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SYNOPSlS 

A number of norbornene-functionalized resins were prepared and their photoinitiated 
crosslinking reaction with a multifunctional thiol was studied. Access to these novel resins 
can be gained by several synthetic routes. The most general of these routes is the [ 47r + 2x1 
cycloaddition reaction (the Diels-Alder reaction) of the corresponding multifunctional 
acrylate ester with cyclopentadiene ( CPD) monomer. The photocrosslinking reaction of 
these resins with multifunctional thiols such as pentaerythritol tetramercaptopropionate 
(PETMP) is quite rapid and sensitive to low UV dose as we11 as dose rate. FT-IR cure 
studies also indicated that the cure rate slows down dramatically as the conversion ap- 
proaches the calculated gel points for the systems under study. Mechanical properties of 
cured thin films of these materials exhibited a wide range of tensile and dynamic mechanical 
properties, which depended on the structure of starting materials used in the preparation 
of the norbornene resin and the crosslinking thiol. 

I NTRODUCTIO N 

The photoinitiated polymerization reaction between 
a multifunctional olefin and a multifunctional thiol 
(thiol-ene reaction) is a useful and versatile method 
for the preparation of ultraviolet (UV)  curable ad- 
hesives, sealants, and coatings that find wide appli- 
cation in industry.’ Because of the utility of this 
reaction, it has received a great deal of study. It is 
well established that the thiol-ene polymerization 
is a step growth process that propagates by chain 

transfer and that the conversion kinetics can be 
predicted by the Carothers e q u a t i ~ n . ~ . ~  Of the many 
unique features of this type of photopolymerization 
mechanism, the feature that has set this process 
apart from other UV-initiated processes is the ob- 
servation that thiol-ene polymerizations are not in- 
hibited by ambient oxygen or m o i s t ~ r e . ~ . ~  In fact, 
dissolved oxygen is actually incorporated into the 
polymer by a complex series of steps that have been 
described by Kharasch and co-workers6 and more 
recently by Szmant and his co-w~rkers.~-l~ This 
process is illustrated below. 

Int-H Initiation R-S-H + Into + R-S - 

R-S-. + R‘-CH=CH2 --* R’S-CH2CH-R Addition 

R’S-CH2CH-R + R*S-H + R’S-CH2CH2-R + R-S--. Chain transfer to thiol 

0-0. 
I 

R’S-CH2CH-R + . 0-0 - + R’S-CH2-C H-R Chain transfer to oxygen 

o-o- 0-0-H 
I I 

R’S-CHZ-CH-R R-S-H + R‘S--CH2-CH-R + R-S--. Chain transfer to thiol 

* To whom correspondence should be addressed. 
Previous studies on photoinitiated thiol-ene po- 

0 1992 John Wiley & Sons, Inc. ccc 0021-8995/92/030471-15$04.00 lymerizations have focused on terminal olefinic 
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functionality such as allylic and butenyl, acrylic and 
methacrylic, and ketene acetal and vinylsiloxy as 
the “ene” components. The reasoning behind this 
was practical; model studies have shown that inter- 
nal carbon-carbon double bonds as well as most 
cyclic olefins such as cyclohexene and cyclopentene 
react slowly, if a t  all with the propagating thiyl rad- 
icals.” 

Recently, work in our laboratories has indicated 
that certain types of strained cyclic internal olefins 
such as bicyclo [ 2.2.11 heptenyl derivatives (norbor- 
nene) will react readily with thiyl radical. When 
highly functionalized (f 2 2)  norbornene derivatives 
are reacted with multifunctional thiols such as pen- 
taerythritol tetramercaptopropionate ( PETMP, f 
= 4, illustrated below), a rapid and exothermic po- 
lymerization takes place. Model studies have indi- 
cated that norbornene derivatives can react up to 
30 times as fast as allylic derivatives in competitive 
reaction schemes.I2 

PETMP 

1 h‘ 

0 0 

Only preliminary results had ever been reported 
concerning the photoinitiated copolymerization of 
norbornene resins with crosslinking thiols.12 There- 
fore, the purpose of this work was to prepare a wide 
variety of norbornene-functionalized hydrocarbon 
resins, to study the photopolymerization, to examine 
the mechanical and dynamic mechanical behavior 
of the derived polymers, and to determine the po- 
tential usefulness of these materials. 

EXPERIMENTAL 

Materials and Characterization 

Most reagents and solvents were used as received 
without further purification except where noted. In 

the cases where the norbornene resins were prepared 
directly from acrylate ester precursors, the acrylate 
esters used were commercially available products 
and were used as received. No attempts were made 
to purify these materials, which in some cases were 
mixtures mono-, di-, tri-, and tetraacrylates. All in- 
frared spectra were recorded on a Nicolet MX-1 
Fourier transform spectrometer. ‘H and 13C-NMR 
experiments were carried out on a Varian EM 360 
60 MHz NMR or a JEOL model FX 906 9OMHz 
NMR except where noted. High-pressure liquid 
chromatography (HPLC) and gel permeation chro- 
matography (GPC) were performed on a Perkin- 
Elmer Series 3B liquid chromatograph. GPC anal- 
ysis was carried out with Polymer Laboratories PL 
gel columns (100, 500, 1000, and 10,000 A pore size 
and 5 pm particle size) with methylene chloride or 
tetrahydrofuran as the mobile phase. Molecular 
weights were determined by comparison to polysty- 
rene standards. 

Curable compositions were prepared by mixing 
equivalent amounts of norbornene functional resins 
(n equivalents) with crosslinking thiol (n equiva- 
lents ) and photoinitiator. Photoinitiator concen- 
tration in the reactive compositions was 0.12M (2% 
by weight of the reactive composition). The pho- 
toinitiator used throughout this study was Darocur 
1173 ( a-hydroxyisobutyrophenone ) and was pur- 
chased from EM Industries, Elmsford, New York. 
The thiol used in this study [ pentaerythritol tetra- 
( 3-mercaptopropionate), PETMP ] was purchased 
from Evans Chemetics, Lexington, Massachusetts, 
or from Argus Chemicals, Brooklyn, New York. 
Specimens for mechanical testing were cured under 
a Fusion System conveyerized dual lamp system 
(two H bulbs). Tensile properties were determined 
on an Instron Universal Testing Machine Model 
4505 using 20-mil films according to a modified 
ASTM D-883 test. Dynamic mechanical tests were 
carried out on a Rheometrics Dynamic Analyzer 
RDA I1 with torsion rectangular geometry. Strain 
and frequency sweeps were carried out on duplicate 
samples to ensure that temperature sweeps were 
carried out in the linear response region. Multiple 
temperature sweeps were carried out to ensure that 
the Tg or moduli values did not change due to ther- 
mally induced crosslinking. Tg was taken as the 
maximum in the tan 6 curve and determined by Re- 
cap I11 version 2.3.1 software. 

Photopolymerization Studies 

Cure-photoresponse studies were carried out using 
a Blak Ray B-100 low-intensity long wavelength ul- 
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traviolet light (UV Products, Inc., Chicago, Illinois) 
with a 365-nm narrow-band interference filter (03 
FIM 028, Melles Griot, Irvine, California). Incident 
light intensity was measured using a calibrated UV 
Powermeter and 365-nm detector (Optical Associ- 
ates Inc., Milpitas, California) and was found to be 
2.16 mW/cm2 with the filter in place and 13.3 with- 
out the filter. Radiation doses were determined from 
the intensity measurements and exposure was con- 
trolled by means of a manually operated shutter. 
Polymerization of thin films was carried out on KBr 
discs. The rate of norbornene-thiol copolymeriza- 
tion was monitored by measuring the ratio of the 
absorbance of the cis-alkene group at  713 cm-' (C- 
H out of plane bending vibration) after UV exposure 
to that of the unexposed film using the standard 
baseline technique. The hydrocarbon group absor- 
bance at ca. 2860 cm-' (C-H stretching vibration) 
was used as an internal standard. Acrylate reactions 
were monitored by using the alkene absorption at 
1640 cm-' (- C = C- stretching vibration). UV 
irradiation was carried out cumulatively with an ap- 
proximately 3-min delay between successive expo- 
sures while the infrared spectrum was recorded. Care 
was taken to ensure that the spectra were recorded 
at the same location on the film after each exposure 
and that the film thickness remained constant dur- 
ing each set of measurements. 

Synthesis of endo, exo-Norborn-2-ene-5-carbonyl 
Chloride, I 

In a 1000-mL four-necked, round-bottomed flask 
equipped with a magnetic stirrer, an efficient con- 
denser, a constant pressure addition funnel, and a 
thermometer connected to a Thermowatch temper- 
ature controller was stirred acryloyl chloride (271.8 
g, 3.00 mol) under a nitrogen atmosphere. Freshly 
cracked and distilled cyclopentadiene monomer 
(198.2 g, 3.00 mol) was added at  such a rate that 
the reaction temperature did not exceed 80-90°C at  
any time during the addition. When the addition 
was completed, the reaction was stirred for an ad- 
ditional 3 h. Residual starting materials were re- 
moved using a water aspirator and the crude reaction 
mixture was then distilled in uacuo to give the pu- 
rified product (420.1 g, 89% Th., bp 66-70°C at 4 
mmHg, lit.13 bp 70-72°C at  8 mmHg). 

Synthesis of endo,exo-Norborn-2-ene-5-rnethyl- 
5-carbonyl Chloride, II 

In a 1000-mL four-necked, round-bottomed flask 
equipped with a magnetic stirrer, an efficient con- 

denser, a constant pressure addition funnel, and a 
thermometer connected to a Thermowatch temper- 
ature controller was stirred freshly distilled meth- 
acryloyl chloride (250 g, 2.391 mol, Aldrich Chemical 
Co.) under a nitrogen atmosphere. Freshly cracked 
and distilled cyclopentadiene monomer ( 173.62 g, 
2.63 mol) was added at  such a rate that the reaction 
temperature did not exceed 80-90°C at  any time 
during the addition. When the addition was com- 
pleted, the reaction was stirred for an additional 3 
h. Residual starting materials were removed using 
a water aspirator and the crude reaction mixture 
was then distilled in uacuo to give the purified prod- 
uct (361.75 g, 89% Th., bp 74-76°C at  4-7 mmHg, 
lit.14 bp 95°C at  12 mmHg). 

Synthesis of endo, exo-Norborn-2-ene-5-rnethyl 
endo, exo-Norborn-2-ene-5-Carboxylate, 111 

Norbornenecarboxaldehyde ( 1000 g, 8.18 mol, Ald- 
rich Chemical Co.) was added rapidly to aluminum 
isopropoxide (20.0 g) in a 2000-mL round-bottomed, 
three-necked flask equipped with a constant pres- 
sure addition funnel, a thermometer, and an efficient 
condenser under a nitrogen atmosphere. Provision 
was made for external cooling and a reaction tem- 
perature of 50°C was maintained by external cooling 
and moderating the rate of addition of the aldehyde. 
The reaction mixture was aged at 60°C for 2 h and 
then cooled. The reaction mixture was then diluted 
with 1000 mL of hexane, washed with water (3 X 400 
mL) filtered to remove solid particulate matter, and 
concentrated on a rotary evaporator. The crude re- 
action mixture was then distilled in uacuo to give 
the purified product (776.94 g, 78% Th., bp 125- 
130°C at 2.5-4.0 mmHg, lit.15 bp 117" at 0.2 mmHg). 

Synthesis of endo, exo-Norborn-2-ene-5- 
isocyanate, IV 

Note: Norborn-2-ene-5-carbonyl Azide, like all or- 
ganic azides, is heat and shock sensitive and can de- 
compose rapidly. Exercise all due caution in handling 
this material. Sodium azide (228.47 g, 3.51 mol in 
250 mL deionized water) was added dropwise to a 
stirred solution of norborn-2-ene-5-carbonyl chlo- 
ride (500 g, 3.19 mol) and tetra-(n-buty1)ammo- 
nium bromide (2.5 g, 0.0077 mol) in dichlorometh- 
ane ( 1000 mL) in a 4-L beaker that had been cooled 
to 5-10°C and maintained at  this temperature 
throughout the reaction. After the addition was 
completed, the organic layer containing the carbonyl 
azide was separated and dried over anhydrous so- 
dium sulfate and filtered. The filtered solution of 
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carbonyl azide was then added dropwise to a 2-L 
round-bottomed flask that was set up for distillation 
containing benzene (500 mL) maintained at 70°C. 
Dichloromethane was removed by distillation 
(overhead temperature 50-55°C) and collected. Af- 
ter the addition was completed the temperature of 
the reaction mixture was maintained at  70°C for 2 
h. The reaction mixture was then concentrated on 
a rotary evaporator and distilled in uacuo. The pu- 
rified product was collected as a fraction bp 60-65°C 
at 15 mmHg ( lit.16 bp 70-74°C at  24 mmHg) . 

Synthesis of endo, exo-2- ( Norborn-2-ene-5) -4,4- 
dimethyloxazolin-5-one Norbornene Azlactone 
(Naz) ,  V 

In a 1000-mL four-necked, round-bottomed flask 
equipped with magnetic stirring, an efficient con- 
denser, a constant pressure addition funnel, and a 
thermometer was stirred 2-vinyl-4,4-dimethyloxa- 
zolin-5-one (501.66 g, 3.61 mol, SNPE Inc., Prince- 
ton, New Jersey) under a nitrogen atmosphere. The 
solution was thermostated at 40°C by means of a 
Thermowatch temperature controller and freshly 
cracked and distilled cyclopentadiene monomer 
(262.3 g, 3.97 mol) was added at  such a rate that 
the reaction temperature slowly increased to 90- 
100°C over the course of the addition. When the 
addition was completed, the reaction mixture was 
aged at 95°C for 2 h and then concentrated on a 
rotary evaporator to remove excess cyclopentadiene 
monomer. The crude mixture was distilled in uacuo 
(bp 70-73°C at 0.2 mmHg) to yield the purified 
product (yield 689.7 g, 93% Th.) as a colorless liquid 
that rapidly solidified at  room temperature. High- 
field NMR analysis (300 MHz) gave a spectra that 
was consistent with the expected product and in- 
dicated that the distillate was a mixture of endo and 
exo isomers of the desired product and was essen- 
tially pure. 'H-NMR (CDCl,,/TMS) 6 = 1.2-1.5 

5.75-6.20 ( m ,  2H). IR (neat) v = 1815 (C=O 
anhydride), 1673 (C = N- imide) ,709 cm-' (H- 

(m, lOH), 1.85-2.38 (n, l H ) ,  2.9-3.2 (m, 2H), 

C=C-H). 

Synthesis of Norborn-2-ene-5-methyl 
Chloroformate, VI 

Norborn-2-ene-5-methanol ( 196.20 g, 1.58 mol, 
Aldrich Chemical Co.) was stirred in toluene (250 
mL ) in a 1000-mL three-necked, round-bottomed 
flask equipped with magnetic stirring, a dry ice con- 
denser, a constant pressure addition funnel, and a 
thermometer. The reaction was carried out under a 

nitrogen atmosphere, and the outlet of the bubble 
tube was vented into a dilute solution of sodium hy- 
droxide. The solution was cooled to around lO"C, 
and a solution of phosgene (171.9 g, 1.738 mol) in 
toluene (250 mL) was added dropwise at such a rate 
that the reaction temperature did not exceed 25°C 
at any time. When the addition was completed, the 
reaction was warmed to room temperature and 
stirred for 16 h. Excess phosgene was removed by a 
subsurface nitrogen sparge at 30°C for 3 h. Excess 
solvent was removed on a rotary evaporator and the 
purified product was obtained by flash vacuum dis- 
tillation (oil temperature 150°C, bp 75-80°C at 1.5 
mmHg, lit.I7 bp 105°C at 0.25 mmHg). Yield of the 
purified product was 113.3 g (38% Th.) . 

Synthesis of 1,6-Hexamethylene Di-( Norborn-2- 
ene-5-methyl )Carbonate, VII 

Norborn-2-ene-5-methanol (314 g, 2.532 mol) and 
pyridine (217 g, 2.75 mol) were stirred in toluene 
(600 mL) under a nitrogen atmosphere in a 2000- 
mL four-necked, round-bottomed flask equipped 
with an efficient condenser, a thermometer, and a 
constant pressure addition funnel containing 1,6- 
hexamethylene bis-chloroformate ( 300 g, 1.235 
mol) .23 The chloroformate was added at such a rate 
that the reaction temperature did not exceed 80°C 
at any time during the addition. When the addition 
was completed, the reaction mixture was aged at 
70°C for 3 h then cooled to ambient. The reaction 
mixture was filtered through Celite diatomaceous 
earth, and the filtrate was concentrated on a rotary 
evaporator. The crude liquid was then passed 
through a 2-in. wiped film evaporator (Pope Sci- 
entific, Menomonee, Wisconsin) at 125°C and 0.5 
mmHg. The yield of viscous oil was 473.1 g 
(92% Th.). IR (neat) v = 2961 (C-H), 1744 (- 
0-CO-0-), 1400, 1326, 1253, 722 cm-' (H- 
C=C-H). 

Synthesis of 1,6-Hexamethylene Di- ( Norborn-2- 
ene-!i-carbamate), Vlll 

Norborn-5-ene-2-methanol ( 145.04 g, 1.168 mol, 
Aldrich Chemical Co.) was stirred under a nitrogen 
atmosphere in toluene (200 mL) with diazabicy- 
cloundecane (DBU, 2.0 g) in a 1000-mL four-necked, 
round-bottomed flask equipped with mechanical 
stirring, a thermometer, and a constant pressure ad- 
dition funnel containing hexamethylenediisocyanate 
(95.34 g, 0.567 mol). The diisocyanate was added 
dropwise, and the reaction temperature was allowed 
to rise to 70°C. When the addition was completed, 
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the reaction mixture was held at this temperature 
for 3 h and the progress of the reaction was moni- 
tored by infrared spectroscopy (-NCO band at ca. 
2271 cm-' ) . When completed, the reaction mixture 
was cooled and the toluene was removed on a rotary 
evaporator. The product was recovered as a light 
yellow syrup that slowly crystallized on standing at 
room temperature. Yield of the crude product was 
238.5 g (100% Th.) . IR (neat) v 3363 (N-H) ,1631 
(N-C=0),  716 cm-' (H-C=C-H). 

Synthesis of 1,6-HexamethyIene Di- ( Norborn-2- 
ene-5-carboxamide ), IX 

Hexamethylenediamine ( 100 g, 0.861 mol) and pyr- 
idine (153.3 g, 1.94 mol) were stirred in toluene (750 
mL) under a nitrogen atmosphere in a 2000-mL 
four-necked, round-bottomed flask equipped with a 
mechanical stirrer, a thermometer attached to a 
Thermowatch temperature controller, and a con- 
stant pressure addition funnel. Norborn-2-ene-5- 
carbonyl chloride (I, 276.09 g, 1.76 mol) was added 
dropwise at  such a rate that the temperature sIowIy 
increased to 75°C over the course of the addition. 
After the addition was complete, the reaction mix- 
ture was stirred for 2 h and then methanol ( 5  g, 
0.156 mol) was added to react with any excess acid 
chloride. Filtration to remove the pyridine hydro- 
chloride salt followed by concentration of the filtrate 
on a rotary evaporator gave the crude product as a 
viscous oil that solidified on standing. The yield of 
crude product was 159.4 g (52% Th.). IR (neat) v 
= 3292 (N-H), 1639 (N-C =O) ,  713 cm-' (H- 
C=C-H). 

Synthesis of 1,6-Hexanediol Di-( endo, exo- 
Norborn-2-ene-5-carboxylate) ( HDDN ), X 

Hexanediol diacrylate (6054.5 g, 26.79 mol, Sarto- 
mer 238, Sartomer Company, Westchester, Penn- 
sylvania) was stirred under a nitrogen atmosphere 
in a 12-L four-necked, round-bottomed flask 
equipped with mechanical stirring, a constant pres- 
sure addition funnel, an efficient condenser, and a 
thermometer connected to a Thermowatch temper- 
ature controller. Freshly cracked and distilled cy- 
clopentadiene monomer (3541.6 g, 53.58 mol) was 
added at  such a rate that the reaction temperature 
did not exceed 65°C at  any time during the addition. 
The conversion of the acrylate was monitored by 
the disappearance of the characteristic IR vibration 
C = C stretching frequency at  ca. 1640 cm-' . The 
reaction was judged complete when this peak no 
longer changed on addition of more cyclopentadiene 

monomer. The reaction mixture was then warmed 
to 90°C and aged at  this temperature for 2 h. Excess 
cyclopentadiene was removed by vacuum distillation 
and the crude product was then stripped on a 2-in. 
wiped film evaporator (Pope Scientific Inc., Men- 
omonee Falls, Wisconsin) a t  50-60°C and 0.2 
mmHg. Yield of the resin was 9331.9 g (97% Th.). 
'H-NMR (CDC13/TMS): 6 = 1.15-2.3 (m ,  17H), 
2.8-3.4 (m, 5H),  4.0-4.3 (m, 4H), 5.9-6.35 (m,  4H). 
IR (neat) v = 2972 (C-H), 2944 (C-H), 1733 
(CEO),  711 cm-' (H-C=C-H). 

Synthesis of Bis-2,2- [ 4- ( 2- [ Norborn-2-ene-5- 
carboxy ] ethoxy ) phenyl ] propane, ( Ethoxylated 
Bisphenol A Di-( Norborn-2-ene-5-carboxylate), 
(EBPA DN) ,  XI  

Ethoxylated bisphenol A diacrylate (700 g, 1.44 mol, 
2.88 eq., determined by NMR, Sartomer 349, Sar- 
tomer Company, Westchester, Pennsylvania) was 
stirred in a 2000-mL, four-necked flask equipped as 
described above. Cyclopentadiene monomer ( 198 g, 
3.0 moI) was added at such a rate as to keep the 
reaction temperature at about 90°C at  the end of 
the addition. The extent of reaction was monitored 
by HPLC (acetonitrile-water, UV detector 254 nm) 
and IR by disappearance of the characteristic ac- 
rylate absorbtion band at  1644 cm-' . When the re- 
action was complete, the reaction mixture was 
warmed to 120°C and excess cyclopentadiene 
monomer and dimer was removed by vacuum con- 
centration. The norbornene-functionalized resin was 
recovered in quantitative yield; NMR spectroscopy 
was used to determine the absence of acrylic unsat- 
uration and the equivalent weight of the resin (in- 
tegration of bicyclic unsaturation versus ether 
methylene groups). 'H-NMR ( CDC13/TMS): 6 
= 1.0-2.3 (m, 12H), 2.7-3.3 (m,  6H) ,  3.5-4.6 (m, 
12H), 5.7-6.3 (m,  4H), 6.7-7.35 (q, 8H).  IR (neat) 

cm-' (H-C=C-H). 
~=2968(C-H),1734(C=0),1236(C-O),713 

Synthesis of Trimethylolpropane Tri-( Norborn-2- 
ene-5-carboxylate) (TMPTN), XI1 

Trimethylolpropane triacrylate (338 g, 1.0 mol, CLI 
4150, C / L Industries, Georgetown, Illinois ) was 
stirred under nitrogen in a lOOO-mL, four-necked, 
round-bottomed flask equipped with a Freidrichs 
condenser, a thermometer, a constant pressure ad- 
dition funnel, and mechanical stirring at 40°C. 
Freshly cracked cyclopentadiene monomer (217 g, 
3.3 mol) was added at  such a rate that the temper- 
ature of the reaction slowly climbs to about 90°C 
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by the end of the addition. The reaction mixture 
was stirred at this temperature for 2 h. The extent 
of reaction was monitored by the decrease in the 
infrared absorption band at  1636 cm-'. When the 
reaction was judged to be complete (no change in 
the infrared absorption), excess cyclopentadiene was 
removed by vacuum concentration of the resin. The 
yield of resin is 534 g (quantitative conversion). 'H- 
NMR (CDCb/TMS) 6 = 0.75-2.3 (m,  22H), 2.5- 
3.3 (m, 6H), 3.7-4.2 ( d ,  6H),  5.75-6.25 (m, 6H). 
IR (neat) v = 2973 (C-H), 1736 (C=O) ,  
1335, 1270, 1183, 1155, 1109, 1030, 711 cm-I (H- 
C=C-H). 

Synthesis of Pentaerythritol Tetra-( Norborn-2- 
ene-5-carboxylate) (PETN), Xll l  

Pentaerythritol tetraacrylate (2500 g, 7.89 mol, 16.59 
equivalents of acrylate, Sartomer 295, Sartomer 
Company, Westchester, Pennsylvania) was stirred 
under a nitrogen atmosphere in a 5-L four-necked, 
round-bottomed flask equipped with mechanical 
stirring, a Freidrichs condenser, a constant pressure 
addition funnel, and a thermometer connected to a 
Thermowatch temperature controller. Freshly 
cracked and distilled cyclopentadiene monomer 
(1151.38 g, 17.48 mol) was added to the stirred re- 
action mixture a t  such a rate that the reaction tem- 
perature slowly climbed to 50°C during the course 
of the addition. External cooling was necessary at 
times. When the addition was completed, the re- 
action mixture was stirred at  50°C for 2 h and then 
excess cyclopentadiene was removed via vacuum 
distillation. The crude product was then stripped on 
a 2-in. wiped film evaporator (Pope Scientific Inc., 
Menomonee Falls, Wisconsin) at 50°C and 0.2 
mmHg. Recovery of the product was quantitative. 
IR (neat) u = 2974 (C-H), 1738 (C=O),  
1335, 1270, 1170, 1133, 1109, 1031, 711 cm-' (H- 
C=C-H). 

Synthesis of 2,2-bis- [ 4- ( Norborn-Z-ene-5- 
carboxy ) cyclohexyl] propane Hydrogenated 
Bisphenol A Di-( Norborn-2-ene-5-carboxylate) 
(HBPA DN), XIV 

Hydrogenated bisphenol A (441 g, 1.84 mol) was 
stirred in a 3-L four-necked, round-bottomed flask 
equipped with mechanical stirring, a constant pres- 
sure addition funnel, and a thermometer attached 
to a Thermowatch temperature controller, in diox- 
ane (1750 mL) with triethylamine (394.64 g, 3.90 
mol) and 4-dimethylaminopyridine (0.10 g) at 70°C 
under a nitrogen atmosphere. Norborn-2-ene-5-car- 
bony1 chloride (I, 581.40 g, 3.71 mol) was added 

dropwise, and the reaction temperature was not al- 
low to exceed 90°C at any time. When the addition 
was completed, the reaction mixture was stirred at 
90°C for an additional 4 h then cooled to room tem- 
perature. Triethylamine hydrochloride was removed 
via filtration. The filtrate was then diluted with 2000 
mL of dichloromethane and washed with 5% 
aqueous sodium hydroxide solution (2 X 300 mL) , 
2 M HC1 ( 2 X 300 mL ) , and finally deionized water 
( 3  X 300 mL). The solution was dried over anhy- 
drous sodium sulfate, filtered, and concentrated on 
a rotary evaporator, The crude product was recrys- 
tallized from heptane and dried over night in a vac- 
uum oven and had a melting point of 166-176°C. 
Yield of the purified product was 334 g (38% Th.) . 
IR (KBr) u = 2967 (C-H), 2943 (C-H), 2864 

1184, 1175,1024, 711 cm-' (H-C=C-H). 
(C-H), 1725 (C=O),  1346, 1334, 1270 (C-0), 

Synthesis of Bis-2,2- [4- (2- [ Norborn-2-ene-6- 
carboxy-5-carboxy ] ethoxy ) phenyl ] propane, XV 

Ethoxylated bisphenol A (Dianol 22, 158.0 g, 0.50 
mol, Akzo Chemie) , nadic anhydride ( 168.9 g, 1.03 
rnol), pyridine (81.37 g, 1.03 mol), and 4-dimeth- 
ylaminopyridine (12.2 g, 0.1 mol) were stirred in 
toluene (600 mL) under a nitrogen atmosphere in 
a 2000-mL four-necked, round-bottomed flask 
equipped with mechanical stirring, an efficient con- 
denser, and a thermometer. The reaction mixture 
was warmed to 70°C for 3 h and then to 100°C for 
6 h. The reaction was monitored using infrared 
spectroscopy (band at 1740 cm-'). When the re- 
action was judged complete, the solution was cooled 
to room temperature, washed with 3 M HC1( 1 X 600 
mL) and the organic phase was separated. The sol- 
vent was removed on a rotary evaporator and re- 
placed with dichloromethane (600 mL) . The solu- 
tion was then washed with deionized water ( 5  X 200 
mL) , dried over anhydrous sodium sulfate, filtered, 
and then concentrated on a rotary evaporator to give 
the crude product as a glassy solid. The yield of 
product was 320 g (99% Th.) . IR (neat) Y = 3416 

(C=O) ,  1510, 1252 (C-0), 1232 (C-0), 1181, 
713 (H-C=C-H). 

(-0-H), 2959 (C-H), 1741 (C=O),  1708 

Synthesis of Poly(tetramethy1ene oxide 650)  Di- 
(Norborn-Z-ene-5-)methyl Carbonate, XVI 

Hydroxy-terminated poly ( tetramethylene ether 
650) (232.91 g, 0.719 eq. OH, BASF Corporation, 
Parsippany, New Jersey) and pyridine (64.3 g, 0.814 
mol) was stirred in toluene (300 mL) under a ni- 
trogen atmosphere in a 1000-mL four-necked, 
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round-bottomed flask equipped with mechanical 
stirring, a thermometer, and a constant pressure ad- 
dition funnel containing norborn-2-ene-5-methyl 
chloroformate ( 150 g, 0.74 mol) . The chloroformate 
was added dropwise at such a rate that the reaction 
temperature slowly climbed to 60°C during the ad- 
dition. When the addition was completed, the re- 
action mixture was aged at 70°C for 3 h at  which 
point methanol (5.0 g, 0.16 mol) was added to the 
reaction mixture. The reaction mixture was filtered 
through Celite diatomaceous earth, and the filtrate 
was concentrated on a rotary evaporator to remove 
solvent. The crude yellow oil was then passed 
through a 2-in. wiped film evaporator (Pope Sci- 
entific, Menomonee Falls, Wisconsin) a t  125°C and 
0.3 mmHg. The yield of product was 328 g (93% 
Th.). IR (neat) v = 2943 (C-H), 2858 (C-H), 
1744 (C=O) ,  1447, 1400, 1368, 1326, 1255, 1113, 
985,957,721 cm-' (H-C = C-H ) . 

Synthesis of Poly( tetramethylene oxide 650) Di- 
( Norborn-2-ene-5-Carboxylate), XVll 

Hydroxy-terminated poly ( tetramethylene oxide 
650, PolyTMO) (401.94 g, 1.241 eq. OH, BASF Cor- 
poration, Parsippany, New Jersey) and pyridine 
(111.06 g, 1.41 mol) was stirred in toluene (400 mL) 
under a nitrogen atmosphere in a 2000-mL four- 
necked, round-bottomed flask equipped with me- 
chanical stirring, a thermometer, and a constant 
pressure addition funnel containing norborn-2-ene- 
5-carbonyl chloride (200 g, 1.278 mol). The acid 
chloride was added dropwise at  such a rate that the 
reaction temperature slowly climbed to 70°C during 
the addition. When the addition was completed, the 
reaction mixture was aged at  70°C for 3 h at  which 
point methanol (5.0 g, 0.16 mol) was added to the 
reaction mixture. The reaction mixture was filtered 
through Celite diatomaceous earth, and the filtrate 
was concentrated on a rotary evaporator to remove 
solvent. The crude oil was then passed through a 2- 
in. wiped film evaporator (Pope Scientific, Meno- 
monee Falls, Wisconsin) a t  125°C and 0.4 mmHg. 
The yield of product was 535 g (96.5% Th.). IR 
(neat) v = 2942 (C-H), 2857 (C-H), 2796 (C- 
H ) ,  1733 (C=O) ,  1366, 1336, 1270, 1251, 1237, 
1185, 1175, 1156, 1111, 1067, 1029, 711 cm-' (H- 
C=C-H). 

Synthesis of Poly (tetramethylene oxide 650) Di- 
( Norborn-2-ene-5-Carbamate), XVlll 

Hydroxy-terminated poly ( tetramethylene oxide 
650) (174.74 g, 0.539 eq. OH, BASF Corporation, 
Parsippany, New Jersey) was stirred under a nitro- 

gen atmosphere with diazabicycloundecane (0.5 g) 
in a 500-mL four-necked, round-bottomed flask 
equipped with mechanical stirring, a thermometer, 
and a constant pressure addition funnel containing 
norborn-2-ene-5-isocyanate (75 g, 0.556 mol) . The 
addition of isocyanate was controlled at such a rate 
that the reaction temperature did not exceed 35°C 
during the addition period. The reaction mixture 
was then heated to 70°C and held at  that temper- 
ature for 6 h. When infrared spectroscopic analysis 
showed no further change in the NCO band, the 
reaction mixture was cooled, and the crude oil was 
then passed through a 2-in. wiped film evaporator 
( Pope Scientific, Menomonee Falls, Wisconsin ) at 
125°C and 0.4 mmHg. The yield of crude oil was 
243.3 g (98% Th.). IR (neat) v = 3320 (N-H), 
2941 (C-H), 2858 (C-H), 1720 (C=O) ,  1522, 
1364, 1334, 1275,1247, 1239, 1206, 1112, 1049, 722 
cm-' (H-C=C-H). 

Synthesis of Poly( tetramethylene oxide 650) Di- 
[ 2- ( Norborn-2-ene-5-Carboxarnido) -2,2- 
Dimethylacetate], XIX 

A mixture of 2- ( norborn-2-ene-5) -4,4-dimethylox- 
azolin-5-one (130.36 g, 0.636 mol) , hydroxy-termi- 
nated poly (tetramethylene oxide 650) (200 g,  0.617 
eq. OH, BASF Corporation, Parsippany, New Jer- 
sey) and diazabicycloundecane (3.31 g) was stirred 
under a nitrogen atmosphere in a 1000-mL four- 
necked, round-bottomed flask equipped with me- 
chanical stirring, and efficient condenser and a 
thermometer. The reaction mixture was heated to 
100°C. After 8 h infrared spectroscopy indicated that 
the distinctive azlactone carbonyl band at 1817 cm-' 
had completely disappeared. The crude product was 
then passed through a 2-in. wiped film evaporator 
( Pope Scientific, Menomonee Falls, Wisconsin) a t  
125°C and 0.4 mmHg. The yield of viscous oil was 
314.8 g (96% Th.). IR (neat) v = 2941 (C-H), 

1113, 713 cm-' (H-C =C-H). 
2859 (C-H), 1739 (C=O), 1526,1363,1280,1155, 

RESULTS AND DISCUSSION 

The Synthesis of Norbornene-Functionalized 
Resins and Monomers 

Synthetic access to norbornene-functionalized res- 
ins and monomers can be achieved by a number of 
general routes that give high yields of the desired 
products in excellent purity. The most general of 
these routes is based on the Diels-Alder reaction, 
which involves reacting cyclopentadiene monomer 
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with the corresponding multifunctional acrylate es- 
ter. This procedure, outlined below, is usually quite 
exothermic and generally gives the desired product 
in quantitative yields. The resulting products are a 
mixture of endo and exo isomers. The high yields 
and unambiguous product structure obtained in the 
Diels-Alder route is an important factor in its use- 
fulness in preparing monomers and resins for use 
in this step growth polymerization scheme. It is well 
known that monomer purity and level of function- 
ality can be a limiting factor in achieving a high 
degree of p~lymerization.~ This process is illustrated 
below for the reaction of ethoxylated bisphenol A 
diacrylate, which yields the corresponding norbor- 
nene ester resin (XI) in quantitative yield (see Ex- 
perimental section). 

Q *  
0-O- 0 neat 

0 

In general, neat acrylate esters react sponta- 
neously with cyclopentadiene ( CPD ) monomer at 
room temperature, and solvent mediation of the re- 
action is usually not necessary if the acrylate com- 
ponent is liquid at the temperature at which the 
reaction is carried out (usually 30-120°C). Even es- 
ters with high degrees of steric crowding, such as 
pentaerythritol tetraacrylate and trimethylolpro- 
pane triacrylate, give quantitative conversions to the 
corresponding norbornene esters under moderate 
conditions. 

Methacrylate ester derivatives react only slug- 
gishly with CPD, and Lewis acid catalysis '* is often 
necessary to activate the dieneophile component and 
achieve acceptable conversion. Newer methods of 
dieneophilic activation have been developed that 
avoid the use of these harsh Lewis acids, but involve 
the use of aqueous systems l9 with low organic load- 
ing or specialized reagents.20 Low reactivity of the 
dieneophile is also a problem observed in the reac- 
tion of acrylamide functional systems. To a certain 
extent, this problem can be circumvented by use of 
the acid chloride derived from acryloyl or methac- 
ryloyl chloride and CPD in a normal Schotten-Bau- 
mann esterification-amidation scheme ( compounds 
I and 11). 

A new and interesting nonacid chloride route to 
norbornenecarboxamide derivatives involves the 
functionalization of either polyols or polyamines 
with 2- ( norborn-2-ene-5) -4,4-dimethyloxazolin-5- 
one or norbornene azlactone (Naz) via a ring open- 
ing reaction of the azlactone function. Norbornene 
azlactone can be prepared directly from the reaction 
of CPD monomer with commercially available 2- 
vinyl-4,4-dimethyloxazolin-5-one. 

V 

The ring opening chemistry of norbornene azlac- 
tone is analogous to that described for the 2-vinyl 
derivative,21 i.e., reactions with polyols such as tet- 
ramethylene oxides (polymegs) need to be catalyzed 
by a suitable amine such as 4-dimethylaminopyri- 
dine or DBU while polyether amines such as the 
Jeffamine series react with norbornene azlactone 
spontaneously. 

M X  

Other small molecules [ 2.2.11 bicyclics such as 
norborn-2-ene-5-isocyanate (IV ), and norborn-5- 
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ene-2-methyl chloroformate (VI) , and nadic an- 
hydride are also useful for the introduction of pho- 
tocopolymerizable norbornene functionality onto 
active hydrogen compounds such as alcohols and 
amines. The general reactions of these reagents are 
well known and are illustrated below: 

N 

XVII 

0 

Dimerization of norborn - 2 -ene-5 -carboxaldehyde 
with aluminum isopropoxide under Tishchenko 
reaction 15722 conditions readily affords the corre- 
sponding norborn-2-ene-5-methyl norborn-Z-ene-5- 
carboxylate (111). This dimer exhibits a very high 
intrinsic reactivity probably due to its low equivalent 
weight. 

111 

Table I summarizes the norbornene resins pre- 
pared, the chemical yield of the preparative method, 
and the range of functional groups that were pre- 
pared for the mechanical evaluation and photopo- 
lymerization studies. 

Mechanical Properties of Norbornene-Thiol 
Copolymers 

Mechanical and dynamic mechanical characteriza- 
tion of these resins has first focused on studying the 

properties of thin films produced from the copoly- 
merization of PETMP with the norbornene func- 
tional monomers. The thin films were studied as 
single-component mixtures of the norbornene resins 
and crosslinking thiol (PETMP, f = 4, held constant 
throughout the study) to characterize the behavior 
of different functional groups (ester, versus amide, 
urethane, etc.). The influence of the level of func- 
tionality in the norbornene resin ( f  = 2, versus 3, 
4, etc.) was also studied as it will effect mechanical 
and thermal properties (such as Tg)  since it will 
determine crosslink density. The properties of cured 
films of these materials are given in Table 11. 
Tg appears to correlate well with the level of func- 

tionality in the norbornene resins while the corre- 
lation of tensile moduli is somewhat sporadic. The 
highest Tg was obtained for a film of resin XI11 (te- 
trafunctional pentaerythritol norbornene ester). 
However, this material was not as stiff as films pre- 
pared from some di- and trifunctional resins. For 
example, a crosslinked film of PETMP and resin 
XII, which is trifunctional, had the highest tensile 
moduli and the second highest Tg. 

The interrelation of functional group structure 
and properties is shown by the results for the film 
containing resin IX ( a  difunctional norbornene 
amide) . Here, it is assumed that restricted rotation 
around the amide linkage and hydrogen bonding be- 
tween amides contribute to the high tensile modulus 
and tensile strength, as well as Tg. 

This point is further illustrated by comparison of 
the rigid, hydrogen-bonding c6 amide resin with 
systems having similar crosslink density where all 
bonding is assumed to be covalent, and contributions 
by more rigid resonance structures can be neglected 
(the c6 ester or C6 carbonate ) . The ester and car- 
bonate are softer materials because their molecular 
structures do not incorporate stiffening units into 
the backbone. The resulting cured films exhibit 
much lower moduli and have high elongation to 
break. 

The behavior of multicomponent mixtures was 
also of interest because several of the norbornene 
resins were attractive as reactive diluents for the 
higher molecular weight oligomeric species. Two 
component mixtures with increasing levels of func- 
tionality were also studied. Since films containing 
a single norbornene resin spanned such a wide range 
of properties, two new questions were raised. How 
much would properties be modified by blending and 
would phase separation occur in films that contained 
two norbornene resins? Four two-component blends 
were studied using 1 : 1 (w : w) mixtures of the 
resins. Three mixtures contained combinations of 
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Table I1 
Containing a Single Norbornene Resin" 

Tensile Properties and Glass Transition Temperatures for Thiol Crosslinked Films 

Tensile Tensile Elongation 
TB 

(with PETMP) (MPa) (MPa) ("0 
Strength at Break N-Resin Modulus 

XI (Aromatic ester f = 2) 
XI1 (Alkyl ester f = 3) 
XI11 (Alkyl ester f = 4) 
X (c, ester f = 2) 
IX (c6 amide f = 2) 
VIII (c, urethane f = 2) 
VII (c6 carbonate f = 2) 
I11 (Alkyl ester f = 2) 

1900 f 300 
2300 f 50 
1550 f 180 
810 f 200 

1720 f 144 
504 k 72 

127.8 f 3.2 
2115 k 53 

40.0 ? 5.1 
61.0 ? 3.3 
47.2 f 6 
17.0 ? 1.5 
52.7 2 1.9 
15.3 f 3.9 
8.1 ? 1.3 

36.0 ? 7.64 

2.9 f 0.5 
4.1 f 0.6 
4.9 f 0.5 
105 f 12 

4.15 k 0.45 
212 f 16 

106.0 f 8.8 
6.18 f 2.08 

36 
67 
71 
30 
62 
36 

NA 
45 

a Crosslinking thiol was PTEMP [pentaerythritol tetra-(3-mercaptopropionate), f = 41 used at  1 : 1 equivalent level based on the 
equivalent weight of the norbornene resin. Photoinitiator was present in the reactive composition at 0.12M concentration (2% w/w). 

the X, XI, and XI1 resins. A blend of I11 with XIV 
was also studied to evaluate the usefulness of I11 as 
a reactive diluent-solvent for the highly crystalline 
XIV. Cured films were prepared from these for- 
mulations and a stoichiometric equivalent of 
PETMP. Table I11 shows the properties of these 
cured materials. 

These results show that blending X with XI1 
produces a material with tensile properties that are 
close to the arithmetic average of the individual ho- 
mopolymers. It is interesting to note, however, that 
elongation to break is essentially the same as that 
of the XI1 resin film (3.4% for the mixture of X and 
XI1 and 4.1% for XII). This result is somewhat 
difficult to reconcile since a significant modification 
of this property was expected in the mixture in light 
of the high elongation exhibited by X (> 100% ) . 
This is observed in both mixtures containing X. 

The relationship of tensile properties and com- 
position for these mixtures is quite complicated and 
considerable deviation from the arithmetic average 
for modulus and tensile strength is noted. 

Modification of properties was also noted in the 
mixture containing I11 and XIV. The film made 
from the pure XIV resin was so brittle that extensive 
cracking and shattering made it difficult to obtain 
test specimens. Blending with I11 did not produce 
a material with significantly different tensile prop- 
erties from the other blends tested. However, the 
elongation to break for the mixture over the single- 
component film of XIV shows the ability of I11 to 
modify the inherent brittle nature of XIV. This re- 
sult indicates blends incorporating I11 could be use- 
ful for improving elongation in brittle systems. Al- 
ternatively, the tensile results indicate that a small 
amounts of XIV could be used to increase the stiff- 

Table I11 
of Blended Norbornene Resin-PETMP Cured Films" 

Tensile Properties and Glass Transition Temperatures 

Elongation 
N-Resin Tensile Modulus Tensile Strength at Break TB 

(with PETMP) (MPa) (MPa) (76) ("0 

x : XI1 
(1 : 1) 
X:XI 
(1 : 1) 

XI : XI1 
(1 : 1) 

I11 : XIV 
(1 : 1) 

1700 f 40 

2000 f 50 

2600 f 300 

2030 f 74 

44 f 2.3 

39 f 4.1 

44 f 16 

55 * 2 

3.4 f 0.4 

2.8 k 0.4 

2.2 f 0.9 

4.5 k 0.3 

46 

35 

52 

64 

Crosslinking thiol was PETMP [pentaerythritol tetra-(3-mercaptopropionate), f = 41 used at 1 : 1 equivalent level based on the 
combined equivalent weight of the norbornene resins used in the mixture. Photoinitiator was present in the reactive composition at  
0.12M concentration (2% w/w). 
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Table IV 
and XI1 Crosslinked with PETMP 

Effect of Mixture Composition on Mechanical Properties for Blends of Norbornene Resins XI 

T e n d  Strength Elongation T B  
(MPa) (96) ("C) 

XI 
(EBPA DN) 
XI : XI1 

39 : 1 
XI : XI1 

19 : 1 
XI : XI1 

9 :  1 
XI : XI1 

1 : l  
XI1 

(TMPTN) 

1434 

1500 

1603 

1603 

2600 

2300 

30.35 

33.10 

33.58 

42.6 

44 

61 

3.83 

4.04 

3.85 

3.88 

2.20 

4.10 

38 

39 

41 

42 

52 

67 

ness and decrease the elongation of softer, more 
elastomeric materials. 

All norbornene blends studied were miscible a t  
room temperature in the proportions studied. Tem- 
perature sweeps of the cured films obtained by dy- 
namic mechanical analysis showed a single Tg for 
each blend; it is assumed that the oligomers were 
miscible and have formed a random copolymer.32 In 
addition all films were optically clear, another in- 
dication of miscibility. 

Further mixture work focused on the effect of in- 
creasing the level of ene functionality on the glass 
transition and the mechanical properties. A simple 
mixture of a difunctional ene, XI (EBPA DN,) and 
a trifunctional ene, XI1 (TMPTN) was studied. 
These results are listed in Table IV. 

These two ene components and the crosslinker 

70 1 

30 1 0 20 40 60 80 100 

Weight Percent of N-Resin (W) in Cured Film 

Figure 1 
XI and XII. 

Effect of blend composition on TB for N-Resins 

would be expected to form a random copolymer 
mixture. In this case we were interested in deter- 
mining if the two component mixture obeyed the 
so-called rule of mixtures, which predicts the glass 
transition for random copolymers and was described 
by Fox and later by These results are pre- 
sented in Figure I and indicate that this mixture of 
ene components shows a good correspondence with 
the predicted relationship, and therefore complete 
mixing can be assumed. 

As observed earlier, the prediction of mechanical 
behavior for these mixtures is less straightforward 
than modeling Tg . Since norbornene functionality 
can be introduced into the molecule by a wide variety 
of synthetic reagents, a wide variety of norbornene- 
functionalized end groups (esters, carbonates, ure- 
thanes, amides, etc.) are accessible. It was of interest 
to probe, in a limited way, the effect of various func- 
tional groups as described above on a single oligo- 
meric backbone (poly [ TMO 6501 ) . 

Table V outlines the mechanical properties and 
glass transition temperatures of these materials. It 
is seen that in poly (TMO 650) -based systems, the 
identity of the end groups does not wield significant 
influence on final mechanical and thermal proper- 
ties. Rather, the flexibility of the poly (TMO) 650 
backbone exerts the major influence on the prop- 
erties of the cured film regardless of the end group 
and produces a material that is rubbery at room 
temperature. When a long backbone is not built into 
the starting oligomer, end group functionality has a 
much greater influence on Tg and tensile properties. 
This is illustrated by comparing the properties of 
IX (the C6 amide) with those of XIX [the 
poly (TMO 650) amide-acetate] . Hydrogen bonding 
between amide groups is possible in both systems. 
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Table V 
Norbornene-Functionalized Poly(TM0 650) Resins 

Tensile Properties and Glass Transition Temperatures of Various 

Elongation 
at Break T&? 

N-Functionality (with PETMP) (MPa) (MPa) (%I ("C) 
Tensile Modulus Tensile Strength 

XVI 4.70 f 0.23 0.69 k 0.05 17.3 t 2.0 -39.0 
(Norbornenemethyl carbonate ester) 

(Norbornene ester) 

(Norbornene urethane) 

( Norborneneamido dimethylacetate) 

XVII 5.62 t 1.03 0.81 t 0.11 16.7 -39.0 

XVIII 5.86 i 0.28 1.17 i 0.25 25.0 t 6.6 -16.0 

XIX 1.38 t 0.28 0.53 5 0.06 51.5 t 7.7 -20.0 

Tgvaries by approximately 80°C. Tensile moduli dif- 
fer by a factor of 1000; tensile strength of these two 
films differ by a factor of 100. 

The structure of VII (the C6 carbonate ester) is, 
except for backbone length, similar to that of XVI 
[the poly (TMO 650) carbonate] ; although VII was 
soft and somewhat difficult to handle a t  room tem- 
perature, its tensile properties are an order of mag- 
nitude greater than the cured film containing oligo- 
mer XVI. Finally, the effect of polar functional 
groups on Tg in the same oligomeric series is rein- 
forced. Comparison of Tg values of XIX (amide 
functional) and XVIII (urethane functionality) 
with XVI (carbonate ester) and XVII (carboxylate 
ester) show stiffening due to restricted rotation of 
the amide and urethane group and hydrogen bond 
formation. The Tg values for the former materials 
are higher than the latter by approximately 20-25°C. 
Clearly, the type of functionality in the end groups 
exerts an influence on the physical and mechanical 
properties of films in a homologous series. This effect 
can be magnified or attenuated by the backbone. 

Photopolymerization Studies 

Model studies on norbornene-thiol copolymer sys- 
tems have indicated that these materials have a high 
intrinsic reactivity that is due to the release of a 
significant amount of ring strain energy in the 
[ 2.2.11 bicyclic system when the thiyl radical adds 
to the sp2-hybridized olefin carbons." Earlier flash 
photolysis studies of the addition of phenylthio rad- 
icals to a series of cycloalkenes, cyclodienes, and 
bicycloalkenes showed that [ 2.2.11 bicyclic olefins 
have a high affinity to add thiyl radical and less of 
a propensity to undergo the reverse rea~tion. '~ The 
theoretical underpinnings of this enhanced reactiv- 
ity have also been However, it is also 

well established that regardless of the intrinsic 
reactivity of a polymer system, polymerization rates 
can drastically decrease as the polymerizing mixture 
approaches the gel point especially if the polymer- 
ization is carried out below Tg ultimate for the system." 
Onset of gellation occurs a t  low conversions in ac- 
rylate photopolymerizations " and is difficult to 
predict due to the complex nature of the chain 
growth process and differences in monomer reactiv- 
ity. In step growth processes such as thiol-ene po- 
lymerizations, the gel point ( a )  can be calculated 
based on the functionality of the comonomers, 30,31 
where a is the critical fractional conversion (gel 
point) and fa and fb are the average functionalities 
of the a and b comonomers, in this case the thiol 
and the ene, respectively: 

Gel point predictions were made for several of di-, 
tri-, and tetrafunctional norbornene resins for the 
photoinitiated copolymerization reaction with a 
standard crosslinking thiol, pentaerythritol tetra- 
mercaptopropionate (PETMP) and are listed in 
Table VI. 

In order to confirm these predictions and to study 
the photoresponse of the norbornene resins, a UV 
cure study was designed. The method used FT-IR 
analysis of the samples at various UV doses to de- 
termine the effect of functionality on conversion 
(Table VII) . A standard acrylate monomer, ethox- 
ylated bisphenol A diacrylate was also studied, but 
a t  a higher dose (13.3 vs. 2.13 mJ/cm2). At the lower 
dose level, the acrylate was unreactive due to oxygen 
inhibition. Even this higher dose rate is probably 
not sufficient to completely overcome the effect of 
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Table VI 
with a Tetrafunctional Thiol 

Gel Point Calculations for Norbornene Functional Resins Crosslinked 

N-Resin Entry Thiol fa f b  

1,6-Hexanediol di-(N-carboxylate) X PETMP 4 2 0.57 
Trimethylolpropane tri-(N- 

carboxylate) XI1 PETMP 4 3 0.40 
Pentaerythritol tetra-(N-carboxylate) XI11 PETMP 4 4 0.33 
Ethoxylated bisphenol A di-(N- 

carboxy late) XI PETMP 4 1.98" 0.65" 

a Based on HPLC analysis of acrylate starting materials and derived norbornene-functionalized resin. 

oxygen inhibition, and this is also apparent in the 
high UV dose required to reach the ultimate con- 
version level of 65%. When the norbornene systems 
were subjected to the higher dose rate, the poly- 
merization was too fast to make measurements a t  
the intermediate stages. 

The results of the cure study confirm that, as ex- 
pected, the two difunctional norbornene resins tend 
to cure to an overall higher fractional conversion 
(ca. 0.76 for HDDN and 0.65 for EBPA DN, in Table 
VI) . The trifunctional resin in turn is more highly 
cured than tetrafunctional resin (0.60 for trifunc- 
tional TMP TN and 0.49 for tetrafunctional 
PETN). Plots of conversion versus UV dose for 
these systems are presented in Figure 2. 

The general trend of reactivity and conversion is 
also reflected in the UV dose required to reach 50% 
conversion. This is a somewhat better indicator of 
reactivity as it allows us to differentiate the two di- 
functional norbornene resins from the tri- and te- 
trafunctional material. But even at 50% conversion 
it appears that the conversion of the tetrafunctional 
systems has already decelerated probably due to vit- 
rification effects. Because this study was carried out 
a t  ambient temperature, it is important to note that 
the order of reactivity and conversion, HDDN 

Table VII Conversion and UV Dose Parameters 

> EBPA DN > TMPTN > PETN is the reverse of 
the Tg trend. 

CONCLUSIONS 

Norbornene resins are a novel family of olefins that 
are extremely useful ene components in photoini- 
tiated thiol-ene copolymerizations. The norbornene 
resins exhibit an enhanced reactivity toward thiols 
because of a high degree of strain that is inherent 
in the [ 2.2.11 bicyclic system. Norbornene resins and 
monomer are readily accessible by a number of 
routes including Diels-Alder cycloadditions of ac- 
rylate esters with cyclopentadiene monomer, reac- 
tion of norbornene functional acid chlorides and an- 
hydrides, Tishchenko dimerization of norbornene 
functional aldehydes, and via a ring opening reaction 
of 2- (norborn-2-ene-5 ) -4,4-dimethyloxazolin-5-one. 

Cure studies of the photoinitiated copolymeri- 
zation with thiols indicate that this process is quite 
sensitive to low UV doses and that the polymeriza- 
tion slows down as the degree of conversion ap- 
proaches the calculated gel point if the polymeriza- 
tion is carried out below Tg Photoinitiated 
copolymerizations with crosslinking thiols give ma- 

N-Resin 
(with PETMP) 

Fractional Total Dose Dose to 50% UV Intensity 
Conversion ( mJ/cm2) (mJ/cm2) (mW/cm2) 

Ethoxylated bisphenol A di-(N- 

1,g-Hexanediol di-(N-carboxylate) 

Trimethylolpropane (tri-(N- 

Pentaerythritol tetra- (N-carboxylate) 

Ethoxylated bisphenol A diacrylate 0.65 8000 2800 13.3 

carboxylate) (EBPA DN) 0.65 600 65 2.13 

(HDDN) 0.76 380 30 2.13 

carboxylate) (TMP TN) 0.60 300 85 2.13 

(PETN) 0.49 520 390 2.13 
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Figure 2 Fractional Conversion versus UV Dose in Norbornene-Thiol Copolymers. 
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terials that exhibit a wide range of static and dy- 
namic mechanical properties. 

REFERENCES 

1. C. G. Roffey, Photopolymerizatwn of Surface Coatings, 
Wiley Interscience, Chichester, 1982, pp. 157-161. 

2. C. R. Morgan, F. Magnotta, and A. D. Ketley, J.  Poly. 
Sci. Poly. Chem. Ed., 15, 627 (1967). 

3. R. W. Lenz, Organic Chemistry of Synthetic High 
Polymers, Interscience, New York, 1967, pp. 53-57 
and 196-199. 

4. C. E. Hoyle, R. D. Hensel, and M. B. Grubb, Polym. 
Photochem., 4 ,69  (1984). 

5. W. L. Brann, Proceedings of RadTech Europe ’89, 
Florence, Italy, October 1989, p. 565. 

6. M. S. Kharasch, W. Nudenberg, and G. J. Mantell, 
J .  Org. Chem., 16, 524 (1951). 

7. V. T. D’Souza, R. Nanjundiah, J. Baeza, and H. H. 
Szmant, J. Org. Chem., 52,1720 (1987). 

8. V. T. D’Souza, V. K. Iyer, and H. H. Szmant, J .  Org. 
Chem., 52,  1725 (1987). 

9. V. T. D’Souza, R. Nunjundiah, J. Baeza, and H. H. 
Szmant, J .  Org. Chem., 52,1729 (1987). 

10. M. I. Chung, V. T. D’Souza, and H. H. Szmant, J .  
Org. Chem., 52,1741 (1987). 

11. A. Ohno and S. Oae, in organic Chemistry of Sulfur, 
S. Oae, Ed., Plenum Press, New York, 1977, pp. 131- 
154. 

12. A. F. Jacobine, D. M. Glaser, and S. T. Nakos, in 
Radiation Curing of Polymeric Materials, ACS Sym- 
posium Series 417, American Chemical Society, 
Washington, D.C., 1990. 

13. W. R. Boehme, E. Schipper, W. G. Scharpf, and J. 
Nichols, J .  Am. Chem. SOC., 80,5488 (1958). 

14. J. S. Meek and W. B. Trapp, J .  Am. Chem. SOC., 79, 

15. C. Medved, J .  Chem. Eng. Data, 9, 240 (1964). 
16. W. R. Dively, G. A. Buntin, and A. D. Lohr, J.  Org. 

Chem., 34,616 (1969). 
17. A. F. Aniscenko, S. D. Volodkovich, and N. N. 

Mel’nikov, Zh. Org. Khim., 4, 1572 (1968). 
18. P. Yates and P. Eaton, J.  Am. Chem. SOC., 82,4136 

(1960). 
19. D. C. Rideout and R. Breslow, J. Am. Chem. SOC., 

102, 7816 (1980). 
20. P. A. Grieco, J. J. Nunes, and M. D. Gaul, J.  Am. 

Chem. SOC., 112,4595 (1990). 
21. S. M. Heilmann, J. K. Rasmussen, L. R. Krepski, and 

H. K. Smith, in Advances in Polymer Synthesis, 
B. M. Culbertson and J. E. McGrath, Eds., Plenum 
Press, New York, 1985. 

22. R. C. Denney, in Named Organic Reactions, Plenum 
Press, New York, 1969. 

23. Hammond Dyer, J .  Polym. Sci. A, 2,1 (1964). 
24. 0. Ito and M. Matsuda, J .  Org. Chem., 49,17 (1984). 
25. S. Inagaki, H. Fujimoto, and K. Fukui, J .  Am. Chem. 

26. S. Inagaki, H. Fujimoto, and K. Fukui, J .  Am. Chem. 

27. N. G. Rondan, M. N. Paddon-Row, P. Caramella, and 

28. N. G. Rondan, M. N. Paddon-Row, P. Caramella, and 

29. J. G. Kloosterboer, Adu. Poly. Sci., 84, 1 ( 1984). 
30. P. J. Flory, Principles of Polymer Chemistry, Cornell 

University Press, Ithaca, New York, 1953. 
31. C. W. Macosko, personal communication. 
32. L. H. Sperling, Introduction to Physical Polymer Sci- 

ence, Wiley, New York, 1986, p. 275. 

3909 (1957). 

Soc., 98,4054 ( 1976). 

SOC., 98,4693 ( 1976). 

K. N. Houk, J.  Am. Chem. SOC., 103,2436 (1981). 

K. N. Houk, J .  Am. Chem. Soc., 103,2438 (1981). 

Received January 28, 1991 
Accepted August 1, 1991 




