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ABSTRACT

A polymeric material which exhibits nonlinear optical
properties if undoped and conductive properties if

doped. The polymer is prepared by polymerizing die
thynylsilane compositions, the resulting polymeric ma
terial having a weight average molecular weight be
tween about 20,000 and about 200,000 grams per mole.

The polymer is prepared and catalytically polymerized
by exposure to a catalyst, such as MoCl5 or

W(CO)6/hv.
16 Claims, No Drawings
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2
electromagnetic radiation from lasers with nonlinear

NONLINEAR OPTICAL AND CONDUCI'IVE
POLYMERIC MATERIAL

materials. Nonlinear means that the effect depends on

the intensity of the light. Nonlinear effects are due to
the nonlinear contribution to the polarization of the

The United States Government has rights in this
invention pursuant to Contract No. W-7405-Eng-82

medium, which can be expressed as a power series ex

awarded by the United States Department of Energy.

equation

pansion in the incident electric ?eld E by the following

This is a divisional of copending application Ser. No.
07/594,481 ?led on Oct. 9, 1990, now US. Pat. No.
5,115,062, which was a continuation-in-part of Ser. No. 10
07/442,946, ?led on Nov. 29, 1989, abandoned.
wherein X” is the linear, and X0) and X9) are second
and third-order susceptibilities, respectively. X0) has a
TECHNICAL FIELD
nonzero value only in materials that do not possess
This invention relates generally to polymeric materi
inversion symmetry, but X9) is usually nonzero in all
als, and more speci?cally relates to a polymeric material
materials. Four-wave mixing and phase conjugation are
which can be doped to form an electrically conductive
material, or undoped to form a material which has non

examples of third-order, X0) nonlinear effects. Optical

linear optical properties.

nism, occurs when the nonlinearity is coupled with
feedback.
Nonlinear optical devices can be classi?ed roughly
into two categories: (1) X0) devices that generate light
at new frequencies and (2) X9) devices that process
optical signals. The second category contains wave

bistability, which can also be expressed as a X6) mecha

BACKGROUND OF THE INVENTION
The development of ?ber optics has created a need

for high performance new nonlinear optical materials
which can be used in optoelectronic devices for inte

grated optical systems. Input devices must be fabricated

guides, four-wave-mixing beam deflectors, phase-conju

to allow the conversion of the photonic to electronic 25 gate mirrors, etalon switches and logic devices. Current

signal for telephones, TV’s, VCR’s and personal com

emphasis is being placed on waveguide applications.
Four-wave-mixing beam deflectors have been found

puters. The photonic input is generated by lasers which

are already used in Supermarket Barcode Readers,
to be especially useful for optical techniques for in
Compact Disc Players, Fax machines, or Laser Printers.
tracomputer communications and have become increas
The photonic signal must be demultiplexed, split, 30 ingly popular because of the limit imposed by the elec
switched and routed. The search is on for optical equiv
alents of electrical connectors, resistors, capacitors,
transistors, dielectrics and transformers. Waveguides
and optical switches are examples of such optical equiv
alents.

The unusual optical properties of certain polymers

tronic interconnections on the scale-downs of computer
circuits. One method that has been assessed for optical
interconnection is the use of holographic elements to

diffract the light to the desired locations. Holographic
35 arrays may someday replace the huge number of wires
or buses that are used inside the computer to transfer

make them useful in the ?eld of optical computing, or

information. However, conventional holograms are not
programmable and would have to be replaced every

optoelectronics, which is aimed at replacing electronic
microchips that operate using electricity with optoelec

time a different set of pixels was to be accessed.

tronic devices that would operate with pure light at

Four-wave mixing is one of the avenues that has been

much greater switching speeds. For example, a standard

investigated to perform real-time programmable holog
raphy. Dynamic gratings that are generated by four

silicon microchip will work at a speed in the range of

microseconds, while a gallium arsenide microchip has
wave mixing may be able to de?ect light originating
switching speeds on the order of nanoseconds, and
from a source on a very large-scale integrated circuit
optoelectronic materials made out of conductive poly 45 (V LSI) chip to a spot on the same chip or to another
mers generally have a switching speed in the picosec
VLSI chip. If the light is desired to illuminate a differ
ond range.
ent spot, the direction of the grating must be changed;
Research and engineering personnel are testing con
this can be accomplished by changing the angle at
ductive materials as optical switches, the optical coun

which the two “write” beams intersect. ‘

terparts of transistors. To date, polydiacetylene has

Nonlinear optics is a ?eld of study concerned with
the interaction of electromagnetic radiation and matter

appeared to create a device that allows switching on a

picosecond time scale. A desired material would have
an exceptionally high optical nonlinearity so that
switching can be done with inexpensive, low-intensity
die lasers. Most of the tested optical switches recently 55
formed have required a much more intense light to

function properly. Unfortunately, the above-mentioned
polydiacetylene is a disadvantageous material for opti
cal devices because it absorbs light as strongly as it
distorts it. It is the distortion enabled by the chemical
structure of the conductive polymers which interferes

with the propagation of light through the material, thus
forcing the speed of light to vary with the intensity of
the light. A search is currently on to look for a conduc

tive polymer which will combine high nonlinearity
with good transparency.
Nonlinear optical devices are devices based on a class

of optical effects that result from the interaction of

in which the matter responds in a nonlinear manner to
the incident radiation ?elds. The nonlinear response can

result in intensity-dependent variation of the propaga
tion characteristics of the radiation ?elds or in the cre
ation of radiation ?elds that propagation at new fre
quencies or in new directions. Nonlinear effects can

take place in solids, liquids, gases, and plasmas, and may
involve one or more electromagnetic ?elds as well as

internal excitations of the medium. The wavelength
range of interest generally coincides with the spectrum
covered by lasers, extending from the far infrared to the
vacuum ultraviolet, but some nonlinear interactions

have been observed at wavelengths extending from the
65 microwave to the x-ray ranges. Historically, nonlinear

optics precedes the laser, but most of the work done in
the ?eld has made use of the high powers available from
lasers.
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sufficiently high light intensities in all materials. It is
convenient to characterize the response of the medium
mathematically by expanding it in a power series, as

described hereinabove, in the electric and magnetic
?elds of the incident optical waves. The linear terms in
such an expansion give rise to the linear index of refrac

polypyrrole, a chain of ?ve member rings, each of
which contains a nitrogen atom. Several Japanese ?rms,

tion, linear absorption, and the magnetic permeability of
the medium-while the higher-order terms give rise to
nonlinear effects.
Certain requirements for nonlinear optical materials
have been promulgated which indicate the characteris
tics of an ideal nonlinear optical material are as follows:

1. large nonlinear optical response,
2. low switching energy,
. rapid switching times,
. nondispersive,

. mechanically tough and formable,

high damage thresholds,
. formable into thin ?lms and coatings,

including Nippon Electric, now sell high frequency
capacitors containing polypyrrole as the solid electro

lyte. Structurally analogous polypyrrole compounds
having sulfur and oxygen atoms instead of the nitrogen,
polythiophene and polyfuran, have also proved to be
15 stable and conductive, although they were still pres
ented with the processibility problem. Different side
chains to the basic polymers were tested by trial and
error to attack the processibility problem.
Therefore, it is an object of the present invention to
20 provide a conductive polymer which is stable in high

temperatures, has a high molecular weight, and is easily
processible to form ?bers, thin ?lms, coatings, or bulk

. easy to manufacture,

. useful at high and low temperatures, and

materials so that articles of manufacture may be easily
fabricated.

10. immune to corrosive and oxidative environment.

Polymeric materials are currently being investigated
for many different applications. Conductive polymers
are currently being used for plastic batteries, anti-static
coatings, and heat re?ective coatings and electromag
netic shields. Conductive polymeric ?ber clothing may

Traditionally, it had been reported by Luneva, et al.
in 1968 that heating diphenyldiethynylsilane afforded a
low molecular weight (about 2700 to 5000), red, soluble
polymer which was claimed to have a straight chain

structure containing diacetylenic groupings. Diphenyl

be used by workers to ward off static during the pro
duction of semiconductors, complicated parts and dur
ing medical operations. It has been speculated that con
ductive polymeric paint may be used to coat computer
cabinets or even entire buildings to keep electromag
netic radiation from leaking into the atmosphere. There
have been many years of research which have been
directed towards the optimization of polyacetylene as a
conductive polymer. Plain polyacetylene does not con
duct electricity very well unless it is doped to enhance

diethynylsilane was heated at 180' to 200' to form a

reddish-brown polymeric solid which was soluble in
benzene or toluene. This conventional material experi
enced problems due to its low molecular weight.

Improved polymeric materials which increase the
conjugation of the polyenes, such as polyacetylene and
polydiacetylene were described by Kusumoto and
Hiyama in 1988. Their materials were disclosed for

conductivity applications. In spite of the promising
conductive properties, the instability of the polymers to

the conductivity by several orders of magnitude.
Problems posed by conductive polymer materials

atmospheric oxygen severely limited their use. Substitu
tion of the polymers endowed a remarkable stability at
the total expense of the conductivity, however. There
fore, Kusumoto et a1. attempted to synthesize a soluble,

include poor stability in air and a stubborn resistance to

being processed due to their insolubility in common
solvents. The stability problem arises in conductive

air-stable and conductive polymer by cyclopolymeriza

polymers because the chain of carbon atoms are con

tion of monomers containing two ethynyldimethylsilyl
groups. The polymerization was catalyzed with a WC16
or MoCl5 catalyst which rendered polymer, soluble in
common organic solvents. The polymers were doped to
improve their conductivity. Their materials were of low
molecular weights, from about 2800 to 3900, and col

nected by alternating single and double bonds, which
prove to be extremely weak conductors. When the
materials are oxidized, their conductivity can rise by
many orders of magnitude. However, therein lies the

problem; the gaps left by the lost electrons provide a
pathway for electronic charges to be conducted down
the polymeric chain. At the same time, this same prop
erty makes the conductive polymer highly reactive
with water, such as the humidity in air, which is in

creased at high temperatures. Generally, conductive
polymers would be exposed to high temperatures dur
ing their operation, and this would increase the reactiv
ity of the conductive polymer with the humidity in the
arr.

Furthermore, conductive polymeric materials exhibit
a resistance to processing which stems from the fact that

the polymers form rigid, tightly packed chains. While
the tight packing of the chains is essential for electric

4

unprocessible and essentially unforrnable into ?bers,
thin ?lms and coatings.
As researchers gained knowledge about the conduc
tive polymers during the l980’s, they solved the stabil
ity problem by incorporating less reactive atoms such as
sulfur, nitrogen and oxygen into the polymeric back
bone. For example, a particularly successful polymer is

Nonlinear effects of various types are observed at

ored yellow or red to brown. The results do not include
a blue or violet polymer.

These examples of previous attempts to produce a

stable, easily processible conductive polymer when
55

doped, and to produce a high quality nonlinear optical
polymeric material when left undoped are described
above. As can be seen from their experimental data,
they may have solved one or two of the problems, but

they did not solve all of the problems.
Therefore, it is a primary object of the present inven
_tion to provide a polymeric material in accordance with
the present invention which produces a blue or violet

polymer which exhibits highly enhanced nonlinear opti
cal properties. This polymeric material should be easily

charges to be able to jump from one molecule to the
next as the current moves through the polymer, this also 65 processible, have a high molecular weight and should
means that the polymer as a whole is a hard, insoluble
be stable in high temperatures.

mass because the polymer chains resist intermixing with
solvent molecules. This tends to render the polymers

It is yet another object of the present invention to
provide a conductive polymeric material which exhibits

5
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an enhanced conductivity in the range of 10-2 to 101
S/cm in a material which is easily processible, easy to

6

form of repeating units having a general structure con
taining a four-membered ring as follows:

dope and stable in air.

a

SUMMARY OF THE INVENTION

\/
Si

In accordance with a preferred embodiment of the

invention, the above-mentioned objects and advantages
are addressed as follows. A polymeric material capable

of exhibiting nonlinear optical properties, if left un

doped, and capable of being conductive, if doped, is
wherein each R may be independently selected from an
formed by polymerizing diethynylsilane compositions.
aryl or alkyl substituent of l to 20 carbon atoms, with
The conductivity of the polymer can be enhanced many
the preferred substituents being selected from the group
orders of magnitude by exposure to a dopant, such as
consisting of phenyl, ethyl, methyl, s-butyl, i-butyl,
iodine or arsenic penta?uoride.
n-hexyl, i-propyl and n-propyl.
The diethynylsilane monomers include compounds
While the polymers of this invention are believed to
having a structure of R2Si(C-CH)2, wherein each R
be best represented by the silacyclobutene structure
may be independently selected from an aryl or alkyl
described above, it should be understood that other
substituent of l to 20 carbon atoms. The diethynylsi
structural units may be incorporated in the polymer
lanes may be catalytically polymerized by exposure to a
20 chain. For example, the polymer may contain units
catalyst such as MoCl5 and W(CO)6/hv.
described as a silicon analogue of polythiophene repre
One structure proposed for the polymer includes a

silacyclobutene ring within a predominately polyacety

sented as follows:

lene chain. The polymer is thus postulated to include
repeating units with a four-member ring represented as
25
follows:

The proposed structures for the units of the polymer are

presented to assist in describing the polymer, but should
not be understood as limiting the scope of the polymers
as prepared by the processes of this invention.
wherein each R may be independently selected from an
Generally, the polymer is formed by catalytically
35
aryl or alkyl substituent of l to 20 carbon atoms.
polymerizing a diethynylsilane monomer to a high mo
lecular weight, on the order of between about 20,000
DETAILED DESCRIPTION OF THE
and 200,000 grams per mole. Of particular interest is the
INVENTION
polymer which includes repeating silacyclobutene units
The polymers of this invention were discovered in
with a predominant polyacetylene chain structure, this
conjunction with a reinvestigation of the thermal
material also having a molecular weight between about
polymerication of diphenyldiethynylsilane as reported
20,000 and about 200,000 grams per mole. The catalysts
by Luneva et al. Polymers with unit structure [-SiPh
which have shown the greatest promise include MoCl5
zCEC—CEC—-] as claimed from the thermal polymer
and W(CO)6/hv.
ization of diphenyldiethynylsilane by Luneva et al.,
The diethynylsilane monomers which may be poly
45
were synthesiszed, by another route, and found to ex
merized to produce the polymers of this invention in
hibit very different properties from the polymer we
clude diethynylsilanes having a structure of R2Si(
obtained by thermal polymerization of diphenyldie
CECPDZ, wherein each R may be independently se
thynylsilane according to the procedure described by
lected from an aryl or alkyl substituent of l to 20 carbon
Luneva et a1. Further studies resulted in our discovery
atoms, with the preferred substituents being selected

that the polymerization of diethynylsilanes by certain
catalysts produces new polymers with useful properties.

from the group consisting of phenyl, ethyl, methyl,
s-butyl, i-butyl, n-hexyl, i-propyl and n-propyl.

From spectral studies and molecular models, we ten
tatively have concluded that the new polymers contain

groups on silicon or having two different groups on

Diethynylsilane monomers having two of the same R

a polysilacyclobutene structure. The new polymers 55 silicon can be used to prepare the polymers of this in
may be applicable for both nonlinear optical material
vention. For example, useful monomers include di

applications as well as conductive polymeric applica
tions.
The material is very attractive for nonlinear optical

phenyldiethynylsilane, di-n-propyldiethynylsilane, di-n
butyldiethynylsilane, di-iso-propyldiethynylsilane, di

sec-butyldiethynylsilane, methylphenyldiethynylsilane,

studies. Because our proposed structure contains a poly 60

sec-butylmethyldiethynylsilane, and ethyl-iso-propyl

acetylene chain, the possibility of electrical conduction

diethynylsilane. Generally, it is preferred that at least

was also presented. Although the polymer is an insula
tor, doping it with arsenic penta?uoride or iodine in

one of the R groups be a bulky alkyl group containing

creased the conductivity by several orders of magni
tude. In addition, a particular advantage is the fact that

favorably influence the nonlinear optical properties of
the polymers obtained. Accordingly, polymers where

the polymer can be pulled into ?bers or cast into ?lms.
It is air stable even at elevated temperatures. The poly
mer is believed to possess a polyacetylene chain in the

3 or more carbon atoms. Such bulky alkyl groups may
65

both R groups are identical bulky alkyl groups are more

preferred both from an economic view point and for

their exceptional nonlinear optical properties.

5,254,289
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Polymerization of the diethynylsilanes is typically

tation of the polymer. Alternatively, catalyst residues

carried out in a solvent. Most solvents without an active
hydrogen are suitable for use. Of course, solvents that

mer with a solid which selectively absorbs or absorbs

react with or otherwise inactivate the catalyst should be
avoided. Useful solvents include aromatics such as ben

zene, toluene, xylene and anisole; chlorinated hydrocar~
bons such as carbon tetrachloride and chloroform and

hydrocarbons such as hexane, cyclohexane and hep
tane. Aromatic or chlorinated hydrocarbons are pre

may be removed by contacting a solution of the poly

the catalyst residues.
The polymers of the instant invention are prepared by
polymerization of diethynylsilanes in the presence of
effective transitionmetal catalysts. Any transition metal
catalyst can be used which effectively facilitates poly
merization of diethynylsilanes to form polymers which

ferred because of the higher yields of polymers usually

are soluble, stable to the atmosphere, and have sufficient

obtained with such solvents.

molecular weight to exhibit useful physical properties.

The concentration of the monomer in the solvent is
not critical and may vary over a wide range. Concentra

Generally, transition metal catalysts which are known
to be effective for polymerization of substituted acety

tions of l to 10% by weight of monomer in solvent are
typically used, but any concentration from 0.1 to 50%
should be useful. Generally lower concentrations are
expected to favor intramolecular reaction so that poly

polymerization of diethynylsilanes. Transition metal

mer formed at low concentration may contain a higher

proportion of units such as the silacyclobutene-contain

ing unit illustrated above.

lenes are considered the more promising candidates for
catalysts can be used alone or are also useful when

combined with an organometallic cocatalyst. Transition
metal catalysts include, but are not limited to M0015,

Mo(C0)6-CCl4-hv, WCl6, W(CO)6-CCl4-hv, NbCl5,
20 TaCl5. Usefull transition metal catalyst may also include '

The polymerization should be conducted in the ab

isolable metal carbenes, for example, (phenylmethox

sence of water and oxygen because they tend to deacti
ycarbene)pentacarbonyltungsten and (diphenylcar
vate the catalyst. Solvents and vessels should be dried
bene)pentacarbonyltungsten. Organometallic cocata
and an inert atmosphere provided to assure exclusion of
lyst include, for example, Ph3Sb, Ph-3Bi, Ph3SiH,
oxygen. Any nonreactive inert gas can be used such as 25 (CH3CH2)3SiH, Ph4Sn, and (CH3CH1CH2CH1)4Sn
argon or nitrogen.

.

The polymerization can be carried out at any conve

nient temperature from 20° C. to the boiling point of the

where Ph represents phenyl. Such transition metal cata
lysts for polymerization of substituted acetylenes are
well known in the art and are described by Masuda et

solvent with a temperature of about 40° to about 80° C.

al., Acc. Chem. Res. 17, 51-56, (1984); Olrano et al., J.
typically most useful. Generally, it is preferred to em 30 Pol. Sci., 22, 1603-1610, (1984); and Masuda et al., Mac
ploy a temperature sufficiently high to provide an eco
romolecules, 22, 1036-1041, (1989).
nomically effective reaction rate but low enough to
However, the often unique nature of the effect pro
favor intramolecular reaction and thus produce a poly
vided by individual catalyst species makes it difficult to
mer with a higher proportion of silacyclobutene-con
provide a well de?ned catalyst genus or fully encom
taining units. It is preferred that the solution of catalyst 35 passing list of catalyst species that effectively polymer
and solvent be stirred during the polymerization, but
ize diethynylsilanes to produce the polymers of this
extensive agitation is not required.
invention. Individual catalyst species may not be effec
The rate of polymerization will vary substantially
tive with each monomer species or may not be effective
with the specific catalyst, the amount of catalyst, the
under certain conditions under which other catalysts
temperature and other conditions. Polymerization may
are effective. For example, some catalysts may be effec
be complete in 15 minutes or may require up to 24
hours. The course of the polymerization may be moni

tive only in certain solvents or within a certain tempera

ture range. Accordingly, experimentation to evaluate
the effectiveness of individual catalyst may be per
acted monomer. It is preferred to kill the catalyst upon
formed by contacting the catalyst with a solution of
the depletion of monomer to reduce or control the 45 diethynylsilane monomer under appropriate conditions
extent of branching or cross linking that may occur due
as described previously and monitoring the mixture to
to the presence of polymer units containing a dangling
determine if polymer is formed.
ethynyl group. Some polymer units with pendant (also
Catalyst such as M005 and WCl6 are presently prov

tored by analyzing portions of the solution for unre

referred to as “dangling”) ethynyl groups are believed
to occur randomly in the polymers as a result of a com

peting intermolecular polymerization reaction occur
ring prior to the intramolecular reaction with the other
ethynyl group on the same silicon atom.

The polymerization catalyst may be deactivated for
example by introduction of oxygen, water, methanol,

ing most useful in the polymerization of diethynylsi
lanes. Also, TaCl5 and NbCl5 have shown some moder
ate activity with respect to polymerization of diphenyl
diethynylsilane and methylphenyldiethynylsilane re
spectively. Catalyst such as Mo(CO)6 and W(CO)6 are
generally used in the presence of ultraviolet light and
55 have been effective for polymerization of substituted

ethanol or other alcohol, acetonitrile, or dilute aqueous

acetylenes primarily when used in halogenated solvents

I-ICl. Such catalyst deactivating agents may be added to
the polymerization mixture or conversely the polymeri
zation mixture may be added to the catalyst deactivat

such as CCl4 and CHCl3.

ing agent.
In some applications it may not be necessary to re

move the catalyst residue from the polymer. The poly
mer when isolated by methods such as precipitation by

The amount of catalyst employed to polymerize the
diethynylsilane is not particularly critical. Any amount
of catalyst can be used which is effective to form poly
mers which are soluble, stable to the atmosphere, and

have sufficient molecular weight to exhibit useful physi
cal properties. Generally, 0.1 to 10% by weight of cata

addition of a nonsolvent may retain such minor amounts
lyst based on the weight of monomer may be employed
of catalyst residue that further removal of catalyst is not 65 to effect the polymerization. It is usually preferred to
necessary. In other circumstances, it may be preferred
employ about 1 to 5% by weight of catalyst. To some
to remove essentially all of the catalyst. Catalyst residue
extent, the amount of catalyst employed may be varied
can be removed by repeated solubilization and precipi
to modify or control the degree of polymerization.

5,254,289
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Higher proportions of catalyst are expected to form

10

more individual polymer molecules which then results
in a polymer of overall lower molecular weight. Con

versely, lower proportions of catalyst may be expected
to favor higher average molecular weight.
The polymers of this invention which are soluble are

where the silicon is pendent to the polymer chain and

preferred because they can be more readily processed

bears an unreacted ethynyl group which is referred to as

into useful forms such as thin ?lms and coatings. How
ever, it may not be necessary that all of the polymer

a “dangling” ethynyl group. Such dangling ethynyl

groups are expected to be susceptible to further poly
obtained from the polymerization reaction be soluble. 10 merization reaction which may lead to branching or
Any soluble fraction or portion of the initially formed
cross linking of the polymer. Further reaction of a dan
polymer can be separated from any insoluble portion.
gling ethynyl group produces a branching polymer unit
Such soluble polymer fraction is within the scope of the
having a structure represented as

preferred polymers of this invention. By describing the

polymers as soluble, it is intended to indicate that the
polymers are soluble in one or more common solvents

such as aromatics for example benzene, toluene, xylene
and anisole; chlorinated hydrocarbons for example car
bon tetrachloride and chloroform and hydrocarbons for
example hexane, cyclohexane and heptane. Of course, it 20 where PB denotes a polymer branch.
is not intended to indicate that the polymers are soluble
The polymers of this invention may contain the
in all common solvents since the polymers are typically
insoluble in solvents such as alcohols for example meth

above units in a wide range of proportions. For exam

ple, a polymer may contain 75 mole percent silacy

anol or ethanol.

clobutene-exo-ene units, 8 mole percent dangling ethy
The preferred polymers are also substantially stable 25 nyl units, and 17 mole percent branching units or a
to the atmosphere. Stability to air is advantageous since
polymer may contain 42 mole percent silacyclobutene
it allows use of the polymer in a broader range of appli
exo-ene units, 26 mole percent dangling ethynyl units,
cations without the need of systems and coatings for
and 32 mole percent branching units.
isolation of the polymer material from the atmosphere.
It should be understood that the structures proposed
30
The polymers which exhibit useful physical proper
for the polymers are presented in so far as possible to
ties typically vary in weight average molecular weight
assist others in understanding the invention but are not
(M,,-) from about 20,000 up to 200,000 and above as
measured by GPC with respect to polystyrene stan

intended to limit the polymers of the invention to such
structures. It should be understood that the polymers of
dards. With respect to number average molecular
weight (M,,), useful polymers generally have M” of 35 this invention may, either exclusively or in combination

10,000 or greater when similarly measured. The molec
ular weight of the polymers will vary depending on the
conditions used during the polymerization process and
the particular transition metal catalyst employed to

effect the polymerization.

with the proposed structures, contain other unit struc
tures such as the silicon analogue of thiophene or still
other, as yet undetermined structures.

The diethynylsilane polymer may be doped with a
40 dopant such as iodine or arsenic penta?uoride to en

hance its conductivity. Any of the oxidation dopants

The chemical structure of the polymers of this inven
tion have not been thoroughly de?ned. It is believed

known for use in organic substrates such as polyacety

lenes are potentially useful in the diethynylsilane poly

that the polymer chain contains silacyclobutene-exo

mers. The list of oxidative dopants continues to rapidly

ene units having a structure represented as
45
R

R

\/
Si

expand and includes, for example, SbF5, AlCl3, ZrCl4,
FeCl3, Brz, IF5, O2, NOgPFg, NO2SbF6, (FS03)2,
M005, and WClé.
In the preferred embodiment, a nonlinear optical
polymeric material is formed from a polymerized die
thynylsilane composition which has a molecular weight
between about 20,000 and about 200,000 grams per

mole, where the polymerized diethynylsilane composi
After one ethynyl group of the diethynylsilane adds to

tion is catalytically polymerized in the presence of a
catalyst such as MOCi5 or W(CO)6/hv. Conductive
tene-exo-ene unit may result from the intramolecular 55 material is also made from the same diethynylsilane
addition of the second ethynyl group prior to further
composition as the nonlinear optical polymer.
polymer growth with an ethynyl group from another
Again, the polymer which includes repeating units
diethynylsilane molecule. NMR data for the polymers
containing a silacyclobutene structure in a predomi
has been interpreted as consistent with the presence of
nantly polyacetylene chain arrangement has shown to
amounts of about 45 to 75 mole percent of such units in 60 be particularly useful. Nonlinear optical material which
polymers obtained by the polymerization process of this
also consists predominantly of repeating units contain
invention.
ing four-membered ring structures as described above
It is believed that the majority of the remaining units
are expected to be particularly useful.
of the polymers may result from the intermolecular
It is to be understood that the polymers of this inven
growth of the polymer chain prior to the intramolecular 65 tion may be applicable to a host of applications in the
reaction of the second ethynyl group. Such a variation
nonlinear optical ?eld as will be apparent to one of
of the chain growth process produces polymer units
ordinary skill in the art. The following example further
having a structure represented as
illustrates a method of producing a diethynylsilane pol

the active end of the growing polymer, a silacyclobu

5,254,289
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ymer representative of the materials of the present in
vention.

EXAMPLE 2

EXAMPLE 1
POLYMERIZATION OF

added through a rubber septum to a dry, argon-?ushed,

Di-sec-butyldiethynylsilane (1.8 mL, 1.5 g) was
100 mL ?ask containing 50 mL of dry, freshly distilled
toluene. The solution was degassed by four freeze/thaw
cycles under vacuum and covered with argon. Tung
sten hexachloride (0.12 g) was then added to the ?ask

DI-SEC-BUTYLDIETHYNYLSILANE
A solution of 2.0 ml (1.70 g) di-sec-butyldiethynylsi
lane in 25 ml of anhydrous benzene was placed in an

under an argon atmosphere. The solution was stirred

argon-?ushed, 50 ml, one-necked, round-bottomed ?ask

and maintained at 60° C. for 9 hr. The solution changed

which was equipped with a magnetic stirrer and capped
with a rubber septum. The solution was degassed by
repeating a cycle of freezing and thawing under vac
uum for four cycles, followed by covering with an
argon atmosphere. 50 mg of MoCl5 was added to the

to a deep purple color during the heating period. The
polymerization was stopped by adding methanol (150
mL) dropwise to the solution. Upon addition of the
methanol, polymer precipitated from the solution. The
polymer was isolated by ?ltration and puri?ed by re~
peated solubilization in dry toluene and precipitation

solution to act as a catalyst to immediately produce a

deep violet-colored material. After magnetically stir
ring the solution at 60‘ C. for 15 hours, the polymeriza

with methanol until no residue of catalyst could be

detected in the polymer by Electron Spin Resonance

tion was terminated by adding the solution to 150 ml of

methanol drop by drop. The polymer which precipi

20

(ESR) or by X-Ray Energy Dispersive spectroscopy.
The polymer was dried under-vacuum to obtain a yield
of 20%.
The polymer was dissolved in chloroform and cast
into a ?lm exhibiting a golden sheen. The ?lm was

tated was separated by centrifugation and dried to a
constant weight under vacuum over 24 hours. The pol
ymer yield was about 50%.
Polymer ?lms which were cast from a chloroform
electrically conductive (0.1 S/cm) upon doping with
solution had a golden sheen. The ?lms were tested and 25 iodine. Even after several days exposure to open air, the
found to be electrical insulators, but when exposed to
?lm retained its color, pliability and doped conduction.
iodine vapors, they became electrically conducting
The polymer was characterized as follows:
with a conductivity of 0.1 S/cm. The ?lms were found
Ultraviolet-Visible Spectrum: Lambdam 590 nm.

to be quite stable to the atmosphere and maintained

their color, pliability and doped conduction ability after
days of atmospheric exposure.
The polymer was characterized as follows:

Ultraviolet Spectrum Lambdamax565 nm; Lamb
da$h600 nm.

Gel Permeation Chromatography: Mw= 63,656; (rela
tive to polystyrene standards) Pd= 1.81.

Proton NMR: 0.994, 1.524, 6.2-7 ppm (broad peaks)

(Solution NMR).
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GPC: Mw=68,800; M,,=l6,000; Pd=4.3 (relative to

polystyrene standards).
Proton NMR: 0.99, 1.52, 62-70 ppm (all broad sig

nals).
Carbon-13 NMR: 157.5, 149.6, 146.4, 134.3, 95.9,
85.1, 24.9, 19.0, 13.8, 13.3 ppm.
Silicon-29 NMR: 2-10 (broad), -—l and —2 (sharp),
—8 (broad) ppm.
All NMR spectra were obtained in high resolution liq
uid state NMR. All signals are referenced to external

Carbon-l3 NMR: 155.3, 145.5, 137.5, 24.15, 18.55, 12.
Silicon-29 NMR: -— 1.20 (all NMR spectra obtained in

the solid state).

tetramethylsilane.
Thus, there is provided in accordance with the pres
ent invention, a polymeric material which exhibits

highly enhanced nonlinear optical properties, which is
stable in air, which is easily processible, has a high mo

Elemental Analysis:
%c

%H

Calc.

72.92

10.48

Exp.

70.00

9.22

45 lecular weight, is stable at high temperatures and upon

doping, exhibits conductivity in the range of 10-2 and
101 S/cm.
While the invention has been described in terms of a

few speci?c examples and configurations, it will be
appreciated that other forms could readily be adapted

An undoped portion of the polymer was tested for its 50
nonlinear optical properties and structure. The third
by one skilled in the art. Accordingly, the scope of the
order susceptibility value was found to be very good. In
invention is to be considered limited only by the follow

addition, sub-picosecond switching speeds were exhib

ing claims.

ited by the polymer. The proposed structure is as fol
We claim:
lows:
55 . 1. A conductive polymeric material comprising a
polymer doped with a dopant to enhance conductivity,
Bu

Bu

\ /
MoCl5

W

the polymer having been formed by polymerization of a
diethynylsilane by exposure ‘to a catalyst and having a
molecular weight between about 20,000 and about
200,000 grams per mole.
2. The material of claim 1, wherein the diethynylsi
lane has a structure represented by the formula

Furthermore, this violet polymer was found to be
soluble in a variety of organic solvents and could be 65
easily cast into a coherent ?lm. Spectroscopic studies of
wherein each R is independently selected from the
the material revealed that the effective e-e interaction
group consisting of aryl substituents and alkyl substitu
ents of 1 to 20 carbon atoms.
energy. (U24) was about 0.8 eV and Eg was about 2 eV.

13
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3. The material of claim 1, wherein the diethynylsi
lane has a structure represented by the formula
M

wherein each R is independently selected from the

group consisting of phenyl, ethyl, methyl, s-butyl, n
butyl, i-butyl, n-hexyl, i-propyl and n-propyl substitu

wherein each R may be selected from the group consist
10

ing of phenyl, s-butyl, n-butyl, ethyl, methyl, n-hexyl,

cuts.

i-propyl, and n-propyl substituents.

4. The material of claim 1, wherein the catalyst is
selected from the group consisting of MoCl5 and

oxidative dopant effective to provide a conductivity for

W(CO)6/hv.

11. The material of claim 4, wherein the dopant is an

15

5. The material of claim 3, wherein the dopant is an
oxidative dopant effective to provide a conductivity for
the material in the range of 10'2 to 10 S/cm.
6. The material of claim 5, wherein the oxidative 20

dopant is selected from the group consisting of Ig, AsF5,

the material in the range of 10-2 to 10 S/cm.
12. The material of claim 11, wherein the oxidative

dopant is selected from the group consisting of I2, ASFs,

SbF5, AlCl3, ZrCl4, FCCI3, Brz, IF5, O2, NO2PF6,
NOzSbF6, (FSO3)2, MoCl5, and WCls.
13. The material of claim 11, wherein the polymer

comprises repeating units containing a silacyclobutene
group with a predominantly polyacetylene chain struc
ture.

SbF5, AlCl3, ZrCl4, FeCl3, Brg, 1P5, O2, NO2PF6,
NOZSbFé, (FSO3)2, MOC15, and WC16.

14. The material of claim 13, wherein the polymer
contains predominantly repeating units having a struc
7. The material of claim 5, wherein the polymer com 25 ture represented by the formula

prises repeating units containing a silacyclobutene

R

R

\/

group with a predominantly polyacetylene chain struc

Si

ture.

8. The material of claim 7, wherein the polymer con 30
tains predominantly repeating units having a structure

represented by the formula

wherein each R may be selected from the group consist
35

R

R

ing of phenyl, s-butyl, n-butyl, ethyl, methyl, n-hexyl,
i-propyl, and n-propyl substituents.

\/

15. The material of claim 12, wherein the polymer

Si

comprises repeating units containing a silacyclobutene
group with a predominantly polyacetylene chain struc
ture.

16. The material of claim 15, wherein the polymer
contains predominantly repeating units having a struc
ture represented by the formula

wherein each R may be selected from the group consist

ing of phenyl, s-butyl, n-butyl, ethyl, methyl, n-hexyl,
i-propyl, and n-propyl substituents.

R

45

R

\/
Si

9. The material of claim 6, wherein the polymer com

prises repeating units containing a silacyclobutene
group with a predominantly polyacetylene chain struc
ture.

50

wherein each R may be selected from the group consist

10. The material of claim 9, wherein the polymer
contains predominantly repeating units having a struc
ture represented by the formula

ing of phenyl, s-butyl, n-butyl, ethyl, methyl, n-hexyl,
i-propyl, and n-propyl substituents.
i
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