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Program Objective:

The goal of our effort is to develop high performance Electro-optic (E—O) po}ymeric
material systems with optimized nonlinearity, thermal, chemical and photochemical stability that
are suitable for the design and fabrication of reliable integrated E-O devices.

Status of Effort:

Our work this year has focused on: 1) design and synthesis of highly efficient, nonlinear
optical chromophores with optimized thermal, chemical, and photochemical stability, 2)
development of new synthetic schemics to covalentdy attach chromophores onto high
temperature polymers and effectively “harden” these materials to facilitate the processes of
fabricating single-mode channel waveguides and efficient electric field poling.

Accomplishments and New Findings:

We have made significant breakthrough in the E-O polymers via the successful
development of chromophores and polymer synthesis.

* Chromophore Development

A series of highly efficient, chemically and thermally stable (>310 °C) nonlinear optical
chromophores were prepared through the replacement of the most reactive CN group in the

tricyanovinylthiophene derivatives with perfluoroaryl units.

In practice, polymer based electro-optic (E-O) devices require that nonlinear optical
(NLO) polymers possess excellent E-O properties. The large E-O coefficient (r33) of a polymer
is generally realized by aligning the dipole moment (w) of efficient NLO chromophores with a
high external electric field at a temperature above the glass-transition temperature (T,) of the
polymer. Therefore, chromophores with large molecular nonlinearity () are crucial to the
advancement of NLO polymers, and have drawn interests upon their theory-guided design and
state-of-the-art synthesis. Among them, a series of highly polarizable chromophores based on
the tricyanovinyl-substituted heteroaromatic chromophores have demonstrated very large
puvalues. Although poled E-O polymers with these chromophores incorporated either as a
guest in a host polymer or as a side-chain polymer have exhibited large electro-optic coefficients
(1,3), there are several deficiencies associated with these materials. (Figure 12) For instance, the
a-position of the tricyanovinyl acceptor is very susceptible to attack from nucleophiles which
may easily diminish the nonlinearity of the chromophores. On the other hand, the flat structure
of these highly charge-transfer chromophores have a strong tendency to form aggregates in a
polymer matrix due to intermolecular electrostatic interactions. This results in a lower poling
efficiency and a higher light-scattering optical loss. To overcome these problerms, a strategy was
designed to replace the o-CN with a bulky and electron-deficient moiety which is also inherently
not a good Jeaving group. In this paper, the tetraﬂuoropyridinyl-dicyanovinyl (TFPD) and the
heptaﬂuorotolyl—dicya.novinyl (HFTD) acceptors were adapted to improve the efficiency,
chemical and thermal stability of NLO chromophores. As shown in the Figure 1b, the
perfluoroaryl group blocks the a-position, prevents an attack from amine nucleophiles‘ and
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greatly improves the chemical stability of the derived chromophores. In addition, due to.their
clectron-deficient characteristics, these perfluoroaryl groups will enhance the strength of the
dicyanovinyl acceptor, and subsequently increase the p of the chromophores. Furthermore, frorn
the simple MOPAC molecular modeling, the perfluoroary! group is twisted out of the main
conjugation plane due to steric hindrance. The 3-D structure may help to prevent intermolecular
electrostatic interactions among the chromophores, which in turn, may enhance the poling
efficiency and decrease the scattering-induced optical loss.
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Figure 1

The general synthetic route for the o-perfluoroaryl-dicyanovinyl containing
chromophores is shown in Scheme 1. The tetrafluoropyridiny! lithium was prepared by the
lithiation of tetrafluoropyridine with #-BuLi at -70 °C. The heptafluorotoly] lithium was
generated by the lithium-halogen exchange reaction of the p-heptafluorotolyl bromide with 2 eq.
of £-BuLi at =78 °C. To the prepared perfluoroaryl lithium solutions in THF at -70 °C,
tricyanovinyl chromophores were added neat in one portion and the reaction mixtures were
stirred at -70 °C for 1 hour then warmed slowly to room temperature to give compounds 1a-3a
and 1b-3b after purification by silica gel chromatography. All of the compounds were fully
characterized by 'H NMR and elemental analysis. '

The chemical stability of the chromophores to a nucleophile was tested in a chloroform
solution that was saturated with a large excess of diethyl'amine. The UV-vis absorption spectra

of these pcrﬂuoroa:yl-dicyanovinyl containing chromophores showed excellent chemical
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stability in a nucleophilic environment (Figﬁre 2), unlike their tricyanovinyl analog which was

almost instantaneously decolored.
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The charge-transfer (CT) properties, electrochemical properties, and intriqsic ther.mal
stability of these chromophores are shown in Table 1. These perfluoroa{yl—dmyanov:pyl
containing chromophores have 2 blue-shifted CT band when compared to their corresponding
tricyanovinyl counterparts. For instance, the A, of 1a and 1b in dioxane ar¢ located at 595 and _
590 nm, respectively while 1 is at 640 nm. The further deviation of the absorption band from the
operating wavelengths of the lasers for telecommunication may help to decrease the absorption
optical loss. However, the blue-shifted A, of both chromophores also indicated a decrease in
strength of the new electron acceptors. This notion was supported by the electrochemical
measurements using cyclic voltammetry (CV). The new chromophores 1a and 1b both possess
higher reduction potentials at -1.02 V and -1.04 V, respectively when compared to -0.80 V for
their parent compound 1. ‘

Armx(OM)® E%a (VP Eooc (VP  Ty(°C)

1 640 0.80 0.56 240
2 601 NA NA 315

625 N/A N/A 31§
1a 695 -1.02 0.52 320
26 554 -0.98 0.78 380
3a 577 -1.01 081 360
ib 591 -1.04 0.56 310
2b 553 -1.03 072 340
Sb 573 -1.04 0.61 370

@) In a dliute dioxane solution
b) in @ CICH,CH,C! olution of BusNPFe (0.1 M), v.5. Ag /Ag
¢) sanled-pan DSC measuramert In Na, 20 oC/min

Table 1

Thermal stability measurements using the sealed pan differential scanning calorimetry
(DSC) revealed that these chromophores possess excellent thermal stability (310-390 °C) which
is much higher than that of 1 (240 °Q).

The optical and E-O studies were performed on the polymers (guest/host) in which
chromophores 1a and 1b (25 wt.%) were formulated into polyquinoline (PQ-100). Optical
quality thin films were spin-coated onto glass slides and indium-tin-oxide (ITO) glass substrates
using a 12 % w/w solution of the resin in cyclopentanone. These films were heated at 85 °C in
vacuum for 24 h and then were briefly baked on a hot stage (160 °C) under nitrogen for 20 min
to remove the residual solvent. The dipole alignment of the chromophores was achieved by
poling with a high electric field of 1.0 MV/cm at 200 °C. The 15, values of NLO polyquinoline
films of 1a and 1b were 32 pm/V and 28 pm/V at 1.3 um. The slight decrease in the E-O
coefficjents when compared to 1 may be attributed to several factors, such as the lower number
density of 1a and 1b because of the higher molecular weights of these compounds, and the
weaker electron withdrawing ability of perﬂuoroaryl—dicyanovinyl.

The optical loss of the NLO polymer films (< 2 dB/cm measured at 1.3 pm) is much less
than the 6.0 dB/cm for a similar film contains a tricyanoviny! substituted chromophore. This
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supports our hypothesis that the 3-D structure of these perﬂuéroaryldicyanvinyl groups will
prevent chromophores from forming aggregates. A

ot Electro-optic polymers development

A series of novel second-order nonlinear optical (NLO) thermoset polymers containing
silicon-perfluorocyclobutane (PFCB) have been developed. The synthesis was ac.complished
using the crosslinking reaction between the di(triﬂuorovinylcther)-comaming NLO
chromophores and the tris(trifluorovinylether) monomer in a solid state at 180-250 °C. The
radical-mediated, stepwise cycloaddition reaction offers great tolerance to very sensitive
functional groups, such as the tricyanovinyl acceptor. A variety of NLO chromophores could be
readily incorporated into these thermoset polymers. The preliminary results have indicated these
polymers to pOSSess excellent processability, low optical loss, and 2 combination of the highly

desirable thermal, nonlinear optical, and mechanical properties.

In the past decade, a large number of high Pp chromophores has been synthesized and
some of these exhibit very large macroscopic nonlinearities in guest/host poled polymers.
However, in order to realize a stable dipole alignment, it is a critical prerequisite to utilize high
glass-transition temperature (T, polymers with NLO chromophores as side-chain, or cross-
linkable polymers with NLO chromophores that were locked in the polymer network. Typically,
most of these materials are synthesized either by conventional radical polymerization of
chromophore-containing monomers of by step-growth condensation reactions that yield
polymers, such as polyacrylates, polyurethanes, polyimides or polyquinolines. Unfortunately,
both of these strategies have major drawbacks that limit their use. In radical polymerization, the
high charge-transfer chromophores often act as retarders or inhibitors to the reaction and thereby
decrease the yield and molecular weight of the polymers. Besides, many of the NLO
chromophores can not survive the conditions of radical polymerization. In the step-growth
reactions, the monomers usually peed to tolerate the harsh acidic/basic conditions at high
temperatures.

Recently, perﬂuorocyclobutane(PFCB)-containing polymers have been studied as a
unique class of fluoropolymers with a combination of excellent properties, such as low

dielectric constant, good thermal stability, high glass-transition temperalure, and optical
transparency. PFCB polymers are prepared by the radical-medijated thermal cyclo-
polymerization of trifluorovinyl ethers. The versatility of this methodology was demonstrated
by developing microelectronics laminates, low dielectric coatings, and optical waveguides. In
this study, we report a novel synthetic approach: for incorporating second-order NLO
chromophores into PFCB polymer for E-O applications, utilizing the well-defined nature and
the unique combination of properties offered by PECB polymers. A broad variety of NLO
t:.hromcsphore:s,12 including those contajning sensitive functional groups such as the
tricyanovinyl acceptor, could be easily incorporated into PFCB polymers without decomposing
chromophores or inhibiting polymerization (Scheme 1)-

NLO chromophore-containing monomers 3a-e were prepared in high yields (>95%) by
the condensation reaction between di(triﬂuorovinylether)silylchloridc and hydroxy-containing
chromophores at ambient temperature under mild conditions® as described in Scheme 1. All of
the monomers were purified by column chromatography and fully characterized using "H NMR
and elemental analysis. Exothermic cyclodimerization of trifluorovinylether groups in these
NLO chromophores are typically detected just above 140 °C by DSC (10 °C/min) with reaction
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profiles similar 10 that of general di(rifluorovinylether) compounds. For example, the reaction
of 3¢ showed a peak polymerization temperature at 243 °C and gave an enthalpy of -16 kcal/mo}
per perfluoroalkene linkage. Consequently, polymerization was accomplished by simply
heating the neat monomers Ot the solution of monomers under an jnert atmosphere at 150-250
°C. The NLO chromophores remained intact since the polymerization process is a radical-
mediated stepwise addition that is followed by a rapid ring cyclization (Scheme 2). This is very
different from the conventional radical and condensation polymcrization.
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The linear NLO polymers 6a-e obtained by bulk polymerization of 3 at 180-250 °C had
molecular weights ranging from 30,000 to 60,000 but relatively low Ts in the range of 90-140
°C due to high chromophore concentrations (38-51 wt %). In order to adjust the chromophore
loading density to a suitable level for poling studies, mMonomers 3 and 4 were copolymerized at
150 °C in mesitylene at a solution concentration of 35-45 wt% to yield reactive
oligomer/monomer mixtures with controlled molecular weights (Scheme 1). The B-staged
prepolymers 5 possess very good solubility in the mixture of mesitylene and cyclopentanone (30-

— e — —— 1009
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40 %, w/w). Optical quality thin films can be easily prepared from these solutions. The
prepolymers have low T,s or melting points (7,.s) that allow them to be melted, reflowed and
efficiently crosslinked in thin films at 180-250 °C. All of the resulting NLO PFCB thermosets
have bigh T, (>180°C) and excellent thermal stability (Table 1). Weight losses of <3% up to 350
°C were observed by thermogravimetric analysis (TGA) for all of the NLO polymers. Most
importantly, these NLO PFCB thermosets possessed excellent solvent resistance, which is highly
desirable for multilayer process in the fabrication of E-O devices.

FOFo
F F F d 2 F

vy o] |
o-A-0" F —AC O-Ar n

Scheme 2
Polymers Chromophore T, ~ Weight loss A n? Loss

density C* at350°C° (nm)° (dB/cm)*
(wiw%) (%) TE ™

7o 30 185 0.9 506 1.5855 1.5840 6.0

Tc 25 230 02 502 1.5670 1.5634 2.7

7d 20 195 0.8 511  1.5454 1.5413 24

Te 25 192 24 636 15752 15711 2.9

2 DSC (10 °C/min) in nitrogen. * TGA (10 °C/min) in nitrogen. © In film. ¢ At 830 nm for polymer
7b-7d and at 1300 nm for polymer 7e.

Table 1

In order to measure the stability of NLO chromophore during the crosslinking reaction,
thin film samples of the NLO prepolymers were isothermally heated on a hot stage at
temperatures between 180 and 275 °C under N, at 25 °C intervals for 20 min. The 7-7° charge
transfer absorption band of the chromophores was used to monitor the extent of decomposition.
NLO prepolymer 7c¢ possessed 2 high stability similar to that of the side-chain polyquinoline
with the same NLO chromophore (Figure 1), indicating that the chromophore can tolerate the
radical intermediate during the polymerization. It is noteworthy that highly efficient
tricyanovinyl—styrylthiophenc-based chromophore can also be jincorporated into the thermoset
NLO PFCB polymer 7e. ‘

The NLO polymers have refractive indices ranging from 1.541 to 1.586 with low
birefringence (0.002-0.004) and optical loss (2-3 dB/cm) for polymer 7¢-d at 0.83 pm and
polymer 7e at 1.3 pm. (T able 1) They were measured by the prism coupling and streak method
in a Metricon system using 2-3 pm thin films on glass substrates. The Jow optical anisouropy
may be attributed to the isotropic structures of these polymers originating from the equal amount
of cis and trans linkages in the l,2—perﬂuorocyclobutyl ether moieties. For E-O measurements,
the B-staged prepolymer solutions in mesitylene/cyclopentanone (30-40%, w/w solution, filtered
through a 0.2 pm syringe filter) were spin—coated onto an indium tin oxide (ITO) glass substrate.
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The films were heated in a vaccum oven at 180 °C for 0.5 b to ensure removal of the residual
solvent. Thin gold electrodes (~20 nm) were sputtered on top of the resulting 1-2 pm polymer
thin films. The reactive prepolymers were advanced by heating at 190-250 °C under nitrogen.
The dipole alignments in the NLO polymers were achieved by contact poling, Preliminary
poling results showed that these thermoset NLO PFCB polymers possessed large r;:s and good
temporal stability. Polymer 7e, for example, exhibited an ry value of 21 pm/V at 1.3 fm under a
poling field of 1.0 MV/cm. The ry; value of polymer 7e retained approximately 80% of its
original value at 85 °C for more than 1000 hours. Further optimizations of temporal stability and

E-O activity of these materials are currently under investigation.
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In conclusion, we have demonstrated a new and efficient approach for synthesizing novel
second-order NLO polymers by utilizing radical-mediated, stepwise cycloaddition
polymerization reaction. The resulting NLO PFCB polymers exhibited excellent processability,
small optical anisotropy, low optical loss, and very good thermal, nonlinear optical and
mechanical properties. The extension of this method to other functional PFCB polymers for
light-emitting diodes is currently in progress. -
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<) Transition

We have been working with Lockheed-Martin (Susan Ermer), U. of Arizona (Dave
Methine) to transfer the high performance E-O polymers for testing and fabrication of devices.
In particular, Lockheed-Martin is interested in using these materials for the fabrication of high
speed E-O modulators. University of Arizona’s Optical Science Center is interested in using the
highly efficient polymers that we developed for the fabrication of high speed glass/polymer
hybrid modulators.




