polymers with pendent dipoles attached cov-
alently to the polymer backbone allow much larger concentrations. In fig.
27, a few examples of monomers from our laboratories are given®). An-
other approach currently under investigation is based on liquid-crystalline
material and their use in nonlinear optics *).

Second, what is the stability of the aligned, non-equilibrium state. As is
known from a variety of studies of ghe molecular mobility of polymers and
polymer networks, it is reasonable to assume, that even far below T, most
polymers have some motional freedom. This will lead to a relaxation of the
dipole. The general feeling is, however, that sufficiently stable, highly non-
linear (¥ > 50pm/V, compared to 6pm/V for LiNbO;) polymers can be
made-.

4.2. Applications of poled polymers and integrated optics

‘Being able to produce poled polymers with stable second order nonlin-
earities, it is possible to construct prototype devices in which the polymer is
the active component *). As mentioned above major applications are fore-
seen in light modulation and frequency-doubled diode lasers. Despite the high
nonlinearities obtained, fruitful use of these nonlinearities is only possible
when an appropriate interaction length is used, hence waveguide structures
are necessary. An example is given in fig. 28.

For frequency doubling, some additional demands should be fulfilled, viz.
phase matching and a very low absorption at both the fundamental and sec-

Au electrode

PMMA——
Optical buffer
(1 micron)

ezd— NLO film (2 microns)
— ITO electrode

Substrate

Fig. 28. A substrate is covered with a thin (ITO) electrode and an optical buffer is spin-
coated on top. PMMA, polyepoxides and silicon rubbers are useful buffers with low refrac-

-tive index. The nonlinear optical polymer is tollowed by another optical buffer and a topelec-

trode. The light is coupled into the waveguide using prisms. The electrodes can be used for
both the poling experiment as well as to modulate the refractive index of the polymer.
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ond harmonic wavelength. Several proposals have been made to obtain phase
matching in polymer waveguides and work along these lines is in progress.
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