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ABSTRACT The photo-cross-linking of a polyurethane with pendanboriented NLO chromophores terminated 
with methacryloyl groups has been achieved using free-radical photoinitiators. Due to the presence of trans- 
stilbene groups in the chromophore, the photo-cross-linking step must be restricted to the methacryloyl 
double bonds, proceeding without concurrent trans-cis isomerization of the stilbene. This can be achieved 
using an organometallic photoiniator that absorbs at 632 nm. Due to the high temperature used to achieve 
poling of the NLO chromophores, addition of a hindered phenol is necessary to prevent the onset of thermal 
crosslinking. Imagewise photo-cross-linking of the oriented polymer can be used to produce a patterned 
material that exhibits a stable second-order NLO signal for several weeks at 100 "C. 

Introduction 
Polymers for devices based on electrooptic or second 

harmonic effects must have a stable, high second-order 
nonlinear optical (NLO) response. Polymers that exhibit 
second-order NLO properties require a noncentrosym- 
metric arrangement of the NLO active groups (chro- 
mophores). One method to achieve the needed order is 
to pole the chromophores with an electric field at  or above 
the Tg of the polymer, and the "freeze in" the alignment 
by cooling the polymer below the Tg prior to switching off 
the electric field. This method of aligning the chro- 
mophores has afforded polymers with large NLO 
responses. However, over time or at  elevated tempera- 
tures, the chromophores relax from the noncentrosym- 
metric arrangement and the NLO character of the polymer 
is lost.132 

One method to avoid this instability is to create a 
network while poling by cross-linking the polymer. This 
approach "locks" the chromophores into place by reducing 
the mobility of the polymer segments. Stabilization of 
the poled orientation has been achieved by thermally 
induced cross-linking3-%uch as curing of diepoxy/diamine 
systems,= diisocyanatel triol systems? and polymers 
bearing acrylate  group^.^?^ Alternately, some improvement 
of stability has been achieved through photoinduced 
crosslinking via either a [2 + 21 cycloaddition of 
cinnamates,"-l3 a photoactivated reaction of benzo- 
phenone with butenyl side groups,14 or a photocleavage of 
azides to nitrenes.15 However, these photochemical cross- 
linking reactions are incompatible with chromophores 
based on stilbene or azobenzene groups since the photo- 
chemistry also affects the double bond of the chromophore 
itself. 

One important distinction between photo-cross-linked 
systems and thermally cross-linked materials, is pattern 
delineation. Photo-cross-linking is inherently position- 
dependent by virtue of the fact that one can readily target 
specific areas of the sample for cross-linking and affect 
the solubility, thermal, and other material properties on 
a local scale. This patterning ability is commonly used in 
photoresist technology to facilitate the production of 
microelectronic devices for the semiconductor industry. 

e Abstract published in Advance ACS Abstracts, May 15, 1994. 

For nonlinear optical applications, the ability to pattern 
is critical for the production of complex poling patterns 
that may be required in some second-harmonic generation, 
as well as other, applications.16 While poling patterns can 
be generated in thermally activated materials, these 
patterns are limited to those that can be produced through 
a single poling step, since any poling of these materials 
erases any previous poling process. Additionally, the 
creation of complex electrode patterns can lead to 
problems, such as conductivity breaks, that are related to 
temperature cycling. On the other hand, photo-cross- 
linking can be used to generate multiple poling steps using 
a single planar electrode, with the pattern complexity 
limited only by the exposure masks used. 

The goal of the present work is to use photochemical 
cross-linking to stabilize the anisotropic alignment of the 
chromophores and to concurrently photoimage the poly- 
mers for device fabrication. Additionally, we have specif- 
ically targeted applications involving frequency doubling 
of laser diodes (800-850 nm). Such frequency doubling 
devices require material with optical transparency at  both 
the laser (IR) and the second harmonic (blue) wavelengths, 
i.e. colorless materials. In a previous short communica- 
tion,17 we have reported on the second harmonic relaxation 
studies of a cross-linkable polymer that contains a pendant 
sulfonamide chromophore.18 In this paper, we discuss the 
synthesis and characterization of a photo-cross-linkable 
polyurethane with NLO side chains, and the results from 
photo-cross-linking and electrooptic stability studies. 

Results and Discussion 

Our design for photopatternable NLO polymers is based 
on polymers containing reactive pendant groups that can 
be cross-linked using a photoinitiated radical process 
(Scheme 1). Polyurethane 1 has active side chains 
consisting of the NLO chromophore with a cross-linkable 
moiety at  its extremity. This design requires the use of 
a bifunctional monomer with one end for the attachment 
to the polymer and the other end for the attachment of 
the cross-linkable group. On the basis of its relatively 
high NLO activity, low A,,, and ease of synthesis, the 
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sulfonamide chromophore18 was chosen as the building 
block in our NLO active polymer. Monomer 2 (Scheme 
2) contains a diol functionality allowing it to be polymerized 
in a classical step growth process while also providing 
reactive pendant vinyl groups for the eventual photo- 
initiated cross-linking. 

Synthesis. Monomer 2 was synthesized by the Heck 
reaction'g as outlined in Scheme 2. Aryl bromide 3 was 
coupled with 4-tert-butyloxycarbony1)oxylstyrene in the 
presence of triethylamine and catalytic amounts of pal- 
ladium diacetate and tri-o-tolylphosphine. Subsequent 
deprotection with sodium methoside in methanol pro- 
duced the deprotected stilbene 4. Finally, the phenolate 
derivative of 4 was allowed to react with 3-bromopropyl 
methacrylate to give monomer 2 in 44% overall yield. 
Polymerization of monomer 2 with 5-isocyanato-l-(iso- 
cyanatomethyl) - 1,3,3- tr  imethylcyclohexane (isophor one 
diisocyanate) in a step growth process is outlined in Scheme 
1. This polymerization could not be achieved using the 

5 

6 7 

9 

extremely active catalyst, dibutyltin dilaurate, due to the 
occurrence of a troublesome transesterification side reac- 
tion of the methacrylate moiety.20 Therefore, the less- 
active catalyst, 1,4-diazabicyclo[2.2.2loctane was used to 
polymerize monomer 2 with isophorone diisocyanate. After 
purification by successive precipitation into ether and then 
into hexanes, polyurethane 1 (61% yield) was obtained 
with M, = 5000, Mw = 7700. 

DSC experiments indicate that the polymer undergoes 
a transition at 83 "C, which is assigned to the glass 
transition. The thermal degradation of the polymer, as 
studied in thermogravimetric analysis, begins at 305 "C. 
THF solutions of monomer 2 and polymer 1 show similar 
UV-vis spectra with an intense low-energy absorption band 
centered at  335 nm and a second absorption at 241 nm. 
The UV-vis spectrum of a thin film (2.7 pm) of the polymer 
on quartz shows an absorption cutoff at  402 nm. 

Photopolymerization. Our objective was to create a 
thermally stable, cross-linked network through a photo- 
induced radical polymerization of the pendant meth- 
acrylate moieties. In view of the two types of reactive 
double bonds that are present in polyurethane 1, it  is 
important to select polymerization conditions that only 
involve the methacrylic double bonds while leaving the 
stilbene moieties intact. Additionally, a trans to cis 
photoisornerization,2l either by direct or sensitized ir- 
radiation, must be avoided, since the cis isomer is 
significantly less efficient as a NLO chromophore than 
the trans isomer. Therefore, the photoinitiator used to 
cross-link the polymer must be photoactive outside the 
absorption region of the chromophore (absorbing to 400 
nm), and isomerization of the stilbene chromophore must 
be avoided. 

Various photoinitiators, that are sensitive to irradiation 
above 400 nm, were studied in the cross-linking reaction 
of polymer 1. These photoinitiators (Chart 1) included 
2,4,6-trimethylbenzoyldiphenylphosphineoxide (5),22p29 
2-methoxy-2-phenylacetophenone (6) in the presence of 
the sensitizer 4,4'-bis(dimethylamino)benzophenone (7),24 
2-benzyl-2-(Nfldimethylamino)- 1- (4morpholinophenyl)- 
l-butanone (8) ,= and bis(~-5,2,4-cyclopentadien-l-yl) bis- 
[2,6-difluoro-3-(~-pyrrol-l-yl)phenyll titanium (9).= The 
efficiency of the photoinitiators in the solid-state cross- 
linking reaction of polyurethane 1 was investigated by IR 
spectroscopy. Polymer films containing 5-10 wt % of the 
photoinitiator were irradiated in an inert atmosphere at 
elevated temperatures (100-150 "C). The changes in the 
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Figure 1. Change in infrared C = C  absorptions of polyurethane 
film containing 8 wt % 6 with increasing radiation dose (400 nm, 
110 "C). (a) Prior to irradiation; with irradiation of (b) 0.9, (c) 
3.8 J/cm2. 

IR absorption bands of the methacrylate double bond 
(C=C stretching frequency: 1637 cm-l) and the trans- 
stilbene double bond (C=C stretching frequency: 1591 
cm-1) were monitored before and after irradiation. Ad- 
ditionally, the trans to cis photoisomerization was inves- 
tigated by comparing UV-vis absorption spectra before 
and after irradiation. In general, both cis- and trans- 
stilbenes have two strong UV absorption bands. trans- 
Stilbenes exhibit a strong absorption band at longer 
wavelengths and a weaker absorption band at the shorter 
wavelengths. The reverse is true of the cis isomer for which 
the shorter wavelength absorption band is stronger than 
the longer absorption band.21 

The infrared absorption spectrum of an irradiated film 
(400 nm, 0.9 J/cm2, 110 "C) of polymer 1 in the presence 
of photoinitiator 5 showed no change in the C=C stretching 
frequency of the methacrylate double bond and a decrease 
(-12%) in the C - C  stretching frequency of the trans- 
stilbene moiety (Figure 1). The UV-vis spectrum of a 
similarly treated sample exhibited a decrease (-8% ) in 
the absorption band at 334 nm and slight increase (-4 5% ) 
in the absorption band at 242 nm (Figure 2). These 
absorption changes are consistent with a trans to cis 
isomerization of some of the stilbene groups. The IR 
spectrum of an irradiated polymer film in the absence of 
the photoinitiator shows only a small change (<2%) in 
the intensity of the stilbene C==C stretching frequency. 
Hence the loss of the stilbene may well be due to a 
sensitization of the stilbene by the photoinitiator. Ad- 
ditionally, longer irradiations of polymer films with 
photoinitiator 5 at the same or higher temperatures (up 
to 130 "C) cause even greater losses of the stilbene moiety 
while leading to only minimal decreases in the methacrylate 
double bond. For example, irradiation (400nm, 3.8 J/cm2, 
110 "C) of polymer 1 in the presence of photoinitiator 5 
causes a 30% decrease in the C=C stretching frequency 
of the stilbene moiety and only a 5 % decrease in the C=C 
stretching frequency of the methacrylate double bond 
(Figure 1). Hence, photointiator 5 is clearly not suitable 
for the photoinitiated radical cross-linking reaction of 
polyurethane 1. The photoinitiating system involving 
6-8 were similarly ineffective. Each of these systems 
caused an isomerization of the stilbene chromophore, 
which was deemed to be unacceptable in view of our goals 
of NLO activity. 

In contrast, photoinitiator 9 proved to be useful in the 
photopolymerization of polymer 1. Irradiation (532 nm, 
1.2 J/cm2, 150 "C) of polymer 1 in the presence of 
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Figure 2. Change in UV-vis absorptions of polyurethane f i b  
containing 8 w t  ?6 6. (a) Prior to irradiation; (b) with irradiation 
of 0.9 J/cm2 (400 nm, 110 "C). 
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Figure 3. Change in infrared C = O  and C==C absorptions of 
polyurethane film containing 10 wt 5% 9 with incrsaeing radiation 
dose (532 nm, 150 "C). (a) Prior to irradiation; with irradiation 
(b) 1.2, (c) 3.2 J/cm2. 

photoinitiator 9 produced an insoluble film. The infrared 
absorption spectrum showed a decrease (-25%) in the 
C=C stretching frequency of the methacrylate double 
bond and only a slight decrease ( - 5 % )  in the trans- 
stilbene moieties (Figure 3). Also observed was a shift of 
the C 4  stretching frequency from 1717 to 1720 cm-I, 
which is consistent with a loss in conjugation due to the 
reaction of the methacrylate double bond. Increasing the 
radiation dose to 3.2 J/cm2 increases the cross-link density, 
as revealed by a large decrease in the methacrylate double 
bond region (-40% ). However, the irradiation dose also 
causes a -20% loss in the trans-stilbene double bond 
region (Figure 3). The UV-vis spectrum of a similarly 
treated film exhibited a decrease in both the absorption 
band at 334 nm ( N 19 5% ) and the lower energy band at  242 
nm ( - 7 % ) (Figure 4). This decrease in both absorption 
bands indicates that, in this case, the loss of the trans- 
stilbene moiety is not due to a photoisomerization. 
Instead, the reduction of the trans-stilbene is most likely 
caused by a radical reaction of the stilbene double bond.2s 
This is supported by the following observations: the UV- 
vis of a polymer film containing 5 wt  % AIBN heated to 
100 "C in vacuum for 12 h shows a decrease in both of the 
absorption bands, while no change is seen in a control 
experiment a t  100 "C in the absence of AIBN. 
Imaging. In view of our goal to photopattern the NLO 

polymer while concurrently stabilizing the poled chro- 
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Figure 4. Change in UV-vis absorptions of polyurethane film 
containing lOwt % 9. (a) Prior toirradiation; (h) withirradiation 
of 3.2 J/cm2 (532 nm, 150 "C). 

mophores, it  is important that no thermal cross-linking 
reaction occurs under the conditions used for the poling 
and phohrw-linking steps. We have previously shown" 
that some thermal cross-linking occurs when the polymer 
film is heated to the poling temperature (150 "C). 
However, this thermal event can be almost completely 
eliminated by incorporating0.5 wt % of a hinderedphenol 
radical inhibitor, 2,2-bis[[[3,5-bis(l,l-dimethylethyl)-4- 
hydroxyphenyll-1-oxopropoxylmethyll-1,3-propanediyl3,5 
bis( l,l-dimethylethyl)-4-hydroxybenzenepropanoate 
(Irganox 1010). Therefore, using standard photolitho- 
graphic techniques in combination with this thermal 
inhibitor, the cross-linking reaction can be exclusively 
confined to exposed regions of the polymer film and can 
be achieved simultaneously with the poling step. This 
allows for any image development step that would he 
required in device fabrication. 

To demonstrate this, the polymer film containing 10 wt 
% of photoinitiator 9 and 0.5 wt % of Irganox 1010 was 
irradiated at 532 nm (3.9 J/cm2) and at 150 "C through 
amaskwith5ymfeatures. For thepurpaes of illustration, 
the pattern was developed in 2-propanokchloroform (1:l 
v/v). The scanning electron micrograph of the resulting 
image is shown in Figure 5. 

The photo-cross-linking process occurred as expected 
resulting in a developed polymer film that faithfully 
reproduced the pattern of the exposure mask. In this case, 
the resolvingpower of the process, i.e. the smallest feature 
attainable, is clearly determined by the mask. In actual 
device fabrication, the development step could be elimi- 
nated and the photo-cross-linking step repeated several 
times on a poled sample, with the final processing step 
involving a flood exposure to fully cross-link the film in 
the absence of the electric field. 

Electrooptic Experiments. The effect of the cross- 
linking on the long-term stability of the NLO response 
was monitored using the electrooptic (EO) effect. A 
polymer film containing 10 wt % photoinitiator 9 and 0.5 
wt % Irganox 1010 was heated to 150 "C and simulta- 
neouslypoled (50VDC) andirradiated(532nm.4.2 J/cm2). 
The sample was slowly cooled to 100 OC before removal 
of the poling field. The electrooptic coefficient (r33 = 0.5 
pm/Vat633nm)at100°Cwasthenmeasuredasafunction 
of time. The normalized electrooptic signal for the crow 
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Figure 5. Scanningelectron micrograph of negative tone image. 

Figure 6. Normalized electrooptic signal an a function of time 
at 100 OC. 

linked polymer film is depicted in Figure 6. There is little 
orientational relaxation occurring, even over the period of 
30 days. This is in sharp contrast to the results for the 
uncross-linked film at a similar temperature. In that case, 
the experimental temperature is much higher than the 
glass transition temperature (85 "C), and the orientational 
relaxation timewould be expectedto beon themicrosecond 
scale. Therefore, the net effect of the cross-linking is to 
significantly shift the orientational relaxation time at 100 
OC. 

Conclusions 
We have shown through W and IR experiments that 

polyurethane 1 can be photochemically cross-linked 
without significantly affecting the NLO chromophores. 
In addition, we have successfully demonstrated simple 
photoimaging capabilities of our NLO polymer. Micro- 
meter-scale patterns that faithfully reproduced the fea- 
tures of the exposure mask were generated and developed. 

The long-term orientational stability at elevated tem- 
peratures displayed by these photo-cross-linked systems 
represent some of the best results published to date. This 
stability is crucial for integrated optic applications which 
may require short-term stability during processing at 
elevated temperatures, e.g. wire bonding as well as long- 
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were recorded in THF on a Perkin Elmer Lambda 6 UV-visible 
spectrophotometer. IR spectra were obtained on a Nicolet IR/ 
44 from KBr pellets or as polymer films on NaCl disks. The 
melting points are uncorrected. DSC measurements were 
obtained on a Mettler DSC 30 instrument with a heating rate of 
10 "C/min. Tg was taken as the midpoint of the inflection tangent. 
Thermogravimetric analyses were measured on a Mettler TG50 
thermobalance with a heating rate of 20 "C/min. Gel permeation 
chromatography (GPC) was obtained using three 5-pm Hewlett- 
Packard columns (330 x 7.7 mm) connected in series in order of 
increasing pore size (100 A, 500 A, IO00 A; flow rate 1 mL/min; 
40 "C) with a Wyatt Technology Corp. DAWN F laser 
photometer and a Waters 410 differential refractometer; data 
analysis was performed with ASTRA software, version 2.02. 
N~-Bis(2-hydroxyethyl)-4-bromobnze1nesulfonamide (3). 

A solution of 4-bromobenzenesulfonyl chloride (5.0 g, 19.6 mmol) 
in CHC& (60 mL) was added dropwise to diethanolamine (6.19 
g, 58.9 mmol) in CHCl3 (45 mL). After stirring at  rt for 18 h the 
reaction mixture was poured into ice-cold water and the 
precipitate was filtered off. The CHC& phase was washed several 
times with water, dried over magnesium sulfate, concentrated 
under reduced pressure, and combined with the vacuum-dried 
precipitate. Recrystallization from CHCla gave 5.25 g (83 % ) of 
colorless 3 mp 99-101 "C; 'H NMR 6 3.19 (s,2H, OH), 3.28 (t, 

4H,CH);13CNMR652.8,62.1,127.9,128.8,132.5,137.4;IR3308 
(br), 1339,1167 cm-I. Anal. Calcd for C&IIJBrNO,S: C, 37.05; 
H, 4.35; N, 4.32; Br, 24.65; S, 9.89. Found: C, 37.24; H, 4.59; N, 
4.34; Br, 24.81; S, 10.02. 

4-Hydroxy-4'- [ N,N-bis( 2-hydroxyet hyl) sulfamoyl]stil- 
bene (4). A mixture of 3 (3.00 g, 9.25 mmol), 4-[(tert-butoxy- 
carbonyl)oxylstyrene (t-BOC-styrene) (3.04 g, 13.9 mmol), pal- 
ladium(I1) acetate (0.021 g, 0.09 mmol), tri-o-tolylphosphine 
(O.O86g, 0.28 mmol), and triethylamine (1.40 g, 13.9 mmol) in dry 
acetonitrile (65 mL) was refluxed for 3 days. After removing the 
solvent in vacuo, the residue was redissolved in CHCl3, washed 
with water, and dried over MgSO,. The crude product, a mixture 
of t-BOC-substituted product and the final product, was dissolved 
in THF and treated with sodium methoxide in methanol (0.64 
g/30 mL). Aqueous workup and recrystalliition from acetonitrile 
yielded 2.71 g (81 %) of 4 mp 210-211 "C; 'H NMR (acetone-de) 
6 3.27 (t, J = 5.6, 4H, CHzN), 3.74 (m, 4H, CH20), 4.24 (t, J = 

J = 16.3, lH,  CH=CH), 7.36 (d, J = 16.3, lH,  CH=CH), 7.74, 
7.81 (AA'BB', 4H, 2'-, 6'-H, 3'-, 5'-H); 13C NMR (acetone-de) S 
53.0, 62.1, 116.5, 124.6, 127.3, 128.2, 128.9J29.3, 132.6, 143.2, 
158.8,206.1; IR 3250 (br), 1328,1155 cm-l. Anal. Calcd for CIS- 
H21NOaS: C, 59.49; H, 5.82; N, 3.85; S, 8.82. Found C, 59.50; 
H, 5.99; N, 3.88; S, 8.88. 

4-1 (3-Met hacryloylpropyl)oxy]-4'-[ N,N-bis( 2- hydroxy- 
ethyl)sulfamoyl]stilbene (2). A suspension of stilbene 4 (25.0 
g, 68.8 mmol) and NaOH (2.76 g, 69.0 mmol) in methanol (350 
mL) was stirred at 50 "C until all NaOH was dissolved. After 
removal of the methanol in vacuo, the residue was dissolved in 
DMF (65 mL) and added dropwise to asolution of 3-bromopropyl 
methacrylate (16.0 g, 77.4 mmol) and 2,6-di-tert-butyl-4meth- 
ylphenol(O.07 g, 0.3 mmol) in DMF (40 mL). After 12 h of stirring 
at  rt, water was added and the precipitate was filtered off. Flash 
chromatography (CHCWMeOH 1 0 1  viv), followed by recrys- 
tallization (CHCWhexanes 4:l v/v), gave 22.3 g (66 % ) of colorless 
2: mp 101-102 "C; 'H NMR 6 1.93 (8,3H, CHs), 2.17 (m, 2H, 

(m, 4H, HOC&), 4.08 (t, J = 6.2, 2H, PhOCHz), 4.34 (t, J = 6.2, 

J 5.6,4H, CHzN), 3.83 (t, J = 5.6,4H, CHzO), 7.69 (AA'BB', 

5.7, 2H, OH), 6.87, 7.50 (AA'BB', 4H, 3-, 5-H, 2-, 6-H), 7.14 (d, 

CH~CHZCH~), 2.36 (bs, 2H, OH), 3.28 (t, J =  4.8,4H, CHzN), 3.87 

2H, CHzOOC), 5.55, (8 ,  lH,  CH), 6.09, (8, lH, CH), 6.89, 7.45 
(AA'BB', 4H, 3-, 5-H, 2-, 6-H), 6.96 (d, J = 16.3, lH, CH=CH), 
7.16 ( d , J =  16.3, lH, CH=CH), 7.58,7.75 (AA'BB', 4H, 2'-, 6'-H, 
3'-,5'-H)~'3CNMR618.3,29.0,52.9,61.9,62.0,65.2,115.5,125.3, 
125.6,127.3,128.4,129.1,130.3,132.2,137.2,137.9,142.9,160.0, 
167.3; UV-vis A,, (log c) = 241 (3.884), 337 nm (4.209); IR 3341 
(br), 1712, 1705, 1639, 1592, 1334,1155 cm-I. Anal. Calcd for 
C&31NO,S: C, 61.33; H, 6.38; N, 2.86; S, 6.55. Found: C, 61.15; 
H, 6.28; N, 2.85; S, 6.44. 

Polyurethane 1. To isophorone diisocyanate (1.6682 g, 7.505 
mmol) in dry THF (75 mL) were added at  rt 2 (3.6743 g, 7.505 
mmol), 2,6-di-tert-butyl-4methylphenol(O.l5 g, 0.67 mmol), and 
finally diazabicyclo[2.2.2loctane (0.226 g, 2.0146 mmol). The 

term stability at operating temperatures. Better results 
may be achievable using higher cross-linking temperatures; 
however, a problem of chemical stability may need to be 
addressed under these conditions. Clearly more studies 
need to be performed to optimize the poling and cross- 
linking conditions before practical optical devices based 
on such photopolymers can be produced. 

Experimental Section 
Phdopolymerieation Studies. For the IR studies, solutions 

of 18-22 wt % 1 in 1,2,3-trichloropropane (TCP) containing 5-10 
wt % (referring to the amount of polymer) photoinitiator were 
filtered through a 0.5-pm filter (Millipore, Millex-SR) and then 
spincast onto NaCl substrates, a t  2000 rpn to give 2.0-2.6 pm 
thick films. For the UV-vis studies, the solution concentrations 
ranged from 3-5 wt % and were spincast onto quartz substrates 
at 3000 rpm to give ca. 0.25 pm thick films. The films were baked 
at 110 OC for 15 min to evaporate residual solvent. The f i i  
thicknesses were determined on an Alpha step 200 instrument. 
All irradiations were done under an inert atmosphere. Polymer 
films containing photoinitiator 5-8 were irradiated with a 350-W 
Hg lamp through a 400-nm interference filter (10-nm bandpass). 
Polymer films containing photoinitiator 9 were irradiated with 
either a 350 W Hg lamp through a 436 nm interference filter (10 
nm bandpass) or with a frequency-doubled cw mode locked Nd: 
YAG laser at 532 nm. Infrared spectra were obtained with a 
Nicolet IR/44. The peak heights of the methacrylate double 
bond absorbance (1637 cm-I) and the trans-stilbene double bond 
absorbance (1591 cm-I) were normalized with respect to the 
carbonyl absorbance (1719 cm-l) to adjust for any variances in 
the film thickness. UV-vis spectra were obtained on a Perkin 
Elmer Lambda 6 or a Nicolet 9430 UV-Visible spectrophotometer. 

Electrooptic Measurements. Indium tin oxide (IT0)- 
covered glass substrates (2.5 X 2.5 cm) were dipped halfway into 
hydroiodic acid (55 % in water; 50 "C), for 30 s to remove the 
I T 0  coating, polished with 0.5-pm aluminum oxide paste, cleaned 
with detergent, and carefully rinsed with water. Solutions of 22 
wt % of polymer 1 in 1,2,3-trichloropropane (TCP) containing 
2 wt % photoinitiator 9 were stirred overnight before being fiitered 
through a 0.5-gm filter (Millipore, Millex-SR). The resultant 
solutions were immediately spincast onto ITO-coated glass 
substratesat 2000rpm togive ca. 2.5-rm &hick fiis. After baking 
the films at 96 "C and 0.03 torr for 12-15 h to remove residual 
solvent,dumbbell-shaped electrode (50A chromium, 1000Agold) 
were deposited. 

The electrooptic setup used was similar to that of Schildkraut.2B 
The sample was mounted in a nitrogen-purged temperature 
chamber and an AC voltage (20 VAC p p  @ 1 kHz) was applied 
to the electrodes. Linearly-polarized light (1 mW, 633 nm or 830 
nm) from a HeNe laser was passed through a variable-phase 
retardation plate and directed onto the sample. The reflected 
light beam was passed through a polarizer, interference filter, 
and detected by a photodiode. The resultant photodiode signal 
modulated at the applied voltage frequency (1 kHz) was detected 
using a Lockin amplifier. The electrooptic signal was determined 
by normalizing the modulated photodiode signal to the laser 
intensity (DC photodiode signal). 

Synthesis. All experiments were carried out under nitrogen 
or argon. The starting materials were purchased from Aldrich 
and used without purification except isophorone diisocyanate 
and methacryloyl chloride which were distilled under vacuum 
(110 "C/O.l mmHg and 0 "C/10 mmHg, respectively). 3-Bro- 
mopropyl methacrylate was made according to literaturen and 
purified by distillation (46-52 "C/0.25 mmHg). The photo- 
initiators (5,8, and 9) and radical inhibitor (Irganox 1010) were 
gifts from Ciba-Geigy. Solvents were dried following standard 
procedures.28 All compounds can be easily spotted on TLC silica 
plates containing a fluorescent dye (Merck, Kieselgel60 Fm). 
Merck Kieselgel60 (230-400 mesh) was used for flash chroma- 
tography. 'H and lsC NMR spectra were recorded on a Bruker 
WM300 spectrometer (300 MHz and 75 MHz, respectively) using 
deuteriochloroform as a solvent and an internal standard, except 
as stated. Signal assignments were made on the basis of literature 
data.2stm All coupling constants are in hertz. UV-vis spectra 
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solution was refluxed for 10 d. After quenching with 5 mL of dry 
methanol and stirring for 1 h at rt, the polymer was successively 
precipitated into diethyl ether and hexanes: yield 3.28 g (61 5%) 
of colorless 1: 'H NMR (DMSO-&) 6 0.59-1.15 (m, 13H), 1.31- 
1.57 (m, 2H), 1.86 (s,3H, C H d C H d ,  2.07 (br s,2H, CHZCHZ- 
CH2), 2.70 (br s,2H, CH2NH) 3.35 (br s,4H, NCHZCHZO), 3.47, 
3.49 (2 s, together lH, C H " ) ,  3.55 (br 8, 2H, NH) 4.06 (br. s, 

5.66 (e, lH,vinylCH2),6.03 (s,lH,vinylCHd,6.95,7.39 (AA'BB', 
4H,arom H), 7.16, (d, J =  16.4, lH,  vinylCH), 7.35, (d, J =  16.4, 
lH, vinyl CH), 7.74 (AA'BB', 4H, morn H); 13C NMR (DMSO-de) 
6 18.0,23.1,27.0,27.4, 29.9,31.2,34.9,35.6,35.7,41.2,44.0,45.5, 
46.6, 47.6, 51.5, 54.4, 61.3, 62.2, 64.4, 114.7, 124.4, 125.7, 126.8, 
127.4,128.3,129.2,131.4,135.8,136.4,141.9,154.9, 156.4,158.7, 
166.5; UV-vis X, (log t) = 242 nm (4.173), 332 nm (4.295); values 
of c are calculated relative to the repeating unit); IR 1719,1637, 
1591 cm-'. Anal. Calcd for (CB,HIBNBO&),: C, 62.43; H, 6.94; 
N, 5.90; S, 4.50. Found: C, 62.16; H, 6.87; N, 6.13; S, 4.37. M, 
= 5,000, M, = 7,700; TB = 85 "C. 
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