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Factors Affecting the Ult raviolet-Initiated 
Polymerization of Vinyl Monomers 

STEPHEN R. CLARKE* and ROBERT A. SHANKS 

Department of Applied Chemistry 
Royal Melbourne Institute of Technology, Ltd. 
Melbourne, Victoria, Australia 

A B S T R A C T  

Measurements of the extent of polymerization have been made 
for photoinitiated polymerization reactions using consistent con- 
ditions and a common monomer, butyl acrylate. Three radiation 
wavelengths were used and i t  was found that in most cases polym- 
erization proceeded in the order 350 > 300 > 254 nm. From 
the range of photoinitiators studied it was found that those of the 
benzoin type, undergoing cleavage, promoted reaction faster 
than the benzophenone type, requiring a hydrogen abstraction 
mechanism. At 350 nm, those undergoing a cleavage mechan- 
ism showed reaction rates following the order of their ultraviolet 
absorption. A hydrogen donor such as a tertiary amine was 
necessary for the benzophenone-type initiators. Hydrogen donors 
tended to have mixed effects on polymerization produced by 
benzoin-type initiators. From a broad range of hydrogen donors 
used with benzophenone it was found that aliphatic tertiary amines 
were the most effective. 

*Present address: Nonporite Pty. Ltd., Melbourne, Australia. 
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78 CLARKE AND SHANKS 

INTR O D  UC T I O N  

Absorption of ultraviolet radiation by photoinitiators to form active 
radicals is usually the result of the n- rr * transition of a carbonyl 
group. Radiation with wavelength close to this absorption maximum 
should produce the best results although this is often complicated 
by absorption of other species such as monomers. 

In many comparative studies of photopolymerization systems the 
absorption maximum of the initiator and the wavelength of irradiation 
a re  not specified. In this work it was proposed to study polymeriza- 
tions using lamps of several wavelengths and to compare the results 
with the absorption maxima of the photoinitiators. 

Two main types of mechanism have been found to be of use in 
photoinitiation of polymerization. The most important mechanism is 
that of the benzoin-type initiators. These undergo a Norrish type 1 
cleavage [ 11 to produce two radicals which a re  usually both active 
in initiating polymerization. 

Ph- CH P h L  Ph-64  + Ph-tH-OR 
F-l - 
0 OR 

The other important class involves photoinitiated hydrogen transfer, 
such as that which occurs with benzophenone-type initiators. 

Ph-6-Ph + (CH~CHZ)~N-P~-~ -P~  + (CH$Hz)zNdHCH, 
9 I bH 

Without a proton donor, reaction is slow or may not occur, since 
only the m i n e  radical initiates polymerization; the benzophenone 
radical can act as a chain terminator [ 21. Initial formation of a 
charge-transfer complex between the benzophenone and hydrogen 
donor may be involved [ 31 which is why amines have been found to 
be successful in this role. The photoinitiators tested in this work 
belong to either of the above two classes. 

A series of hydrogen donors was used. These were all m i n e s  
except for tetrahydrofuran. They were selected on the basis of 
literature reports on their utility in photoinitiation. Having the amine 
as part of a monomer, 4-vinylpyridine and N,N-dimethylaminoethyl 
acrylate, or part of a photoinitiator, 4,4'-bis(dimethylamino)benzo- 
phenone, were variations which were used. Previous usage of many 
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80 CLARKE AND SHANKS 

TABLE 2. Percent Conversion of Butyl Acrylate by Photoinitiators 

Wavelength of incident radiation (nm) 

254 300 350 

Photoinitiator P5a PI0 P2.5 P5 P1.25 P2.5 

Benzophenoneb 
Fluorenone 
4,4'- Bis(dimethy1amino)- 

benzophenone 
N- Methylacridone 
Benzoin 
Benzoin methyl ether 
Benzoin isopropyl ether 
2,2 - Diethoxy- 2 - phen yl- 

Benzil 
Ally1 bromide 

acetophenone 

0.0 0.0 0.0 
0.3 0.4 0.0 
1.1 2.6 0.0 

0.4 0.5 0.2 
6.2 48.5 20.1 

30.1 91.7 38.4 
16.7 77.5 16.4 
70.9 99.0 76.7 

0.9 2.0 0.1 
0.4 0.7 0.2 

0.0 0.0 0.0 

0.2 0.0 0.0 
0.3 0.5 1.5 

0.2 0.2 0.2 
75.5 58.3 90.8 
90.2 80.7 98.0 
84.1 76.1 96.3 
97.1 91.8 99.9 

0.6 0.0 0.4 
0.2 0.0 0.0 

"P 

bconcentration of photoinitiator was (1.57 f 0.01) X lo-' mol/dm3 

= % (mass) conversion of monomer (butyl acrylate) to polymer X 
after X min. X = 1.25, 2.5, 5, and 10 min. 

in each case. 

of these m i n e s  by a number of workers involved different conditions 
or lamps and makes comparison difficult. 

E X P E R I M E N T A L  

The reactions were carried out using a Rayonet RPR-100 photo- 
chemical chamber reactor using 254, 300, or  350 nm lamps. The 
temperature of the reactor was 45 f 1"C, and reaction solutions were 
warmed to this temperature prior to being placed in the reactor. 

diluent was used. The butyl acrylate was distilled under vacuum 
prior to use. 

The degree of polymerization was measured by refractometry as 
described previously [ 41. Data reported a r e  from duplicate measure- 
ments. The standard deviation of all data was l.68%, giving 90% con- 
fidence limits of *1.94%. 

Butyl acrylate was used as monomer in all reactions and no other 
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POLYMERIZATION OF VINYL MONOMERS 81 

TABLE 3. Percent Conversion of Butyl Acrylate by Photoinitiators 
with Triethylamine 

Photoinitiator 

Wavelength of incident radiation (nm) 

254 300 3 50 

p5' P l O  P2.5 P5 P1.25 p2.5 
~~ ~ ~ ~~ ~~ ~ ~ 

Bemophenoneb 25.0 70.3 32.0 76.0 35.8 82.0 
Fluorenone 7.5 19.7 1.2 6.2 2.0 10.1 
4,4'-Bis(dimethylamino)- 0.7 2.4 0.7 1.7 0.4 1.9 

N- Me thylac r idone 1.5 6.8 0.0 1.5 0.7 1.1 
Benzoin 21.3 60.7 46.7 74.5 66.8 93.0 
Benzoin methyl ether 56.9 81.5 60.9 85.7 79.6 96.7 
Benzoin isopropyl ether 47.7 72.6 47.7 69.7 63.9 67.3 
2,2-Diethoxy-2-phenyl- 68.9 89.8 72.3 92.2 89.5 99.6 

Benzil 18.7 41.0 8.2 19.4 10.6 21.6 
Ally1 bromide 0.5 0.7 0.2 0.3 0.0 0.2 

benzophenone 

acetophenone 

P is as defined in Table 2. a 
bconcentration of photoinitiator was (1.57 f 0.01) X lo-' mol/dm3 and 

triethylamine was present at (4.71 f 0.01) X lo-' mol/dm3 in each case 
in butyl acrylate. 

R E S U L T S  AND DISCUSSION 

Though the major absorption maxima of the photoinitiators (Table 1) 
were at about 250 nm (n- n *), the absorption responsible for radical 
formation (n-n*) maximized between 299 and 337 nm. It was found 
that polymerization (Tables 2 and 3) proceeded most rapidly using 
350 nm lamps. At 300 nm irradiation the reaction was faster than at  
254 nm. The intense absorption band at about 250 nm still gave 
appreciable absorption at 300 nm, thereby reducing penetration of the 
radiation into the reaction solution. Absorption of radiation by other 
than the n + r *  transition of the photoinitiator will reduce the rate of 
polymerization since the amount of radiation available is constant. 
Both the selectivity of the wavelength and the penetration of that 
wavelength into the reaction solution a re  important considerations 
for achieving the maximum polymerization rate. 
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82 CLARKE AND SHANKS 

TABLE 4. Percent Conversion of Butyl Acrylate by Benzophenone 
with Hydrogen Donors 

% Conversion 

P 10 
b Hydrogen donor" P5 

Triethylamine 25.0 70.3 

Triethanolamine 35.7 82.0 

N,N-Dimethylaniline 9.7 59.1 

Morpholine 4.7 24.9 

4-Vinylpyridine 0.0 0.2 

Dimethylaminoe thy1 acr ylat e 9.4 30.9 

2-Dimethylaminoethanol 24.7 77.1 

2 -Dime thylam inoe t han ol/CC14 30.3 75.3 

N- Methylacridone 1.0 2.0 

E t hanolamine 2.0 7.8 
4,4'- Bis(dimethy1amino)benzophenone 5.7 19.6 

Tetrahydrofuran 0.0 0.0 

"Initiator was benzophenone, (1.57 f 0.01) X lo-'  mol/dm3. 
Accelerator concentration was (4.69 i 0.03) X lo-' mol/dm3. 

bP as defined in Table 2. Wavelength of incident radiation was 
254 nm. 

At 350 nm irradiation the extent of polymerization is proportional 
to the molar absorption coefficients for compounds undergoing a 
benzoin cleavage mechanism (Fig. 1). At other wavelengths the trend 
does not occur, probably because of overlap with n- B * absorption. 
Each of these compounds must have similar cleavage efficiency. 
Photoinitiators undergoing the hydrogen abstraction mechanism do 
not show such a trend. This is possibly due to differences in efficiency 
of intersystem crossing from S1 to TI and in ability to abstract a 
hydrogen from the mine.  

A hydrogen donor is a necessity with benzophenone-type photo- 
initiators. The effect of triethylamine on these photoinitiators can 
be assessed by comparing the data in Tables 2 and 3. The radical 
derived from benzophenone has been found to be only a terminating 
species for polymerization whereas the radical from an m i n e  can 
initiate polymerization [ 51. 2,2-Diethoxy-2-phenylacetophenone 
produces radicals which have also been shown to react with hydrogen 
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P -  

83 

100 

50 
1- Benzoin 
2- Benzoin E t h y l  ether 

3- Benzoin isopropyl ether 

4- 2,2-Dietkoxy-2-phenyl- 
acewphemne 

- 
0 I ,100 I I 200 I 

n. 

FIG. 1. Percent conversion-absorption. 

donors [ 51. In the current work, triethylamine produced a negligible 
effect on the rate of polymerization using this photoinitiator. 

Allyl iodide in the presence of amines was shown to be a photo- 
initiator of polymerization [ 61. Allyl bromide and triethylamine 
were tested but very little polymerization was observed in the times 
used for reaction in this work. 

Tetrahydrofuran can also act as a hydrogen donor [ 71 but no 
polymerization was observed in the times and with the concentration 
used in this work. The original work [ 71 used tetrahydrofuran either 
as solvent or  in 2 mol/dms concentration which is not suitable for 
most photocurable systems since the technique seeks to avoid volatile 
components (Table 4). 

Carbon tetrachloride has previously been used in conjunction with 
2-chlorothioxanthone and 2-dimethylaminoethanol to improve the cure  
response [ 81. Carbon tetrachloride in conjunction with benzophenone 
and 2-dimethylaminoethanol produced no change in the percent con- 
version after 10 min. 

The amine monomers, 4-vinylpyridine and dimethylaminoethyl 
acrylate, were not successful for promoting rapid polymerization. 
The latter provided some conversion. It was observed that the polym- 
erizing solution in this case formed a gel, indicating that both amine 
initiation and acrylate double bond polymerization took place forming 
cross-links. This monomer should be useful for photografting reactions 
when included in the main polymer backbone. 
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84 CLARKE AND SHANKS 

N-Methylacridone was not active. This indicated that the abstrac- 
tion of hydrogen from the N-methyl group, to give a resonance sta- 
bilized radical, either did not proceed or else the radical was  not 
active in promoting polymerization. The other aromatic amine, N,N- 
dimethylaniline, and the cyclic m i n e  morpholine were not as active 
as the tertiary aliphatic mines .  

The alcoholamines, with the exception of the primary amine, 
ethanolamine, were more active than triethylamine. It has been pro- 
posed that the alcoholamines undergo a different mechanism of hydro- 
gen abstraction [ 91. 

Ph3'Ph + R~NCH~CHZOH-R~N~H~ + CH2O + Ph f-Ph 

OH 0. 

4,4'-Bis(dimethylamino)benzophenone has been reported [ 11 to be 
a useful photoinitiator and in conjunction with benzophenone it has 
been said to produce enhanced photoactivity. In this work it was not 
found to be a successful photoinitiator at  any of the wavelengths 
studied, and in combination with benzophenone it produced only a 
low percent of polymerization. 

CONCLUSION 

Photoinitiated polymerization using aromatic ketone initiators 
proceeded most rapidly at about 350 nm wavelength of irradiation. 
The most effective photoinitiators were found to be benzoin derivatives 
and in particular 2,2-diethoxy- 2-phenylacetophenone. Benzophenone 
in the presence of tertiary aliphatic mines ,  especially alcoholamines, 
was also found to be effective. The latter does not show a decrease 
in surface cure rate in the presence of oxygen as do other photoinitia- 
tors [ lo].  Thus this property may determine the choice between a 
benzophenone- and a benzoin-type system. 
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