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ABSTRACT: A series of poly(urethane—imide)s with high glass transition temperatures
were easily prepared from a commercial nonlinear optical (NLO) chromophore (Dis-
perse Red 19), pyromellitic dianhydride (PMDA), and 2,4-tolylene diisocyanate (TDI).
The resulting polymers possessed good solubility and high glass transition tempera-
tures (231-272°C) and thermal decomposition temperatures. They exhibited excellent
film-forming properties and good-quality films were easily obtained by spin coating.
These polymers also possessed a high coefficient of optical nonlinearity with good
temporal stability of the dipole orientation. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci

85: 944-949, 2002
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INTRODUCTION

Second-order nonlinear optical (NLO) polymers
offer great promise for use in electrooptic modu-
lators, optical interconnects, and other devices
due to their large linear electrooptic coefficients,
low dielectric constants, flexibility in fabrication,
and processing techniques that are compatible
with integrated circuit technology.' One of the
major problems limiting the practical application
of these NLO polymers is their relatively low tem-
poral stability of dipole orientation.* This is the
reason why much attention has been paid to use
of polyimide (PI), which has a very high glass
transition temperature (7), as the base material
and to have NLO chromophores chemically
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second-order nonlinear optics; prepara-

bonded to the backbone of PI.6~2! The most com-
mon synthetic route for these NLO PIs is conden-
sation polymerization of dianhydrides with dia-
mines containing an NLO chromophore via a
poly(amic acid) (PAA) prepolymer followed by a
high-temperature imidization or a chemical imi-
dization process.” '* This method, however, often
involves a tedious synthesis and purification of
the chromophore-containing diamine (or dianhy-
dride) monomers. Sometimes, the fact that few
chromophores can survive the relatively harsh
chemical conditions of the monomer synthesis
and the imidization of the PAAs and the difficulty
in the synthesis of the NLO chromophore-contain-
ing diamine (or dianhydride) compounds greatly
limit the type of chromophores that may be incor-
porated into the PI backbone. For this article, we
prepared a series of poly(urethane—imide)s (PUIs)
directly from Disperse Red 19 (DR-19), pyromel-
litic dianhydride (PMDA), and tolylene diisocya-
nate (TDI) via an isocyanato (NCO)-terminated
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Scheme 1 Synthesis of PPUI(x).

polyurethane prepolymer. By using this method
to prepare NLO PI, the troublesome synthesis of
NLO diamine (or NLO dianhydride) and the
harsh imidization process could be avoided. The
synthesized PUIs [PPUI(x) series] exhibit high
T,’s, which are at the same level as those side-
cham aromatic NLO PIs6 81116 and much hlgher
than polyurethanes,?? polyetherimides,'® and
polyesterimides®!® based on DR-19. They also
possess high coefficients of optical nonlinearity,
good processibility, and film-forming properties.

EXPERIMENTAL

Materials

DR-19 was purchased from the Aldrich Chemical
Co. and purified by recrystallization in ethanol
prior to the reaction. PMDA was purchased from
the Shanghai Tar Chemical Co. (Shanghai,
China) and dried at 160°C for 2 h before use. TDI
was purchased from the Shanghai Reagent Co.
(Shanghai, China) and purified by distillation be-

fore use. N,N-Dimethylacetamide (DMAc) was
purchased from the Shanghai No. 1 Reagent Co.
(Shanghai, China) and purified by distillation
over CaH prior to the reaction. Common solvents
for solubility measurement such as acetone, chlo-
roform, tetrahydrofuran (THF), N,N-methyl-2-pyr-
rolidone (NMP), N,N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and 1,4-butyrolac-
tone were used without purification.

Preparation of PPUI(x)

The polymerization procedure exemplifies the
synthesis of PPUI(x) (see Scheme 1): TDI, 0.976 g
(5.604 mmol), was dissolved in 12 mL anhydrous
DMAc. To this solution was added slowly 0.907 g
(2.747 mmol) of DR-19, and the resulting reaction
mixture was stirred at 40 and 75°C, each for 1 h
and at 90°C for 4 h. After cooling in an ice bath,
0.599 g (2.747 mmol) PMDA was added to the
mixture. After further reaction at 40 and 90°C,
each for 2 h, the mixture was refluxed overnight.
The resultant product PPUI(1) was precipitated
into the mixture of methanol and water (100/100
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mL) and further purified by repeated dissolution
in DMAc and precipitation into the mixture of
methanol and water.

Characterization

The FTIR spectra of PPUI(x) were recorded on a
Perkin—Elmer Paragon 1000 FTIR spectropho-
tometer. A Perkin—Elmer Lambda 20 UV-vis
spectrophotometer was used to record the UV-vis
spectra of PPUI(x) films (cast from their 5 wt %
DMAc solutions on quartz substrates). The inher-
ent viscosity of PPUI(x) was measured with an
Ubbelohde viscometer using NMP as the solvent
at a concentration of 0.5 g/dL at 30°C. The solu-
bility of PPUI(x) was determined by observing the
solubility of the solid polymers in various solvents
at room temperature. The T,’s of the PPUI(x)
were determined by differential scanning calo-
rimetry (DSC). The DSC curves were recorded on
a Perkin—Elmer Pyris I DSC under N, with a scan
rate of 20°C/min. The thermal stability of PPUI(x)
was characterized by thermogravimetric analysis
(TGA). The TGA curves were recorded on a Per-
kin—Elmer TGA7 under N,, with a scan rate of
20°C/min.

Thin films with a thickness of about 1 um were
obtained by spin-coating 0.5-pu microfiltered
PPUI(x) solutions in DMAc onto cleaned glass
substrates. The spin-coated films were dried un-
der a vacuum at about 120°C for 2 days before
corona poling at a temperature approximately
10°C above the T,. The samples were poled for 30
min, which gave the best results in terms of sec-
ond-harmonic efficiency. The second-harmonic co-
efficient ds3; was measured using the Maker-
fringe method. The light source was a @-switched
Nd3*:YAG laser delivering 7-ns pulses at 1064
nm with a 5-10-Hz repetition rate. A quartz crys-
tal was used as a reference (d,; = 0.46 pm/V).?3

Table I Physical Properties of PPUI(x)

Polymer PPUI(1/2) PPUI(2/3) PPUI(1)
Ninn (dL/g)? — 0.26 0.25
T, (°C)° 272 242 231
Ty, (°C)° 308 328 299
T, (°C)° 470 561 520

2 Measured at 30°C using NMP as the solvent at a concen-
tration of 0.5 g/dL.

® Obtained from DSC curves; scan rate: 20°C/min, under
nitrogen.

¢ Obtained from TGA curves; scan rate: 20°C/min, under
nitrogen.
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Figure 1 FTIR spectrum of PPUI(2/3).

1000 600.0

RESULTS AND DISCUSSION

Synthesis and Characterization of PPUI(x)

The synthetic procedure is shown in Scheme 1.
The reaction was performed in a two-step process.
Initially, the NCO-terminated polyurethane pre-
polymer was synthesized using an excess of diiso-
cyanate (TDI) and DR-19. Then, the condensation
polymerization reaction between a dianhydride
(PMDA) and the NCO-terminated polyurethane
prepolymer was executed in an anhydrous DMAc
solvent. The inherent viscosity of PPUI(x) was
about 0.25 dL/g (Table I). This simple synthetic
route is generally applicable and it may be ap-
plied to many kinds of NLO chromophore-con-
taining diols. Using this method to prepare NLO
PI, the troublesome synthesis of NLO-diamine
(or NLO—-dianhydride) and the harsh imidization
process could be avoided.

The chemical structure of the obtained PPUI(x)
was characterized with FTIR and UV-vis spec-
troscopy. The representative FTIR spectrum of
PPUI(2/3) is shown in Figure 1. The clear appear-
ance of ~1780- and ~1725-cm ™! bands, charac-
teristic of C=0 stretching in imide rings, and the
~1375-cm ™ ! band, characteristic of C—N stretch-
ing in imide rings, indicated the existence of the
imide groups. The characteristic absorption of the
N—H stretching in the urethane linkage was ob-
served at 3380 cm . The characteristic absorp-
tion peaks of the nitro groups at ~1515 and
~1340 cm ! also indicated the existence of the
NLO chromophores. No absorption at ~2270
cm !, characteristic of the isocynato group, was
visible. The representative UV-vis spectrum of
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Figure 2 UV-vis spectrum of PPUI(1) film.

the PPUI(1) film is shown in Figure 2. The char-
acteristic absorption of the NLO chromophore
(DR-19) was observed in the UV-vis spectrum of
the polymer film at 482 nm (Fig. 2). This result
suggests that the chromophore was not affected
by the polymerization process.

Solubility of PPUI(x)

The solubility of the obtained polymers in various
solvents is listed in Table II. The PPUI(x) were
soluble or partially soluble in strong polar organic
solvents such as 1,4-butyrolactone, DMAc, NMP,
DMF, and DMSO and some low boiling point sol-
vents such as THF, chloroform, and acetone. As
the NLO chromophore content was increased, the
solubility of PPUI(x) also increased. PPUI(1)
showed the best solubility and can even be com-
pletely dissolved in THF. This might result from

Table IT  Solubility of PPUI(x) in Various
Solvents at 25°C

Solvent PPUI(1/2) PPUI(2/3) PPUI(1)
NMP +— + +
DMAc +— + +
DMF +— + +
DMSO +— + +
1,4-Butyrolactone + + +
THF +— +— +
Acetone +— +— +—
CHCl,4 - +— +—
Toluene — - —
Cyclohexane — - -

+: soluble; +—: partially soluble; —: insoluble.
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Figure 3 TGA curves of PPUI(x).

the fact that, as the NLO chromophore content
was increased, the amounts of both the flexible
urethane linkages and the side-chain azo chro-
mophore in the polymer backbone increased, lead-
ing to looser chain packing and larger free vol-
ume.

Thermal Properties of PPUI(x)

The thermal properties of PPUI(x) are listed in
Table I. DSC analysis showed T, values in the
range between 231 and 272°C for the obtained
polymers. These T,’s are in the same region as
those of side-chain aromatic NLO PIs®~811-16 and
much higher than those of polyurethanes,?? poly-
etherimides,'® and polyesterimides®!® based on
DR-19. The high T,’s of PPUl(x) clearly resulted
from the high rigidity of the PMDA moiety and
the “two bonding site” linkage of the NLO groups.
The T,’s of the polymers can be adjusted by choos-
ing dianhydrides with different rigidity or by
changing the chromophore loading level.

Apart from high T, PPUI(x) also require high
thermal stability because the polymer films have
to be poled around the glass transition tempera-
tures to generate an optical nonlinearity. The
thermal decomposition temperatures are listed in
Table I. It is observed that PPUI(x) possessed
high thermal stability. The initial thermal decom-
position temperatures (7;;) of PPUI(x) are more
than 40°C higher than are the corresponding 7',’s
and this high thermal stability would ensure
high-temperature electric poling of the polymers.
Figure 3 shows the TGA curves of PPUI(x). Two
weight loss stages can be observed in the TGA
curves. The first, at 260-350°C, was from the
decomposition of the urethane linkages and the
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Figure 4 Temporal behavior of the order parameter
ratio ¢(t)/p(0) of the poled PPUI(1) film at 150°C.

NLO chromophore, and the second, at a higher
temperature, was from the decomposition of the
imide linkages.

NLO Properties of PPUI(x)

PPUI(1) was spin-coated onto cleaned glass sub-
strates from its DMAc solution, yielding high-
quality films. The samples were dried at 80°C for
3 h and 120°C in a vacuum for 2 days to remove
the residual solvent. The films obtained were
about 1 um in thickness. Noncentrosymmetry in
the polymer films was induced by the corona dis-
charge poling method at 240°C with a poling volt-
age of 3 kV and a poling current of about 2 pA.
The distance between the sample surface and the
needle diode was about 1 cm. The poling temper-
ature was slightly higher than the 7, of the poly-
mer, which would lead to a high dipole orientation
according to the literature.* Another sample
which experienced the same heating history, but
without corona poling, was used as a reference.
The UV-vis spectrum and IR spectrum of this
reference sample did not change after heating at
240°C, which might demonstrate that no signifi-
cant decomposition of the polymer occurred dur-
ing the corona poling. After the corona poling, the
dipole moments of the NLO chromophore were
aligned and the UV-vis spectrum of the polymer
film exhibited a blue shift and a decrease in ab-
sorption due to birefringence (Fig. 2).”® The order
parameter can be calculated from this change in
the absorbance by ¢ =1 — A,/A,, where A; and A,
are the absorbance before and after poling, re-
spectively.* The order parameter of PPUI(1) film
immediately after poling was found to be 0.30.

The NLO property of the PPUI(1) film was mea-
sured at the fundamental wavelength of 1064 nm.
This polymer has high coefficient of optical non-
linearity: The d45 value immediately after poling
was 23.6 pm/V.

Relaxation of the NLO chromophore alignment
in the poled PPUI(1) film is illustrated in Figure
4, expressed as the temporal behavior of the order
parameter ratio ¢(¢)/¢p(0) for the poled polymer
film at 150°C, since the order parameter can de-
scribe the degree of the chromophore alignment
and the dipole orientation and correlate to the
NLO properties of the polymer.* It was observed
that the poled PPUI(1) film had good temporal
stability of NLO properties and the ¢(&)/¢p(0) re-
mained 71% after 1300 h at 150°C. The good
thermal stability of NLO properties might be as-
cribed to the comparatively high T, of the poly-
mer.
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