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(57) ABSTRACT

The present invention relates generally to mercaptofunctional
high pf§ EO chromophores and EO polymers, and particularly
to mercaptofunctional high pf EO chromophores and EO
polymers useful for making electro-optical devices and sys-
tems. Mercaptofunctional high pup EO chromophores are
covalently bonded to poly(imido sulfide) polymers producing
high Tg, low optical loss, covalently bonded, high puf EO
chromophore containing polymers. Methods of synthesizing
these EO materials using mild polymerization conditions are
also described.
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MERCAPTOFUNCTIONAL HIGH MUBETA
EO CHROMOPHORES AND HIGH TG, LOW
OPTICAL LOSS, COVALENTLY BONDED,
HIGH MUBETA EO CHROMOPHORE
CONTAINING POLYMERS AND METHODS
OF SYNTHESIZING EO MATERIALS

BACKGROUND
[0001] 1. Field of the Invention
[0002] The present invention relates generally to mercapto-

functional high dipole moment and hyperpolarizability (uf})
electro-optic (EO) chromophores and EO polymers, and par-
ticularly to mercaptofunctional high puf EO chromophores
and EO polymers useful for making electro-optical devices
and systems.

[0003] 2. Technical Background

[0004] Organic chromophores are a basic element needed
to build organic polymeric electro-optic materials. Tradition-
ally, organic polymeric EO materials are made via the poly-
merization of EO chromophores which usually include dihy-
droxyl functional groups. EO materials are useful in systems
and devices for emitting, modulating, transmitting or sensing
light. EO chromophores bearing amino, vinyl and carboxylic
acid functional groups have also been used in synthesizing
organic polymeric EO materials. Organic polymeric EO
materials such as polyesters, polyimides and polyurethanes
have been synthesized from these monomers.

[0005] However, materials such as polyesters, polyimides
and polyurethanes have several disadvantages. For example,
in order to synthesize some of these polymers, a harsh reac-
tion environment such as acidic or basic reaction conditions
are needed; and in addition high temperatures are needed for
the polymerization reaction to occur. These harsh polymer-
ization conditions usually result in the destruction of the EO
chromophores. Another disadvantage of EO chromophores
bearing hydroxyl or amino functional groups is that these
chromophores usually cause a large optical loss at major
communication wavelengths, for example at 1550 nm.
[0006] Mercaptofunctional high pf EO chromophores are
especially sensitive to harsh polymerization conditions and
are not stable to basic, acidic and free radical polymerization
conditions. However, mercaptofunctional high uf EO chro-
mophores are advantageous for use in organic polymeric EO
materials due to the low optical loss associated with —SH
functional groups on the chromophore. The incorporation of
these —SH chromophores into electro-optical polymers has
proven challenging due to the sensitivity of the chro-
mophores’ terminal —SH groups. Several years have been
spent trying to determine alternative polymerization reac-
tions that can be carried out under mild polymerization con-
ditions to produce organic polymeric EO materials having
high glass transition (Tg) temperatures with low optical loss
at communication wavelengths.

[0007] Organic polymeric EO materials having the follow-
ing properties would be particularly useful. First, the active
component, the EO chromophore, should be thermally and
photochemically stable. Second, the EO chromophore should
have a high molecular nonlinearity while being compatible
with the polymer host material. Third, both the EO chro-
mophore and the polymer host materials should possess opti-
cal transparency at communication wavelengths. Fourth, the
EO chromophore should be able to be aligned in a non-
centersymmentric fashion by poling and should remain stable
for many years while retaining a high EO coefficient.
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[0008] Bismaleimides are known as high temperature ther-
mosetting resins having high Tg temperatures (some greater
than 200° C.). These thermosetting resins cure via addition
polymerization to produce high performance polymeric
materials. Bismaleimides can be reacted with diamines or
dithiols forming Michael type adducts, polyimides, or poly
(imido sulfides) through a step-growth polymerization
mechanism. Although some complicated side reactions may
occur in the reaction between bismaleimide and diamine or
dithiols which can lead to the production of insoluble
crosslinked polymers, a polymerization solvent having an
acidic hydrogen atom can effectively suppress the side reac-
tions from the anionic mechanism to give rise to linear poly-
mers. During the 1980’s, the structure and properties of dif-
ferent hydrocarbon poly(imido sulfide) materials were
extensively investigated by General Electric and The Dow
Chemical Company. However, Michael addition polymeriza-
tion producing an EO chromophore containing poly(imido
sulfide) polymer useful for organic polymeric EO materials
and devices has presented challenges due to the harsh poly-
merization conditions typically required for a covalent bond
between the poly(imido sulfide) polymer and the EO chro-
mophore.

[0009] Octafluorobenzidine bismaleimide and its Michael
adducts with fluorine-containing diamines are used in the
preparation of highly fluorinated poly(imido amides). How-
ever, poly(imido amides) cannot be used for organic poly-
meric EO materials and devices at communication wave-
lengths, because of the strong absorption of NH groups in the
polymer chain. Halogen-containing bismaleimide derivatives
reacted with a diol are typically used to prepare polyether-
polyimides material for the optical communication industry.
There is a low glass transition (Tg) disadvantage associated
with some halogenated polymers such as halogenated acry-
late polymers, in particular, fluorinated polyimides. Another
disadvantage is the solvent process capability of fluorinated
polyimides.

[0010] For the foregoing reasons, the technical challenge
for synthesis of a high Tg, low optical loss, covalently bonded
and high pff EO chromophores containing polymers lies not
only in the synthesis of the polymeric host material, but also
in the polymerization reaction incorporating the EO chro-
mophore into the final material. Since polymerization condi-
tions as discussed above can destroy the unique donor, accep-
tor and electron rich bridge electronic structures of the high
up chromophores, especially mercaptofunctional high puf
chromophores whose incorporation in EO materials would be
advantageous due to the low optical loss associated with the
—SH functional group, improved methods for synthesizing
these materials is highly desirable.

SUMMARY OF THE INVENTION

[0011] Maleimide copolymers with low optical loss, high
Tg and excellent solvent process capability have been devel-
oped and are described in U.S. Pat. No. 6,503,421 B1, the
disclosure of which is incorporated herein by reference in its
entirety, having a common assignee as the present invention.
The maleimide copolymers described therein have been fur-
ther developed in the present invention to produce novel
poly(imido sulfide) polymeric and halogenated poly(imido
sulfide) polymeric host materials for covalently bonding mer-
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captofunctional high pfi chromophores useful for organic
polymeric EO materials and devices.

[0012] One embodiment of the present invention relates to
electro-optical chromophores having general Formula I:

wherein:
[0013] C* denotes a chiral carbon atom;
[0014] D is an electron donating group;
[0015] B comprises at least one bivalent ring;
[0016] R, and R, are different from one another; and
[0017] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C,, alkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—0O—CH,),, where n is an integer from 1
through 10; and

[0018] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10;

[0019] or R, and R; together form a ring structure or a
substituted ring structure; and

[0020] the compound of Formula [ has at any location, at
least one terminal —SH group capable of reacting with
a maleimide bond.

[0021] Another embodiment of the present invention
relates to electro-optical polymers comprising at least one
N-(halogenated phenyl) maleimide and at least one sulfide
selected from the group consisting of substituted dithiols, di
or bis(alkyl mercapto) sulfides, and halogenated di(mer-
capto) compounds.

[0022] Another embodiment of the present invention
relates to electro-optic materials comprising a polymer hav-
ing a poly(imido sulfide) backbone and an electro-optical
chromophore having at least one terminal —SH group
capable of reacting with a maleimide double bond, the —SH
group being at any location on the EO chromophore.

[0023] Another embodiment of the present invention
relates to a method of synthesizing an electro-optical material
comprising a polymer having a poly(imido sulfide) backbone
and an electro-optical chromophore having general Formula
I:
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CN

CN

D—B

the method comprising

[0024] reacting a selected sulfide compound with a N-(ha-
logenated biphenyl) bismaleimide and with the optical chro-
mophore in a solvent utilizing a catalyst;

[0025] maintaining the reaction temperature between about
20° C. and about 60° C. for about two hours;

[0026] precipitating the resulting polymer into a solution of
methanol and hydrochloric acid;

[0027] washing the resulting precipitated polymer with
methanol;
[0028] dryingthe polymer in a vacuum oven at about 60° C.

to about 80° C. for about 16 hours thereby obtaining an EO
material;

wherein, in the compound of Formula I;

[0029] wherein:
[0030] C* denotes a chiral carbon atom;
[0031] D is an electron donating group;
[0032] B comprises at least one bivalent ring;
[0033] R, and R, are different from one another; and
[0034] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C,, alkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—O—CH,), where n is an integer from 1
through 10; and
[0035] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10;
[0036] or R, and R, together form a ring structure or a
substituted ring structure; and
[0037] the compound of Formula I has at any location, at
least one terminal —SH group capable of reacting with
a maleimide bond forming a covalent bond.
Examples, without limitation, of the useful compounds
include substituted dithiols, di or bis(alkyl mercapto) sul-
fides, and halogenated di(mercapto) compounds. [Note: gen-
erally, for drying all polymers described in this specification,
the drying temperature is in the range of 60° C. to 80° C. and
the drying time is until dry, typically in the range of 12 to 20
hours].
[0038] Another embodiment of the present invention
relates to a method of synthesizing an electro-optical polymer
comprising a N-(halogenated biphenyl) bismaleimide and at
least one sulfide selected from the group consisting of sub-
stituted dithiols, di or bis(alkyl mercapto) sulfides, and halo-
genated di(mercapto) compounds, the method comprising:
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[0039] reacting a sulfide with a N-(halogenated biphe-
nyl) bismaleimide in a solvent utilizing a triamine cata-
lyst for example, triethylamine;

[0040] maintaining the reaction temperature between
about 20° C. and about 60° C. for about two hours;

[0041] precipitating the resulting polymer into a solution
of methanol and hydrochloric acid;

[0042] washing the resulting precipitated polymer with
methanol; and

[0043] drying the polymer in a vacuum oven in the range
of about 60° C. to about 80° C. for about 16 hours
thereby obtaining an EO material.

[0044] Additional features and advantages of the invention
will be set forth in the detailed description which follows, and
in part will be readily apparent to those skilled in the art from
the description or recognized by practicing the invention as
described in the written description and claims hereof, as well
as the appended drawings.

[0045] Itis to be understood that both the foregoing general
description and the following detailed description are merely
exemplary of the invention, and are intended to provide an
overview or framework to understanding the nature and char-
acter of the invention as it is claimed.

[0046] The accompanying drawings are included to pro-
vide a further understanding of the invention, and are incor-
porated in and constitute a part of this specification. The
drawings illustrate one or more embodiment(s) of the inven-
tion and together with the description serve to explain the
principles and operation of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] The invention is best understood from the following
detailed description when read with the accompanying draw-
ing figures.

[0048] FIG. 1 is an EO polymer structure of the present
invention as shown by FTIR results.

[0049] FIG. 2 is a *C NMR spectrum of halogenated poly
(imido sulfide) of the present invention according to Scheme
2.

DETAILED DESCRIPTION

[0050] As used herein, the term “C*” designates a “chiral”
carbon atom where the mirror image of the compound is
different then the compound. In addition, “C*” can denote a
spiro center when C* in combination with R, and R, forms a
ring or substituted ring. In such instances, C* can be spiro and
chiral or simply spiro.

[0051] The mercaptofunctional high uff chromophores and
organic polymeric electro-optic (EO) materials of the present
invention improve the low Tg problem associated with flu-
orinated acrylate polymers and help to facilitate solvent pro-
cess capability of halogenated polyimides, in particular flu-
orinated polyimides. Maleimide copolymers, in particular
halogenated maleimide copolymers of the present invention,
possess low optical loss, high Tg temperatures and excellent
solvent process capability and higher thermal stability.
[0052] The present invention provides mercaptofunctional
high pf chromophores, poly(imido sulfide) and halogenated
poly(imido sulfide) linear optic polymers and nonlinear optic
polymeric materials incorporating EO chromophores. The
present invention further provides methods of making the
poly(imido sulfide) and halogenated poly(imido sulfide) lin-
ear optic polymers and nonlinear optic polymeric EO mate-
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rials that allow mercaptofunctional chromophores to be copo-
lymerized into a high Tg and low optical loss halogenated
covalently bonded polymer matrix using very mild polymer-
ization conditions. These methods, as further described
below, minimize damage to the chromophore that is normally
caused by using radical, acid or base catalysis with the sen-
sitive mercaptofunctional high uf} chromophores during the
polymerization reaction.

[0053] One embodiment of the present invention relates to
electro-optical chromophores having general Formula I:

wherein:
[0054] C* denotes a chiral carbon atom;
[0055] D is an electron donating group;
[0056] B comprises at least one bivalent ring;
[0057] R, and R, are different from one another; and
[0058] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C,, alkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—O—CH,), where n is an integer from 1
through 10; and

[0059] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10;

[0060] or R, and R; together form a ring structure or a
substituted ring structure; and

[0061] thecompound of Formulalhas, atany location, at
least one terminal —SH group capable of reacting with
a maleimide bond.

[0062] D is an electron donating group. Preferred electron
donating groups are described in, for example, U.S. Pat. No.
6,584,266 B2, the disclosure of which is incorporated herein
by reference in its entirety, having a common assignee as the
present invention.

[0063] B isacyclic bridge which couples the electron with-
drawing group and the electron donating group. Preferably, B
is at least one bivalent ring. Bivalent rings which can be
employed as cyclic bridges in the present invention are also
described in, for example, U.S. Pat. 6,584,266 B2.
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[0064] Another embodiment of the present invention
relates to electro-optical chromophores having Formula II:

I

wherein:
[0065] C* denotes a chiral carbon atom;
[0066] R, and R, are different from one another; and
[0067] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C, jalkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—0O—CH,),, where n is an integer from 1
through 10; and

[0068] R; is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10; or

[0069] R, and R, together form a ring structure or a
substituted ring structure;

[0070] R, and R, can be the same or can be different and
are selected from the group consisting of H, C,H,,,, |,
and SH; or
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[0071] R, and Rjtogether or separately form an aromatic
compound;
[0072] R, andR, can be the same or can be difterent and

are selected from the group consisting of H, CH;, SH
and (CH),,,_Q, wherein Q is selected from the group
consisting of H and SH and n, is an integer from 1
through 10; or

[0073] R, andR,together or separately form an aromatic
compound;

[0074] n, is an integer from 1 through 3; and

[0075] the compound of Formula I has, at any location,

at least one terminal —SH group capable of reacting
with a maleimide bond.
[0076] Exemplary electro-optic chromophores having For-
mula II are as follows, but are not limited to:

[0077]
be synthesized by the following exemplary scheme:

Electro-optic chromophores having Formula II can

Scheme 1

Cl
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-continued
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[0078]
relates to electro-optical chromophores having Formula III:

11T

wherein:
[0079] C* denotes a chiral carbon atom;
[0080] R, and R, are different from one another; and
[0081] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C, jalkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—0—CH,), where n is an integer from 1
through 10; and

[0082] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10; or

[0083] R, and R, together form a ring structure or a
substituted ring structure;

[0084] R, and R, canbe the same or can be different and
are selected from the group consisting of H, CH;, SH
and (CH),,,_Q, wherein Q is selected from the group
consisting of H and SH and n, is an integer from 1
through 10; or

[0085] R, andR,together orseparately form anaromatic
compound; and

[0086] the compound of Formula III has, at any location,
at least one terminal —SH group capable of reacting
with a maleimide bond.

[0087] Exemplary electro-optical chromophores having

Formula III are as follows, but are not limited to:

Another embodiment of the present invention
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-continued

HS —\N
_/

[0088] Another embodiment of the present invention
relates to electro-optical polymers comprising at least one
N-(halogenated phenyl) maleimide and at least one sulfide
selected from the group consisting of substituted dithiols, di
or bis(alkyl mercapto) sulfides, and halogenated di(mer-
capto) compounds.

[0089] Another embodiment of the present invention
relates to electro-optical polymers comprising a N-(haloge-
nated biphenyl) bismaleimide and at least one sulfide selected
from the group consisting of substituted dithiols, di or bis
(alkyl mercapto) sulfides, and halogenated di(mercapto)
compounds.

[0090] The above-mentioned -electro-optical polymers
form novel poly(imido sulfides) of the present invention.
Particularly useful poly(imido sulfides) have at least one
N-(halogenated phenyl) maleimide having Formula IV:

v

wherein:

Rg, Ry, R, Ry and R, can be the same or can be different
and are selected from the group consisting of H, F, Cl, Br,
CF;, C,-Cq fluoroalkyl and fluoroaryl; and

atleast one of Rg, Ry, R, Ry; and R, contains a halogen or
a halogenated alkyl or aryl group.

[0091] Exemplary N-(halogenated phenyl) maleimides
having Formula IV are described in U.S. Pat. No. 6,503,421
B1, the disclosure of which is incorporated herein by refer-
ence in its entirety, having a common assignee as the present
invention. As described therein, perfluoro groups are espe-
cially useful. Examples of useful Ry, Rg, Rj, R;; and R,
groups include but are not limited to include CF;, C,F5, C,F,
etc, perfluoroalkyl groups and CiF5 perfluoroaryl groups.
Preferably, at least one of Rg, Ry, R, R;; and R, contains
fluorine. More preferably, at least one of Rg, Ry, R, R, and
R,, is fluorine, i.e., one, two, three or four of the Rg, Rg, Ry,
R,, and R, , moieties are fluorine.
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[0092] Exemplary poly(imido sulfides) are as follows, but
are not limited to:
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wherein:
n, is an integer greater than 20. Preferably, n, is an integer
greater than 50.
[0093] Exemplary poly(imido sulfides) can be synthesized
by the following exemplary scheme:
Scheme 2
H H
0 F F F F 0O
H 0 H S H
H H Hs HH SH
(6] F F F F (6] o o
OFBP-BMI

m-Cresol (40° C)lCat. (CH;CIH,);N

. 17,2013
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-continued

/

[0094] The octfluorobiphenyl bismaleimide (OFBP-BMI)
monomer, 1,1'-(2,2',3,3'5,5',6,6-octafluoro(1,1'-biphenyl)-
4.,4'-diyl) bis-1H-pyrrole-2,5-dione (140714-27-8), can be
synthesized by the typical two-step process (Searle proce-
dure) which is described in U.S. Pat. No. 6,503,421 B1. The
two step process is found to give a typical yield of only 20%.
Based on the reaction scheme and spectra analysis, the low
yield of bismaleimide is likely attributed to the intermolecular
imidization reaction of maleic amine acid which gives rise to
a high molecular weight polymer instead of the desired
intramolecular imidization reaction for bismaleimide. To
improve the yield, a one-pot process (Vygotski method) was
used in the present invention by refluxing the maleic anhy-
dride and maleic diamine (in a 5 to 1 molar ratio) mixture in
glacial acetic acid for 24 hours. The final product was purified
by sublimation twice to obtain white crystalline bismaleim-
ide.

[0095] 2.3,5,6,-tetrachlorobenzene 1,4-dithiol (TCBDS)
was synthesized by a rearrangement reaction from the corre-
sponding diphenol. Bis(4-mercaptophenyl) sulfide (MPS),
2,2'-Dimercaptodiethyl sulfide (DMDS) and 4-Chloro-1,3-
benzenedithiol (CBDS) were purchased and used as received
without further purification.

[0096] Polymerization was performed as follows. Into a
100 ml glass flask equipped with a magnetic stirrer, a rubber
septum and a nitrogen bulb were placed 1.972 g (4 mmol)
OFBP-BMI, and 1.00 g (4 mmol) Bis(4-mercaptophenyl)
sulfide monomer (MPS) and 50 grams of C,H;O/C,H,(OH)
CH,; (m-cresol) as the solvent. After injection into the glass
flask of 25 mg of catalyst (triethylamine), the reaction was
maintained at 40° C. for two hours. The resulting viscous
polymer solution was slowly precipitated into an acidified
solution of methanol/hydrochloric acid. The precipitated
polymer was washed with warm methanol and then dried in a
vacuum oven at 60° C. for 16 hours. The yield of white dry
polymer powder was 2.52 grams (85%). Similar reactions can
be carried out using TCBDS, DMDS and CBDS. Typical
yields of the resulting polymer powder are in the range of
about 70% to about 80%.

[0097] To test the influence of various reaction conditions
onthe Michael addition step-growth polymerization (Scheme
2), different reaction temperatures of about 20° C. and about
60° C. along with different solvents such as THF, cyclohex-
anone and DMF were used to prepare the polymer with the
same set-up as above. Preferably, the solvent is selected from
the group consisting of m-cresol, m-cresol derivatives, tet-
rahydrofuran (THF), cyclohexanone, and dimethylforma-
mide (DMF). When the solvent is m-cresol, the reaction tem-
perature may be maintained between about 20° C. and about
45° C. M-cresol provides lower temperatures in the polymer-
ization process and side chain reactions are minimized, thus
improved yields may be associated with the use of m-cresol.

_H 0 F F F F 0 H H

i1 HH S

~~g S HH 1
i O F F F F O o o
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[0098] A detailed spectral analysis (FTIR, 'H NMR, *C
NMR and *F NMR) was performed and revealed the struc-
ture of an exemplary poly(imido sulfide) synthesized accord-
ing to Scheme 2. The conclusive determination of the poly
(imido sulfide) structure is shown in the FTIR results in FIG.
1 and in the '*C NMR spectrum of halogenated poly(imido
sulfide) according to Scheme 2 as shown in FIG. 2 and DEPT
13C experiments.

[0099] Another embodiment of the present invention
relates to electro-optic materials comprising a polymer hav-
ing a poly(imido sulfide) backbone and an electro-optical
chromophore having at least one terminal —SH group
capable of reacting with a maleimide bond. The present
invention provides covalently bonded mercaptofunctional
chromophores and optical polymers. The electro-optical
materials of the present invention can have a plurality of
electro-optical chromophores each electro-optical chro-
mophore having at least one terminal —SH group capable of
reacting with a maleimide bond. Multiple —SH groups pro-
vide a branched polymer having multiple electro-optical
chromophores.

[0100] Another embodiment of the present invention
relates to electro-optical materials comprising a polymer hav-
ing a poly(imido sulfide) backbone and an electro-optical
chromophore having general Formula I:

R CN
3 \C*/
e

CN

D—B
wherein:
[0101] C* denotes a chiral carbon atom;
[0102] D is an electron donating group;
[0103] B comprises at least one bivalent ring;
[0104] R, and R; are different from one another; and
[0105] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C,, alkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—O—CH,), where n is an integer from 1
through 10; and

[0106] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
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substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10;

[0107] or R, and R; together form a ring structure or a
substituted ring structure; and

[0108] the compound of Formula I has, atany location, at
least one terminal —SH group capable of reacting with
a maleimide bond.

[0109] Preferably, the electro-optical chromophore is

selected from the group consisting of the electro-optical chro-
mophore having Formula II:

I

wherein:
[0110] C* denotes a chiral carbon atom;
[0111] R, and R; are different from one another; and
[0112] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C, jalkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—0O—CH,),, where n is an integer from 1
through 10; and

[0113] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10; or

[0114] R, and R, together form a ring structure or a
substituted ring structure;

[0115] R, and R, can be the same or can be different and
are selected from the group consisting of H, C,H,,,, |,
and SH; or

[0116] R,andR,togetherorseparately form an aromatic
compound;

[0117] Rgand R, can be the same or can be different and
are selected from the group consisting of H, CH;, SH
and (CH),,,_Q, wherein Q is selected from the group
consisting of H and SH and n, is an integer from 1
through 10; or

[0118] R,andR,together orseparately form an aromatic
compound;
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[0119]

[0120] the compound of Formula I has, at any location,
at least one terminal —SH group capable of reacting
with a maleimide bond;

n, is an integer from 1 through 3; and

and the electro-optical chromophore having Formula I11:

11

wherein:
[0121] C* denotes a chiral carbon atom;
[0122] R, and R; are different from one another; and
[0123] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C,, alkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—O—CH,), where n is an integer from 1
through 10; and

[0124] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10; or

[0125] R, and R; together form a ring structure or a
substituted ring structure;

[0126] R, and R, can be the same or can be different and
are selected from the group consisting of H, CH;, SH
and (CH),,,_Q, wherein Q is selected from the group
consisting of H and SH and n, is an integer from 1
through 10; or

[0127] R, and R, together or separately form an aromatic
compound; and

[0128] the compound of Formula III has at any location,
at least one terminal —SH group capable of reacting
with a maleimide bond.

[0129] Preferably, at least one poly(imido sulfide) is halo-
genated. For example, the poly(imido sulfide) is selected
from the group consisting of
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wherein: the method comprising

n, is an integer greater than 20. Preferably, n, is an integer
greater than 50.

[0130] Another embodiment of the present invention
relates to a method of synthesizing an electro-optical material
comprising a polymer having a halogenated poly(imido sul-
fide) backbone and an electro-optical chromophore having
general Formula I:

CN

[0131] reacting a sulfide with a N-(halogenated biphenyl)
bismaleimide and with the optical chromophore in a solvent
utilizing a triamine catalyst for example, triethylamine;
[0132] maintaining the reaction temperature between about
20° C. and about 60° C. for about two hours;

[0133] precipitating the resulting polymer into a solution of
methanol and hydrochloric acid;

[0134] washing the resulting precipitated polymer with
methanol; drying the polymer in a vacuum oven in the range
of about 60° C. to about 80° C. for about 16 hours thereby
obtaining an EO material.

wherein, in the compound of Formula I;

[0135] C* denotes a chiral carbon atom;

[0136] D is an electron donating group;

[0137] B comprises at least one bivalent ring;

[0138] R, and R; are different from one another; and
[0139] R, is selected from the group consisting of H,

substituted or unsubstituted C,-C, , alkyl, substituted or
unsubstituted C,-C,, alkenyl, substituted or unsubsti-
tuted C,-C,, alkynyl, substituted or unsubstituted aryl,
substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocycle, substituted or unsubstituted
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heterocycle, substituted or unsubstituted cyclohexyl,
and (CH,),—0—CH,), where n is an integer from 1
through 10; and

[0140] R, is selected from the group consisting of sub-
stituted or unsubstituted aryl, substituted or unsubsti-
tuted alkylaryl, substituted or unsubstituted carbocycle,
substituted or unsubstituted heterocycle, substituted or
unsubstituted cyclohexyl, and (CH,),—O—(CH,),
where n is an integer from 1 through 10;

[0141] or R, and R; together form a ring structure or a
substituted ring structure; and
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[0142] thecompound of Formulalhas, atany location, at
least one terminal —SH group capable of reacting with
a maleimide bond.
[0143] Preferably, the solvent is selected from the group
consisting of m-cresol, m-cresol derivatives, THF, cyclohex-
anone, and DMF. When the solvent is m-cresol, the reaction
temperature may be maintained between about 20° C. and
about 45° C. M-cresol provides lower temperatures in the
polymerization process and side chain reactions are mini-
mized, thus improved yields may be associated with the use of
m-cresol.
[0144] Exemplary non-linear optical polymers can be syn-
thesized by the following exemplary scheme:

Scheme 3

m-Cresol
40° C.

HOF F F FOH
H H H H
S S S S s>7
‘C\LJ/ H o F F F F oo H/ 8
N H ®H H oz
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-continued

x=0.13
y=0.50
2=037

[0145] The synthesis of linear electro-optical polymers was
described above. The terpolymerization condition of non-
linear poly(imido sulfide) is the same as the linear Michael
addition polymerization (Scheme 2). The covalent chemical
bonded structure of terpolymer (Scheme 3) was confirmed by
1D NMR and 2D COSY NMR. The optical loss of terpolymer
film on a silica substrate is 0.8 dB/cm measured from slab
waveguide. From Differential Scanning calorimetry (DSC)
measurement, the glass transition temperature of terpolymer
is 157° C.

[0146] Bismaleimides can readily reacted with dithiols
forming Michael type addition polymers. This is because
those additions occur between electron deficient parts such as
fluorinated aromatic compounds and electron rich parts such
as thiols, under very mild polymerization conditions.

[0147] The EO chromophores of the present invention are
covalently co-polymerized into a high Tg nonlinear EO poly-
mer. High Tg polymers can keep the poled EO chromophores
aligned in the EO polymer system at reasonably high tem-
peratures. Covalently bonded EO polymers can also mini-
mize phase separation leading to lower optical loss at com-
munication wavelengths for example, 850 nm useful in
indoor fiber networks, and 1300 nm-1550 nm.

[0148] For the reasons discussed above, the choice of
proper functional groups on the EO chromophore for poly-
merization is important in assuring low optical loss in the
synthesized EO nonlinear polymer. Mercaptofunctional high
up chromophores are especially suited for use in electro-
optical applications since they provide low optical loss at the
afore-mentioned communication wavelengths. The EO chro-
mophores of the present invention have at least one terminal
—SH functional group located on the compound for reacting
with amaleimide bond. Although these EO chromophores are
sensitive to polymerization conditions, the method of synthe-
sizing the EO materials of the present invention provides low
temperature mild polymerization conditions which allow the
sensitive mercaptofunctional high pf§ EO chromophores to be
incorporated into these EO materials. Also, since the EO
materials obtained from this reaction provide very low optical

loss due in part to the halogenated backbone, in particular the
fluorinated backbone of the poly (imido sulfide) and very high
glass transition temperature, mercaptofunctional high pp
chromophores are preferred in the preparation of non-linear
EO polymers of the present invention.

[0149] The mercaptofunctional high pf chromophores,
halogenated poly(imido sulfide) linear optic polymers and
nonlinear optic polymeric EO materials disclosed are suitable
for electro-optical device applications such as systems and
devices for emitting, modulating, transmitting or for sensing
changes in light intensities.

[0150] The materials synthesized using Scheme 3 have a
high Tg temperatures, low optical loss and result in solvent
processable halogenated poly(imido sulfide) passive optical
materials. These materials can be used to fabricate high Tg,
low optical loss, low cost polymer waveguide components
and thermally stable polymer host materials for electro-opti-
cal polymer modulators. Moreover, Michael addition reac-
tion of halogenated bismaleimide with dithiol containing
optical chromophores can be used to synthesize the covalent
bonded high up EO polymers under mild polymerization
conditions. These covalent bonded high up EO polymers
exhibited a high Tg temperature (greater than about 150° C.)
and low optical loss (~0.8 dB/cm) at major communication
wavelengths for example, 1550 nm wavelengths.

[0151] It will be apparent to those skilled in the art that
various modifications and variations can be made to the
present invention without departing from the spirit or scope of
the invention. Thus, it is intended that the present invention
cover the modifications and variations of this invention pro-
vided they come within the scope of the appended claims and
their equivalents.

1-6. (canceled)

7. An electro-optic material comprising a polymer having a
poly(imido sulfide) backbone and an electro-optical chro-
mophore having at least one terminal —SH group on the
electro-optical chromophore at any location capable of react-
ing with a maleimide bond.
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8. The electro-optical material of claim 7 wherein the elec-

tro-optical chromophore has general Formula I:

wherein:

C* denotes a chiral carbon atom;

D is an electron donating group;

B comprises at least one bivalent ring;

R, and R; are different from one another; and

R, is selected from the group consisting of H, substituted or
unsubstituted C,-C, , alkyl, substituted or unsubstituted
C,-C,, alkenyl, substituted or unsubstituted C,-C,,
alkynyl, substituted or unsubstituted aryl, substituted or
unsubstituted alkylaryl, substituted or unsubstituted car-
bocycle, substituted or unsubstituted heterocycle, sub-
stituted or unsubstituted cyclohexyl, and (CH,),—0O—
CH,),, where n is an integer from 1 through 10; and

R, is selected from the group consisting of substituted or
unsubstituted aryl, substituted or unsubstituted alky-
laryl, substituted or unsubstituted carbocycle, substi-
tuted or unsubstituted heterocycle, substituted or unsub-
stituted cyclohexyl, and (CH,),—O—(CH,),, wheren is
an integer from 1 through 10;

or R, and R; together form a ring structure or a substituted
ring structure; and

the compound of Formula I has, at any location, at least one
terminal —SH group capable of reacting with a male-
imide bond.

9. The electro-optical material of claim 8 wherein the elec-

tro-optical chromophore is selected from the group consisting

of the electro-optical chromophore having Formula II:

I

wherein:

C* denotes a chiral carbon atom;

R, and R; are different from one another; and

R, is selected from the group consisting of H, substituted or
unsubstituted C,-C, , alkyl, substituted or unsubstituted
C,-C,, alkenyl, substituted or unsubstituted C,-C,,
alkynyl, substituted or unsubstituted aryl, substituted or
unsubstituted alkylaryl, substituted or unsubstituted car-
bocycle, substituted or unsubstituted heterocycle, sub-
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stituted or unsubstituted cyclohexyl, and (CH,),—0O—
CH,),, where n is an integer from 1 through 10; and

R; is selected from the group consisting of substituted or
unsubstituted aryl, substituted or unsubstituted alky-
laryl, substituted or unsubstituted carbocycle, substi-
tuted or unsubstituted heterocycle, substituted or unsub-
stituted cyclohexyl, and (CH,),—O—(CH,),, wheren is
an integer from 1 through 10; or

R, and R; together form a ring structure or a substituted
ring structure;

R, and Rs can be the same or can be different and are
selected from the group consisting of H, C,H,,,,,, and
SH; or

R, and R; together or separately form an aromatic com-
pound;

R and R, can be the same or can be different and are
selected from the group consisting of H, CH,, SH and
(CH),,,_Q, wherein Q is selected from the group con-
sisting of H and SH and n, is an integer from 1 through
10; or

R¢ and R, together or separately form an aromatic com-
pound;

n, is an integer from 1 through 3; and

the compound of Formula 111, has at any location, at least
one terminal —SH group capable of reacting with a
maleimide bond;

and the electro-optical chromophore having Formula I11:

11

wherein:

C* denotes a chiral carbon atom;

R, and R; are different from one another; and

R, is selected from the group consisting of H, substituted or
unsubstituted C,-C, , alkyl, substituted or unsubstituted
C,-C,, alkenyl, substituted or unsubstituted C,-C,,
alkynyl, substituted or unsubstituted aryl, substituted or
unsubstituted alkylaryl, substituted or unsubstituted car-
bocycle, substituted or unsubstituted heterocycle, sub-
stituted or unsubstituted cyclohexyl, and (CH,),—0O—
CH,),, where n is an integer from 1 through 10; and

R, is selected from the group consisting of substituted or
unsubstituted aryl, substituted or unsubstituted alky-
laryl, substituted or unsubstituted carbocycle, substi-
tuted or unsubstituted heterocycle, substituted or unsub-
stituted cyclohexyl, and (CH,),—O—(CH,),, wheren is
an integer from 1 through 10; or

R, and R; together form a ring structure or a substituted
ring structure;

R and R, can be the same or can be different and are
selected from the group consisting of H, CH;, SH and
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(CH),,,_Q, wherein Q is selected from the group con-
sisting of H and SH and n, is an integer from 1 through
10; or
R, and R, together or separately form an aromatic com-
pound; and
the compound of Formula I1I has, at any location, at least
one terminal —SH group capable of reacting with a
maleimide bond.
10. The electro-optical material of claim 8 comprising a
plurality of electro-optical chromophores having general For-
mula I:

CN

CN

CN

wherein:
C* denotes a chiral carbon atom;
D is an electron donating group;

@]
y
"y
y

@)
"y
y
"y

@]
]
"y
]

o
"y
"y
"y

@]
]
"y
]

+
SONe
L%
£
&

o
"y
"y
"y

@]
y
"y
y

o
"y
"y
"y

= =
= =
= =
2, 2,
2z, 2z,
m
m\ v mg
=N
=7\
me/
mo\ e i
/ o

"y
Q

Oct. 17,2013

B comprises at least one bivalent ring;
R, and R; are different from one another; and
R, is selected from the group consisting of H, substituted or
unsubstituted C,-C, , alkyl, substituted or unsubstituted
C,-C,, alkenyl, substituted or unsubstituted C,-C,,
alkynyl, substituted or unsubstituted aryl, substituted or
unsubstituted alkylaryl, substituted or unsubstituted car-
bocycle, substituted or unsubstituted heterocycle, sub-
stituted or unsubstituted cyclohexyl, and (CH,),—0O—
CH,),, where n is an integer from 1 through 10; and
R; is selected from the group consisting of substituted or
unsubstituted aryl, substituted or unsubstituted alky-
laryl, substituted or unsubstituted carbocycle, substi-
tuted or unsubstituted heterocycle, substituted or unsub-
stituted cyclohexyl, and (CH,),—0O—(CH,),, wherenis
an integer from 1 through 10;
or R, and R, together form a ring structure or a substituted
ring structure; and
the compound of Formula I has, at any location, at least one
terminal —SH group capable of reacting with a male-
imide bond.
11. The electro-optical material of claim 7 wherein the
poly(imido sulfide) backbone is halogenated.
12. The electro-optical material of claim 11 wherein at
least one halogenated poly(imido sulfide) is selected from the
group consisting of
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_ -continued
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wherein:

n, is an integer greater than 20.

13. The electro-optical material of claim 12 wherein n, is
an integer greater than 50.

14. A method of synthesizing an electro-optical material
comprising a polymer having a poly(imido sulfide) backbone
and an electro-optical chromophore having general Formula
I:

the method comprising

reacting a sulfide with a N-(halogenated biphenyl) bisma-
leimide and with the optical chromophore in a solvent
utilizing a catalyst;

maintaining the reaction temperature between about 20° C.
and about 60° C. for about two hours;

precipitating the resulting polymer into a solution of
methanol and hydrochloric acid;

washing the resulting precipitated polymer with methanol;

drying the polymer in a vacuum oven thereby obtaining an
EO material;

wherein, in the compound of Formula I;

C* denotes a chiral carbon atom;

D is an electron donating group;

B comprises at least one bivalent ring;

R, and R, are different from one another; and

R, is selected from the group consisting of H, substituted or
unsubstituted C,-C, , alkyl, substituted or unsubstituted
C,-C,, alkenyl, substituted or unsubstituted C,-C,,
alkynyl, substituted or unsubstituted aryl, substituted or
unsubstituted alkylaryl, substituted or unsubstituted car-
bocycle, substituted or unsubstituted heterocycle, sub-
stituted or unsubstituted cyclohexyl, and (CH,),—O—
(CH,),, where n is an integer from 1 through 10; and

Oct. 17,2013

Cl

Cl

2

R; is selected from the group consisting of substituted or
unsubstituted aryl, substituted or unsubstituted alky-
laryl, substituted or unsubstituted carbocycle, substi-
tuted or unsubstituted heterocycle, substituted or unsub-
stituted cyclohexyl, and (CH,),—O—(CH,),, wheren is
an integer from 1 through 10;

or R, and R; together form a ring structure or a substituted
ring structure; and

the compound of Formula I has, at any location, at least one
terminal —SH group capable of reacting with a male-
imide bond.

15. The method of claim 14 wherein the solvent is selected
from the group consisting of m-cresol, m-cresol derivatives,
tetrahydrofuran (THF), cyclohexanone, and dimethylforma-
mide (DMF).

16. The method of claim 15 wherein the solvent is m-cresol
and the reaction temperature is maintained between about 20°
C. and about 45° C.

17. A method of synthesizing an electro-optical polymer
comprising a N-(halogenated biphenyl) bismaleimide and at
least one sulfide selected from the group consisting of sub-
stituted dithiols, di or bis(alkyl mercapto) sulfides, and halo-
genated di(mercapto) compounds, the method comprising:

reacting a sulfide with a N-(halogenated biphenyl) bisma-
leimide in a solvent utilizing a catalyst;

maintaining the reaction temperature between about 20° C.
and about 60° C. for about two hours;

precipitating the resulting polymer into a solution of
methanol and hydrochloric acid;

washing the resulting precipitated polymer with methanol;
and

drying the polymer in a vacuum oven thereby obtaining an
EO material.

18. The method of claim 17 wherein the solvent is selected
from the group consisting of m-cresol, m-cresol derivatives,
tetrahydrofuran (THF), cyclohexanone, and dimethylforma-
mide (DMF).

19. The method of claim 18 wherein the solvent is m-cresol
and the reaction temperature is maintained between about 20°
C. and about 45° C.



