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ABSTRACT: New polymers containing disperse red dye as a nonlinear optically active chromophore in 
conjunction with photo-cross-linkable groups have been synthesized. These polymers are soluble in many 
organic solvents and can be processed into thin films by spin-coating. Second harmonic generation 
measurements revealed large and stable second-order nonlinear optical effects for these polymers. With the 
corona poling method, large resonance-enhanced second-order nonlinear optical coefficients were observed 
at 532 nm. It was found that introduction of flexible chain into the polymer backbone causes a decrease in 
the To value and hence a decrease in the stability of the second-order NLO effects. It was demonstrated that 
for polymers 2-4, x(*)  values are stable at ca. 80-90% of their maximum values for lo00 h after electrical 
poling. These polymers showed large refractive index changes caused by cis-trans isomerization of azo 
groups when they are exposed to the UV light. The large refractive index change of these polymers has been 
utilized in the fabrication of channelized wave-guide structures. 

Introduction 
Developments of optical communication have led to a 

tremendous growth in research on nonlinear optical (NLO) 
materials. Both inorganic and organic materials have been 
the research focus for NLO applications. Inorganic 
materials, such as LiNbO3, which have been extensively 
studied for device applications, have disadvantages such 
as slow response time, high absorption, and degradative 
photorefractive effects. These disadvantages limit their 
application potential.' Organic materials, on the other 
hand, offer advantages of large susceptibilities, high laser 
damage threshold, faster response time, and versatility of 
molecular structural modifications.'"' Therefore, a grow- 
ing research effort has been directed to  organic materials, 
among which second-order nonlinear optical polymers have 
attracted considerable interest in both the industrial and 
academic communities.1-'2 

Three forms of second-order NLO polymeric materials 
have been studied: (1) transparent polymers (including 
liquid-crystal polymers) doped with NLO molecules, i.e., 
host/guest composite materials;1-3J0J3J4 (2) polymers co- 
valently functionalized with second-order NLO chromo- 
phores1-31517-g~11~12; and (3) polymers with covalently at- 
tached NLO chromophores and cross-linked after electrical 
polinga6 Host/guest polymer composites suffer from 
limited miscibility of the NLO molecules in host polymers 
and from the dipole orientation loss due to thermal 
relaxation. The second type of polymer exhibits much 
improved stability of NLO activity and a higher density 
of NLO m ~ i e t i e s . ~  The third type of polymer shows even 
greater stability of the NLO activity than the first two 
types. Eich et  al.6 found that, in their cross-linked 
polymers, there was no detectable decay in second 
harmonic generation for over 500 h under ambient 
conditions and no relaxation tendency even a t  85 "C. 
Therefore, cross-linkable polymers are promising materials 
for NLO applications. 

Recently we synthesized new second-order NLO poly- 
mers containing known NLO moieties with large optical 
nonlinearities and a cross-linkable unit. A schematic 
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structure of the second-order NLO polymer is shown in 
Chart I. Schemes 1-111 show the examples, in which a 
phenylenediacryloyl chloride monomer is photo-cross-link- 
able15 and a diacetylene unit is photo-cross-linkable or 
thermal cross-linkable.'6 The advantage of these schemes 
is that many difunctionalized NLO moieties can be 
incorporated into such polymers. It was found that 
polymers shown in Schemes 1-111 demonstrated very large 
x ( ~ )  values without exposure to UV light. Furthermore, 
the second-order NLO effects in these polymer systems 
(polymers 2-4) are much more stable than those of 
normally poled polymers reported in the literature. In 
contrast to  our expectations, i t  was found that the chro- 
mophore in the polymer was bleached when exposed to 
UV curing light and the x@) value was correspondingly 
reduced dramatically. These results suggest, on the one 
hand, that photo-cross-linking results in some trade-off 
between stability and second-order NLO activity; on the 
other hand, the large change in the refractive index of 
polymers that accompanied photobleaching can be utilized 
in channelized wave-guide fabrication using photomask 
methods. In this paper we report the syntheses and 
characterization of these polymer materials. 

Experimental  Section 
Dioxane was purified by distillation over calcium hydride and 

stored under argon atmosphere. Dimethylacetamide was dried 
over 3-A molecular sieves. Pyridine was treated with potassium 
hydroxide and then distilled over barium oxide to remove trace 
amounts of water. Terephthaloyl chloride was purified by 
sublimation under vacuum. Compound 11 was purchased from 
Aldrich Chemical Co. and was sublimed before use. Other 
reagents and solvents are analytical-grade quality, purchased 
commercially, and used without further purification unless 
otherwise stated. The melting points were obtained with open 
capillary tubes on a Mel-Temp apparatus and are uncorrected. 

Synthesis of Monomers. 1,5-Bis(4-formylphenoxy)pen- 
tane (1). Amixtureofp-hydroxybenzaldehyde (1Og,O.O82 mol), 
1,5-dibromopentane (9.42 g, 0.041 mol), potassium carbonate 
(1 1.33 g), and potassium iodide (1 g) was heated to reflux in THF 
(50 mL) overnight and then was poured into water. The yellow 
precipitate was collected and washed with water. The solid was 
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chart I 
Schematic Structure of a Target New Polymer System 

then recrystallized from ethanol to yield compound 1: 9.3 g, 
72%; mp 72-74 "C; lH NMR (CCW) 6 1.8 (multiple, 6 H, HIS), 
4.1 (t, J = 6 Hz, 4 H, HS), 7.0 (d, J = 9 Hz, 4 H, Hb), 7.8 (d, J 
= 9 Hz, 4 H, He), 9.8 (9, 2 H, Ha); 13C NMR 22.5 (Cl), 29.0 (Cz), 
68.0 (cs), 114.5 (Cb), 129.5 (c7), 132.0 (cs), 161.0 (c4), 170.0 (C8). 
Anal. Calcd for C19Hs04-0.25H20 C, 72.03; H, 6.48. Found: 
C, 71.98; H, 6.48. 

Compound 3. 217. (6.11 g, 0.029 mol) in ethylene glycol/di- 
ethyl ether (10 mL) was added dropwise to ethylene glycol/di- 
ethyl ether (20 mL) containing sodium hydride (0.62 g, 0.026 
mol). After the completion of the addition, the mixture was 
stirred for 15 min and compound 1 (4.2 g, 0.013 mol) in THF was 
then added dropwise. The resulting mixture was stirred at room 
temperature for 3 h and then poured into water (300 mL). The 
yellow precipitate was collected and recrystallized from ethanol 
to yield compound 3: 3.95 g, 66 % ; mp 97-99 "C; lH NMR (CDCl3) 
6 1.3 (t, J = 6.0 Hz, 6 H, CH3), 1.8 (multiple, 6 H, HIS), 4.0 (t, 
J = 6 Hz, 4 H, H3), 4.3 (9, J = 6 Hz, 4 H, methylene in ethyl), 

= 9 Hz, 4 H, H6), 7.6 (d, 2 H, J = 18 Hz, H8). Anal. Calcd for 
CnHs20s: C, 71.68; H, 7.08. Found: C, 71.60; H, 7.15. 

Compound 4. 3 (3.68 g, 8.14 mmol) was heated to reflux with 
sodium hydroxide (1.0 g) in ethanol/water (60/40 v/v, 50 mL) 
for 1 h. The mixture was then treated with 5 N hydrogen chloride 
acid. The solid was washed with water until the filtrate become 
neutral, yielding compound 4: 2.90 g, 90%; mp 271-273 "C; lH 
NMR (DMSO-&) 6 1.7 (br, 6 H, HIS), 4.0 (t, J = 6 Hz, 4 H, Ha), 

= 9 Hz, 4 H, Hs), 7.6 (d, 2 H, J = 18 Hz, He). Anal. Calcd for 
CmHwOs: C, 69.70; H, 6.06. Found: C, 69.56; H, 6.09. 

Compound 5. 4 (2 g, 5.06 mmol) was heated to reflux with 
thionyl chloride (10 mL) and benzene (2 mL). After 1 h, the 
while solid was completely dissolved and the thionyl chloride 
was then removed by distillation. A trace amount of residual 
thionyl chloride was removed by vacuum pumping yielding 
compound 5, which is directly used in the next polymerization 
step. 

pPhenylenediacrylic acid (7). This compound was pre- 
pared according to a literature procedure in 87% yield (mp >400, 
sublimation)."b The white solid has to be extracted with 
chloroform to remove a small amount of monoacrylic acid lH 

2 H, =CHPh, J = 15 Hz), 7.69 (8, 4 H, aromatic). Anal. Calcd 
for C12H1004: C, 66.06; H, 4.59. Found: C, 65.89; H, 4.65. 

pPhenylenediacryloy1 chloride (8). 7 (2 g, 9.17 mmol) was 
heated to reflux with thionyl chloride (10 mL) and benzene (2 
mL). After 1 h, the white solid was completely dissolved and the 
thionyl chloride was then removed by distillation. A trace amount 
of residual thionyl chloride was removed by vacuum pumping. 
The yellow solid obtained was further purified by sublimation 
under vacuum, yielding compound 8 (2.14 g, 91%). 
2,2'-[4-[(4-Nitrophenyl)azo]phenyl]iminobisethanol (6, 

Disperse Red 19). p-Nitroaniline (6.9g, 50 mmol) was dissolved 
in 18% hydrochloride solution (30 mL) and diazotized with 
sodium nitrite (3.45 g in 5 mL of H20,50 mmol) at 0-5 "C. The 
mixture was then added dropwise to bis(hydroxyethy1)aniline 
(8.9 g, 50 mmol) in concentrated hydrochloride solution (25 mL) 
at 0-5 O C .  The mixture was stirred for another 1 h, and saturated 
sodium acetate solution was then added to neutralize the mixture. 
The deep red precipitate was collected and washed several times 
with water. Recrystallization from ethanol gave compound 6: 
13.53,82%; mp 198-200 "C; lH NMR (DMSO-ds) 6 3.6 (s, 8 H, 

6.3 (d, J = 18 Hz, 2 H, Hg), 6.9 (d, J = 9 Hz, 4 H, Hd, 7.5 (d, J 

6.4 (d, J = 18 Hz, 2 H, Hg), 6.9 (d, J = 9 Hz, 4 H, H5), 7.5 (d, J 

NMR (DMSO-&) 6 6.55 (d, 2 H, OCCH=, J = 15 Hz), 7.57 (d, 

CHz), 4.90 ( ~ , 2  H, OH), 6.9 (d, 2 H, Ha, J = 15 Hz), 7.8 (d, 2 H, 
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Figure 1. Schematic diagrams of second harmonic generation 
experimental setup. Key: P, polarizer; BS, beamsplitter; S, 
sample polymer film; F, fundamental wavelength filter; ND, 
neutral density filter; D1, D2, detectors; OSC, oscilloacope; 
Boxcar, boxcar integrator. 
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Figure 2. Corona poling setup used in poling polymer thin films. 

Hg, J = 15 Hz), 7.9 (d, 2 H, Hr, J = 15 Hz), 8.3 (d, 2 H, Ha, J = 
15 Hz); the numbering of the protons is shown in Scheme I. Anal. 
Calcd for Cr&&O4: C, 58.16; H, 5.50; N, 16.96. Found C, 
58.00, H, 5.48; N, 16.99. 

Syntheses of Polymers. Polymer 1. The above compounds 
5 and 6 (1.67 g, 5.06 mmol) were dissolved in dioxane (15 mL), 
and pyridine (0.5 mL) was added to the Solution. The mixture 
was heated to reflux for 2 h under an argon atmosphere. The 
resulting polymer solution was poured into ethanol (20 mL), and 
the polymer precipitate was collected by filtration and washed 
with ethanol. The polymer was further purified by extraction 
in a Soxhlet extractor with ethanol and dried under vacuum 
overnight, yielding polymer 1: 3.1 g, 88%. Anal. Calcd for 
CsH98N408: C, 67.82; H, 5.51; N, 8.12. Found C, 66.64; H, 5.57; 
N, 8.00. 

Polymer 2. 8 (0.5 g, 1.96 mmol) and 6 (0.647 g, 1.96 mmol) 
were dissolved in dioxane (15 mL) and pyridine (0.5 mL) was 
added to the solution. The mixture was heated to reflux for 2 
h under an argon atmosphere. The resulting polymer solution 
was poured into ethanol (20 mL), and the polymer precipitate 
was collected by filtration and washed with ethanol. The polymer 
was further purified by extraction in a Soxhlet extractor with 
ethanol and dried under vacuum overnight, yielding polymer 2: 
0.94 g, 94%. Anal. Calcd for (C&wNlOs)n: C, 65.63; H, 4.69; 
N, 10.94. Found: C, 64.42; H, 4.82; N, 10.79. 

Polymer 3. Terephthaloyl chloride (1.93 g, 9.50 mmol) 
dissolved in dichloroethane (10 mL) was added dropwise to the 
mixture containing 1,6-dihydro~y-2,4-hexidiyne'~ (0.524 g, 4.75 
mmol), 6 (1.569 g, 4.75 mmol), dichloroethane (10.0 mL), and 
pyridine (3.0 mL). The resulting mixture was heated to 70 "C 
for 2 hand was then poured intoethanol. The polymer precipitate 
was collected and handled as for polymer 1: 3.32 g, 90%. Anal. 
Calcd for (C&&O&: C, 65.14; H, 4.00, N, 8.00. Found C, 
64.39; H, 4.14; N, 7.85. 

Polymer 4. The mixture of 11 (1.35 g, 4.55 mmol) and 6 (1.50 
g, 4.55 mmol) in dimethylacetamide (20 mL) was heated to 100 
OC for 2 h and was then poured into ethanol (50 mL). The 
precipitate was collected and washed with ethanol. The polymer 
was further purified by extraction in a Soxhlet extractor with 
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ethanol to yield polymer 4: 2.60 g, 91%. Anal. Calcd for 
C32HsoNeOe: C, 61.33; H, 4.83; N, 13.40. Found: C, 60.79; H, 
5.01; N, 13.36. 

Characterization of Monomers and Polymers. FTIR 
spectra were taken as pressed KBr pellets or polymer films cast 
on a sodium chloride crystal disk with a 1760 Perkin-Elmer FTIR 
spectrometer. UV/vis spectra were obtained on a Perkin-Elmer 
Lambda 4C UV/vis spectrophotometer. NMR spectra were 
recorded on JEOL FX-90 Q FT NMR or on a Bruker AC 250- 
MHz FT NMR spectrometer. Thermal analyses were performed 
using Perkin-Elmer DSC-7 and TGA-7 systems with a heating 
rate of 20 OC/min. Viscosity measurements were performed 
employing a Ubbelohde viscometer. 

NLO Measurements. Second-order nonlinear optical prop- 
erties such as the second-order nonlinear susceptibility tensor 
elements xi,&, second harmonic generation coefficients dijk, and 
electrooptic coefficients rijk are related to each other through the 
following equations! 
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Scheme I 
Synthesis of Polymer 1 

and 

(2) d,, = -(ni nj /ahijk 
where n is the refractive index of the nonlinear material. At  
fundamental frequency w differing from that of the measure- 
ments, w’, these nonlinear coefficients can be deduced from their 
dispersion relations on the basis of a simple two-level model.8 
The second harmonic generation coefficient can be expressed as 

2 2  

and the electrooptic coefficient at frequency w” as 

rip(w,w,O) = 

where wo is the frequency of the resonance peak; w‘ is the 
fundamental frequency used in measuring dijk, w and w” are the 
frequencies of interest, and fs are the local field factors. 

The second harmonic measurements were performed utilizing 
the setup shown in Figure 1. A Spectra-Physics DCR-11 
Q-switched Nd:YAG laser with pulse width of <lo ns and 10-Hz 
repetition rate was used as a fundamental source. The polymers 
were dissolved in chloroform and filtered through a 0.2-pm filter. 
The filtered solutions were spin-cast on transparent glass 
substrates with an IT0 conductive layer as the poling electrode. 
The polymer films were dried either by baking polymer films at 
90 OC for 10 min or leaving under ambient conditions for 2 days. 
Since the polymer films were very thin, there should be no 
chloroform residue in the films after these treatments. Exper- 
iments showed that both procedures gave identical results. The 
polymer film thickness ranged from several hundred to several 
thousand angstroms as measured with an Rudolph 43603-2003 
ellipsometer and a Dektak I1 profiler. The dried film was then 
heated to near or above its glass transition temperature T, and 
corona poled with an intense dc electrical field, as shown in Figure 
2. The poling conditions are as follows: temperature, 120-130 
OC; high voltage, 12-14 kV at needle point; poling time, -2 min; 
gap distance, ca. 1.5 cm; poling current, CO.1 mA. The polymer 
film was cooled to room temperature in the presence of an 
electrical field. 

The polymer sample was held at a 45O angle to the incident 
laser beam with the polarization of the beam in the incident 
plane. The second harmonic signals were detected by a pho- 
tomultiplier and averaged over 300 pulses with a boxcar integrator. 
A crystal quartz sample with known thickness and d coefficient 
was used as reference. The second harmonic coefficients of the 
polymer films were calculated by comparing their second 
harmonic intensity with that generated by the quartz sample, 
with the assumption that du = 3dls.19 The substrate (conducting 
IT0 glass) contribution to the second harmonic signal. -3 orders 
less than that of polymer films, was negligible. 

OE! 
I 

I 
ncH, + EIO-P=C-COOEI 

O (2) OHC ( 1 )  

NaH 
____r 

Ethylene glycol EtWCCH-HC (3) 
diethyl ether 

Polymer 1 
k N  

v 
Results and Discussion 

Syntheses of Monomers. Monomer 5 is prepared by 
a three-step reaction scheme (see Scheme I) starting from 
compound 1. We attempted to react 1 with malonic acid 
in pyridine. A mixture containing monoacrylic acid was 
obtained, which was difficult to  purify. The approach 
shown in Scheme I, in which a Wittig reaction has been 
employed, yields pure monomers. 3 can be synthesized in 
a relatively high yield, which is easy to purify and convert 
into monomer 5. Synthesis of monomer 6 is easily effected 
by using diazo coupling reaction. To prepare monomer 
8, we chose a simple approach as shown in Scheme 11, in 
which terealdehyde is reacted with malonic acid in eth- 
anol with piperidine and pyridine as catalysts. The final 
products contain a small amount of monoacrylic acid, 
which can be removed by extraction with chloroform. 

Synthesis of Polymer. Since disperse red dyes showed 
large second-order NLO effects,20 we utilized the difunc- 
tionality of disperse red 19 to prepare linear polymers. 
The initial aim of this work was to synthesize cross-link- 
able second-order NLO polymers. Chart I shows the target 
new polymers containing NLO chromophores, cross-link- 
able units and a flexible chain, the length of which can be 
varied to adjust the glass transition temperature of the 
resulting polymers. An example is shown in Scheme I 
where monomer 5, containing acryloyl chloride groups and 
a flexible chain, is polymerized with disperse red 19 to 
prepare polymer 1. Since the cinnamic group is a well- 
known photo-cross-linkable unit,15 polymer 1 is expected 
to be a photo-cross-linkable second-order NLO polymer. 
Using monomer 8 without a flexible chain segment, we 
prepared polymer 2 (see Scheme 11), which is also photo- 
cross-linkable, and physical studies indicate that this 
polymer possesses more interesting properties than poly- 
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Scheme IV 
Synthesis of Polymer 4 

"0- N-oH 

Scheme I1 
Synthesis of Polymer 2 

Pyridine 

NO2 

Polymer 2 

NO2 

Scheme 111 
Synthesis of Polymer 3 

n HO-CH~- CY- o 
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I 

(10) 

Pyrldine 
Dioxane 

Polymer 3 

mer 1, as will be shown below. Another approach for 
preparing cross-linkable polymers is based on the obser- 
vation that diacetylenes can be polymerized by heat or 
light initiation. If diacetylene can be incorporated into 
the polymer backbone, a cross-linkable site is then 
introduced into the polymer. Therefore, we chose the di- 
acetylene as comonomer in the synthesis of copolymer 3, 
as shown in Scheme 111. All of these polymerizations were 
carried out in dioxane or dichloroethane. For comparison, 
we synthesized polymer 4 without cross-linkable units, as 
shown in Scheme IV. The polymers obtained are all 
partially soluble in chloroform, THF, DMSO, and DMF 
and are soluble in m-cresol and N-methylphthalimide. 
Optical quality films can be cast by using the spin-coating 

" 3 2  

8 OCH3 

Polymer 4 

NO2 

Table I 
Physical Properties of Polymers 1-4 

polymers [TI," dL/g TB, OC T,, O C  X-,b nm 
1 0.30 92 120 460 
2 0.17 120 190 470 
3 0.27 122 455 
4 0.20 140 463 

N-Methylpyrrolidone is solvent. The value in visible region. 

technique. Viscosity measurements show that these 
polymers have an intrinsic viscosity around 0.2 dL/g as 
shown in Table I. Elemental analysis results fit the 
polymer structures drawn in Schemes I-IV. 

Characterization of Polymer. Figure 3 shows lH 
NMR spectra of polymers 1-4, in which the assignments 
are consistent with the structures drawn. For polymers 
1-4, the chemical shifts of the methylene group in the 
disperse red 19 unit appear a t  3.8 and 4.5 ppm, respectively. 
The spectrum of polymer 1 shows the chemical shifts of 
a flexible chain a t  1.6, 1.8, and 4.0 ppm. The chemical 
shifts due to vinyl protons of polymers 1 and 2 appear a t  
6.3 and 7.6 ppm with multiple peaks, which could be due 
to an end-group effect. The spectrum of polymer 3 shows 
a methylene (OCHzC=C) chemical shift a t  5.0 ppm, which 
has the same integration area as those for either OCHz or 
NCHz and provides further support for the polymer 
composition drawn in Scheme 111. The methyl chemical 
shift in polymer 4 appears to be overlapped with the me- 
thylene group in NCH2 a t  3.85 ppm. The assignments of 
all other chemical shifts according to the expected 
structures are indicated in Figure 3. 

FTIR spectra of polymers 1-4 are shown in Figure 4, in 
which absorptions due to nitro groups can be observed 
around 1520 and 1350 cm-l. For polymers 3 and 4, the 
carbonyl absorptions appear a t  1730 cm-l, while the car- 
bonyl absorptions in polymers 1 and 2 appear a t  1720 cm-' 
due to conjugation with vinyl group. The absorption band 
due to the vinyl group in polymer 1 is around 990 cm-l and 
the absorption due to the diacetylene unit in polymer 3 
appears around 2200-1950 cm-l. A sharp absorption a t  
3435 cm-1 for polymer 4 due to NH can be observed. 

The thermal properties of these polymers have been 
studied by employing DSC and TGA. Figure 5 shows DSC 
traces for these polymers from which Tg values can be 
deduced and are listed in Table I. I t  can be noted that 
the glass transition temperature of polymer 1 is lower than 
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Figure 3. lH NMR spectra of (a, top) polymers 1 and 4 and (b, bottom) polymers 2 and 3 (in CDC13). 
the others, which obviously is caused by introduction of 
the flexible chain segment. In polymer 4, there is hydrogen 
bonding due to the imide units, which increases the glass 
transition temperature. The differences in T, of these 

polymers have been reflected in the electrically poling 
dynamics, as will be discussed below. For polymers 1 and 
2, melting transitions were observed a t  120 and 183 "C, 
respectively, which have been supported by melting process 
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Figure 4. FTIR spectra of polymers 1-4. 
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Figure 5. Diagrams of DSC trace of polymers 1-4. 

observations and TGA data. When the polymers were 
heated in a melting tube, the molten state was observed 
a t  around 120 "C for polymer 1 and 190 "C for polymer 
2, and the TGA trace of polymer 2 shows no weight loss 
until 250 "C. For polymer 3, the process at 200 "C is a 
much broader, exothermic process and might involve more 
complicated process. TGA data show slight weight loss 
starting at 200 "C and a fast decomposition a t  250 "C. 
Polymer 4 shows no thermal process other than glass 
transition a t  140 "C in the DSC trace between 60 and 240 
"C. 

Linear Optical Properties. UV/vis spectra of the 
polymers, measured in thin films, show absorptions in the 
visible region, which is summarized in Table I. The 
difference in the absorption of these polymers is due to 
the difference in polymer backbone structures. Polymers 
1-3 have been tested for photoinduced cross-linking using 

t @ 633 nm 
-.A- @ 750 nm 
0 @BOO nm 
-0- @ 850 nm 

0 10 2 0  3 0  4 0  50 60 

Exposure Time (min.) 

Figure 6. Refractive indices as a function of exposure time to 
UV light for polymer 2, exposed by Karl Suss mask aligner (12 
mW/cmz at 405 nm and 6 mW/cm2 at 365 nm). 

a mercury lamp as UV light source. We observed a pho- 
tobleaching process in all these polymer systems. For 
example, polymer 2 is transparent from 640 nm to the 
near-infrared region. When polymer thin films are exposed 
to UV light, photobleaching occurs. Figure 6 is a plot of 
refractive indices measured from four-zone average el- 
lipsometry at different wavelengths as a function of 
exposure time. I t  can be seen that as the exposure time 
increased, the film index decreased rapidly a t  low exposure 
level and saturated a t  high exposure dose. After 40 min 
of exposure, the refractive index then achieved a stable 
value and an overall refractive index decrease of An > 0.3 
a t  633 nm in the exposed area was recorded. Solubility 
change has been observed for UV light exposed polymer 
thin films; the spot exposed cannot be washed out with 
chloroform while the area unexposed can be redissolved 
in chloroform. FTIR spectra detected a decrease in the 
intensity of vinyl proton absorption .in polymer 2 after 
exposure, which is a good indication of photo-cross-linking; 
however, the change is too small to permit quantitative 
calculation of cross-linking density. Furthermore, second 
harmonic generation measurements showed a considerable 
decrease in second-order NLO coefficients for these 
polymers after exposure. A reduction of 90% in d33 was 
observed for poled sample after a 40-min exposure. These 
refractive index changes and decreases in second-order 
NLO effects are mainly due to photoinduced cis-trans 
isomerization of the azo unit in NLO chromophores. This 
isomerization was demonstrated in Figure 7, where all of 
the spectra curves were plotted at same base-line setting. 
As the exposure dose increased, more trans isomer changed 
to the cis form and the absorption peak decreased. Further 
studies showed that after thermal annealing a t  80 O C  for 
polymer 1 and 140 "C for polymers 2-4 we could only 
partly recover the reduced refractive index and second- 
order NLO activities, which suggests that the cross-linked 
polymer matrix might hinder cis-trans isomerization. 

Although photobleaching reduces the NLO effect, the 
large index change of these polymers can be utilized in 
device fabrication. For example, it is possible to define 
channel wave-guide structures and other patterns simply 
by using a photomask and a conventional semiconductor 
device processing mask aligner. We have succeeded in 
fabrications of primary wave-guide structures. Detailed 
results will be reported elsewhere and will not be discussed 
in this paper.21 

NLO Properties. The second-order optical nonlin- 
earity of these polymers has been characterized via second 



1 Noexp. 
2 2 min. exp. 
3 5 min. exp. : 
4 IOmin. exp. : 
5 20 min. exp. : 
6 35 min. exp. : 
7 55 min. exp. 
8 75 min. exp. : 
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Figure 7. UV/vis absorption spectrum change at different UV 
exposure dose levels. 

Table I1 
NLO Properties of Polymers 1-4 

0.4 - 

0.2 - 

~ ~ ~ _ _ _ ~  

sample 
dm, pm/V x(*), ra, chromophore thickness, 

polymer (stabilized) 10-7 esu pm/V density,a % l m  

d(t)/d(O) polymer 3 
d(t)/d(O) polymer 2 

1 108 5.15 23 48 0.04 
2 250 12.70 26 68 0.05 
3 119 5.68 24 47 0.22 
4 223 10.65 22 52 0.28 

a Cl&sN,Od has been taken as the formula of the chromophores. 

harmonic generation (SHG). From measured second 
harmonic output, thin-film refractive indices, thickness, 
and absorbance a t  second harmonic wavelength, the 
magnitude of the SHG coefficients were calculated by 
comparing with quartz reference signal.lg The angular 
dependence pattern of the second harmonic signal was 
similar to that reported in ref 19 because the film 
thicknesses were very small. Since the second harmonic 
wavelength was about 60-70 nm away from the resonance 
peak, the coherence length became complex and therefore 
the absorption of polymer samples were included in the 
calculation.22~2~ The obtained stabilized dm values a t  1064- 
nm fundamental wavelength are listed in Table 11. The 
measurement errors were estimated -25 % ,including 10% 
uncertainty of quartz reference. These d33 values can be 
converted to x ( ~ )  values by using eq 1; thus, x ( ~ )  values of 
polymers 1-4 are also listed in Table 11. These polymer 
materials (polymers 2-4) showed a high stability in second- 
order NLO effect without exposure to UV light. Figure 
8 shows the temporal behavior of the second harmonic 
coefficients of polymers 1-4. It can be seen that polymer 
1 has poorer stability than polymers 2-4. The second 
harmonic coefficients, d33(t), of polymer 1 decayed rapidly 
to 40% within 100 h and then stabilized a t  40% of their 
maximum value. The reason for this fast decay is due to 
the lower glass transition temperature, ca. 90 "C, which 
is caused by introduction of the flexible chain. For 
polymers 2 and 3, the second harmonic coefficients, d33- 
( t ) ,  were stabilized a t  80-90% of their initial values, d33- 
(0). The difference between these two polymers in the 
stability of the d33 values might be due to a different 
polymer backbone because the phenylenediacrylic unit in 
polymer 2 is more rigid than the diacetylene unit in polymer 
3. In polymer 4, there exists hydrogen bonding, which 
plays the cross-linking role so that the dipole orientation 
after electrically poling can be stabilized. 

d(t)/d(O) polymer 1 
d(t)/d(O) polymer 4 

0 100 200 300 400 500 

-0 
1.27  

0.8 1 

0.6 1 

0 200 400 600 800 1000 1200 

-0 
Figure 8. Temporal behavior of second harmonic Coefficients 
of (a, top) polymers 1 and 4 and (b, bottom) polymers 2 and 3. 

Comparing these polymers with those doped with NLO 
molecules and those covalently functionalized with NLO 
moieties,5Jjwe note that the d33(t) values of these polymers 
are sizable, stable second-order coefficients reported in 
the literature. The difference in d33(t) values (see Table 
IT) for these polymers is related to the difference in chro- 
mophore density and the difference in resonant enhance- 
ments. If we take ClsH16N404 as the formula of the 
chromophore, the weight percentages of the chromophore 
in polymers 1-4 are listed in Table 11. Polymer 2 has 
highest density of chromophores and its absorption peak 
in the visible region (470 nm) is closer to second harmonic 
frequency than other polymers; therefore, polymer 2 has 
the largest resonance-enhanced d33 value. Polymers 1 and 
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3 have lower chromophore density; their stabilized d33(t) 
are smaller than other polymers. Polymer 4 has high chro- 
mophore density; its absorption is closer to second 
harmonic frequency and hence it has larger resonant 
enhancement than polymers 1 and 3. Therefore, polymer 
4 possesses a higher d33 value than polymers 1 and 3. Of 
course, we have not taken molecular interaction, which 
might have a significant contribution to the NLO effect, 
into consideration in the above discussion. 

For integrated optical applications, semiconductor lasers 
are the major light sources and transparent electrooptic 
materials are usually used. Hence, the second-order NLO 
coefficients near-infrared wavelength are more important. 
By use of a simple two-level model, the measured d33 values 
were extrapolated to 800-nm (near-infrared) wavelength, 
where the polymer films are transparent, to obtain the 
electrooptic coefficient r33 (electronic contribution) from 
eqs 3 and 4. The results are summarized in Table 11, from 
which we note that the r33 values for all these materials 
are similar; this is additional evidence supporting the 
statement above about resonant enhancement. I t  should 
be noted that this extrapolation was simply for comparison 
purposes since the damping effect or the line width of the 
dispersion has not been taken into consideration, although 
the second harmonic wavelength was quite close to the 
resonance peak. However, neglect of the line width should 
result in, mathematically, an underestimation of the non- 
linear coefficients a t  longer wavelength. Detailed mea- 
surements of electrooptical coefficients of these polymers 
a t  longer wavelengths are in progress and will be reported 
later. 

As mentioned above, photo-cross-linking resulted in a 
decrease of second-order NLO effects. After thermal 
annealing under vacuum a t  70-80 "C, we are able to 
partially recover the second-order NLO effects. Detailed 
studies will be presented elsewhere.24 

Conclusion 
Linear polymers containing dispersed red dye and cross- 

linkable groups have been synthesized. These polymer 
systems have very high chromophore density and large 
solubility in normal organic solvents. These polymeric 
materials without exposure to UV curing light exhibit very 
large and stable second-order NLO activities. In com- 
parison with those doped with NLO molecules and those 
covalently functionalized with NLO moieties, the x( * )  
values of these polymers are more promising in practical 
applications. Another feature of these polymer systems 
is the large photoinduced refractive index change, which 
has been utilized in the preparation of channel wave-guide 
structures. 
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