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ABSTRACT Excited-state interactions between light stabilizers (LS) and photoinitiators were invwtigated, 
for the fmt time, through time-resolved h e r  spectroscopy (TRLS), both in solution and in bulk monomer. 
The lifetimes of the photoinitiator triplet states and the rate constant of the interadionswith oxygen, monomers, 
and amines in a bulk matrix became available. Fairly long-lived triplet states were detected even in the 
presence of high acrylate concentrations in the highly viscous monomer/oligomer medium. The practical 
effects of the addition of LS were evaluated in solution and in f i b  photopolymerization experimenta. An 
excellent agreement was found between the expected effect (from TRLS) and the observed practical behavior 
of the polymerized system, as evaluated by the rate of polymerization (R,) or the superficial hardnew of the 
coating: addition of LS leads to a decrease of R, in solution but does not affect the curing rate in practical 
film photopolymerization performed in air. 

1. Introduction 
Photoinitiators (PI) used to start aradicalphotoinduced 

polymerization reaction on exposure to W light have been 
recognized as playing one of the most important roles in 
reaching high conversions of the monomer (M) in short 
irradiation times:'* 

hv M M 
PI  PI* - R' - RM' - Polymer 

This reaction finds many applications in the UV curing 
of coatings, varnishes, paints, inks, ...?+ Considerable 
endeavors have been made to develop weather-resistant 
systems, particularly their ability to withstand sunlight 
exposure. In that m e ,  one has to prevent, or at least to 
slow down, the photooxidation reactions, by m w  of a 
strategy called photostabilization.1e16 Several major 
mechanisms can be operative: UV screening (compounds 
designed as UV absorbers, able to absorb light instead of 
the polymer backbone, are incorporated into the system); 
excited-state quenching (deactivation of detrimental spe- 
cies by appropriate quenchers); chain breaking by anti- 
oxidants (such compounds have to react with peroxide 
radicals; hindered amine light stabilizers (HALS) exem- 
plify this behavior; they are also able to decompose 
hydroperoxides and to quench carbonyl g r o ~ p s . l ~ - ~ ~  

Incorporation of these light stabilizers (LS; UV ab- 
sorbers, quenchers, or HALS) has to be carried out during 
the formulation of the photopolymerizable mixture, before 
the UV light exposure that leads to the ultimate coating. 
As a consequence, one might expect a detrimental inter- 
action of LS with the excited states of PI, thus reducing 
the yield of production of the initiating species: 

PI  ___) radicals 

quenching processes 

+ Part of thie paper (corresponding to the practical aspects) has 
been presented at the RadTech North America Meeting, Boston, in 
April 1992 and was reprinted with permission from RadTech'92 North 
America Conference Proceedings, copyright 1992, RadTech Inter- 
national North America, 60 Revere Dr., Suite 500, Northbrook, IL 
60082. 

The present paper is devoted to an investigation of these 
primary fast processes in solution and in bulk (in the 
presence of UV absorbers and HALS). 

The fiit part will describe original and new experiments 
on the kinetics of the excited states in bulk (Le., in the 
viscous monomer/oligomer matrix usually employed on 
an industrial scale) in the presence of amines, multifunc- 
tional acrylate functions, and oxygen. The second part 
will show the interactions between PI and LS and their 
consequence on the polymerization reaction. These ex- 
periments were performed with the usual photoinitiators 
(whose photochemistry is well-known) working through a 
cleavage [hydroxyalkyl phenyl ketones (HAP);22 mor- 
pholino ketones (MK);2&% sulfonyl ketones (SK);27 and 
amino ketones (AK)2h28 (the rate comtanta of the cleavage 
process in organic solvents are briefly reviewed in the 
following scheme)] 

(1) 
hv 

PI (So) - PI (S l )*  - PI (11)' - R'( + R, 

or through electron transfer in the presence of amines 
(AH) (benzophenone (BP);6B chloro thioxanthone (CTX)6. 

hv 
PI (So) __c PI (SI)' - PI (TI)' -1 AH (2) 

PIH* A* - PI.' AH** 

2. Experimental Section 
(a) Materiale. The photoinitiators (PI) and light stabilieere 

(LS) which were used are .ehown in Tables I and 11. They were 
purchased from Aldrich (CTX, BP), Merck (HAP), FrntaUi 
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Table 111 
Relative Bate of Polymerization of [MMA] = 7 M in 

Deaerated Toluene in the Prewnce and the Aboence of C1 
M) 

Table I 
Investigated Photoidtiaton 

EP 

hC' 

HRP N : R- (CH,),N 

H A P S :  R-CH,S 

MK H :  R-H 

MK N : R-(CH,),N 

M K S  : R - C H , S  

DMPR 

CTH 

Table I1 
Investigated Photostabilizers 

(Tinuuin 988) (Tinuuin I 1  38) 

ISanduuor 32861 

01 

(Tinuuin 144) '' 
Lamberti (AK), Sandoz (Bl), and Ciba-Geigy (AK, MK, DMPA, 
Al, A2, Cl). The molecular weights were calculated according 
to the formula and the compositions assigned to the commercial 
samples. Typical ground-state absorption spectra are shown in 
Figures 1 and 2. 

(b) Techniques. 1. Time-Resolved Laser Spectroscopy. 
The typical device of laser spectroacopy used with a nanosecond 
time resolution was described in ref 23. The excitation source 
consists of a Nd/YAG h e r  Q-switched by a Pockele cell which 
produces a 3-ns pulse at 1064,532, or 356 nm. The monitoring 
system consists of a xenon arc, a monomchromator, a photo- 

r = R,IR," r = RdRp0 
DMPA 1 AK 0.88 
HAP S 1 B P  0.66 
MK S 1 CTXa 0.75 
SK 0.85 

(I In the presence of [MDEA] = 0.05 M. 

Table IV 
Perroz Hardness of a UV-Cured Film (Epoxy Acrylate/ 
HDDA, 6040) at a Belt Speed of 10 m dn-'  (2 PMWS). 

pendulum hardness (8 )  pendulum hardness (a) 

[LSI = [LSI = 
[LSI - 0  1% w/w [ L s ] = O  l%w/w 

DMPA 3MC 308 AK 310 308 
HAPS 214 214 BPb 126 124 
MKS 280 289 CTXb 242 246 
SK 238 290 

LS is C1; [photoinitiator] = 3%. [MDEA] = 2% w/w. Glass 
hardnese is -430 s. Average value; the error ie estimated to be f5 
a from a aeries of measurements on a given film. 

multiplier at the detection end, a transient digitizing system, 
and a computer station (time resolution, 3 ns). 

2. Solution Photopolymerization. Methyl methacrylate 
(MMA) was purified as described in ref 30. The MMA concen- 
tration waa 7 M in degassed toluene. The samples were prepared 
and irradiated (as described in ref 29) using a 126-W medium- 
pressure mercury lamp equipped with a band-pese g h  filter 
centered at X = 366 nm, with AX = 26 nm). The incident light 
intensity was typically 10l6 photons cm-2 8-l. The polymerization 
rates (R,) were determined using a dilatometric method. 

3. Film Photopolymerization. A typical formulation con- 
sista of epoxy acrylate (Actilane 70 from SNPE)/HDDA (hex- 
anediol diacrylate from Norsolor), 60:40 (w/w); a photoinitiator, 
3%; amine MDEA (methyldiethanolamine), 2%; and a light 
stabilizer if used, 1 % (as usual, in f i i  photopolymerization, the 
concentrations are expressed in weight percent). This formu- 
lation is coated onto a Blase plate ( f i i  thickneee, 60 pm) and 
then polymerized in air by means of an industrial UV-curing line 
source (80 W cm-'1. (The photon flux is ca. 
s-l at the sample.) The hardnessof the scratch-free curedeample 
was measured with a Persoz pendulum (Erichsen 3000 NFT 
30016).31 

photons 

3. Results 
3.1. Photopolymerization Experiments. A. Solu- 

tion Photopolymerization. The rates of polymerization 
R, of [ M U ]  = 7 M in a deaerated toluene solution were 
followed by dilatometry (Figure 3). The relative values 
recorded in the presence and abeence of C1 are listed in 
Table 111. In some cases, the presence of LS leads to a 
decreased rate of polymerization. 
B. Film Photopolymerization. A 50-fim f i b  for- 

mulation consisting of a mixture (6040, w/w) of epoxy 
acrylate/HDDA in the presence and the abaence of the 
HALS derivative C1(1% w/w) was polymerized in air by 
means of a 80 W cm-I mercury lamp. Figure 4 and Table 
IV show that the hardness of the film reaches the same 
value. This result holds true whatever the type of 
photoinitiator used and is obviously different from that 
observed for R, in solution. Monitoring the changes of 
the double-bond content of a photopolymerizable film 
formulation (which actually gives that rate of polymeri- 
zation) through real time IR spectroecopy32 leads to the 
same conclusion: if bulk experimenta are performed in 
air, the addition of HALS compounds does not reduce the 
rate of polymerization R,. On the contrary, if UV abaorbere 
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Figure 1. Ground-state absorption spectra of various typical PI (0.001 . %) in methanol (1-cm-path-length cell). 

Table V 
Triplet-State Quenching of BP by LS in Acetonitrile 
LS 1Vk.  (M-ls-l) LS 1Vk.  (M-l 8-l) 

~ ~~ 

Ai 8650 c1 6600 
A2 10300 Di 7060 
Bi 15OOO 

are incorporated, R, decreases at least because of a 
screening effect resulting in the absorption of light (see 
absorption spectra in Figure 2). 

3.2. Excited-State Interactions. A. Triplet-State 
Quenching by Light Stabilizers. On laser excitation 
of the SO - SI transition and after intersystem crossing, 
the triplet states TI of the photoinitiators were generated 
and their decays monitored as a function of the light 
stabilizer concentration. The value of k a  was determined 
by means of a Stern-Volmer plot 

k = l / T  = l / T o  + k,[LS] 
(where 7 and TO are the triplet-state lifetimes in the 
presence and the absence of LS; k a  stand for the rate 
constant of the bimolecular quenching of TI by LS). Fairly 
high values of ka were recorded, thus revealing a strong 
interadion. The decay of TI was recorded a t  the following 
wavelengths: 520 nm (BP); 630 nm (CTX); 460 nm (HAP 
N); 420 nm (HAP 0); 460 nm (HAP S); 460 nm (MK N); 
400 nm (MK 0); 470 nm (SK); 480 nm (AK). 

(a) Interaction BP/LS. T h e r d t s  are listed in Table 
V, and typical Stern-Volmer plots are shown in Figure 5. 
It is apparent that the LSs interact very strongly with the 
benzophenone triplet &ate. In the case of C1, and only 
then, along-lived residual absorption (which increases with 
[LSI) was observed (Figure 6): this absorption is very 
similar to that recorded on excitation of BP in isopropyl 
alcohol and, therefore, was assigned to a ketyl radical. 

Table VI 
Triplet-State Quenching in Various Couples of 
Photoinitiator/Light Stabilizer in Acetonitrile 

PI LS 1Vk.  (M-18-1) PI LS l V k ,  (M-ls-l) 
HAPN A1 6600 CTX A1 12000 
HAPN C1 1320 CTX C1 loo00 
HAPS C1 290 SK A1 6400 
M K N  A1 4860 SK C1 620 
M K N  C1 270 AK A1 270 

This species is presumably formed through an electron 
and proton transfer: 

(b) Interaction between Various Photoinitiator/ 
Light Stabilizer Couples. Similar experiments were 
carried out, in various combinations, in acetonitrile (Table 
VI). In CTX/Cl, an electron and proton transfer occurs 
since the ketyl radical was observed (Figure 7). In other 
PI/C1 couples where the same process takea place (HAP 
N, HAP S, MK N, SK, AK), the ka values are lower by 
almost an order of magnitude: this is easily accounted for 
by the low reactivity of these photoinitiators in electron- 
transfer reactions, as already shown when studying their 
interactions with amine c o m p ~ u n d s ? ~ ~ ~ ~ ~  Except for AK, 
quenching by A1 exhibits a very high efficiency. Sub- 
stituting toluene for acetonitrile leads (Table VII) to an 
increased quenching rate constant k, for MK N, AK, SK, 
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Figure 2. Ground-state absorption spectra of various LS in organic solvent (1-cm-path-length cell). 
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/ 
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Figure 3. Typical monomer conversion curves aa followed by 
dhhetry .  [MMA] = 7 M, the OD of PI is 0.1 on 1 cm at A 
= 366 nm; tC11 = 10+ M, [MDEAI = 0.05 M. A volume 
contraction of 1 cm correaponds to B conversion of a2 % . 

and HAP S (whose 10westAying triplet states exhibit a 
II-II* charge-transfer character) and to a decreased k, for 
BP (n-II* triplet state) and CTX (n-II* triplet state in 
toluene and II-Il* in acetonitrile). In the presence of LS 
such as the W absorbers A1 and A2, the optical density 
(OD) of the triplet state decreases with increasing LS 
concentrations, becauae the ground-state absorption of 
A1 and A2 at the excitation wavelength (A = 363 nm) 
reduces the yield in excited BP (inner filter effect). 

350 CHardness 
340 - 

330 - 

320 - 

310 - 

300- 

290 - 
0 

0 2 4  8 8 10 12 

"4. TyPicalhardneeevsN,curve (whreN isthenumber 
~fpaesea under the lamp). Belt speed 10 m mid.  PI ism S 
LS ie C1. Experimental conditione are given in Table IV. 

B. Quenching of Radicdr by Ligfht Stabilizen. In 
a general way, a very weak interaction between radiads 
and light stabilizere was observed. For example, the 
bimolecular quenching rate constant k is <lo7 M-' s-l for 
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Figure 1. Examples of Stern-Volmer plot curves for the 
quenching of BP  triplet state by typical LS in acetonitrile. 
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Figure 6. Long-lived residual absorption observed in the system 
BP/Cl in acetonitrile. The OD of BP is 0.5 on 1 cm at X = 353 
nm; [Cl] = 4.7 X lo-' M. 
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Figure 7. Triplet state of CTX in acetonitrile and long-lived 
residual abaorption in the presence of C1. The OD of CTX is 
0.45 on 1 cm at X = 353 nm; [Cll = 1.5 X lo-' M. 

Table VI1 
Quenching of Triplet States by C1 in Toluene 

PI 10-6k.(M-l 8-l) PI 10-6k. (M-18-1) 
BP 5800 AK 670 
CTX 4050 SK 975 
M K N  1600 HAPS MK) 

in the presence of C 1  and B1. 

4. Reactivity in Solution 
The determination of the different rate constants of 

the processes involved provides a means for evaluating 
the effect of the light stabilizer on the primary process of 
radical formation, through either a cleavage or electron 
transfer (in the presence of an amine such as MDEA, 

200 300 400 

Figure 8. Ground-state absorption of monomer (MMA in bulk, 
a given photoinitiator (DMPA), and C1 (lo-* M) in toluene (1-cm 
optical path-length cell)). 

methyldiethanolamine). The yields in radicals aUo and 
@a in the absence and the presence of LS can be evaluated 
for a given photopolymerization reaction in solution 
(methyl methacrylate (MMA) in deaerated toluene with 
monochromatic light centered at X = 366 nm). Figure 8 
shows the UV absorption of the different componenta of 
the polymerizable mixture. Under these experimental 
conditions where the optical densities are low at the 
excitation wavelength, the screening effect of HALS is 
negligible. 

The yields a for the cleavage or the electron-transfer 
process can be calculated 

(i) a deavage process 

'LS k, 

(ii) electron-transfer process 

deactivation ko 

PI(T1) --,+ 
k, 

k, 

k,[MDEA] 

k, + k,[MDEA] + k,[MMA] + k,[LS] 
Q. = 

Typical calculations are summarized in Tables VI11 and 
IX for various photoinitiators in the presence of C1. The 
changes of or parallel fairly well the changes of r 
obtained in Table I11 a decrease of the yields is accom- 
panied by a decrease of r. In some casea, the decrease of 
r is lese important than expeded: this behavior may be 
due to chemical reactions between the PIS and the LS 
(after the electron-transfer process), leading to new 
initiating radical species. 
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Table X 
Values of mo, m, k.b, Ye, and Ye (See Text) Determined in 

Bulk. 

Table VI11 

Text) in Toluene 
Quenching Rate Constanti and Calculated Values (See 

lo-%, lo-%, lo-%. 
PI (M-ls-l) (M-I 8-l) (M-ls-l) 1000.o 

BP 1300 66 5800 12.3 11.1 
CTX 3000 2 4050 91.5 73.3 
SK 140 0.8 975 55.5 31.3 

a [MDEA] = 5 X 1W2 M. [MMA] = 7 M. [LS] = lom2 M. LS is 
c1. 

Table IX 
Quenching Rate Constants and CP, Values (See Text) in 

Toluene. 
PI l P k ,  lo%, 10-92, 1000,o 1000, 

M K H  11000 200 40b 4 0 b  
DMPA 110000 l00b l00b 
MK N 0.5 5 1600 1.4 1.0 
AK 0.6 0.3 670 22.2 6.4 
SK 0.15 0.8 975 2.6 1.0 
HAP S 0.25 8 500 0.4 0.4 

a [MMA] = 7 M. [LS] = M. LS is C1. If k, = 5 X 109 M-1 
8-1. 

Almost no effect of LS on the efficiency of an initiating 
radical is expected. For example, the following rate 
constants are obtained for the benzoyl radical: 

The efficiency of the monomer interaction +RM is 

k[MMAl 
= k[MMA] + Zk + k,[LS] 

Values of 1 and 0.9 were calculated for [LSI = 0 and [LSI 
= M, [MMAI = 7 M. 

5. Reactivity in a Film Matrix 
The same calculations can be made for a bulk medium 

such as a photopolymerizable film matrix. The triplet- 
state lifetimes m0 and 7~ in the absence and the presence 
of C1 were determined in bulk, for the first time, through 
laser spectroscopy: TTO stands for the triplet-state lifetime 
in the degassed bulk medium (epoxy acrylate/HDDA, 6 0  
40 w/w). These values are weakly affected by oxygen. 
The rate constant of the bimolecular quenching kab of the 
triplet state by C1 in bulk can be derived from 

In a cleavable PIS such as DMPA, HAP S, MK S, AK, 
and SK, the relative yield of cleavage ( Y,) in the presence 
and the absence of LS is expressed by 

-- I - k, + k,[Ml 
TTO 

In an aerated bulk medium, Y, is defined by 

H A P S  410 470 470 <5 1 
AK 2000 4200 4000 0.85 0.98 
SK 2000 3300 2000 14 0.12 
CTX 1900 4ooo 1750 23 1 

a Epoxy acrylate/HDDA 60:40, w/w; [Cl] = 0.014 M (1% w/w). 
BP behaven like CTX and Ye is =l. In MK H, MK 5, and DMPA, 
triplet states have such a short lifetime that they cannot be detected: 
quenching by the monomer, 0 2 ,  and LS is totally inefficient and Yc 
is equal to 1. 

states by 02, is computed from 

Thus 

l/rTO(air) 
Y, = 

1 / 7 ~  + l/sTo(air) - 1/7~’(Nz) 

The results gathered in Table X show that, in a bulk and 
aerated medium baaed on multifunctional acrylates (sim- 
ilar to that used in practical applications), (i) the quenching 
of the triplet states by the monomer and oxygen is not as 
important as shown by the fairly long-lived triplet states 
in air and nitrogen; (ii) the rate constanta of quenching by 
LS and, of course, by the monomer and 02 become low 
compared with those measured in organic solvents, because 
of the well-known viscosity effect on the diffusion rate 
constant km that will reduce the bimolecular quenching 
rate constants k,, k,, or k’, (7 is the viscosity) 

1 
7 

kdiff = cte- 

k, = akdiff 

(iii) the primary step of the radical generation from the 
photoinitiator is not significantly affected by the presence 
of LS, which explains the absence of any significant effect 
on the hardness measured in Table IV. The situation 
observed with SK is particular: decrease of Yc and increase 
of the hardness. 

Additional effects might be taken into account, such as 
the direct absorption of light by the HALS derivative C1 
and its role in an oxygenated medium: - N-O- 

WN.0 C 
-0-0- 

Typical absorption spectra of the matrix, PI, and C1 
shown in Figure 9 reveal that the light is mainly absorbed 
by the photoinitiator at A 1 300 nm and demonstrate that 
the HALS might have no other effect than to quench the 
excited states. A weak contribution, however, cannot be 
ruled out, due to ita direct light absorption; as already 
pointed out,S2 it can explain the increaeed rate of polym- 
erization because of the rapid consumption of 02 by HALS. 
In PIS working through an electron-transfer b i m w  

process, whose efficiency is dependent on the viscoeity 
(eg., BP and CTX3, the determination of the rate constant 
of electron transfer with amines in bulk is required. For 
CTX, the triplet-state lifetime in air is shortened to 280 
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Figure 9. Ground-state absorption spectra of a 50-pm film of 
epoxy acrylate resin/HDDA (60:40, w/w) alone or containing C1 
(1%) or DMPA 3%, CTX 1%, or SK (3%). 

! i\ [MDEA) = ~ % w / w  

1 -\ 0.5 ps 

I 

Time * 
Figure 10. Typical oscillogram trace for the decay of the triplet 
st& of CTX in epoxy acrylatelHDDA 60:40, w/w, in N2. The 
lifetimes are calculated according toa fit-order kinetic analyeis. 
In OD = f(t). The lifetime is considered aa the reciprocal value 
of the fit-order rate constant. 

ns upon addition of MDEA 2% w/w (Figure 10). In the 
definition of ry0 axid TT, ka has to be replaced by 
ke[MDEA], and Y, becomes Ye (relative yield of electron 
transfer). A value close to 1 is easily calculated for Ye: 
no effect was expected, and no effect was observed (Table 
Iv). 
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6. Concludon 
This study provided information, for the firet time, on 

the interaction of photoinitiators (PI) with light stabilizers 
(LS), both in solution and in a film matrix. While the 
results obtained in an aerated UV-curable formulation 
show that the presence of LS should not affect the curing 
rate (and confirm previous works as already noted92) or 
the film hardness, the rate of the reaction decreases in 
degassed solution polymerization. These different be- 
haviors are well understood on the basis of kinetic 
measurements performed through time-resolved laser 
spectroscopy, notably those carried out in bulk media, 
which predict that the interaction PI/LS should have 
almost no effect on the yield of radical production. 

Another important facet of the present workis concerned 
with the effect of a photopolymerizable monomer/oligomer 
matrix (used in coating technology) on the excited-state 
processes of PI. The lesson is as follows: 

(i) The 02 quenching of high-reactivity triplet states 
(e.g., in MK S or DMPA) can be disregarded. In lees 
reactive triplet states (e.g., in AK or SKI, however, the 
yield in the initiating radical (YR) becomes lower in aerated 
bulk medium: 

Y,(air) kaTTo(air) -- - 
YR(N2) kaTT0(N2) 

This ratio is -0.5 for AK and -0.6 for SK. In organic 
solvent, this ratio is lower than 0.1 (and is more unfavorable 
to the generation of initiation radicals). 

(ii) In efficient cleavable PI, the monomer quenching in 
bulk cannot compete; 

(iii) In PI/amine combinations, the primary step of the 
electron transfer remains much more efficient than the 
monomer quenching even if a high concentration of 
acrylates is present, as encountered in bulk. 

(iv) As a consequence, the yield CP, or CPe of the primary 
process in photoinitiators having short-lived triplet states 
should be similar to that determined in deaerated solution 
but nothing can be said about the quantum yield of 
initiation which takes into account CPa (or CPJ, ~ R M  (yield 
in starting polymer chains), the quantum yield of inter- 
system crossing @ST, and the yield of escaping radicals 
formed in the radical pair (see eq 1) 

or in the charge-transfer complex (see eq 2) 

PI'-AH+ 
(that might be affected by the viscosity or the polarity or 
the H-bqnding character of the matrix). 

Other aspects concerned with the direct investigation 
of photochemical processes in multifunctional monomers 
or oligomers in bulk have been recently d i s c d  in a 
preliminary papera (and will be treated at greater length 
in forthcoming papers), such as the effect of the viscosity 
or the polarity of different matrices, the behavior of PI 
sensitive to the polarity of the medium, and the interaction 
between a photosensitizer and a photoinitiator in a bulk 
monomer/oligomer medium.34*96 These investigations are 
of primary importance for the understanding of what takes 
place in end-use industrial formulations. 
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