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ABSTRACT Novel difunctional nonlinear optical (NLO) azo compounds with exceptional thermal stability 
have been synthesized and incorporated into side-chain and cross-linked polymers. The nonlinear optical 
response of these polymers has been studied with second-harmonic generation and electrooptic 
measurements. Channel waveguide intensity modulators displayed an electrooptic coefficient of 13.1 
P f l .  

Introduction 
Organic polymers with stable second-order optical 

nonlinearity are desired for use in electrooptical devices. 
An increasing number of publications have appeared in 
which the orientational stability is being improved by 
the use of cross-linked polymers. These nonlinear 
optical (NL0)-active cross-linked polymers can be di- 
vided into two classes: those in which the NLO chro- 
mophore is attached to the polymer network at  one end 
(cross-linking is around the NLO chromophore) and 
those in which the NLO chromophore is attached at 
more than one point (the NLO chromophore is a cross- 
link). Several reports of the first class of material have 
appeared, and modest improvements in the mainte- 
nance of dipole orientation at  elevated temperatures 
were observed.l-12 

More recently, many reports of the second class of 
cross-linked NLO-active materials have appeared. 13-24 
These reports discuss materials which incorporate NLO 
chromophores of high nonlinearity and good stability 
a t  elevated temperatures into cross-linked matrices by 
attachment at both the electron-donor and the electron- 
acceptor ends. The increase in orientational stability 
resulting from cross-linking has been established by 
several reports which compare second-harmonic genera- 
tion (SHG) stability of polymers before and after cross- 
linking.20-22 Stability of NLO response at temperatures 
as high as 125 "C has been observed.21,22 This degree 
of stability was achieved by Xu e t  al. using "double- 
ended chromophores"-molecules with two different 
polymerizable functionalities at  each end of the NLO 
chromophore. A similar scheme involving stepwise 
polymerization of two functionalities to give NLO-active 
cross-linked polymers was recently reported by Beecher 
et a1.24 

We have reported optically nonlinear materials made 
by incorporating 3-amino-5-[4-(N-ethyl-N-(2-hydroxy- 
ethyl)aminolbenzylidenelrhodanine (RA) into a cross- 
linked polymer via stepwise reaction of amino and 
hydroxyl groups with a trifunctional i s o ~ y a n a t e . ~ ~ - ~ ~  
This molecule, with a hydroxyl group at  the electron- 
donor end and an amino group at  the electron-acceptor 
end, is similar in principle to  the double-ended chro- 
mophores described above. However, while those ma- 
terials comprise molecules which can be cross-linked by 
stepwise polymerization of two functionalities, different 
polymerization mechanisms must be used. In contrast, 
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the functional groups on RA were reacted stepwise with 
the same reagent, a trifunctional isocyanate (Tolonate 
HDT). The hydroxyl and amino functional groups of RA 
are cross-linked by the same mechanism, although at  
vastly differing rates due to their differing reactivity. 

With the cross-linked RA-HDT system, very little 
relaxation of the noncentrosymmetric alignment was 
observed, even at  100 "C for extended periods of time. 
The decrease in SHG that was observed revealed 
another practical problem with most systems studied 
for their optically nonlinear properties-thermal insta- 
bility of common NLO chromophores. We believe that 
nearly all of the SHG decay observed in the RA-HDT 
material was due to thermal instability of the NLO 
c h r o m ~ p h o r e . ~ ~ ~ ~ '  Other molecules we developed for 
NLO materials, such as nitrophenylbarbituric acid 
derivatives,26,2s had very high p/3 values but were also 
found to degrade upon extended heating in polymer 
films. Instability of NLO chromophores, which has been 
observed by other researchers as well,29-31 is critical for 
device operation for very long times at  temperatures 
ranging from -40 to +80 "C. 

The molecules reported herein resulted from our 
search for molecules with good thermal stability as well 
as high NLO activity, good solubility, difunctionality, 
and easy synthesis. The compounds are azo dyes, 
employing a functionalized nitrobenzimidazole group as 
the electron acceptor. A preliminary account of this 
work has been published.32 The benzimidazole struc- 
ture was chosen because poly(benzimidazo1es) are known 
to be very stable high-temperature polymers33 and 
because the trivalent imidazole nitrogen offers a site for 
functionalization of the molecule. The chemistry and 
synthesis of both  benzimidazole^^^ and azo compounds35 
are well-known, as are diazotizations of amino-func- 
tional  benzimidazole^.^^ The azobenzimidazoles de- 
scribed here exhibited excellent thermal stability as well 
as high optical nonlinearity and are easily synthesized 
with different functionalities at  each end of the mol- 
ecule. 

These azobenzimidazoles have been incorporated into 
cross-linked NLO-active polymers by reaction of an 
aminohydroxy functional compound with Tolonate HDT, 
as was done for RA. In addition, functionalized linear 
polymers have been made which can be cross-linked 
analogously to the double-ended chromophore materials. 
The synthesis, thermal stability, and NLO properties 
of these azobenzimidazole compounds and polymers will 
be discussed here. In addition, results from the fabrica- 
tion of Mach-Zehnder devices will be presented. 
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Scheme 1. Synthesis of Azobenzimidazole Compounds 

acid or base 

I 

I 0 

Experimental Section 

Synthesis. Azobenzimidazole compounds were synthesized 
according to  Scheme 1. Substituted 2-amino-5-nitroanilines 
(A), prepared by reactions of 2-fluoro-5-nitroaniline with 
primary amines, were reacted with p-acetamidobenzaldehyde 
and hydrolyzed to yield 1-substituted 2-(4-aminophenyl)-5- 
nitrobenzimidazoles (B). Direct formation of benzimidazoles 
from aldehydes and phenylenediamines as performed here was 
described by Stephens and Bower.3s Diazotization of com- 
pounds (B) and coupling with the appropriate aniline gave the 
azobenzimidazoles (BI, BIN2, and 3-14). Representative 
experimental procedures for each step of the synthesis are 
given below, using BIN2 as an example. lH NMR and melting 

N 
H \  

point data for compounds which are not included here were 
submitted as supplementary material. 
2-(N-Ethylanilino)ethanol, N,N-diethylaniline, and N-phen- 

yldiethanolamine were used as received from Aldrich Chemical 
Co. N,N-Bis(2-hydroxypropyl)aniline was used as received 
from Aldrich Chemical. N-(2-Aminoethyl)-N-ethylaniline (used 
in the synthesis of 5 and 6) and N-(2-acetamidoethyl)=N- 
ethylaniline (used in the synthesis of 10) were synthesized by 
the method of F a ~ i o . ~ ~  2-(N-Ethylanilino)ethyl N-[2-(meth- 
acryloyloxy)ethyl]carbamate (used in the synthesis of 11 and 
13) and N-ethyl-N-[2-(methacryloyloxy)ethyllaniline (used in 
the synthesis of 12) were synthesized as below. 
2-(2-Aminoethyl)amino-5-nitroaniline (A, R' = CHa- 

CHJV"H). A solution of 100 g (0.641 mol) of 2-fluoro-5-nitro- 
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aniline in 150 g (2.5 mol) of ethylenediamine and 350 mL of 
ethanol was refluxed for approximately 16 h. The hot solution 
was filtered to remove the ethanol-insoluble side product N,"- 
bis(2-aminopheny1)ethylenediamine. The filtrate was cooled, 
and the 2-(2-aminoethyl)amino-5-nitroaniline (mp 132-135 "C) 
was collected and rinsed with ethanol. The yield was 89 g 

ArH), 6.50 (d, lH, ArH), 5.89 (s, lH,  NH), 5.15 (s, 2H, NHz), 
(68%). 'H NMR (DMSO-&): 6 7.51 (d, lH,  ArH), 7.40 (s, lH,  

3.20 (q, 2H, CHd, 2.75 (t, 2H, CHd, 1.5-2.5 (br, 2H, "2). 
1-(2-Aminoethy1)-2-(4-aminopheny1)-5-nitrobenzimi- 

dazole (B, R' = CH2CHW2). A solution of 20.6 g (0.10 mol) 
of 2-(2-aminoethyl)amino-5-nitroaniline and 16.6 g (0.10 mol) 
of p-acetamidobenzaldehyde in 100 mL of acetic acid was 
refluxed for approximately 16 h. The solution was cooled, and 
water was added until a precipitate formed. A pale yellow 
solid (21.5 g, 57% yield), spectroscopically confirmed as 1-(2- 
acetamidoethyl)-2-(4-acetamidophenyl)-5-nitrobenzimida- 
zole, was collected and rinsed with water. 'H NMR (DMSO- 

7.90 (t, lH, NH), 7.85-7.70 (m, 6H, ArH), 4.40 (t, 2H, CHd, 

A 7.5 g (20 mmol) portion of the above product was added 
to  a mixture of 40 mL of water, 10 mL of concentrated HC1, 
and 20 mL of ethanol, and the solution was refluxed for 
approximately 16 h. After the solution cooled, an aqueous 1.0 
M NaOH solution was used to neutralize the pH. A dark 
yellow solid (mp 204-206 "C) was obtained in 72% yield. 'H 

(d, lH, ArH), 7.55 (d, 2H, ArH), 6.70 (d, 2H, ArH), 5.75 (s,2H, 

1 - (2-Aminoethyl)-2- [4- [4- [N- (2-hydroxyethyl) -N-eth- 
ylaminolphenyllazolphenyl]-5-nitrobenzim cBIN2). 
In 200 mL of concentrated HC1 was dissolved 30.47 g (0.10 
mol) of 1-(2-aminoethy1)-2-(4-aminopheny1)-5-nitrobenzimida- 
zole. To this solution was added 200 mL of ice water, and the 
solution was cooled in an ice bath. Sodium nitrite (7.3 g, 0.10 
mol) in 50 mL of water was added slowly while the tempera- 
ture was kept below 10 "C. To the resulting solution was 
added a third solution of 16.98 g (0.10 mol) of 2-(N-ethylanili- 
no)ethanol in 50 mL of ethanol. The purple solution was then 
poured into 200 mL of ice water and neutralized with 2 N 
NaOH, while ice was added as required to  keep the temper- 
ature below 10 "C. As the pH was neutralized, an orange 
precipitate formed. The solid was collected and added to  600 
mL of ethanol. This slurry was heated to reflux. The ethanol- 
insoluble product (38 g) was collected and rinsed with hot 
ethanol. At this point the material exhibited two spots by thin- 
layer chromatography. Recrystallization from pyridine yielded 
13.0 g of the pure compound (mp 198 "C, 24% yield). 'H NMR 

2H, ArH), 7.95 (m, 3H, ArH), 7.80 (d, 2H, ArH), 6.85 (d, 2H, 
ArH), 4.86 (br, lH, OH), 4.40 (t, 2H, CHd, 3.62 (t, 2H, CHd, 
3.51 (m, 4H, CHz), 2.92 (t, 2H, CHd, 1.18 (t, 3H, CH3). 

2-(N-Ethylanilino)ethyl N-[2-(Methacryloyloxy)ethyll- 
carbamate. 2-(N-Ethylanilino)ethanol(31.1 g, 0.188 mol) and 
24socyanatoethyl methacrylate (29 mL, used as obtained from 
Dow Chemical) were added to 125 mL of dry pyridine. 
Catalytic amounts of triethylenediamine and dibutyltin di- 
laurate were added. The solution became warm. After 10 min 
the reaction was shown to  be complete by thin-layer chroma- 
tography, and the pyridine was removed with a rotoevaporator, 
yielding a colorless oil. The yield was 55 g or 92%. 'H NMR 

ArH), 6.55 (t, lH,  ArH), 6.05 (s, lH, vinyl), 5.68 (9, lH ,  vinyl), 

ds): 6 10.26 (s, lH, NH), 8.52 (s, lH, ArH), 8.20 (d, lH, ArH), 

3.35 (t, 2H, CHz), 2.10 (s, 3H, CH3), 1.55 (s, 3H, CH3). 

NMR (DMSO-&): 6 8.48 (s, lH,  ArH), 8.28 (d, lH, ArH), 7.80 

NHz), 4.44 (t, 2H, CHz), 3.0 (t, 2H, CHd. 

(DMSO-&,): 6 8.60 (9, lH, ArH), 8.23 (d, lH,  ArH), 8.08 (d, 

DMSO-ds): 6 7.4 (t, lH, NH), 7.15 (t, 2H, ArH), 6.7 (d, 2H, 

4.05 (9, 4H, CHz), 3.45 (t, 2H, CHd, 3.35 (q, 2H, CHz), 3.30 (9, 
2H, CHz). 

N-Ethyl-N- [2- (met hacrylo yloxy )ethyl] aniline. 2 4N- 
Ethylani1ino)ethanol (26.60 g, 0.15 mol) was dissolved in 75 
mL of dry pyridine. Methacrylic anhydride (28 mL, 0.18 mol) 
and a catalytic amount of 4-(dimethylamino)pyridine (Aldrich) 
were added. The solution was refluxed for 0.5 h, at  which time 
thin-layer chromatography showed the reaction to be complete. 
The pyridine was removed via rotoevaporator. The residue 
was dissolved in ethyl acetate and extracted three times with 
a 0.1 N NaHC03 solution, dried over M,S04, and reduced. The 
liquid product (30.1 g, 80% yield) was analyzed by NMR 
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Table 1. Data for Azobenzimidazole Polymers 

n Tg N (x1OZ1/ 
polymer M,/M, (DSC) cm3) 
1 36 300/21200 128 1.3 1.615 1580nm 

1.622 1300nm 
1.663 790nm 

2 40 000/20 000 151 1.6 1.632 1580nm 
1.640 1300nm 
1.682 790nm 

BI-HDT 0.9 1.581 1580nm 
1.587 1300nm 
1.619 790nm 

spectroscopy and the structure confirmed. 'H NMR (DMSO- 

3.58 (t, 2H, CHz), 4.22 (t, 2H, CHz), 5.69 (s, lH, vinyl), 6.01 (s, 
lH, vinyl), 6.58 (t, lH,  ArH), 6.71 (d, 2H, ArH), 7.13 (t, 2H, 
ArH). 

Polymer 1. Compound 13 (5.97 g) was dissolved in 40 mL 
of dry N-methylpyrrolidinone in a 100-mL round-bottom flask 
containing a magnetic stirrer. 2,2'-Azobis(2-methylpropioni- 
trile) (AIBN) (0.30 g) was added. The flask was fitted with a 
reflux condenser and purged with nitrogen for 15 min and then 
placed in an oil bath at  80 "C. The mixture was stirred 18 h 
at 80 "C. The solution was cooled to room temperature, and 
the orange polymer was precipitated by pouring the solution 
into cold ethanol. The polymer was rinsed with ethanol until 
the washings were colorless. The yield was 4.97 g or 83%. lH 
NMR (DMSO-ds): 6 8.5 (br, lH, ArH), 8.1 (br, lH, ArH), 8.0 
(br, 2H, ArH), 7.9 (br, 3H, ArH), 7.8 (br, 2H, ArH), 7.3 (br, 
lH,  NH), 6.8 (br, 2H, ArH), 5.1 (s, lH, OH), 4.4-3.7 (br, 7H, 
CH2), 3.6 (br, 2H, CHz), 3.4 (br, 2H, CHd, 3.3 (br, 2H, CHd, 
2.2-1.5 (br, 3H, CH3), 1.40-0.7 (br, 8H, CHz, CH3). 

Polymer 2 was synthesized analogously from compound 12. 
lH NMR (DMSO-&): 6 8.5 (br, lH,  ArH), 8.1 (br, lH, ArH), 
8.0 (br, 2H, ArH), 7.9 (br, 3H, ArH), 7.8 (br, 2H, ArH), 6.8 (br, 
2H, ArH), 5.1 (s, lH,  OH), 4.5-3.9 (br, 5H, CHd, 3.9-3.2 (br, 
4H, CHz), 2.2-1.5 (br, 3H, CH3), 1.4-0.5 (br, 8H, CHZ, CH3). 
Molecular weight and Tg data for polymers 1 and 2 are shown 
in Table 1. Polymer molecular weights were measured by gel 
permeation chromatography using polystyrene standards. 
Glass transition temperatures (T,) were determined with a 
Perkin-Elmer Series 7 thermal analysis system using a heating 
rate of 10 "C/min. 

Film Formation and Poling. Side-chain, guest-host, and 
cross-linked polymer films containing azobenzimidazole dye 
were prepared for optical studies. All films were spin-coated 
at  2000 rpm for 30 s from solutions filtered through 0.2-pm 
filters. Polymers 1 and 2 were coated from a pyridine solution 
containing 17 wt % polymer to yield films 1.3-1.5 pm thick. 
Guest-host polymer films 2.6 pm thick were coated from 
solutions prepared by dissolving 30 mg of BI and 270 mg of 
PMMA (Polysciences Inc., MW 75 000) in 1.5 mL of pyridine. 
All films were dried 2 h at 75 "C prior to  poling. 

Formation of cross-linked polyurethane or poly(urea- 
urethane) polymers was performed by dissolving a difunctional 
azobenzimidazole compound (BI or BIN2) in pyridine (freshly 
distilled from calcium hydride) along with 10% equivalent 
excess Tolonate HDT (the triisocyanate isocyanurate made 
from 1,6-hexamethylene diisocyanate, used as obtained from 
Rhone-Poulenc). A small amount of the surfactant FC 430 (3M 
Co.) was added to improve film quality. The solution was 
precured under conditions specified hereafter and then was 
filtered and spin-coated under clean conditions onto glass 
substrates with indium tin oxide (ITO) electrodes. The 2.5- 
3.5-pm films were dried at  75 "C prior to poling. Progress of 
cross-linking reactions was followed in films coated onto salt 
plates by IR spectra measured on a Perkin-Elmer Model 983 
infrared spectrophotometer. 

Contact poling was performed by applying a dc voltage 
across heated films having either sputtered IT0 or vapor- 
deposited gold top electrodes. IT0 electrodes were employed 
in experiments in which second-harmonic coefficients (d33) 
were determined and gold electrodes were used in depoling 
experiments and in the determination of electrooptic coef- 
ficients (7-33). 

de): 6 1.08 (t, 3H, CH3), 1.86 (s, 3H, CH3), 3.38 (9, 2H, CHz), 
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SHG Measurements. Second-harmonic generation of 
poled films was measured using a fundamental wavelength 
of 1580 nm. Generation of incident laser pulses and detection 
of the 790-nm harmonic signal have been described else- 
where.25 Film samples were poled in an oven through which 
the laser beam passed, with the film normal making a 45" 
angle with respect to the p-polarized beam. SHG from a 
quartz crystal ( d ~  = 0.5 pmN) served as a reference in the 
determination of d33 values for poled films. 

Electrooptic (rs)  Stability Measurements. BIN2-HDT 
films were prepared as described above, using a 15 mid50 "C 
precure and a 1 W75 "C drying step. The BIN2-HDT samples 
were poled at  1 MV/cm and simultaneously cured, first a t  109 
"C for 35-50 min and then at 122 "C for a 2 h period. After 
poling, the BI-HDT films were cooled to  room temperature 
a t  a rate of 2-3 Wmin, and a base-line electrooptic (EO) 
measurement was made. EO coefficients for the samples were 
obtained at 1300 nm wavelength using a transmission mea- 
surement described in the l i t e r a t ~ r e . ~ ~ ~ ~ ~  The modulation 
voltage was 5 V,, at 680 Hz. The films were stored in air in 
ovens maintained at constant temperature and were only 
removed for EO measurements to monitor changes in the 
second-order nonlinearity of the films. The samples were 
allowed to reach room temperature before measurement. 

W-Visible Thermal Stability Measurements. Ther- 
mal stability of the azo benzimidazole chromophore was tested 
by storing films of BIN2-HDT at 100 and 110 "C in air and 
monitoring the UV-visible absorbance from 350 to 700 nm 
with a Shimadzu UV 3101 spectrophotometer. Care was taken 
to avoid exposure of the films to  ambient light during testing. 

Concentration and Refractive Index Determination. 
Number densities of azobenzimidazole chromophores in poly- 
mer films were based on the known weight fraction of the 
chromphore in its respective polymer matrix (Le., guest-host, 
side-chain, or cross-linked) and on the density of the thin film 
estimated from weight and volume determinations for a given 
sample. Refractive indices a t  790, 1300, and 1580 nm were 
obtained by fitting transmittance spectra of polymer films 
coated onto quartz substrates. Spectra were measured in the 
near-infrared on a Shimadzu UV3101 spectrophotometer, and 
fitting employed the Sellmeier dispersion formula.39 By fitting 
transmittance values throughout the spectrum, both the 
refractive index and film thickness were uniquely determined. 
Thicknesses obtained in this manner were in good agreement 
with values measured with an Alpha-Step 200 from Tencor 
Instruments. 

Device Fabrication. A Mach-Zehnder (MZ) device was 
fabricated by photobleaching and poling in a manner similar 
to that reported for RA-HDT.25 Three film layers were 
applied to a gold-coated silicon substrate by spin coating. The 
UV curable adhesive Norland 61 was used for top and bottom 
buffer layers. The BINS-HDT guiding layer was pho- 
tobleached by visible light from a Xenon lamp to  define the 
500-pm gap MZ prior to application of the top buffer layer and 
poling. The two arms of the MZ were poled in opposite 
directions, each being maintained at 2.4 MV/cm and 122 "C 
for 2 h. The effective field across the guiding layer was 
estimated by accounting for conductivity of the buffer layers 
obtained from separate measurements. The total device 
thickness was 9.9 pm, with an electrode length of 12 mm. 

Results and Discussion 

The azobenzimidazole compounds were synthesized 
according to Scheme 1. The synthesis of t h e  azobenz- 
imidazoles was very versatile, and  compounds with 
many different combinations of functionalities were 
obtained. Due to the  variety of functional groups which 
could be included, t he  azobenzimidazole molecule could 
be incorporated into many different types of polymers. 
Substitution of a different functionality could be used 
to  adjust  t h e  kinetics of reaction of t he  molecule with 
comonomers, such as the  trifunctional isocyanate used 
here. 

Azobenzimidazole Compounds and Polymers for NLO 

H lJO 

it 
OH 

NO2 

2 

2629 

NO2 1 

Figure 1. Side-chain polymers. 

Polymerization of methacrylate-functional azobenz- 
imidazoles into the  homopolymers shown in Figure 1 
was straightforward, yielding polymers of suitable 
molecular weight. Number densities of t he  NLO chro- 
mophore in films made from the  nea t  polymers were 
relatively high, as were the  resulting refractive indices, 
n. These da t a  a re  shown in Table 1. It was also 
possible to  cross-link the  polymers through the  pendant 
OH group on the  side chains. 

SHG coefficients were measured from polymers 1 and 
2 while poling them at 110 and  144 "C, respectively, 
between parallel electrodes under  an electric field of 1.0 
MV/cm. Poling at higher temperatures  produced no 
further increase in  SHG intensity. The d33 value 
obtained for polymer 1 and 13 p m N ,  20% lower than 
the  16.5 p m N  value measured for polymer 2. This 
percent change corresponds to the  difference in number 
density of t he  azobenzmidazole chromophore in  these 
two polymers. Films of polymers 1 and 2 poled in a 
similar manner  and  cooled slowly (3-5 "C/min) to  room 
temperature  were subsequently subjected to a l inear 
temperature  ramp (3 "C/min) with t h e  electric field 
removed and  electrodes short-circuited. By simulta- 
neously monitoring SHG and short-circuit current dur- 
ing heating, t he  films were found to depole at 107 and  
132 "C, respectively, as determined from t h e  tempera- 
tu re  at which t h e  depoling current peaked and  the  
corresponding point of steepest decline of d33. The 
variation in depoling temperature  (Td) for polymers 1 
and 2 correlates with the  difference in Tg observed for 
these materials by DSC (Table 1). The r d  values a re  
lower than  their  Tg counterparts in par t  due  to the  
slower temperature  ramp employed in  the  depoling 
experiments. 

The compound BI, having one primary and  one 
secondary hydroxyl group, could be reacted with HDT 
to form a cross-linked polyurethane network. Since the  
secondary hydroxyl groups react with isocyanate more 
slowly than does a pr imary hydroxyl group, precuring, 
coating, and  drying the  films at sufficiently low tem- 
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Table 2. SHG Poling Data for BI-Containing Polymers 
BII BI- polymer polymer 

film PMMA HDT 1 2 

0 1 2 

Poling Field (MV/cm) 

Figure 2. Second-harmonic coefficients determined for BI- 
HDT as a function of poling field. The solid line is a guide to 
the eye. 

peratures left one end of the BI dyes free so that the 
chromophores could be oriented while poling and si- 
multaneously curing the films a t  high temperature. By 
monitoring the isocyanate band (2270 cm-') in the IR 
spectrum, it was determined that precuring for 1 h at  
50 "C prior to  coating and drying for 2 h at  75 "C after 
coating consumed 40-45% of the isocyanate required 
to react both hydroxyl groups in BI. The appearance 
of an IR band at  1710 cm-l and increased intensity near 
1520 and 1240 cm-l indicated that urethane linkages 
had been formed at  this stage. After spin-coating and 
curing films for 1.5 h at  150 "C, a total of 90% equivalent 
isocyanate had reacted, increasing the concentration of 
urethane linkages. IR spectra revealed no further 
production of urethane linkages when heating more 
than 1.5 h. Due to the significant weight fraction of 
HDT in the films, the number density of BI dye in the 
cross-linked network and the associated refractive 
indices (Table 1) were lower than the respective values 
observed in the side-chain polymers described above. 

In order to pole BI-HDT films without the occurrence 
of electrical breakdown, precuring and drying conditions 
had to  be altered. Samples precured for 1 h at  85 "C 
and dried 4 or 5 h at  75 "C could be poled at  92 "C. At 
this stage of the process, about 70% equivalent isocy- 
anate had reacted. The d33 value measured while poling 
these films a t  1.0 MV/cm was 14 pmN. Raising the 
poling field stepwise up to 2.0 MV/cm yielded d33 values 
as large as 25 pmN, as displayed in Figure 2. 

A comparison of SHG coefficients obtained from 
polymer films containing BI was made for the two side- 
chain polymers 1 and 2, the cross-linked network BI- 
HDT, and a guest-host polymer comprising 10 wt % 
BI in PMMA. The d33 values, as displayed in Table 2, 
were obtained from samples while poling at  Epol = 1.0 
MV/cm at the temperatures (TPd indicated. Interpreta- 
tion of the data was based on the r e l a t i ~ n s h i p ~ ~  

d3, 0~ [NFEp d S H G ]  (1) 

where N is the number density of BI in the film and 
F~HG is the local field correction factor, given by 

Here, we take f "  = (nw2 + 2113 and f o  = (n2 + 2)/(n2/c + 
2) and estimate E ,  the static dielectric constant, from 
literature values suggested for films during poling.41 
The factor, a product of the dipole moment and 

~ 

T p o ~  ("C) 92 92 110 144 
d33 ( p d )  2.8 13.5 13.0 16.5 

d3dd33(BVPMMA) (calcd) 1.0 8.5 11.7 14.8 
d3dddBIIPMMA) (exptl) 1.0 4.8 4.7 5.9 

the molecular hyperpolarizability, was assumed to be 
constant from film to film. Calculated ratios of d33 
values for different films were obtained from determina- 
tions of the parameters in brackets in eq 1 and com- 
pared to the corresponding ratios of measured values, 
as displayed in Table 2. 

As is observed from the tabulated ratios, the d33 
values measured for the cross-linked and side-chain 
polymer films are significantly lower than those pre- 
dicted by extrapolation of the d33 value obtained for the 
guest-host BWMMA film. The d33 measured from BI- 
HDT is more than 40% lower than the expected result, 
and measured values for polymers 1 and 2 are 60% 
lower than anticipated. Limiting factors that cause 
lower than expected d33 values may include restricted 
dye mobility due to attachment at (at least) one end of 
the molecule or centrosymmetric aggregation of the dye 
in highly concentrated films. It is interesting to note 
that the ratio of d33 values measured for the two side- 
chain polymers is in excellent agreement with the 
calculated ratio, suggesting that whatever is preventing 
the measured d33 from approaching the predicted values 
is common to these two polymer films. Data obtained 
in a similar study in which RA was the NLO dye 
incorporated into the films produced essentially the 
same results: The measured d33 for RA-HDT was 
about 40% lower than the extrapolated value, and the 
measured d33 for an RA analog of polymer 1 was more 
than 70% lower than the expected result. Thus, the 
polymer backbone and the mode and extent of chro- 
mophore attachment (if any) appear to play a si@cant 
role in limiting the nonlinearity achievable in side-chain 
and cross-linked NLO films. 

Complete cross-linking of BI-HDT while poling re- 
quired that the film temperature be raised above 100 
"C; however, this led to electrical breakdown which 
damaged the films. In contrast, it was determined that 
the BIN2 compound, which has different functional 
groups while retaining the azobenzimidazole chro- 
mophore, could be substituted for BI to produce excel- 
lent films that did not suffer breakdown during poling 
and curing. Chromophore number density and film 
refractive indices in BIN2-HDT were essentially iden- 
tical to those observed in BI-HDT. 

The stepwise reaction of BIN2 with Tolonate HDT 
was studied by IR spectroscopy in the same manner as 
BI. The reaction was similar to the reaction of RA with 
HDT; the amine reacts much faster with the isocyanate 
than the hydroxyl, so the reaction can be performed in 
two steps. IR spectra were obtained at  three points in 
the cross-linking process: (1) immediately after spin- 
coating a solution precured for 15 mid50 "C, (2) after 
the 1 h/75 "C drying step, and (3) after full cure (35-50 
min at  109 "C, 2 h at  122 "C). After the spin-coating 
step, quantitative monitoring of the isocyanate band 
(2270 cm-l) revealed that just under 50% equivalent of 
the Tolonate HDT had been consumed. This result 
indicates that the amine reaction nearly reaches comple- 
tion during processing prior to spin coating. A peak 
observed at 1550 cm-l indicated the formation of urea. 
The IR spectra of BIN2-HDT films after the 1 h/75 "C 
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Figure 3. (a) W-visible spectrum of a BIN2-HDT film 
before (circles) and after (triangles) storage for 27 days at 100 
"C. (b) W-visible spectrum of a BINS-HDT film before light 
exposure (circles), after 45 min of exposure to  room light at 
room temperature (squares), and after storage in the dark for 
4 days at 100 "C (triangles). 

drying step show a further decrease in NCO and peaks 
at approximately 1720, 1530, and 1260 cm-l due to 
formation of some urethane. Generation of urethane 
linkages by reaction of the OH and NCO groups is also 
reflected in changes in the CO bands a t  about 1060 
cm-l. The curing step reacts an amount of isocyanate 
nearly sufficient to cross-link all OH groups. 

The thermal stability of BIN2-HDT films that were 
cured but not poled was examined by monitoring W- 
visible spectra of the films. The results are shown in 
Figure 3. When the films were stored in the dark a t  
100 "C in air, only a 1% decrease in the peak W-visible 
absorbance at 445 nm was observed after 27 days, as is 
shown by a comparison of the curves in Figure 3a. 
Similar tests on a sample held a t  110 "C revealed 
comparable stability in the peak absorbance over a few 
days. In contrast, when the films were left a t  room 
temperature under ambient room light for less than an 
hour, a reversible decrease in W-visible absorbance 
was observed as shown in Figure 3b. Storing the film 
in the dark a t  100 "C allowed complete recovery of the 
original spectrum. The light-induced decrease in in- 
tensity of the absorbance band at 445 nm and concomi- 
tant increase in absorbance at shorter wavelengths, 
together with the thermal reversibility of these spectral 
features, are consistent with a trans-cis isomerization 
which has been reported in other azo dyes.42 

Electrooptic (EO) measurements on films of BINB- 
HDT that were poled and cured under 1 MV/cm fields 
yielded electrooptic coefficients (7-33) in the range of 6-8 
pmN a t  1300 nm. Larger values of r33 approaching 15 
pmN were obtained from films poled under fields 
exceeding 2.5 MV/cm. 

Stability of the EO response was monitored for BIN2- 
HDT films maintained in ovens under ambient atmo- 
sphere at 85, 100, and 110 "C. Figure 4 displays the 
normalized r33 values of these films measured over a 
period of up to 2 months. It is interesting to note that 
a t  temperatures up to 100 "C, the films retain greater 
than 80% of the initial r33 value for a period of more 
than 60 days, but at a temperature just 10 "C higher, 
the EO response greatly diminishes in less than 1 day. 
Together these results not only imply that the Tg of the 
films is just above 110 "C but also suggest that the 
energy barrier for relaxation of the poled dyes is 
sufficiently high to minimize decay of EO response in 
devices made from these materials. 
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Figure 4. Stability of the electrooptic coefficient of BIN2- 
HDT films stored at 85, 100, and 110 "C. 
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Figure 6. Relative ~ ( ~ 1  response of a BINS-HDT film heated 
at 2.5 "Clmin. Since the data were obtained as I s H G ~ ~ ,  noise 
in the SHG measurement at low signal levels produced breaks 
in the curve where ISHG < 0. 

The depoling behavior of the BIN2-HDT films i s  
illustrated in Figure 5, where SHG intensity ( ISHG) waq 
monitored during the application of a linear tempera- 
ture ramp. When the sample is heated a t  2.5 "C/min, 
the relative x(2j value (obtained as (IsHG)~'~) sharply 
decreases to zero above 110 "C, with the point of 
sharpest decrease occurring at 122 "C. This depoling 
temperature corroborates the suggestion above that 7c 
of the BINB-HDT material is just above 110 "C. The 
decrease of x(2j completely to zero is in contrast to the 
result for cross-linked polymers reported e l s e ~ h e r e ~ ~ , ~ ~  
which retained some x@) activity above the depoling 
temperature. 

Photobleaching of BINB-HDT was examined as a 
convenient method for fabrication of optical waveguides.43 
Bleaching of BIN2-HDT at high incident intensities (Ei 
mW/cm2 or  more a t  365 nm) was found to be irrevers- 
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ible. The index of refraction of a fully bleached BINB- 
HDT film was 1.560 at 1300 nm. 

Linear propagation loss in BINB-HDT was measured 
a t  1300 nm in both photobleached and V-groove single- 
mode optical waveguides. The loss was typically 3.0 dB/ 
cm. The loss decreased to about 2.0 dB/cm if the 1 h/75 
"C drying step was eliminated and the sample was 
instead baked at 120 "C for 2 h immediately after spin 
coating. A subsequent annealing of the sample at room 
temperature for 10 days reduced the loss to 1.2 dB/cm. 
The best Mach-Zehnder (MZ) device that incorporated 
BIN2-HDT exhibited an r33 of 13.1 pmN at 1300 nm, 
and the measured V, was 10 V with a modulation depth 
of better than 90%. 
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