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Summary: Nonlinear optical poly(ether imides) with an adequate thermal stability has
been synthesized by direct oupling of hydroxy poly(ether imides) and NLO
chromophores with a quatative vyield. The resultant awmmphous NLO poly(ether
imides) exhibited good solullity in common organic solvents, providing &pal-
quality thin films by spin coatig. The glass trait®n temperatures of the polymers are
at around 180 °C. Theelectooptic coefficients (f, @1.3um) of PEI-DR1 was 12.3
pm/V with an electrical poling field ofl00 V/um and it dcayed bhout 10 % over 10
months at 90 °C undetmospheric anditions.

Introduction

Due to their low dielectric constants and potentially large edepic coefficients
suitable for high-speed dewes, nonlinear optical (NLO) polymers arepromising
materials for electoogtic (EO) nodulators, switches, and wavelengtloneerter (1,2,3).
To develop practical devices, however, the polymeric materibtsulé have large EO
coefficients for low opeanting voltages, thermal, chemical, arghotoclemical stability,
low optical propagtion losses at 1.3 or 1.55 um wéangth and mechanicgbropeties
for mutilayed films processing. Asleading materials, aromatic polyimides appending
NLO chromophores have shown a egt potential because of their high ol
alignment stability, excellent mechanicalropeties, and low opticalpropagtion losses
over other aliphatic side chain NLO polymé4sb).

In previous work, we reported on the synthesis of matic soluble polyimides
containing  pendant hrtomophores  prepared by e€at polyondenation  of
diaminophenol  dihydrochloride aft and aromatic  drshydride  followed by
chromophore coupling (6). This ¢$gm possesses the advantage of a wide variety for
selecting the leromophores, aatility of synthesis, flexibility for the adjusment of the
polymer backbone rigidity, as el as an oxidation stability of diamine omomers and
insensitivity to imidization envonment. The resulting polyimides have an excellent
temporal dipole alignment stability due to their high glass transition temperabaee a
220 °C. Using a imilar synthetic mdiod, we newly prepared the poly(ethénides)
bearing two pendant NLO chromophore in theeapunit. Also, it has a flexible ether
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linkage into the polymer backbone. This polymeric tsys has a higher heomophore
loading density and a lower processing temperature than that of EO polyimides
previously reported (6). In this terle, we presentour results on the synthesis of
nonlinear optical poly(ether imides) and their characterizatibor electooptical
devices.

Experimental

Materials. A 2,2-bis(3amino-4-hydroxyphenyl)hexafluoropropane AHHFP) and
3,3,4,4"-oxydiphthlic anhydride (ODPA) were ohlained from Central glass Co. and
TCIl, resmctively. These mwnomer-grade materials were used aout further
purification. Disperse red 1 (DR1) was talmed from Aldrich Chem. Co. (2-
Hydroxyethyl) indolinoazo nitrobenzene (IANB) was synthed by the azo aupling
reaction of (2-hydroxyethyl) indoline with p-nitroalne (7). TCVA and TCVI were
synthesized by reaction of  (2-hydroxyethyl)methylaniline and (2-
hydroxyethyl)indoline with tetracyanoethylene irDMF under nitrogen at 0 °C to room
temperaturefor 4 h, respctively. TCVA; '‘H-NMR (CDCL), & 3.26 (s, 3H), 3.71 (t,
2H), 3.80 (t, 2H), 4.71 (t, 1H), 6.90 (d, 2H), 8.04 (d, 2AKVI: 'H-NMR (CDCL), &:
3.16 (t, 2H, ring), 3.54 (t, 2H), 3.92 (m, 4H, N-gH6.51 (d, 2H), 7.91 (d, 2H). All
solvents were used after conventional pcafion mehods. The cbémical structures of
the chromophores used in this study ammarized in Table I.

Synthesis of hydroxy poly(ether imide) (hydroxy-PEIl). A solution of equimolar
amount of AHHFP (5.903 g, 16.1176 mmol) an@®DPA (5.0 g, 16.1176 mmol) in 44
mL of m-xylene and DMAc [20/80 (v/v)] were introduced to a three-neck flask
equipped with a magnetic stirrer, a Dean-Stark trap, and a reflbxdeaser. The
reaction mixture was stirred abom temperaturefor 22 h followed by stirred at 60 °C
for 6 h. The mixture was dated in an oil bath td50 °C for 3 h under the nitrogen
atmosphere. Then the polymer solution was diluted with 20 mL DilAc and
precipitated by slowly dropping the polymer solution into ater in a hyh-speed
blender. The product was ltected by filtraton, then redissolved inDMF and then
reprecipitated into methanol/water. The polymer was filtered and dried at 8Qn@er
vacuum for 24 h. ¥ld = 98 %, 'H-NMR (CDCL), & 7.09 (d, 2H), 7.20 (d, 2H), 7.40
(s, 2H), 7.59 (m, 4H), 8.02 (d, 2H), 10.51 (s, 2H, -OH). Mw = 23,800 g/mol, Mw/Mn =
2.29.

Synthesis of chromophore-contained poly(ether imide)s (PEl-chromophore). A
general procedure for the synthesis is as followsethyl azodicarboxiate (DEAD)
(.63 g, 9.37 mmol) was added dropwise into a solution of hydroxy-PEI (2 g, 3.12
mmol), triphenylphosphine (2.45 g, 9.37 mmol), and DR 1 (2.45 g, 7.81 mmol) in THF
(50 mL) wunder nitrogen atmosphere. The reaction mixture was stirred r@om
temperaturefor 48 h. The redting reaction mixture was precipitated into an agitated
solution of methanol with acid. The collected precipitate was dissolved in THF and
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reprecipitated into the solution of methanol in ghaspeed blender. The qmipitate was
filtered and washed with methanol. The polymer wasther purified by Soxhlet
extraction with methanol and dried at 80uder vacuum for 24 h.

Table I. Chemical structures of the chromophores used in this study

Kmax
Code Chromophores (nm)* Code Chromophores

D
(nm)

T 3 CN

DRI Oy 489 | TCVI m/_,@}—g&m 530
% CN

TCVA mﬂ%ﬂ‘ﬂ 513 | IANB m/_,@'}@mz 498

CN
*UV-visible spectra were measured using a Hitachi U-3501 spectrophotometer in a
methylene chloride solution.

Instruments for Characterization. 'H NMR spectra were recded with the use of a
Bruker AM-300 spctrometer, and chemical shifts werepadged in ppm units with
tetramethylsilane as an internal stamdalR spectra were measured with the coated
polymer film on a NaCl widow in a Nicéet Magna 560 sgctrometer, and frequencies
were given in reciprocal centimeters (Ym A Hitachi U3501 sgctrophotmeter was
used for UV-visible spctral data. The molecular weight and polydispersity were
determined in a THF solvent with a Waters GP50C calibrated with polystyrene
standards. A DuPont 9900 theal analyzer was used to obtain the DSC tlhgmams
with heating rates of 10 °C/min.

Measurement. Refractive index, n, of the polymer film was measured by prism
coupling method. Thickness of the polymelimf was onfirmed with a-step surface
profiler (Tencor instruments,a-step 200). The electooptic coefficients, r,, of the
poled films were measured at the wavelength.8fum using a réfction mehod.

Results and Discussion

Synthesis and structural characterization. Our approach to the synthesis of
poly(ether imidesbased side chain NLO polymers began with the synthesis of
hydroxy-PEl using AHHFP and ODPA as the onomers. A polycondeaton and
imidization was carried out in théMAc/m-xylene solution (8). Sa@me 1 shows the
synthetic route and the chemical structure of thwdroxy-PEI. The miecular weight
(M,) and the polydispersity value of the resulting hydroxy-PBimeded by GPC were
23,800 g/mol and 2.29, resgtively. As shown in Scheme 1, the precurdordroxy-

PElI has the two hydroxy pheio groups in the regat unit for attaching NLO
chromophores and the flexible ether linkage in the polymer backbone. These structural
features are anticipated the large EO coefficients and mititessing temperatures due
to the high chromophore loading density and the aalequglass transition temperature
below 200 °C, regxtively. To investigate the elecbptical propeties and the thermal
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stability of this polymer system, commercially available or synthesizatbnwophores
were introduced in the poly(etheamides) ba&bone. Table | smmarized the chemical
structure and absorption maximum of the chromophores.

Scheme 1. Synthetic route of the nonlinear optical poly(ether imides)

FsC_ CF3

HoN
\{:@/ \@ DMAc/m-. Xylene
1.25 C/22h
OH 5 60 °Cle h.
3.150 °C/3 h.
| DEAD/PPh;
0 HO OHJ THF/room temp.
n
Hydroxy-PElI
{ | FsC_ CFs l
Chromophore Chromophore
PEI-Chromophore
Table II. Synthetic data of the NLO polymers
polymer CLL (%)* M, (g/mol)° M/M," CY (%) T, (°C)
PI-DR1 32.5 25,000 2.17 98.9 223
PI-TCVA 27.0 34,900 2.70 98.0 219
PEI-DR1 43.7 27,200 1.89 > 99 173
PEI-TCVA 37.4 36,000 2.02 99 185
PEI-TCVI 38.7 - - 95 -
‘PEI-IANB 43.5 - - 94 -

*Chromophore loading level (CLL); (chromophore fw/repeated polymer unit fw) x 100.
Determined by GPC analysis with polystyrene standards. “Coupling yield (CY) of
attached chromophores at the polymer backbone estimated by '"H-NMR. “The polymers
gradually turned to an intractable material.

Side chain NLO PEI was synthesizédom hydroxy-PEI and NLO chromophores with
the terminal hydroxy group. The hydroxy-PElI wasacted with 2.5 equiv (elative to
the equivalent of the repeat units of the polymer) of the terminyalroxy group on the
chromophores in the presence of triphenyl phosphine aiethytl azodicarboxiate in
THF solvent at roomtemperature. The results ofhromophore-catained PEI synthesis
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are listed in Table I1l. The coupling of precursor polymers with NLO chromophores
gave almost a quantitative yield. It seems that tbeplkng reaction is very effective in
this polymer system. As shown in Tablk, EO PEls have the higher chromophore
loading level (CLL) calculated htomophore formula weight per remed polymer
backbone unit formula weight than that of EO poliges. It means that larger EO
coefficients of the EO PEI will be obtains due to the highkromophore density. All

of the polymers except PEI-TCNI and PEI-IANB were soluble in organic solvents such
as THF, diglyme, cyclohexanone, angbutyrdactone. However, PEI-TCNI and PEI-
IANB bearing an indoline ring as a donor group gelbu turned to an inactable
material due to thphotosenisivity of the indoline ring.

FT-IR, 1H NMR and the UV-visible sgtrophotoneter characterized the polymer
structures. The'H NMR spectrum of the hydroxy-PEI shows a coengly imidized
structure with the phenolidiydroxy proton peak at 10.5 ppm. As the couplirgaction
proceeds, a phenoliqoroton peak conlptely disappears and new azobenzene peaks
appear at the range of 6.7 - 83 ppm together withmatic imide peaks. The
percentage of introduced chromophore to the polymer backbone (coupigld) ywas
determined by aH NMR integration of the disappearance of the hydroxy proton on the
polymer backbone vs. the appearance of the azobenzene proton at 6.75 ppm on the side
chain chromophore. The FT-IR eagrum of hydroxy-PEI clearly showed the
characteristic imide absbercies at 1787, 1730.9, 1369, and 721 tnas well as the
broad absorbance at 3380 tmdue to the phenolichydroxy groups. After the
Mitsunobu eaction for covalent bonding of the chromophores onto the polymer
backbone, new band appear at the 1338.7 and 15I4 dum to the nitro group in the
chromophore. The band of phéico hydroxy groups in the hydroxy-PEl at 3380 Ttm
almost disappears.

Table III. Physical and optical properties of the polymers
refractive index”

p01ymer }\‘max (nm) ’ Tp (OC)C r33 (pm/V)b
N Ny

PI-DR1 481 1.6396 1.6271 230 7.6

PI-TCVA 512 1.6237 1.6106 220 6.2

PEI-DRI1 478 1.6272 1.6179 173 12.3

PEI-TCVA 510 1.6567 1.6523 180 8.7

"Measured the polymer films on fused silica windows. "Refractive index and EO
coefficient are measured at the 1.3 pm wavelength. “Poling temperature.

Thermal and optical properties. The thermal characterizations of the polymers were
carried out using DSC and TGA. Polyimides based EO polymers have high glass
transition temperature (I above 220 °C. During poling around, Tcladding polymer
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layers and chromophores were distorted and destroyed to some degree at high
temperature. Otherwise, newly synthesized EO poly(ether imides) has the adeqguate T
around 180 °C. Therefore, these EO poly(ethendes) are easily poled wibut the
dielectric bre&down of the cladding layers and destroy of NLO chromophores. The
results of T are summarized in Tabl#l. The TGA curve of PEI-DR1 shows that the
initial decomposition temperature ardoge 295 °C under nitrogen as shown in Figure

1 To measure the opticglropeties of the polymers, thin films of high optical quality
were prepared from the polymer solutions by spiratiogg on an ITO glass or silicon
wafer substrates. The films were baked in an ovenl@@ °C for 2 h to ensure the
removal of the residual solvent. Table Il shows the a@fve index, n, of unpoled
polymer films coated on the silicon wafer measured byG@G prism oupler at 1.3

pum. The refractive indices of the polymers wdoeind to be in the range of 1.6237 to
1.6567. For themeasurement of the EO coefficient, ) a polymer film was made on
ITO glass by spin coating. A goleélectode was depdt®d on the polymer film by a
thermal evporation. The electooptic coefficients of the poled films were measured at
the wavelength of 1.3 pum using a lestion mehod (9). A strong DCelectric field was
applied to the polymer sample on a hot plate. The sample was heated up tp ithel5T

min, retainedfor 20 min, and slowly cooled down to roomemperature with the DC
electric field. It was observed that, was 12.3 pm/V for PEI-DR1 with a polingefd

of 100 V/ium at 173 °C as shown in Table Ill. We found that EO poly(etimédes)

gave the larger EO coefficients than those of EO polyimides having the same
chromophore. It is due to the high chromophore density and the high polimgerefy

of the poly(ether imides).
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Figurel. TGA curve of the PEI-DR1. Figure 2. Thermal stability of EO coefficients
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EO coefficients of all the polymers remained fairly stable even oager periods. The
initial value of EO coefficient decayed only by cl0% at 90 °C after 500 h, as shown
in Figure 2. These valuestained after 10 months.

Relaxation arves are tyjgally fitted to a stretchedx@onertial function (10, 11).

cD(t) —e -(tR

In this equation, T is the average relaxation time constant while [ is the stretch
parameter, which describes the width of the relaxation time constant distnibufhe

EO coefficient decay data of the PEI-DR1 were fitted to the stretchqubnernial
represented by above edion. The redting fitted T and R parameter i4.4526 x 10

(hr) and 0.2039, resptively. These thermal characteristics are an indication that these
polymers may be useful in photonics aevapplications.
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