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SYNOPSIS 

The synthesis and characterization of a novel epoxy-based photocrosslinkable nonlinear 
optical (NLO) polymer exhibiting enhanced thermal stability is reported. The synthesized 
polymers show spectroscopic properties (NMR, IR, UV) in accordance with the proposed 
structures. A glass transition temperature (T,) of 112OC and a thermal degradation tem- 
perature (Td) of 310°C were recorded. The poled polymer film exhibits stable second-order 
nonlinear optical activity (& = 19.5 pm/V) over a period of 500 h as characterized by the 
temporal response of the second harmonic signal at room temperature. 0 1996 John Wiley 
& Sons, Inc. 

I NTRO D UCTlO N 

In recent years, polymeric second-order nonlinear 
optical (NLO) materials have shown continuing 
promise in the progression toward a practical organic 
NLO material for use in frequency doubling devices 
and electrooptical modulation.' These polymers are 
typically fashioned as either g u e s t - h o ~ t , ~ ~ ~  main 
chain,4 side chain,5 or crosslinked Sec- 
ond-order NLO effects are observed in a system 
when the NLO active species is oriented in a non- 
centrosymmetric way within the polymer matrix. 
The noncentrosymmetric alignment is typically 
achieved by a corona poling p r o ~ e s s . ~  Epoxy-based 
polymeric systems, such as those based on bis- 
phenol-A, have been utilized extensively in the de- 
velopment of second-order materials owing to the 
ease of processing, poling, and low optical losses in 
this class of  polymer^.^-" However, the main dis- 
advantage encountered in these epoxy-based sys- 
tems has been their low glass transition tempera- 
tures (T,) that result in a polymer with poor thermal 
stability. In addition, the low Tg of these epoxy-based 
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systems results in a rapid decay of the second har- 
monic signal due to the ease of randomization of the 
poled order under experimental conditions. Various 
types of crosslinking reactions have been attempted 
to further enhance the Tg of the existing bisphenol- 
A systems." However, this leads to only modest in- 
creases in the Tg of the system and is dependent on 
the degree of crosslinking of a given sample. 

We chose to investigate this problem further by 
employing diglycidyl ethers of bisphenol systems 
that contain rigid spacers between the phenolic rings 
of the bisphenol moiety. These higher Tg diglycidyl 
ethers were then polymerized via an epoxide ring 
opening reaction in which a nucleophilic NLO 
chromophoric amine initiates the polymerization 
reaction. These novel epoxy prepolymers were ex- 
pected to exhibit higher Tgs than their bisphenol-A 
 counterpart^.^-'^ The prepolymers were subse- 
quently functionalized with a photocrosslinkable 
group through esterfication of the hydroxyl groups 
of the prepolymer. The polymer can be poled and 
photocrosslinked in the poled state through a 2 + 2 
cycloaddition reaction to yield a material with stable 
second-order NLO A photocross- 
linkable polymer was chosen because of its compat- 
ibility with photolithographic techniques for poten- 
tial device fabri~ation.'~ A biphenyl-based NLO 
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chromophore was chosen to reduce the absorptive 
loss of the polymer systems in the doubled frequency 
region of the spectrum, thus yielding polymer sys- 
tems with lower optical losses than those containing 
azobenzene-based NLO chromophores." Substan- 
tial absorptive losses must be avoided because the 
optical power density in most practical NLO wave- 
guide devices is quite large. Therefore, even small 
absorptions can cause intolerable damage to the 
material.' 

Methods for the syntheses of the diglycidyl ether 
of the rigid bisphenol, the prepolymer of the bis- 
phenol with 4-amino-4'-nitrobiphenyl, and the 
methacryolyl functionalized polymer are presented 
here. Details of the characterization procedures, 
preliminary results of second-order NLO measure- 
ments, and the temporal stability of the system are 
also presented. 

EXPERIMENTAL 

Instrumentation 

'H-NMR spectral data were obtained on a Varian- 
400 NMR spectrometer. IR spectra were recorded 
on a Perkin-Elmer 1760X FTIR spectrophotometer. 
Ultraviolet-visible (UV-vis) spectra were taken on 
a Perkin-Elmer Lambda 9 spectrophotometer. 
Number and weight average molecular weights ( M ,  
and Mu) of the polymer were determined with a Wa- 
ters 510 HPLC combined with a Waters 410 differ- 
ential refractometer using chloroform as the eluent. 
The GPC calibration was based on polystyrene 
standards. The column set consisted of Waters U1- 
trastyragel 500, lo3, lo4, and lo6 A. The Tgs were 
obtained from differential scanning calorimetry 
(DSC) using a TA Instrument DSC 2910 at a heating 
rate of 10"C/min under nitrogen. The thermal deg- 
radation temperature (Td) of the polymer was de- 
termined on a TA Instrument TGA 2950 with a 
heating rate of BO"C/min under nitrogen. Elemental 
analysis was performed by Atlantic Microlab, Inc. 

Materials 

The 4,4'-(3,3,5-trimethylcyclohexylidene)diphenol 
(TMC)" was donated by Dr. W. Paul (Miles, Inc.) 
(I, Scheme 1) and used without further purification. 
Tetrahydrofuran (THF), epichlorohydrin, triethyl- 
amine, HPLC acetone, and potassium carbonate 
were obtained from Aldrich Chemical and used as 
received. The methacryloyl chloride was obtained 

from Aldrich and was redistilled over molecular 
sieves immediately prior to use. 

Synthesis of Diglycidyl Ether of Bisphenol TMC 

To a 50-mL, round-bottomed flask equipped with a 
stirring bar, reflux condenser, and nitrogen inlet, 
TMC (2.0 g/O.O064M), epichlorohydrin (2.4 g, 2.0 
mL/O.O26M), and potassium carbonate (1.8 g/ 
0.0128M) were added. The reaction mixture was 
dissolved in 15 mL of HPLC grade acetone with 
stirring. The reaction mixture was purged with ni- 
trogen and heated to reflux for 8 h. After cooling, 
the reaction mixture was poured onto 200 mL of 
water yielding a viscous oily layer on the water sur- 
face. The oily layer was extracted with three 50-mL 
portions of ether, and the ether layers were dried 
over anhydrous potassium carbonate. The ether was 
removed under reduced pressure to yield a viscous, 
clear, and colorless oil. The yield of TMC diglycidyl 
ether was 2.0 g (yield 95%). IR (KBr): 2924 cm-' 
(m, CH3 stretch), 1608 cm-' (s, C=C of Ar. ring), 
1245 cm-I (m, epoxide ring stretch). 

(11) 

Synthesis of Prepolymer (111) 

To a 10-mL, round-bottomed flask were added bis- 
phenol-TMC diglycidyl ether (2.0 g/O.O061M) and 
4-amino-4'-nitrobipheny1l6 (1.4 g/O.O064M), and the 
reaction vessel was subsequently sealed and purged 
with nitrogen. The reaction mixture was heated at  
140°C for 4 h and at 160°C for 3 h. The deep orange 
glassy prepolymer was powdered and recrystallized 
from methanol to remove excess dye (yield 95%), Tg 
97°C; IR (KBr): 3387 cm-' (m, 0-H), 1590 cm-' 
(s, C=C of Ar. ring), 1510cm-' (s, vaSsym (N=O)2), 
1339 cm-' (s, us,,, (N=O),). UV-vis (Film): 405 nm 
(A,,,), 650 nm (Acutofi). 'H-NMR (DMSO-d,): 6 
= 0.33 (d ,  2H, 4-cyxlohex. CH,); 0.82-1.17 (m, 6H, 
3-cyclohex. (CH3),); (3H, 5-cyclohex. CH,); ( lH,  5- 
cyclohex. H); 1.33 (s, 2H, 2-cyclohex. CH,); 1.76- 
2.00 (d, 2H, 6-cyclohex. CH,); 2.70 (s, 2H, OH); 
3.41-4.20(m, 4H, NCH,); (4H, OCH,); (2H, CH); 
6.58-8.34 (m, 16H, ArH). 

Anal. Calcd for (C,H,N,O,), (6371,: C, 73.56%; H, 6.96%; 
N, 4.40%. Found C, 70.20%; H, 7.19%; N, 4.43%. 

Synthesis of Polymer (IV) 

A solution of methacryloyl chloride (1.6 g/O.O15M) 
in 15 mL of THF was added dropwise to a solution 



NLO PROPERTIES OF EPOXY-BASED POLYMERS 515 

I1 
I 

111 

. A .  + 
Iv 

I n  Q 
Photocrosslinking Reaction: 

I 
c=o 
I 

NO2 

I 
c=o 
I 
6H 

hv / \  

Hf: 

R-CH H -R 
\ 7 HC ' RCH [ 2 + 2  1 cycloaddition 

HC 
\ 
c=o 
I 

I 

c=o 
I 

Scheme 1 Composition of compounds I-IV. 

of the powdered prepolymer (2.4 g in 10 mL of tri- 
ethylamine and 15 mL of THF). The solution was 
stirred for 27 h at  room temperature. The reaction 
mixture was then refluxed for a period of 2 h. The 
orange colored solution was precipitated in 800 mL 
of methanol. The polymer was filtered, washed with 
methanol, and dried in a vacuum oven at  room tem- 
perature for a period of 24 h. The dried polymer was 
obtained as a deep orange powder. The yield of the 
polymer was 2.0 g (yield 83%); Tg 112OC; M ,  1995; 
Mu 3178. IR (KBr): 1719 cm-' (s, CO of methacryloyl 

ester), 1510 cm-' (s, uaSym (N=O),), 1343 cm-' (s, 
usym (N=O).J. UV-vis (film): 405 nm (A,,,), 650 nm 
Ocutoff). 

Film Preparation 

The polymer solutions used for the d33 measure- 
ments were prepared by dissolving the purified 
polymer in a 1 : 1 (v/v) propylene glycol methyl ether 
acetate/l,4-dioxane mixture in a weight ratio of 1 
to 8. Films were prepared by spin coating the poly- 
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mer solution onto transparent glass microscope 
slides. The typical film thickness was approximately 
0.5 pm. The films were dried at  60°C under vacuum 
for 24 h. 

NLO Measurements 

The corona poling technique was employed to align 
the NLO chromophores. The corona field was ap- 
plied as the temperature of the stage was raised to 
110°C and the poling was carried out for 20 min. 
The corona current was held at 2 pA with an elec- 
trode potential of 6.0 kV. The samples were cooled 
to 80°C and UV crosslinked at  254 nm for 5 min. 
The samples were then cooled slowly under the co- 
rona field. 

The second-order NLO properties of the poled 
thin film samples were measured via a method dis- 
cussed previ0us1y.l~ The temporal stability of the 
samples was studied by the decay of the second-order 
NLO coefficient (d33) as a function of time at room 
temperature (25°C) with the samples at a fixed angle 
of 10'. The calculations of the second-order NLO 
coefficient (d33) were previously discussed." 

RESULTS AND DISCUSSION 

The synthesis of the methacryloyl functionalized 
polymer involved three steps (Scheme 1 ) : the syn- 
thesis of the diglycidyl ether of the bisphenol, the 
synthesis of the prepolymer containing the NLO 
chromophore, and then the attachment of the cross- 
linkable methacryloyl group to the backbone. The 
first step was a simple nucleophilic displacement re- 
action in which the bisphenol attacked epichloro- 
hydrin with a subsequent ring closure to form the 
diglycidyl ether. This reaction is a convenient 
method for generating diglycidyl ethers of bisphenols 
and is quite general in its application to other bis- 
phenols. The second step involved an epoxide ring 
opening in which the nucleophilic NLO chromo- 
phore initiated the polymerization reaction. During 
this synthesis, the reaction mixture gradually formed 
a deep orange, clear, and glassy solid. The prepo- 
lymer was powdered and recrystallized from meth- 
anol to remove excess dye. The final synthesis step 
involved the attachment of the photocrosslinkable 
methacryloyl group through esterfication of the 
pendant hydroxyl groups of the prepolymer using 
triethylamine. The methacryloyl group underwent 
a [2 + 21 cycloaddition reaction upon exposure to 
UV radiation, as illustrated in Scheme 1. 

The IR absorption spectrum of the diglycidyl 
ether was carried out in a neat liquid cell. The spec- 
trum was consistent with the epoxy structure, ex- 
hibiting the characteristic epoxide ring stretch at  
1245 cm-l. The IR spectra of the prepolymer and 
polymer were carried out as pressed KBr disks. The 
functionalized polymer showed an additional sharp 
peak at 1719 cm-I due to the carbonyl stretching of 
the methacryloyl functionality. Additionally, the 
intensity of the 0 - H stretch at 3387 cm-' in the 
prepolymer diminished considerably in the polymer 
spectrum indicating the functionalization of the hy- 
droxyl groups. UV-vis absorption measurements 
were performed on thin films of the prepolymer and 
polymer. The absorption spectrum of the prepolymer 
exhibited an absorption maximum at 405 nm and a 
cutoff wavelength of 605 nm, which is substantially 
lower than the cutoff wavelength exhibited by tra- 
ditional azobenzene-based epoxy systems." 

Thermal analysis was conducted on both the pre- 
polymer and polymer samples. A TGA scan of the 
polymer led to a Td of 310°C as taken by the onset 
point of the step transition. DSC scans established 
an advance of the Tg from 97°C for the prepolymer 
to 112°C for the methacryloyl functionalized poly- 
mer. The DSC curve of the crosslinked polymer ex- 
hibited no Tg. The thermal stability of our polymer 
system was found to be at least comparable to the 
best known bisphenol-A epoxy s y s t e m ~ . ~ J ~  

The corona poling technique was employed to 
align the NLO chromophores. Careful adjustment 
of the poling field strength and temperature was 
found to be critical, as high field strengths and tem- 
peratures were found to degrade the polymer films. 
It is also essential that the UV crosslinking be car- 
ried out at lower temperatures to avoid photodeg- 
radation of the polymer films, 

The NLO measurement techniques were carried 
out as described earlier and resulted in an initial d33 
value of 20.6 pm/V. The temporal stability of the 
polymer film was studied by the decay of the d33 as 
a function of time at 25°C and the values normalized 
to the initial d33 value. Over a 500 h period at 25"C, 
the crosslinked polymer film exhibited a d33 of 19.5 
pm/V, retaining 95% of the initial d33 value com- 
pared to the uncrosslinked sample that exhibited a 
reduction of over 50% of its original d33 value under 
the same conditions (Fig. 1 ) . The majority of the 
decay was seen in the first 60 h of the study. 

The optical loss of the polymer films was mea- 
sured using the prism coupling technique." The op- 
tical loss of the poled and crosslinked polymer film 
was found to be 5.6 dB /cm at 0.633 pm. Substantial 
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Figure 1 
crosslinked TMC polymers a t  25°C. 

Temporal stability of the second harmonic intensity of the uncrosslinked and 

scattering loss due to surface irregularities consti- 
tuted a large component of this total loss. The optical 
loss was found to be a substantial improvement of 
lower cutoff epoxy systems recently developed in our 
1ab0ratory.l~ 
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