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Although second-order nonlinear optical (NLO) poly-
mers hold promise for practical applications in electroop-
tical devices, a number of issues have to be thoroughly
addressed before they possess commercial value.!# Three
of these crucial issues are the high temporal stability of
dipole orientation, large optical nonlinearity, and minimum
optical loss. Realizing the intrinsic nature of the optical
loss (due to C-H overtone vibration absorption), major
research efforts have been focused on optimizing the optical
nonlinearity and stabilizing the dipole orientation. Dif-
ferent approaches have been taken to address these issues,
and considerable progress has been achieved.l-¥ For
example, various cross-linking schemes {photochemical
and thermal cross-linking) have been developed to lock
the dipole orientation in the polymer matrix after electric
poling. The temporal stability of second-order NLO
activity has been enhanced.>13 Therationale in designing
these polymers is that, after cross-linking, the motion of
the free volume in the polymer matrix can be frozen. This
is reflected in the increase of the glass transition tem-
perature of the resulting materials. The same rationale
can be transformed into that as long as a polymer has a
high glass transition temperature; the induced dipole
orientation can be stabilized in a certain temperature range.
This was clearly demonstrated in several second-order
NLO polyimide composite materials.!4 More recently,
Marks et al.!5 and Dalton et al.l® developed a different
approach to synthesize polyimide second-order NLO
materials. Significant enhancement in stability has been
made due to the high glass transition temperature. We
recently synthesized a new nonlinear optical chromophore
which allows us to synthesize a new poly(amic acid)
(Scheme 1). This poly(amic acid) can be easily cast into
optical quality films and be imidized by thermal treatment
to generate a polyimide with a high glass transition
temperature. A verylarge and exceptionallystablesecond
harmonic generation (SHG) coefficient was observed. This
paper reports the synthesis and physical characterization
of this new polyimide.

The key step in synthesizing this polymer is the synthesis
of a new NLO chromophore bearing two aliphatic amino
groups. As shown in Scheme 1, the amino groups were
introduced into two arms of the chromophore utilizing
the Mitsunobu reaction from a corresponding dihydroxyl
chromophore (compound 1). It was found that the
Mitsunobu reaction transformed the hydroxyl groups
smoothly into phthalimides in a reasonable yield. In
general, the following hydrazinolysis of the phthalimide
was carried out in an ethanol solution to generate amino
moieties. Due to the poor solubility of compound 2 in
ethanol, we chose THF as solvent. The experimental
results showed that compound 2 can be readily dissolved
in THF and the hydrazinolysis proceeded in high yield.
Spectroscopic data and elemental analysis support the
structure as proposed.

The poly(amic acid)s from the aromatic dianhydrides
with aromatic diamines or alicyclic diamines were generally
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Scheme 1. Syntheses of Diamino NLO Chromophores
Poly(amic acid) and Polyimide
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synthesized in aprotic solvents at room temperature. The
polycondensation reaction between aliphatic diamines and
aromatic bis(acid anhydride)s was reported to occur only
at high temperatures under high pressure. However, our
reaction proceeded smootly at room temperature. Rea-
sonable molecular weight was obtained with an intrinsic
viscosity of 0.4 dL/g.

The structure of the poly(amic acid) was confirmed by
spectroscopic studies. The 'H NMR spectrum of poly-
(amic acid) showed a change in the—-CHg— proton chemical
shift. The chemical shift of the methylene group linked
with a primary amine was changed from 2.75 to 3.6 ppm
after the formation of amide while another methylene
linked with a tertiary amine was shifted only from 3.2 to
3.4 ppm. The chemical shifts due to the stilbene unit
were identical with those in the monomer. Two peaks at
8.55 and 8.70 ppm were evident due to chemical shift of
the amide protons. The chemical shift due to acidic
protons appeared at 13.5 ppm.

The FTIR spectrum of poly(amic acid) clearly showed
the bands due to the carbonyl group in an amide linkage
at 1719 cm! and in a carboxylic acid at 1651 cm-!. Two
strong absorption bands due to the nitro group in the NLO
chromophore appeared at 1337 and 1516 cm™!, respectively.
These results were consistent with the structure as
proposed. After thermal curing, a dramatic change
appeared in the FTIR spectrum. New bands appeared at
1772 (carbonyl asymmetric stretching), 1382, 1150, and
726 cm-1, a typical change accompanying the imidization
process. The band at 1651 cm-! due to the carboxylic acid
completely disappeared after the polymer film was cured
at 200 °C overnight under nitrogen. However, the bands
due to the nitro group on the NLO chromophore did not
change appreciably in intensity, indicating that the NLO
chromophore withstands the curing process. These results
are consistent with observations in TGA, DSC, and UV/
vis studies.

The UV/vis spectra of both poly(amic acid) and poly-
imide films (prepared by spin coating) exhibited a typical
absorption pattern due to the aminonitrostilbene NLO
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Figure 1. UV/visspectra of poly(amic acid) and polyimide: (A)
without poling; (B) with poling.

chromophore with an absorption maximum showing at
ca. 450 nm (Figure 1). Samples without corona poling
showed very small effect before and after imidization at
ca. 200 °C. However, after poling, the dipole moment of
the NLO chromophore was aligned and birefringence was
introduced. The UV/visspectrum of polyimide exhibited
a decrease in absorption from which the order parameter
of the poled film can be estimated. Under conditions of
a 5-kV poling field (between the discharging needle and
the counter electrode, ~1 c¢cm separation) at 180 °C, an
order parameter value of 0.30 was deduced. A poling field
strength of 2.5 mV/cm was estimated from the order
parameter,

The polyimide was thermally stable up to 350 °C under
a nitrogen atmosphere, while the poly(amic acid) started
to lose weight at around 150 °C due to imidization. The
imidization process was completed as the temperature
reached 210 °C asshown in both the TGA and DSC traces,
which indicated that, to imidize a sample, the curing
temperature can be set at about 200 °C under nitrogen
without risk of damaging the materials. After imidization,
the polyimide exhibited a glass transition temperature of
250 °C deduced from the DSC trace. It was also found
that after imidization the polymer film thickness was
reduced by about 10%.

Refractive indices of the polyimide were measured by
using a Rudolph 43603-200E ellipsometer at several
wavelengths. Theresults were used in fitting the Sellmyer
equation to obtain refractive indices of 1.833 + 0.002 and
1.746 = 0.002 at 532 and 1064 nm, respectively.

The measurements of second harmonic generation were
performed at a wavelength of 1064 nm. A model-locked
Nd:YAG laser (continuum-PY61C-10, 25 ps, 10-Hz rep-
etition rate) was used as a fundamental light source (1064
pm). As expected for nitro(dialkylamino)stilbene, a very
large ds; value of 115 pm/V was obtained (with an
experimental error of 20% due to laser fluctuation and
the inaccuracy of the di; value of the quartz standard
sample). Since the second harmonic wavelength (532 nm)
is in the absorptive region of the polymer, there is a large
resonant contribution to the ds; value. It is known that,
for device applications, a large nonresonant value is
important. Since we donot have alonger wavelength laser
source, we evaluated the nonresonant value of this material
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Figure 2, Temporal stability of SHG signal of the polyimide at
different temperatures.

by using an approximate model, a two-level model. It was
determined that the disperseless ds; value of the polyimide
was ca. 27 pm/V.

To evaluate the high-temperature stability of our
polymers, we studied the temporal stability of a second
harmonic generation (SHG) signal. It was found that the
SHG signal did not decay at room temperature and at 90
°C (Figure 2). When the SHG signal of the polymer film
was monitored at 150 °C, an initial decay of 15% was
observed and the signal was then stabilized at ca. 85% of
its initial value. We further studied the stability of 180
°C and found that the decay was speeded up due to faster
relaxation of the dipole orientation. However, the SHG
signal was clearly stable enough to withstand such a high-
temperature environment for a reasonably long period of
time. After almost 1.5 h, ca. 70% of the SHG signal was
retained. From these results we can see that this material
is very promising for practical applications.

In summary, we synthesized a new NLO polyimide which
exhibited an exceptional stability at high temperatures.
The synthesis of a new diamino NLO chromophore was
the key step to synthesize this polyimide, which was
accomplished by utilizing the Mitsunobu reaction. Due
to the versatility of the reaction scheme, many new
materials can be expected.
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