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ABSTRACT 

The effect of i n i t i a to r  concentration and sample 
thickness on the photocuring properties of acrylate and 
methacrylate monomers has been investigated. I t  has been 
shown that as the concentration of photoinit iator increases 
the degree of polymerisation reaches a maximum and then 
decreases. This effect is very marked for film thicknesses 
greater than l mm. The optimum level of i n i t i a to r  
corresponding to a maximum cure decreases as the sample depth 
increases. Photoinitiators with a high extinction 
coefficient at the principal wavelength of the UV source give 
rise to optimum concentrations at lower i n i t i a to r  levels. I t  
should therefore be possible to predict the appropriate 
i n i t i a to r  concentration for a particular film thickness. 

INTRODUCTION 

I t  has been known for sometime that the efficiency of 
photoinitiators in free radical polymerisations decreases 
beyond a certain optimum concentration of the in i t i a to r  due 
to screening by the i n i t i a to r  i t se l f ,  l As a consequence of 
this screening, i t  can be expected that there is a c r i t i ca l  
relationship between photoinit iator concentration and the 
cure depth or sample thickness. Current reports of thi~ 
relationship are however confl ict ing. Holman and Rubin L have 
reported that the maxima obtained in plots of power 
absorption versus photoinit iator concentration shi f t  to lower 
values of i n i t i a to r  concentration as the sample thickness 
increases. On the other hand, Clarke and Shanks 3 have 
observed that the optimum in i t i a to r  concentration increases 
with increasing sample thickness. 

Due to the growing importance of applications requiring 
large through depth cures (up to lO mm) i t  is necessary to 
c lar i fy  the relationship for typical multifunctional 
methacrylate based UV compositions. This work describes the 
determination of residual gel fractions for a variety of 
compositions over a range of i n i t i a to r  concentrations and 
different depths. As described by previous workers(l,3, 4) i t  
has been found that there is an optimum value of i n i t i a to r  
concentration for a given sample thickness. 

* To whom offprint requests should be sent 
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EXPERIMENTAL 
Materials 

The monomers tr imethylol propane trimethacrylate (TPM), 
tripropylene glycol diacrylate (TGA), ethoxylated bisphenol A 
dimethacrylate (EPM) and the i n i t i a t o r s  l-benzoylcyclohexanol 
(BCH), 2-butoxy-2-phenylacetophenone (BPA) and 
2,2-dimethoxy-2-phenylacetophenone (DPA) were supplied by 
Loctite (Ireland). 

Photopolymerisation 

Photopolymerisation was carried out using two 400 watt 
MB/U lamps. These were mounted in a cabinet equiped with a 
shutter device. The distance between the sample and the UV 
source was adjusted to give an intensi ty of 25 watts/cm 2. 
Short wavelength UV radiation was absorbed by a trough of 
water located between the sample and the l i gh t  source. 

A solution of photo in i t ia tor  in monomer was placed in a 
"well" of accurately known depth in a block of Teflon. Five 
depths were investigated viz.  0.5, l .O, 2.0, 3.0, 4.0 mm. 
The photo in i t ia tor  concentration was varied over the range 
0.5-I0% on weight of monomer. The sample block containing 
the mixture was weighed and irradiated for 3Os. The contents 
of the well were removed and extracted with acetone on an 
e lect r ic  shaker for 5 min. The residual polymer was air  
dried and reweighed. The extent of polymerisation could thus 
be calculated from the difference in weight. Each 
determination was carried ouit four times and an average value 
obtained. The degree of cure was plotted against 
photo in i t ia tor  concentration for each sample depth. From 
such plots i t  was possible to obtain a graph of i n i t i a t o r  
concentration corresponding to maximum cure versus sample 
thickness. 

Determination of the ext inct ion coeff icients of 
photoini t iators 

UV absorption spectra of the photoini t iators in ethanol 
were obtained using a Pye Unicam SPI800 recording 
spectrophotmeter. All measurements were carried out in 
quartz cuvettes. 

RESULTS AND DISCUSSION 

A typical set of results for the effect of i n i t i a t o r  
concentration on the extent of polymerisation can be seen in 
f ig .  I .  For sample depths of 0.5 and l.O mm. the screening 
effect is very small. For the 0.5 mm depth a maximum cure of 
95% is reached at an i n i t i a t o r  concentration of approximately 
2%. Further increases in concentration do not result  in a 
higher degree of conversion. 

As the sample thickness increases, increasing the 
concentration of photo in i t ia tor  results in a reduction of the 
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e x t e n t  o f  p o l y m e r i s a t i o n .  I t  shou ld  be noted t h a t  a d i s t i n c t  
maximum p h o t o i n i t i a t o r  c o n c e n t r a t i o n  can be observed  
c o r r e s p o n d i n g  to a maximum degree o f  c u r e .  Th is  maximum 
moves to l ower  va lues  as the sample depth i n c r e a s e s .  

Th is  type  o f  b e h a v i o u r  was observed  f o r  a l l  the 
m o n o m e r / i n i t i a t o r  systems i n v e s t i g a t e d .  The decrease in 
e x t e n t  o f  p o l y m e r i s a t i o n  a t  l a r g e r  sample depths i s  in  
agreement  w i t h  work c a r r i e d  out  by Hu tch inson  and Ledw i th  I 
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The e f fec t  of sample thickness and pho to in i t i a to r  
concentration on the degree of polymerisation of TPM 

who demons t ra ted  t h a t  the r a t e s  of  p h o t o p o l y m e r i s a t i o n  o f  
m e t h y l m e t h a c r y l a t e  i n i t i a t e d  w i t h  benzo in  and benzo in  methyl  
e t h e r  reached  a maximum va lue  f o l l o w e d  by a decrease  in  r a t e  
as the i n i t i a t o r  c o n c e n t r a t i o n  i n c r e a s e d .  Th is  was e x p l a i n e d  
in  terms of  a non u n i f o r m  d i s t r i b u t i o n  o f  r a d i c a l s ,  the 
m a j o r i t y  o f  the i n i t i a t i n g  spec ies  be ing  c o n c e n t r a t e d  in a 
r e g i o n  c l o s e  to the l i g h t  sou rce .  As the r e a c t i o n  i s  h a l f  
o r d e r  w i t h  r e s p e c t  to the i n i t i a t o r  t h i s  non u n i f o r m i t y  w i l l  
g i ve  r i s e  to an o v e r a l l  r e d u c t i o n  in the r a t e  of  
p o l y m e r i s a t i o n .  As the t ime of  i r r a d i a t i o n  was i d e n t i c a l  in  
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Fig. 2 The variation of I with sample thickness for max 
formulations based on trimethylol propane trimethacrylate. 

each case, the extent of reaction would be expected to 
decrease with increasing pho to in i t i a to r  concentration. 
Similar results have been obtained by Clarke and Shanks 3 for 
the photopolymerisation of butyl methacrylate i n i t i a t e d  with 
benzoin, Fig. l i l l u s t r a t e s  that this decrease in the extent 
of reaction with increasing pho to in i t ia to r  concentration 
becomes more apparent as the thickness of the sample 
increases. This can be at t r ibuted to the f i l t e r i n g  or 
screening e f fec t  predicted by Holmin and Rubin. l These 
workers have shown that the radiant power absorption of the 
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reaction media fa l ls  to very low values at points deep in the 
polymerising sample. Consequently the rate of in i t ia t ion  and 
the distr ibution of radicals wil l  be non uniform resulting in 
overall lower rates of reaction in thick samples. This 
effect wi l l  be more exagerated in very thick films. I t  also 
follows that the reduction in extent of polymerisation with 
increasing film thicknesses wil l  become more marked as the 
concentration of photoinit iator increases. 
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Fig. 3 The var ia t ion  of  I wi th sample thickness fo r  formulat ions 
max 

based on t r ip ropy lene  glycol d iac ry la te .  

S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  t h i s  monomer i n i t i a t e d  
with the other two catalysts under investigation. The 
photocuring properties of formulations of ethoxylated 
bisphenol A dimethacrylate and tripropylene glycol diacrylate 
with the three in i t ia to rs  gave results showing the same 
trends. 
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Using f ig .  l as a typical example i t  can be seen that 
for each sample thickness there is a maximum degree of 
polymerisation corresponding to a part icular or optimum 
photoin i t ia tor  concentration. Figs. 2, 3 and 4 show how this 
optimum i n i t i a t o r  concentration (Ima x) varies with sample 
thickness for al l the formulations studied. In all cases 
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Fig. 4 The variation of Ima x with sample thickness for formulations 
based on ethocylated bisohenol A dimethacrylate 

Ima x decreases with increasing sample thickness. In other 
words maximum cure is obtained at lower catalyst 
concentrations for thick f i lms. I t  should however be noted 
that the cure corresponding to Ima x fa l l s  with increasing 
sample depth. Never the less Ima x wi l l  produce the highest 
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TABLE 1 

Maximum extents of polymerisation (Pmax) obtained for various 
monomer/photoinitiator combinations 

Pmax (%) 
Thickness (mm) 

0.5 

95.0 

69.5 

85.0 

98.5 

91.0 

99.9 

99.0 

90.0 

99.9 

1.0 

91.5 

74.5 

84.5 

93.0 

70.0 

87.5 

92.5 

70.0 

87.5 

2.0 3.0 4.0 

92.5 84.0 73.0 

73.5 66.0 41.0 

77.5 70.0 60.0 

56.5 35.0 27.5 

37.5 22.5 17.5 

46.0 29.5 21.5 

56.5 35.0 27.5 

37.5 22.5 17.5 

43.0 27.5 22.0 

INITIATOR 

DPA 

BPA 

BCH 

DPA 

BPA 

BCA 

DPA 

BPA 

BCH 

MONOMER 

TPM 

TPM 

TPM 

TGA 

TGA 

TGA 

EPM 

EPM 

EPM 

e x t e n t  o f  r e a c t i o n  p o s s i b l e  f o r  a p a r t i c u l a r  c o n c e n t r a t i o n  
range f o r  a g i ven  dep th .  

The va lues  found f o r  the maximum degree o f  
p o l y m e r i s a t i o n  are shown in Table I .  I t  i s  not  p o s s i b l e  to 
draw any rea l  c o n c l u s i o n  from the data in t h i s  t a b l e  o t h e r  
than t h a t  f o r  each f o r m u l a t i o n  maximum cure  i s  found f o r  the 
t h i n n e s t  sample dep th .  The r e l a t i o n s h i p  between degree of  
p o l y m e r i s a t i o n  and the chemica l  n a t u r e  of  the i n i t i a t o r /  
monomer system w i l l  be r a t h e r  c o m p l i c a t e d ,  depend ing  on a 
v a r i e t y  o f  f a c t o r s  such as quantum e f f i c i e n c y ,  e x t i n c t i o n  
c o e f f i c i e n t  o f  monomer and i n i t i a t o r  s ide  r e a c t i o n s .  The 
e x t i n c t i o n  c o e f f i c i e n t s  o f  the t h r e e  p h o t o i n i t i a t o r s  a t  360 
nm were found to be 358, 89 and 56 mo l - l cm- ldm 3 f o r  DPA, BPA 
and BCH r e s p e c t i v e l y .  From f i g s .  2, 3 and 4 i t  can be seen 
in  a l l  cases t h a t  the optimum i n i t i a t o r  c o n c e n t r a t i o n  is  
found at  l ower  va lues  as the e x t i n c t i o n  c o e f f i c i e n t  o f  the 
p h o t o i n i t i a t o r  i n c r e a s e s .  Th is  would be expec ted  i f  the r a t e  
o f  p o l y m e r i s a t i o n  and hence the e x t e n t  o f  cure  a f t e r  a g i ven  
t ime depends on a u n i f o r m  d i s t r i b u t i o n  o f  r a d i c a l s  in  the 
r e a c t i o n  medium. I n i t i a t o r s  hav ing  a h igh e x t i n c t i o n  
c o e f f i c i e n t  would be expec ted  to g i ve  r i s e  to t h i s  uneven 
d i s t r i b u t i o n  more r e a d i l y  than i n i t i a t o r s  which do not  adsorb 
UV l i g h t  so s t r o n g l y .  
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Trimethylol propane trimethacrylate appears to be 
par t icu lar ly  sensitive to sample thickness for the i n i t i a t o r  
2,2'dimethoxy-2-phenylacetophenone. On the other hand etho- 
xylated bisphenol A dimethacrylate does not seem to be very 
sensitive to changes in sample thicknesses greater than l mm. 

CONCLUSION 

The extent of photopolymerisation of acrylate and 
methacrylate monomers in thick films reaches a maximum and 
then decreases with increasing concentration of photo- 
i n i t i a t o r .  The effect becomes more marked as the thickness 
of the sample increases. This is attr ibuted to a non uniform 
d is t r ibut ion of radicals within the reaction media. This non 
uniformity is exagerated i f  the i n i t i a t o r  has a high 
extinction coeff ic ient at the principal wavelength of the UV 
source. As a consequence an optimum i n i t i a t o r  concentration 
corresponding to a maximum extent of reaction can be 
determined. This optimum moves to lower concentrations for 
large sample depths. For i n i t i a t o r s  with low extinction 
coeff icients the optimum is found at higher i n i t i a t o r  
concentrations. From such studies i t  should be possible to 
predict the most appropriate level of i n i t i a t o r  for a 
part icular fi lm thickness. 
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