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ABSTRACT: The additions of 4-nitrophenyl cinnamate (NPC) and 4-nitro-1-naphthyl cinnamate (NNC) 
to the pendant epoxide groups of poly(glycidy1 methacrylate) (PGMA) and its methyl methacrylate copolymer 
(coPGMA) using quaternary salts as catalyst were carried out to obtain self-sensitized photosensitive polymers 
as shown in Scheme I. The reactions of pendant epoxide groups in coPGMA with NPC and NNC were affected 
by the nature of the solvent, the catalyst, and the phenoxide of the ester and proceeded to high conversions 
without production of any gel compound in N-methyl-2-pyrrolidone, diglyme, cyclohexanone, dioxane, and 
sulfolane at 90-130 "C using quaternary salts containing C1-, Br-, or I- as counterions. Also the reaction of 
PGMA, prepared by radical polymerization of glycidyl methacrylate, with NPC proceeded quantitatively in 
a one-pot system using diglyme or dioxane a t  100 "C for 24 h. The rates of photochemical reaction of the 
obtained polymers having two complementary functional groups, such as the cinnamic ester moiety and a 
photosensitizer, were measured by IR spectrometry. The rate of photochemical reaction of these polymers 
was highly dependent on the degree of their functionalization. Photoreactions of polymers containing much 
pendant 4-nitrophenoxide as photosensitizer were faster than those of similar polymers containing 4-nitro- 
1-naphthoxide; interestingly, however, the latter polymers showed higher practical photosensitivity, as measured 
by the gray-scale method. 

Introduction 
Addition reactions of alcohols, phenols, carboxylic acids, 

and amines to pendant epoxide groups in poly(glycidy1 
methacrylate) (PGMA) and its copolymers are well- 
known.'+ Therefore, PGMA and its copolymers have been 
widely used as starting polymers for the syntheses of 
functional polymers and cross-linkable  polymer^.^ We 
have reporteds the syntheses of photosensitive polymers 
containing pendant photosensitive moieties by addition 
reaction of pendant epoxide groups in the polymer with 
photoreactive carboxylic acids such as cinnamic acid and 
methacrylic acid: However, P-hydroxyl groups in the re- 
sulting polymers conferred undesirable solubility and re- 
activity properties. Formation of free hydroxyl groups is 
avoided in reactions of epoxy compounds with acid chlo- 
ridesg and esters;1° syntheses of polyesters by the addition 
reactions of bisepoxide with dicarboxylic acid chlorides" 
or the esters12 have been reported. However, the syntheses 
of functional polymers by addition reactions of pendant 
epoxide groups of PGMA and its copolymers with acid 
chlorides or esters have not been reported before our recent 
publications.13J4. 

The article reports on the syntheses of self-sensitized 
photosensitive polymers containing both pendant cinnamic 
ester and suitable photosensitizer groups and discusses the 
photochemical reactions of the obtained polymers. 

Experimental Section 
Materials. The solvents were purified in the usual way prior 

to use. Azobis(isobutyronitri1e) (AIBN) was recrystallized twice 
from methanol at 40 "C. Glycidyl methacrylate (GMA) and 
methyl methacrylate (MMA) were distilled twice under reduced 
pressure. Reaction of 4-nitrophenol and cinnamoyl chloride in 
THF using pyridine as HC1 acceptor according to  the reported 
methodI6 followed by two recrystallizations from methanol gave 
4-nitrophenyl cinnamate (NPC) (mp 145-146 "C). 4-Nitro-l- 
naphthyl cinnamate (NNC) was s i m i i l y  synthesized and purified 
in 89.7% yield from 4-nitro-1-naphthol and cinnamoyl chloride 
(mp 149-150 "C). Anal. Calcd for C19H13NO4: C, 71.47; H, 4.10; 
N, 4.39. Found: C, 71.56; H,  4.10; N, 4.35. 

Other esters such as phenyl benzoate (PB) (mp 67-68 "C), 
4-nitrophenyl benzoate (NPB) (mp 142-143 "C), 4-chlorophenyl 
benzoate (CPB) (mp 86-87 "C), and 4-methoxyphenyl benzoate 

(MPB) (mp 88-89 "C) were obtained quantitatively by the re- 
actions of benzoyl chloride with the corresponding phenols by 
the same method. Reagent-grade triethylamine (TEA), tetra- 
methylammonium bromide (TMAB), tetraethylammonium 
bromide (TEAB), tetraethylammonium chloride (TEAC), tetra- 
n-propylammonium bromide (TPAB), tetra-n-butylammonium 
bromide (TBAB), tetra-n-butylammonium iodide (TBAI), tet- 
ra-n-butylammonium hydrogen sulfate (TBAH), tetra-n-butyl- 
ammonium perchlorate (TBAP), tetra-n-butylphosphonium 
bromide (TBPB), and benzoic acid were used without further 
purification. Poly(glycidy1 methacrylate-co-methyl methacrylate) 
(coPGMA) was prepared in 90% yield by radical copolymerization 
of GMA (30 g, 0.21 mol) and MMA (20 g, 0.20 mol) using AIBN 
(0.3 g) as an initiator in benzene at  60 "C for 3 h and then 80 "C 
for 2 h under flowing nitrogen, followed by one precipitation in 
n-hexane, two precipitations from THF into n-hexane, and drying 
a t  50 "C under reduced pressure. The epoxide equivalent, which 
was measured by the HC1-pyridine method according to the 
reported method,16 of the obtained polymer was 251. The reduced 
viscosity of the polymer in DMF was 0.23 dL/g, measured at a 
concentration of 0.5 g/dL a t  30 "C. Poly[2-(cinnamoyloxy)-3- 
chloropropyl methacrylate-co-methyl methacrylate] (coPCCPMA) 
containing 99.0 mol % pendant cinnamic ester moiety was syn- 
thesized by the reaction of coPGMA with cinnamoyl chloride 
according to  the reported method.13 

Typical Procedure for the  Addition Reaction of coPGMA 
wi th  NPC. coPGMA (1.00 g, 4 mmol) was dissolved in 10 mL 
of sulfolane, and NPC (1.08 g, 4 mmol) and TEAC (0.066 g, 0.4 
mmol) were added to the solution. The mixture was stirred at 
130 "C for 24 h, and then i t  was poured into ethanol (200 mL). 
The obtained polymer was purified by reprecipitating twice from 
THF into methanol and fiially dried in vacuo at  50 "C. The yield 
of the recovered polymer was 1.68 g. The degree of addition 
reaction of pendant epoxide group in the polymer, calculated from 
the elemental analysis of nitrogen and the intensity of the 'H 
NMR spectrum, was 95.1 mol %. The reduced viscosity of the 
polymer in DMF was 0.21 dL/g, measured at  a concentration of 
0.5 g/dL a t  30 "C. The IR spectrum (film) showed absorption 
peaks a t  1720 (C=O stretching), 1640 (C=C stretching of cin- 
namic ester), and 1520 and 1340 cm-' (NOz stretching). The 'H 
NMR spectrum (CDC13) showed signals a t  6 0.95 (CCH3), 1.90 
(CCH,C), 3.50 (OCH3),4.30 (OCHzC),5.50 (OCHC),6.40 and 7.70 
(CH==CH, doublet), and 6.95-8.20 (aromatic protons of cinnamate 
and 4-nitrophenoxide). 

Typical Procedure for the Addition Reaction of coPGMA 
with NNC. The reaction of coPGMA (1.00 g, 4 mmol) with NNC 
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(1.28 g, 4 mmol) was carried out in the presence of TEAC (0.066 
g, 0.4 mmol) in sulfolane (10 mL) a t  130 "C for 24 h and the 
reaction product was purified by the procedure described above. 
The yield of the final polymer was 1.55 g. The degree of addition 
reaction of pendant epoxide group in the polymer was 83.5 mol 
%, calculated from the elemental analysis of nitrogen. The re- 
duced viscosity of the polymer in DMF was 0.30 dL/g, measured 
a t  a concentration of 0.5 g/dL a t  30 "C. The IR spectrum (film) 
showed absorption peaks at 1720 (C=O stretching), 1640 (C=C 
stretching of cinnamic ester), and 1520 and 1330 cm-' (NOz 
stretching). The 'H NMR spectrum showed signals a t  6 0.95 

and 6.40-8.60 (aromatic protons of cinnamate and 4-nitro-l- 
naphthoxide). 

Typical  Procedure  f o r  Synthes is  of Self-sensi t ized 
Photosensitive Polymer Containing Pendant Cinnamic Ester 
and Photosensitizer Groups in a One-Pot System. GMA (4.37 
g, 30 mmol) and AIBN (0.043 g, 0.26 mmol) were dissolved in 
dioxane (15 mL), and the polymerization was carried out a t  60 
"C for 5 h and then at  80 "C for 2 h under flowing nitrogen. After 
the polymerization was complete, a few grains of hydroquinone 
monomethyl ether, NPC (8.10 g, 30 mmol), and TEAB (0.63 g, 
3 mmol) dissolved in dioxane (50 mL) were added a t  room tem- 
perature. The mixture was stirred at 100 "C for 24 h, poured into 
ethanol (500 mL), reprecipitated twice from THF into methanol, 
filtered, and dried in vacuo at 50 "C. The yield of the obtained 
polymer was 9.88 g. The degree of addition reaction of pendant 
epoxide group in the polymer with NPC, calculated from the 
elemental analysis of nitrogen and the intensity of the 'H NMR 
spectrum, was 97.5 mol % . The reduced viscosity of the polymer 
in DMF was 0.32 dL/g, measured at  a concentration of 0.5 g/dL 
a t  30 "C. The IR spectrum (film) showed absorption peaks a t  
1720 (C=O stretching), 1640 ( C = C  stretching of cinnamic ester), 
and 1520 and 1340 cm-' (NOz stretching). The 'H NMR spectrum 
(CDCl3) showed signals a t  6 1.00 (CCH3), 1.90 (CCH,C), 4.30 
(OCH,C), 5.50 (CCHC), 6.40 and 7.70 (CH=CH, doublet), and 
6.95-8.20 (aromatic protons of cinnamate and 4-nitrophenoxide). 

Measurement of Photochemical Reaction of the Polymer. 
The polymer solution in T H F  was cast on a KRS (composition: 
ThCl + ThBr) plate and dried. The polymer film (about 5 km) 
on the plate was irradiated by a high-pressure mercury lamp 
(Ushio Electric Co., USH-250D) without a filter a t  a distance of 
30 cm. The rate of disappearance of the absorption peak due to 
the C=C group at  1640 cm-' was measured by IR spectrometry 
(JASCO Model A-202). 

Measurement of Practical Photosensitivity of the Poly- 
mer. The photosensitivity of the polymer was measured by the 
gray-scale method" as follows: the polymer (0.2 g) was dissolved 
in cyclohexanone (2 mL), and then it was cast on a copper plate 
by using a rotary applicator and dried. A Kodak step tablet no. 
2 (Eastman Kodak Co.) was placed upon this film, and then it 
was exposed by a photochemical lamp (Mitsubishi Electric Co., 
FL15SBL-360) (15 W X 7) for 3 min a t  a distance of 3 cm. The 
exposed film on the plate was developed in ethyl acetate for 2 
min, and the photosensitivty was determined from the remaining 
step number. 

Results and Discussion 
Addition Reaction of Pendant Epoxide Group in the 

Polymer with Ester. Addition reactions of coPGMA 
with NPC proceeded with 45-68 mol % conversions using 
TEAC as a catalyst in N-methyl-2-pyrrolidone (NMP), 
diglyme, dioxane, cyclohexanone, and sulfolane at  90 OC 
for 24 h. Under these conditions, it was found that NMP, 
diglyme, and cyclohexanone were better than dioxane and 
sulfolane as the reaction solvent. However, the degree of 
conversion of the reaction of coPGMA with NPC increased 
with temperature in sulfolane, where the reaction even- 
tually gave the corresponding polymer with quantitative 
conversions at 120-130 OC without any gel products (Table 
1). 

The reaction of coPGMA with NNC also gave the cor- 
responding polymer product with 35-52 mol % conversions 
in the same solvents a t  90 "C for 24 h, and the degree of 

(CCHJ, 1.90 (CCHZC), 3.50 (OCHJ, 4.40 (OCHZC), 5.50 (OCHC), 

Table I 
Conditions and Results of Addition Reactions of coPGMA 

with Cinnamic Esters" 

DF, mol l)redvb 
no, solvent ester T,  "C % yield, g dL/g 

1 NMP' NPC 90 67.9 1.21 0.22 
2 diglyme NPC 90 66.3 1.46 0.23 
3 cyclo- NPC 90 62.0 1.42 0.24 

4 dioxane NPC 90 45.2 1.38 0.23 
5 sulfolane NPC 90 49.5 1.31 0.23 
6 sulfolane NPC 100 59.6 1.43 0.23 
7 sulfolane NPC 110 73.8 1.57 0.22 
8 sulfolane NPC 120 93.9 1.66 0.20 
9 sulfolane NPC 130 95.1 1.68 0.21 

10 diglyme NNC 90 51.9 1.39 0.19 
11 cyclo- NNC 90 45.4 1.13 0.23 

12 dioxane NNC 90 36.3 1.13 0.22 
13 sulfolane NNC 90 35.7 1.31 0.31 
14 sulfolane NNC 100 53.7 1.53 0.32 
15 sulfolane NNC 110 71.9 1.44 0.30 
16 sulfolane NNC 120 83.4 1.52 0.30 
17 sulfolane NNC 130 83.5 1.55 0.30 

hexanone 

hexanone 

Each reaction was carried out with 4 mmol of coPGMA and 4 
mmol of cinnamic ester using 0.4 mmol of TEAC as a catalyst in 10 
mL of the solvent for 24 h. *Measured at a concentration of 0.5 
g/dL in DMF at 30 "C. 'N-Methyl-2-pyrrolidone. 

Table I1 
Catalyst Effect on Addition Reactions of coPGMA with 

Cinnamic Estersa 
no. catalyst ester DF, mol % yield, g qred,* dL/g 
18 none NPC 12.9 0.89 gel 
19 TEA NPC 71.4 0.87 0.52 
20 TMAB NPC 85.5 1.67 0.20 
21 TEAB NPC 93.7 1.67 0.20 
22 TPAB NPC 92.8 1.54 0.20 
23 TBAB NPC 86.0 1.67 0.18 
24 TBAI NPC 84.6 1.43 0.19 
25 TBAH NPC 4.5 0.89 gel 
26 TBAP NPC 24.7 0.95 gel 

28 none NNC 31.7 1.14 gel 
27 TBPB NPC 89.0 1.62 0.18 

29 TEA NNC 34.4 0.89 6.31 
30 TEAB NNC 70.5 1.46 0.33 

Each reaction was carried out with 4 mmol of coPGMA and 4 
mmol of cinnamic ester using 0.4 mmol of the catalyst in 10 mL of 
sulfolane at 100 "C. bMeasured at a concentration of 0.5 g/dL in 
DMF at 30 "C. 

conversion also increased with temperature in sulfolane. 
However, the degrees of conversions of the reaction of 
coPGMA with NNC were generally lower than those of the 
reaction of coPGMA with NPC under the same reaction 
conditions. This suggests that the reactivity of NNC to 
pendant epoxide groups in coPGMA was lower than that 
of NPC under the same reaction conditions when TEAC 
was used as a catalyst. 

Although the reactions of coPGMA with NPC and NNC 
proceeded with 12.9 and 31.7 mol % conversions, respec- 
tively, without any catalyst in sulfolane at  100 "C for 24 
h, the obtained products were gel compounds. The reac- 
tions of coPGMA with NPC and NNC produced the cor- 
responding polymers with relatively high conversions of 
71.4 and 34.4 mol %, respectively, in sulfolane at  100 "C 
for 24 h when TEAC was employed as a catalyst. However, 
the viscosities of the obtained polymers were abnormally 
high. It seems that some side reaction such as ring- 
opening polymerization of pendant epoxide groups oc- 
curred during the addition reactions of the epoxide groups 
of coPGMA with NPC and NNC when TEA was used as 
a catalyst (Table 11). 
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The reactions of coPGMA with NPC and NNC were 
significantly facilitated by the addition of catalytic 
amounts of the other quaternary salts TMAB, TEAB, 
TPAB, TBAB, TBAI, and TBPB, without abnormally 
increasing the viscosity of the product polymers. However, 
the reactions of coPGMA with NPC using TBAH and 
TBAP in sulfolane at 100 "C for 24 h occurred with only 
4.5 and 24.7 mol % conversions, respectively, to give gel 
products. 

These results mean that quaternary salts containing Cl-, 
Br-, or I- as counterions are excellent catalysts for addition 
reactions of pendant epoxide groups with cinnamic esters. 
On the other hand, quaternary salts with HS04- or C104- 
as counterions and tertiary amines such as TEA are poor 
catalysts for these reactions. 

The IR spectrum (film) of the polymer obtained from 
the reaction of coPGMA with NPC showed absorptions 
at  1720 (C=O stretching), 1640 (C=C stretching), and 
1520 and 1340 cm-l (NOz stretching) but showed no ab- 
sorption due to OH stretching near 3500 cm-' and the 
disappearance of the absorption due to the epoxide ring 
at  905 cm-'. The lH NMR spectra of this polymer showed 
signals of CCH3 protons at 6 0.95, CCHzC protons of the 
main chain at  6 1.90, OCHB protons at 6 3.50, OCHzC 
protons at 6 4.30, 0-CH-C proton at 6 5.50, CH=CH 
protons at 6 6.40 (doublet) and 7.70 (doublet), and aromatic 
protons of cinnamate and 4-nitrophenoxide at 6 6.95-8.20. 
In addition, the degree of the reaction of pendant epoxide 
groups in coPGMA with NPC calculated from the intensity 
ratio of the 'H NMR spectrum was consistent with the 
value obtained from elemental analysis. 

The polymer synthesized by the addition reaction of 
coPGMA with NNC showed the correct IR and lH NMR 
spectra, and the intensity ratios of the lH NMR spectrum 
of this polymer corresponded very well with the results of 
the elemental analysis. Recently, Funahashilo reported the 
selective synthesis of 1-methyl-2-phenoxyethyl acetate by 
the reaction of methyloxirane with phenyl acetate using 
basic catalysis. 

These results suggest that poly[2-(cinnamoyloxy)-3-(4- 
nitrophen0xy)propyl methacrylate-co-methyl meth- 
acrylate] (coPCNPMA) and poly[2-(cinnamoyloxy)-3-(4- 
nitro-1-naphthoxy)propyl methacrylate-co-methyl meth- 
acrylate] (coPCNNMA), each having the same pendant 
photosensitive cinnamic ester moiety but a different 
photosensitizing group, can be prepared without side re- 
actions by the respective addition reactions of coPGMA 
with NPC and NNC, using the quaternary salts TMAB, 
TEAB, TEAC, TPAB, TBAB, and TBPB as catalysts a t  
90-130 "C (Scheme I). 

To explore the reactivity of esters with pendant epoxide 
groups in coPGMA, the reactions of coPGMA with several 
benzoic esters were carried out in sulfolane using TBAB 
as a catalyst at 100 "C for 24 h. The reactions of coPGMA 
with MPB and PB proceeded with only 2.6 and 8.7 mol 
% conversions, respectively. On the other hand, the re- 
actions of coPGMA with NPB and CPB gave the corre- 

Table I11 
Conditions and Results of Addition Reactions of Pendant 

Epoxide Groups in Polymers with Various Estersn 
DF, 

polymer ester solvent mol Ilredrb 
no. (mmol) (mmol) (mL) 70 yield, g dL/g 
31 coPGMA MPB sulfolane 2.6 0.79 

32 coPGMA PB (4.0) sulfolane 8.7 0.80 

33 coPGMA CPB sulfolane 71.8 1.32 

34 coPGMA NPB sulfolane 89.4 1.30 

35 PGMA NPC diglyme 99.2' 9.27 0.45 

36 PGMA NPC dioxane 97.5c 9.88 0.32 

37 PGMA NNC diglyme 56.3'~~ 6.68 6.00 

(4.0) (4.0) (10) 

(4.0) (10) 

(4.0) (4.0) (10) 

(4.0) (4.0) (10) 

(30.0) (30.0) (65) 

(3.0) (30.0) (65) 

(30.0) (30.0) (65) 

(30.0) (30.0) (65) 
38 PGMA NNC diglyme c gel 

"Each reaction was carried out using 10 mol 70 TBAB as a cat- 
alyst at 100 O C  for 24 h. *Measured at a concentration of 0.5 g/dL 
in DMF at 30 O C .  10 mol '70 TEAB was used. dThe reaction was 
carried out for 10 h. 
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Figure 1. Addition reactions of coPGMA with NPB and benzoic 
acid in sulfolane using TBAB as a catalyst. The reaction of 
coPGMA (40 mmol) with NPB or benzoic acid (40 mmol) was 
carried out in sulfolane (100 mL) using TBAB (4 mmol): (A) with 
benzoic acid at 100 "C; (0) with NPC at 100 "C; (A) with benzoic 
acid at 80 "C. 
sponding polymers with 89.4 and 71.8 mol % conversions, 
respectively. This suggests that electron-attracting sub- 
stituents on the ester increase its reactivity toward epoxide 
groups, while electron-donating substituents have the op- 
posite effect (Table 111). 

As shown in Figure 1, the reactivity of NPB toward 
pendant epoxide groups in coPGMA was also compared 
with that benzoic acid, using TBAB as a catalyst in sul- 
folane. The rate of reaction with benzoic acid at 100 "C 
was higher than with NPB at  the same temperature. 
However, the rate of reaction with benzoic acid at  80 "C 
was slightly lower than with NPB at  100 "C. 

The one-pot reaction for the synthesis of poly[ 2-(cin- 
namoyloxy)-3-(4-nitrophenoxy)propyl methacrylate] 
(PCNPMA) was carried out by radical polymerization of 
GMA using AIBN as an initiator at 60 "C  for 5 h and then 
80 "C for 2 h, followed by the addition reaction of the 
produced polymer (PGMA) with NPC using TEAB as a 
catalyst in dioxane and diglyme at  100 "C for 24 h. This 
reaction proceeded quantitatively to produce PCNPMA 
without any gel product (Table 111). This reaction of 
PGMA with NNC was also investigated in a one-pot sys- 
tem under the same reaction conditions. Poly[glycidyl 
methacrylate-co-2- (cinnamoyloxy) -3- (4-nitro-1-naphth- 
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! r r a d  a t  o r  h m e  ' m  1 )  

Figure 2. rate of disappearance of the CH=CH group (cinnamic 
ester moiety) during irradiation with a high-pressure mercury 
lamp: (0) COPCCPMA containing 99.0 mol % pendant cinnamic 
ester group; (A) coPCNNMA containing 71.9 mol % of two 
pendant functional groups; (0) PCNPMA containing 97.5 mol 
% of two pendant functional groups; (0) coPCNPMA containing 
73.8 mol % of two pendant functional groups. 

oxy)propyl methacrylate] containing 56 mol % each of 
pendant photosensitive and photosensitizer groups was 
obtained 100 OC after 10 h but was accompanied by an 
abnormal increase of the viscosity of the polymer product. 
Prolonged reaction time of PGMA with NNC (24 h for 100 
"C) produced gel compounds. It seems that polymer highly 
functionalized with cinnamic ester and 4-nitro-1-naphthoxy 
groups is relatively unstable a t  elevated temperatures. 

From all these results, it  was concluded that the reac- 
tions of pendant epoxide groups with esters are an ex- 
cellent method for the syntheses of polymers with two 
different functional groups, such as a photosensitive moiety 
and its photosensitizing group. 

Photochemical Reaction of the Obtained Polymer. 
The photochemical reactions of the product polymers were 
carried out under identical conditions by irradiation with 
UV light of a polymer film on a KRS plate. The rate of 
disappearance of the C=C bond (in the cinnamic ester 
moiety in the polymer) was measured by IR spectrometry. 
As shown in Figure 2, the rates of disappearance of the 
C=C bonds in COPCNPMA containing 74 mol % cinnamic 
ester and 4-nitrophenoxide groups and in coPCNNMA 
containing 72 mol % cinnamic ester and 4-nitro-l- 
naphthoxide groups were much higher than that of 
coPCCPMA, which had 99.0 mol % cinnamic ester and 
chloromethyl groups.13 However, the photochemical re- 
action of the cinnamic ester moiety in coPCNNMA was 
slower than that in coPCNPMA. Furthermore, the rate 
of photoreaction of PCNPMA containing 97.5 mol % of 
the two functional groups (synthesized by the reaction of 
homopolymer of GMA with NPC in a one-pot reaction 
system) was lower than that of coPCNPMA containing 74 
mol % of the two functional groups. This suggests that 
self-sensitized photosensitive polymers such as PCNPMA, 
coPCNPMA, and coPCNNMA have high photochemical 
reactivity, though the rate of photochemical reaction de- 
pends on the degree of functionalization (DF) of the 
polymer. 

The effects of the degrees of functionalization in 
COPCNPMA and coPCNNMA on conversions of the C=C 
bond after 10-min irradiation are shown in Figure 3. 
coPCNPMA and coPCNNMA are most photoreactive at 
about DF 70 and 50 mol%, respectively. In addition, it 
was found that the rates of photoreaction of coPCNPMA 
were much higher than those of coPCNNMA when their 
degrees of functionalization were higher than about 50 mol 
%. 

1 0  
\ I 

2 0  40 60 80 1 0 0  

D e g r e e  of f u n c t i o n a l i z a t i o n  ( % )  

Figure 3. Relation between the content of two functional groups 
in the polymer and conversions of the CH=CH group (cinnamic 
ester moiety) by 10 min of irradiation: (0) coPCNPMA; (A) 
coPCNNMA. 

1'3 - 
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0 '  
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D e g r e r  of f u n c t i o n a l i z a t i o n  

Figure 4. Relation between the content of two functional groups 
in the polymer and practical photosensitivity: (0) coPCNPMA; 
(A) coPCNNMA. 

Recently, Nishikubo et al. reportedlsJg that other self- 
sensitized photosensitive polymers containing the cinnamic 
ester moiety and varying quantities of 4-nitrophenoxide 
or 4-nitro-1-naphthoxide groups are most photoreactive 
at only about DF 30 or 15 mol % respective photosensi- 
tizer. Thus, the coPCNPMA and coPCNNMA polymers 
here described contain up to 75 or 80 mol % surplus 
photosensitizer, which, by nonproductive absorption of 
part of the incident UV, in fact decreases the photoreac- 
tivity of the total polymer film.*O 

Practical photosensitivities of the obtained polymers 
were measured by the gray-scale method.17 the photo- 
sensitivity of PCNPMA of DF 97.5 mol %, exposed for 3 
min and then developed for 2 min, had high photosensi- 
tivity (11 by the gray scale). 

The relationships between the degree of functionaliza- 
tion of coPCNPMA and coPCNNMA and their photo- 
sensitivities (3 min exposure) are shown in Figure 4. The 
photosensitivity of coPCNPMA increased with increasing 
DF up to 60 mol % . On the other hand, coPCNNMA had 
its the highest photosensitivity at about DF 55 mol %. In 
addition, it was found that coPCNNMA had a much 
higher gray-scale photosensitivity than coPCNPMA, in 
contrast to the results of the rates of photochemical re- 
action of these polymers measured by IR spectrometry. 
In the previous article,20 where Nishikubo et al. found that 
self-sensitized photosensitive polymers containing both 
photosensitive and photosensitizer groups have a higher 
practical photosensitivity than polymers containing only 
the pendant photosensitive moiety mixed with low mo- 
lecular weight photosensitizers, there was a similar contrast 
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with results of photochemical reaction rates measured by 
IR spectrometry. 

Usually, it may be assumed that the rate of photo- 
chemical loss of C = C  in a cinnamate polymer, as measured 
by IR spectrometry, represents the sum of both intra- and 
intermolecular photochemical reactions of functionalized 
polymer chains. On the other hand, the practical photo- 
sensitivities of coPCNPMA and coPCNNMA measured 
by the gray-scale method depend only on the rate of in- 
terchain cross-linking. 

Therefore it can be concluded that though the apparent 
rate of photochemically induced consumption of poly- 
mer-bond cinnamate is strongly decreased by the intro- 
duction of large excess amounts of bulky pendant 4- 
nitro- 1-naphthoxy groups, the intermolecular photochem- 
ical reactions of the cinnamic ester moieties in coPCNN- 
MA are much more favored than in coPCNPMA, probably 
because of a biased conformation of the main chain and 
pendant cinnamic ester moieties in the former polymer due 
to greater steric hindrance of its more bulky photosensi- 
tizing groups. 

As a consequence, we propose here that an appropriate 
conformation of the polymer chain and the photosensitive 
group is another important factor to consider in designing 
highly sensitive polymeric negative-working photoresists, 
along with high molecular weight,21 high content of pho- 
tosensitive moietv,21 and low T,.22 
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ABSTRACT: Benzylamine-, triethylamine-, and pyridine-initiated terpolymerizations of alanine N- 
carboxyanhydride (Ala-NCA), glycine N-carboxyanhydride (Gly-NCA), and valine N-carboxyanhydride 
(Val-NCA) were conducted in various solvents. The molar compositions of the resulting terpolypeptides were 
determined from ‘H NMR spectra. Their sequences were analyzed by means of 15N NMR spectroscopy, and 
nearly random sequences were found in all cases. The secondary structure of the solid “as-polymerized samples 
was characterized by means of 13C NMR CP/MAS spectroscopy. The a-helixlP-sheet ratio was determined 
for all three amino acid units separately. In contrast to glycine a substantial fraction (up to 60%) of Val units 
assumes the a-helical conformation. The composition of the secondary structure partially changes upon 
reprecipitation. In contrast to the random terpolypeptides the two isomeric sequence polypeptides (Ala-Gly-Val), 
and (Gly-Ala-Val), exclusively possess the &sheet structure. However, in the block copolypeptide (Ala))- 
(Gly),-(Val), the (Ala)l blocks assume the a-helical conformation, whereas the (Gly), and (Val), blocks exclusively 
take on the p-sheet structure. 

Introduction includes two or more different amino acids. However, their 
Copolypeptides are in principle better of proteins 

than homopolypeptides, because their primary structure 
role as protein models suffered in the past from the fact 
that no routine method of sequence analysis existed, be- 
cause the urocedures used for uroteins cannot be applied - -  
to copolypeptides prepared by ring-opening polymeriza- 
tion. Furthermore, IR a d  spectroscopy and X-ray dif- 
fraction allowed at  best the determination of the most 

‘For part 19, see: Kricheldorf, H. R.; Muller, D.; Hull, W. E. Int. 
J .  Biol. Macromol. 
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