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Isoxazolone (1SX) acceptor based chromophores terminated with hydroxyl functional groups
were synthesized, spin cast into optical quality 1—2 um thick films, poled in the presence of
an electric field, and thermoset into polyurethane networks to lock in the poling-induced
acentric chromophore order. Alkyl groups were introduced into the chromophore backbone
(7r-electron bridge) to increase chromophore solubility and to inhibit electrostatic interactions
between these “high uf” chromophores. Thermosetting polyurethanes containing alkyl-
substituted chromophores exhibited much (1.7—1.9 times) higher electrooptic coefficients
than polymers containing unsubstituted chromophores. Chromophores with hydroxyl groups
on only the donor end of the molecule were processed into hardened “themoset” materials,
exhibiting a dynamic thermal stability (temperature at which the macroscopic optical
nonlinearity is first observed to decrease in a thermal ramping experiment) of poling-induced
dipolar order of ~80 °C, while chromophores with hydroxyl groups on both the donor and
acceptor ends display a dynamic thermal stability of poling-induced acentric order of ~110
°C. Optical loss in these materials originates from the scattering of incident light by
chromophore aggregates, rather than from intrinsic (resonant) optical absorption of the
chromophores. Alkyl groups in the modified chromophores serve as “bumpers” to sterically
prevent aggregation of chromophores driven by strong, spatially anisotropic, intermolecular
electrostatic interactions. Steric inhibition of aggregation serves not only to enhance poling

efficiency (and thus, electrooptic coefficients) but also to minimize scattering losses.

Introduction

Second-order nonlinear optical (NLO) polymers have
been considered to be important electrooptic materials
due to their potential for yielding devices characterized
by large bandwidth (>100 GHz), low drive voltage
requirement (<5 V), and facile integration with very
large scale integration (VLSI) semiconductor electronics
to create “opto-chips”.12 Device-quality materials must
fulfill several requirements: (1) good processibility to
optical-quality thin films; (2) large electrooptic (EO)
coefficients (rs3); (3) high temporal stability of poling-
induced dipolar chromophore order; and (4) low optical
loss at operational wavelengths.1b-22 Optimization of any
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individual above-mentioned property is not difficult;
however, simultaneous realization of all requirements
is not a trivial task.22b To obtain materials with large
EO coefficients, chromophores with high molecular
hyperpolarizability (8) must be employed. For materials
with high chromophore loading (employed to achieve
sizable EO coefficients), chromophore—chromophore
intermolecular distances become sufficiently small that
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electrostatic interactions between chromophores start
to interfere with poling efficiency. Under the influence
of intermolecular electrostatic interactions, chromophores
tend to align in an antiparallel fashion, which severely
attenuates the poling-induced parallel alignment (for-
mation of a dipolar chromophore lattice). In addition,
chromophore aggregation induces the phase separation
and forms small scattering centers which are the major
source of optical loss.

To overcome the above-mentioned problems associ-
ated with intermolecular electrostatic interactions, to
increase the chromophore solubility, and to decrease
intermolecular electrostatic interaction by sterically
preventing chromophore—chromophore close approach
we incorporated sterically bulky groups into the chro-
mophore backbone (z-electron bridge segment of the
chromophore). Here, we report the chemical modifica-
tion of isoxazolone acceptor based nonlinear optical
chromophores and the incorporation of these chro-
mophores into polyurethane networks to form device-
quality materials.

A large number of high uf chromophores have been
synthesized recently,2~" and some of these exhibit
significant macroscopic nonlinearities when doped in
polymer matrixes and poled in an electric field.2c3
Unfortunately, the bulk nonlinearity (electrooptic coef-
ficients) of these composites decays rapidly, due to the
fast relaxation of dipolar alignment (acentric chro-
mophore order). Long-term stability of electrooptic
activity is a potential problem associated with composite
materials.?22? To realize a stable dipolar alignment
(acentric order), polymers with high glass transition
temperatures (Tg) such as polyimides may be used.*
However, the processing of polyimides involves high
reaction temperatures and strong acidic conditions
during the imidization reaction.> Many high uf chro-
mophores cannot survive at such harsh conditions.
Polymer lattice hardening under mild conditions is a
critical prerequisite for processing high x5 chromophores
into device-quality materials.

Formation of urethane linkages from alcohol (phenol)
and isocyanate occurs at relatively low temperatures
and neutral pH conditions and, therefore, is suitable for
the above purpose. Recently we have devoted consider-
able effort to the incorporation of high 8 chromophores
into polyurethane networks, aiming to achieve materials
with both high EO coefficients and good temporal
stability. To incorporate high uf8 chromophores into
polyurethane networks, hydroxyl functionality was
introduced into chromophores to react with isocyanates.

An important issue that arises in the discussion of
the thermal stability of electrooptic activity is that of
comparing the relative thermal stability of different
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1996, 8, 607.

(5) Bedworth, P.V.; Cai, Y. M.; Jen, A.; Marder, S. R. J. Org. Chem.
1996, 61, 2242.

Chem. Mater., Vol. 11, No. 10, 1999 2887

materials. Thermal stability can, of course, be defined
simply as the time required for a given amount (e.g.,
1/e) of the poling-induced electrooptic activity to be lost
with time at a fixed temperature. However, since
electrooptic materials must be very robust for use in
devices, such kinetic experiments require years if car-
ried out at ambient temperatures. Even at elevated
temperatures of 100—125 °C, thousands of hours are
typically required for conventional Kinetic experiments.
We have attempted to facilitate comparison between
materials by defining a thermal ramping experiment
(analogous to thermal gravimetric analysis) where opti-
cal nonlinearity (electrooptic activity or equivalently
second harmonic generation) is monitored as a function
of time while increasing the sample temperature at a
fixed rate (e.g., 5—10 °C/min).*® The temperature at
which optical nonlinearity is first observed to decrease
is used to define the thermal stability.*2 We refer to the
thermal stability measured in this way as the “dynamic
thermal stability”.

Results and Discussion

The synthesis of isoxazolone acceptor based chro-
mophores is shown in Scheme 1. Reaction of aniline
derivatives with acetic anhydride was effected to protect
the two hydroxyl groups on the donor end of the
chromophores. Subsequent reaction with POCI; afforded
4-aminobenzaldehyde. Reaction of this benzaldehyde
with the thiophene derivative, followed by reaction with
POCIs3, produced chromophore donor bridge fragments
1 and 2. Coupling of 1 and 2 with the isoxazolone
acceptor 3 via a Knovenegel condensation yielded chro-
mophores ISXDO (4)% and ISXDOBu (5).5¢ Similarly,
coupling of 1 and 2 with isoxazolone acceptor 6 resulted
in chromophores ISXTO (7)% and ISXTOBu (8),%¢ re-
spectively. Isoxazolone acceptor 3 is commercially avail-
able, while 6 was synthesized in three steps (Scheme
2). Piperidine was used as a catalyst in the Knovenegel
condensation. Since the chromophores are unstable
toward weak organic bases, the amount of catalyst is
critical to obtain chromophores in pure form and high
yields.

The thermal stability of these chromophores was
studied by thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The onset
decomposition temperatures of the trifunctionalized
chromophores 7 and 8 were around 180 °C, which is
lower than those of the difunctionalized chromophores
4 and 5 (~210 °C).%® Presumably, introduction of the
phenol group on the acceptor (instead of phenyl) de-
creased the thermal stability of the chromophore. The
decomposition temperatures of these chromophores
were similar in both nitrogen and oxygen environments,
suggesting that oxygen is not a significant factor in the
chromophore thermal decomposition mechanism. In
addition, chromophores 7 and 8 decompose at higher
temperatures in cross-linked polyurethanes (30% chro-
mophore loading, 210 °C), which indicates that the
polymer matrix can somehow stabilize chromophores.

(6) (a) Zhu, J.; He, M.; Harper, A.; Dalton, L. R. Am. Chem. Soc.
Polym. Prepr. 1997, 38 (1), 973. (b) Harper, A. W. Ph.D. Dissertation,
University of Southern California. (c) Zhu, J.; He, M. Unpublished
results.
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The chemical stability of these chromophores has also
been investigated. ISX chromophores are stable toward
many organic reagents under neutral pH conditions.
However, they decompose immediately under strong
acidic or basic conditions. No decomposition was ob-
served in weak acids such as acetic acid, while in weak
basic condition, the decomposition takes place from a
few seconds (in Et;NH, aniline, piperidine, Na,COs3) to
a few hours (in EtzN). The instability of chromophores
in weak base suggests avoiding the use of amines as
catalysts in polyurethane reactions.

The new chromophores are soluble in most organic
solvents. As expected, the chromophores with butyl
substituents (8 and 5) are more soluble than those
without butyl substituents (7 and 4).

The chromophores are purple in nonpolar solvents
such as hexanes, and blue in polar solvents such as
DMSO. A large positive solvatochromism is observed for
chromophores 7 and 8, as shown in Figure 1. Interest-
ingly, we found that introduction of butyl groups into

) KoCOjg, HoO/CH3OH

3: X=H
6: X=0H
EtOH, cat.
piperidine

R

1: R=H

2: R=n-Bu

ISXDO (4): R=H,X=H
ISXDOBuU (5): R=n-Bu, X=H
ISXTO (7): R=H,X=0H
ISXTOBuU (8) : R =n-Bu, X=0H

chromophore 8 caused a bathochromic shift of ~20 nm,
which may be attributed to electronic structure changes
of the chromophore.” These chromophores also exhibited
different absorption maxima in the solid state. For
example, chromophore 6 has a Amax value of 558 nm in
PMMA, and 573 nm in cross-linked polyurethane, while
chromophore 7 has Amax values of 575 and 590 nm in
PMMA and polyurethane, respectively. The higher Amax
values of these chromophores in polyurethane compared
to PMMA can be attributed to the higher dielectric
constant of thermoset polyurethane (9.5) vs PMMA (3.9).

Reaction of these chromophores with excess tolylene
diisocyanate (TDI) at 80 °C generated low molecular
weight oligomers. These oligomers bear isocyanate
terminal groups and thus can further reacted with a
triol (triethanol amine, TEA) to give a viscous solution.
High optical quality thin films can be obtained by spin-
coating this solution on indium tin oxide (ITO) sub-
strates. After addition of TEA, control of the precuring
time is critical to obtaining optical quality films. Thin
films from the materials precured over a 2 h duration
exhibited lower poling efficiencies, which could be
attributed to over-cross-linking of the polyurethane
lattice. Precuring for a short period (<10 min) afforded
cloudy, thus unusable films.

Corona poling was employed to induce acentric (di-
polar) macroscopic chromophore order. During electric
poling at elevated temperatures (80—140 °C), further
cross-linking of the polyurethane oligomers proceeded
simultaneously with poling. The films, before poling,
were soluble in most organic solvents, which reflected
the oligomeric nature of the material. Tough and
insoluble films were obtained after poling. This insolu-

(7) We have also observed a similar red shift in Disperse Red type
chromophores with alkyl substituents on the phenylene backbone.
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Figure 1. Solvatochromism of chromophores 6 and 7.

bility suggested the formation of a three-dimensional
cross-linked network. For the materials of this study,
film thickness varied from 1.7 to 2.7 um, depending on
the precuring time and the spin rate. The refractive
index of these polymer films, at the wavelength of 1.06
um, was ~1.65.

The electrooptic coefficients (rz3) were measured by
the ATR technique at 1.06 um,® and the value was
dependent on chromophore loading density. At the same
chromophore loading (35%), materials with butyl-
substituted chromophores (PU-ISXTOBu and PU-
ISXDOBUuU®®) gave much higher electrooptic coefficients
(15—17 pm/V) than those without butyl substituents
(6—9 pm/V for PU-ISXDO®P). The nearly doubled poling
efficiency may be attributed to the suppression of the
chromophore electrostatic interaction by the butyl groups
on the chromophore backbone.

Chromophore 7 (ISXTO) was not soluble enough to
be incorporated into polyurethane materials. After
precuring and spin casting, cloudy films were obtained.
The SEM picture of the film shows the crystallization
of the chromophore (Figure 2).

As shown in Figure 3, the materials with trifunction-
alized chromophores, e.g., 8 (PU-ISXTOBuU), exhibited
higher temporal stability of dipole alignment (nonlin-
earity) than those with difunctionalized chromophores,
e.g., 5 (PU-ISXDOBU®°). A dynamic temporal stability
of ~110 °C was achieved in the former material, in
comparison with ~80 °C in the later material. This
higher temporal stability may be attributed to the firm
anchoring of the chromophores to the polyurethane
lattice at both donor and acceptor ends in the former
materials, which inhibits the mobility of the aligned
chromophores.

The UV—vis—NIR spectrum of a 10% CHClI3 solution
of chromophore 8 is shown in Figure 4. No significant
absorption was observed at 0.98, 1.06, and 1.30 um
wavelengths. The NIR spectrum of a film (1 mm thick)
consisting of 30% chromophore in polyurethane is also
shown in Figure 5. Although the absorption peak
broadens in solid state, the absolute absorption at
operational (e.g., 1.3 um) wavelengths is still low. These
spectra suggest to us that material optical loss is not
dominated by intrinsic chromophore absorption.

(8) (a) Dentan, V.; Lévy, Y.; Dumont, M.; Robin, P.; Chastaing, E.
Optics Commun. 1989, 69, 379. (b) Teng, C. Appl. Opt. 1993, 32, 1051.
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Optical loss (e.g., see Figure 6) in these materials was
measured at 0.98 um employing the method of Teng.8°
When chromophore 8 was doped into a polymer matrix
(PMMA composite system), the resultant films exhibited
moderate optical loss (1—3 dB/cm, depending on the
chromophore concentration). The graph of optical loss
versus chromophore concentration is given in Figure 7.
From the data, we observed that the optical loss is not
linearly proportional to the chromophore loading den-
sity. The highly nonlinear curve suggests that optical
loss in this system is not defined by chromophore
absorption, but by the formation of scattering centers
induced by chromophore aggregation. As we noted
previously, chromophores without butyl groups are
much less soluble than the chromophores with butyl
groups and experience increased chromophore—chro-
mophore interactions. Therefore, it is much easier for
the former to phase separate from the PMMA polymer
matrix. The formation of chromophore aggregates caused
an increase in optical loss, which became unmeasurably
high in this case. The SEM picture (Figure 2) also shows
this type of phase separation (crystallization). Interest-
ingly, a sample bleached at high temperature exhibited
the same optical loss value, which clearly indicates that
the optical loss in these materials did not derive from
the intrinsic chromophore absorption. We found that
inhomogeneity of the thin films, arising during the
thermosetting reaction and poling, was the major source
for optical loss. This type of scattering loss can be
reduced by control of processing conditions.

As noted above, there are two factors that can
contribute to attenuation of electrooptic activity and
increase in optical loss with increasing chromophore
loading. The first is intermolecular electrostatic interac-
tions among chromophores and the second is the free
energy of mixing of the chromophore and host polymer
(i.e., solute/solvent compatibility). Statistical mechanical
calculations and comparison of theoretical and experi-
mental results for a number of systems strongly suggest
that the former is important.® The nearly quantitative
agreement between theory and experiment® cannot be
ignored and it is intuitively reasonable when it is
realized that at high chromophore loading intermolecu-
lar electrostatic interactions significantly exceed ther-
mal energies for high hyperpolarizability (polarizability/
dipole moment) chromophores. The very existence of a
large dipole moment ensures that intermolecular elec-
trostatic interactions will favor centric chromophore
order over acentric order.® The quantitative contribution
of chromophore/polymer host interactions is more dif-
ficult to assess, and we make no effort to do so here.
Intuitively, we believe such interactions to be somewhat
important.

Experimental Section

Anhydrous dioxane, THF, tolylenediisocyanate (TDI), tri-
ethanolamine (TEA) were purchased from Aldrich. TDI was
distilled and kept in a nitrogen atmosphere until used. Ethyl

(9) (a) Dalton, L. R.; Harper, A. W.; Robinson, B. H. Proc. Natl.
Acad. Sci. U.S.A. 1997, 94, 4842. (b) Harper, A. W.; Sun, S.; Dalton,
L. R.; Garner, S. M.; Chen, A.; Kalluri, S.; Steier, W. H.; Robinson, B.
H. J. Opt. Soc. Am. B 1998, 15, 329. (c) Robinson, B. H.; Dalton, L. R;
Harper, A. W.; Ren, A.; Wang, F.; Zhang, C.; Todorova, G.; Lee, M.;
Aniszfeld, R.; Garner, S.; Chen, A.; Steier, W. H.; Houbrecht, S.;
Persoons, A.; Ledoux, I.; Zyss, J.; Jen, A. K. Y. Chem. Phys. 1999, 245,
35.
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Figure 2. Phase separation in thin films containing chromophore 7.

Figure 3. Comparison of temporal stabilities of PU—ISX-
TOBuU and PU—ISXDOBu.

Figure 4. Near-infrared absorption spectrum of ISXTOBuU in
chloroform (10 wt/vol %).

hydrogen malonate was purchased from Lancaster and used
without further purification.

IH and BC{*H} NMR spectra were acquired on a Bruker-
250-FT-NMR spectrometer. Optical spectra were obtained

Figure 5. Near-infrared absorption spectrum of PU—ISX-
TOBuU (30 wt/wt %, 1 mm thick).

using a Perkin-Elmer Lambda-4C UV—vis spectrophotometer
with a 1 cm?® quartz cell. Decomposition temperatures were
determined with a Shimadzu Thermogravimetric Analyzer,
under nitrogen (or oxygen) atmosphere and using a heating
rate of 5 °C/min. Melting points and polymerization temper-
atures measurements were taken by employing a Perkin-
Elmer DSC-7. Near-IR absorption was measured utilizing an
AVIV Spectrophotometer 14 DS UV—vis—IR. FTIR measure-
ments (using a Perkin-Elmer 7700 IR-FT spectrometer) were
made on pressed KBr pellets or polymer films spin cast on a
sodium chloride crystal disk.
3-(m-Methoxyphenyl)-5-isoxazolone. A THF solution
(2000 mL) of ethyl hydrogen malonate (77.92 g, 0.587 mol) and
2,2'-dipyridyl (indicator, 30 mg) was cooled to —70 °C, and then
750 mL of n-butyllithium (1.6 M in hexane, 1.2 mol) was added
dropwise under argon atmosphere until the persistence of a
pink color was observed. The reaction mixture was warmed
to —5 °C, stirred for 30 min, and then recooled to —70 °C. A
solution of m-anisoyl chloride (58.59 g, 0.34 mol) in 80 mL of
tetrahydrofuran was added dropwise. After this addition, the
mixture was stirred at —70 °C for 1 h and then warmed to
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Figure 6. Optical attenuation profile of chromophore 7 doped
in poly(methyl methacrylate).

Figure 7. Optical loss versus loading density for chromophore
7 doped in poly(methyl methacrylate) at various concentra-
tions.

—20 °C. This solution was then quenched with 120 mL of
concentrated HCI in 250 mL of water. The resulting mixture
was rotovapped to remove THF, diluted with 500 mL of water,
and extracted with CH,ClI; (2 x 100 mL). The combined CH.-
Cl, extracts were washed with saturated NaHCO3 solution,
water, dried over MgSO,, and evaporated to dryness (77.28
9)-

The above crude product was mixed with ethanol (400 mL),
hydroxyamine hydrochloride (24.45 g, 0.323 mol), sodium
acetate trihydrate (47.9 g, 0.352 mol), and water (250 mL).
The resulting solution was refluxed for 65 min and then cooled
to 0 °C. Red crystals were obtained. Recrystallization from 1:1
(v:v) mixture of ethanol and water yielded shiny red flake
crystals (29.77 g, 45.8%): mp 113—115 °C; *H NMR (DMSO-
de) 0 3.84 (s, 3H), 4.35 (br s, 1 H), 5.78 (br s, 1 H), 7.14 (d, 7.8
Hz, 1 H), 7.31 (s, 1 H), 7.34 (d, 8.5 Hz, 2 H), 7.46 (t, 7.8 Hz, 1
H) (*H NMR shows this compound to exist in the enol form,
in this solvent); 1*C NMR (DMSO-ds) ¢ 34.84, 55.52, 80.64,
111.86, 116.92, 117.40, 118.90, 129.25, 130.45, 159.74. Anal.
C10H9NOs3 requires C, 62.82; H, 4.74; N, 7.33. Found: C, 62.94;
H, 4.80; N, 7.31.

3-(m-Hydroxyphenyl)-5-isoxazolone (6). A total of 3 g
(0.0157 mol) of 3-(methoxyphenyl)isoxazolone was dissolved
in 75 mL of CH,Cl,, and the solution was cooled to —78 °C.
Then, 47 mL of 1.0 M hexane solution of BBr3 (0.047 mol) was
added dropwise. The mixture was stirred at —78 °C for 1 h,
followed by 2 h at room temperature. Pink solids were
precipitated out from the solution to yield 2.7 g of 6 (93%):
1H NMR (acetone-dg) 0 8.01 (s, 1 H), 7.43 (m, 2 H), 7.32 (d, 1
H), 7.15 (d, 1 H), 3.86 (s, 2 H). Anal. CsH;NO3 requires C,
61.02; H, 3.98; N, 7.91. Found: C, 60.94; H, 4.00; N, 7.81.

Chem. Mater., Vol. 11, No. 10, 1999 2891

Chromophore 8. A total of 0.3 g (0.6993 mmol) of 2 and
0.12 g (0.6993 mmol) of 6 were dissolved in 10 mL of CH,Cl,.
Two drops of a 10% piperidine solution in CH,Cl, were added.
The mixture was refluxed for 5 h. Half of the solvent was
evaporated and then the product was precipitated out of the
solution. The product was washed with cold methanol, yield
92%: H NMR (acetone-ds) 0 8.82 (s, 1 H), 7.63 (s, 1 H), 7.54
(d, 2 H) 7.37 (m, 4 H isoxazolone ph), 6.81 (d, 2 H) 4.185 (t, 2
H), 3.77 (q, 4 H), 3.6 (g, 4 H), 2.75 (m, 6 H), 1.47 (m, 10 H), 0.9
(dt, 4 H); ®NMR (acetone-ds) 166.45, 165.4, 159.03, 155.61,
160.68, 141.52, 138.31, 135.97, 131.27, 130.8, 130.0, 129.4,
124.7, 120.6, 118.28, 116.3, 115.5, 113.1, 109.0, 60.17, 54.8,
35.37, 34.07, 28.11, 27.06, 23.66, 23.41, 14.03, 13.83. Anal.
C34H40N20sS requires C, 69.36; H, 6.85; N, 4.76. Found: C,
69.50; H, 6.72; N, 4.67.

Polyurethane. A mixture of the ISX chromophores and
TDI in dioxane was heated at 80 °C for 40 min, and then a
dioxane solution of TEA was added. The mixture was further
cured at 80 °C for 40 min. The resulting viscous solution was
filtered through a 0.2-um microfilter, and then spin-coated onto
ITO-coated glass substrates and dried in vacuo.

Poling and Optical Measurements. Corona poling was
employed to align the NLO chromophores, and the poling
protocols were determined from IR and DSC characterization
of the films. Electrooptic coefficient and thickness of the films
were measured by the attenuated total reflectance (ATR)
technique at 1.064 um.%a Temporal stability of dipole alignment
was measured by monitoring the decay of the second-harmonic
signal as a function of temperature. Optical loss data were
measured at 0.98 mm, using the immersion technique de-
scribed by Teng.8

Conclusions

Minor modification of chromophores resulted in sig-
nificant changes of the properties of 1SX second-order
NLO materials. Introduction of alkyl groups onto isox-
azolone-based chromophores likely inhibited chro-
mophore—chromophore close approach and thus attenu-
ated intermolecular electrostatic interactions. As pre-
dicted by modified London theory,® chromophore inter-
molecular electrostatic interactions tend to align chro-
mophores in an antiparallel fashion competing with the
poling force which acts to align chromophores parallel
to each other. By attenuating chromophore intermo-
lecular electrostatic interactions, poling efficiency was
enhanced dramatically. In addition, attachment of alkyl
groups to the chromophore backbone increased the
chromophore solubility, which together with the afore-
mentioned attenuation of chromophore—chromophore
electrostatic interactions, suppressed crystallization,
and optical loss.

By anchoring chromophores, to a three-dimensional
cross-linked polymer lattice, from both donor and ac-
ceptor ends, the temporal stability of poling-induced
electrooptic activity was enhanced significantly. Optical
loss in our thermosetting NLO materials originated
from the scattering centers formed during thermosetting
reactions, rather than from intrinsic resonance absorp-
tion by chromophores.
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