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The photolysis of three aryl-alkyl sulfoxide photoinitiators is studied by time-resolved laser spectroscopy. 
The general diagram of the excited-state process is rather unusual: it shows a dual path of photolysis. Thus, 
whereas the singlet state cleaves at the S-alkyl bond, the triplet generates aryl and alkyl sulfinyl radicals. The 
conclusions arrived at are corroborated by product analysis by the coupled gas chromatography-mass 
spectroscopy technique. The photoinitiated polymerization activity has been checked and compared with 
that of other well known photoinitiators. 

(Keywords: photoiaitiators; k&o-sulfoxides; time-resolved spectroscopy) 

INTRODUCTION 

In the past few years, there has been a fresh outbreak of 
interest in ketones containing C-S bonds. Primary 
photophysical and photochemical processes have been 
investigated, including electron transfer in 
thioxanthones’-3, C-S bond cleavage in benzoyl 
diphenylsulfide4 and S-phenyl thiobenzoates5, a clea- 
vage in a-hydroxymethylbenzoin sulfonic esters2’6, ,0 
cleavage in sulfony17m9 and oxysulfonyl ketones”” ‘, p 
cleavage and competing photoreactions in keto- 
sulfides12 and sulfoxides’3. The present paper is devoted 
to an investigation of the excited-state processes in 
(benzoyl4) phenyl alkyl (or phenyl) sulfoxides: 

R = CH, SMe 

R= 0 0 sQ 
R = II-C,H, SBu 

EXPERIMENTAL 
Materials 

The keto-sulfoxides used in this work were prepared 
according to the procedure described in ref. 14. This 
reaction involves the oxidation of a thio compound, 

*To whom correspondence should be addressed 

generally a sulfide. Thus, SMe was obtained through 
room-temperature oxidation of 4-benzoylthioanisole by 
30% H202 in glacial acetic acid. The crude product is 
recovered by filtration of the precipitate obtained when 
the reactive mixture is poured onto ice-water. SBu 
and S$ were prepared in analogous manner by oxidizing 
4-benzoyl butylphenylsulfide and 4-benzoyl diphenyl- 
sulfide respectively. 

Apparatus 
The set-up used for time-resolved laser spectroscopy 

experiments has been described elsewhere15. The 
light source is a Nd/YAG laser delivering a short pulse 
(3 ns, X = 1060, 530 or 355 nm, 20 mJ in the blue). Both 
spectral and kinetic information on the transients can be 
recorded with an overall time resolution of 5 ns. 

Photoinitiated polymerization experiments in 
homogeneous solution 

The evaluation of the efficiency of the different systems 
is done by determining the rate of polymerization R, of a 
given monomer in solution under well defined experi- 
mental conditions. The irradiation device consists of a 
high-pressure mercury lamp (HPK 125), an anticaloric 
filter, a passband filter (centred around 366nm, 
Ax = 20nm) and a thermostated rectangular cell con- 
taining the sample (which is degassed by N2 bubbling). 
The incident light intensity is about 0.5 x 1016 phot 
cm-2s-1 (X = 366nm) at the sample and the concentra- 
tion of the initiator is chosen so as to obtain a fixed value 
of the optical density at 366 nm (typically 0.1 in order to 
avoid absorption in homogeneities). Percentage 
conversions are determined gravimetrically. Quantum 
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yields of polymerization can be estimated according to: 

where R, = rate of polymerization, @‘m = number of 
monomer units per photon absorbed and Iilhs = initial 
absorbed energy. 

RESULTS 
U.V. absorption: groundstcrte spectroscopic 

Typical absorption spectra and extinction coeficients 
of SMe, S@ and SBu in acetonitrile are reported in 
Figure I: they exhibit the usual shape of absorption of 
benzophenone. The sulfoxide group does not seem to 
modify strongly the energy levels of the carbonyl group: 
the lowest-energy transition remains of n-T* character 
and the corresponding shoulder in the region of 310-- 
340 nm is less pronounced than in benzophenone because 
of the red shift of the TYT* absorptions. However, the 7r7rX 
transition of S@ (which carries the phenyl substituent) 
exhibits a higher degree of charge transfer (CT) than the 
alkyl-substituted compounds of the series (SMe and 
SBu). This conclusion is in line with the structureless 
shape of the absorption band of this compound in the 
region of 260 nm when dissolved in a non-polar solvent. 
Moreover, this CT character becomes more pronounced 
with SMe and SBu when going to more polar solvents. 
SMe is slightly soluble in water. However, its stability in 
neutral water and the shelving time do not exceed a few 
hours. 

Steady-state photolysis: LI g.c’.-m.s. investigutiorl 

Typical chromatograms of irradiated solutions of 
sulfoxides (Ss) in acetonitrile and toluene (HPK 125 W. 
366 nm filtered light, exposure time = 30 min) have been 
recorded. Schemes 1 and ?, which summarize the main 
processes, account for the identified products formed 
either directly through cleavage and recombination. or 
through recombination after hydrogen abstraction. In 
toluene solution, 3 is generated after H abstraction on 
toluene. Formation of compound I could proceed, as 
suggested in ref. 16, by disproportionation of sulfinyl 
radicals to sulfonyl and thiyl radicals and 
recombination’6. Moreover, sulfonyl radicals can also 
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Figure 1 Typical U.V. spectra of Ss (molar extinction coefficient of 
SMe in acetonitrile 14000M-‘cm-’ at A,,, = ?5Onm and 
88 Mm’ cm-’ at A,,, = 366nm) 

release SO, as reported in the photochemistry of sulfonyl 
ketones”. - Addition of methylnaphthalene MeN 
(5 x lo-’ M) to an acetonitrile solution of SMe sup- 
presses completely the formation of 1 and enhances the 
yield of benzophenone 2. This is easily accounted for by a 
cleavage process in the triplet state (Scheme 3) and a 
cleavage process in the singlet state leading to benzo- 
phenone (after disproportionation, SO? release and 
H abstraction). 

Luser study% of’ the suljo~y compounds 

A rapid survey of compounds SMe, S@ and SBu by 
time-resolved laser spectroscopy with excitation at 
355nm reveals the presence of three transient absorp- 
tions. one in the 10ns range, the others in the 
microsecond range. These transient signals have in 
common a very weak absorbance, which makes it 
rather difficult to undertake any accurate kinetic studies. 
The transients detected in compound S+ are weaker still, 
so that it does not lend itself to investigations by laser 
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spectroscopy. SMe and SBu exhibit basically the same 
general behaviour. 

The triplet state. The laser excitation of compound 
SMe induces a very short-lived transient, the absorption 
spectrum of which is reported in Figure 2. Its absorption 
is not restricted to the visible; however, no transient spec- 
trum can be recorded in the near-u.v. owing to a convo- 
lution with other long-lived species. Because of its very 
short lifetime, this species is insensitive to the presence 
of dissolved oxygen in the solvent but it is clearly 
quenched by methylnaphthalene. Since the lifetime of 
this species is of the order of that of the laser pulse, no 
classical Stern-Volmer treatment of this quenching pro- 
cess is possible. However, in this case the experimental 
intensity of the transient absorption (I) can be considered 
to be proportional to the surface (S) of the pulse corre- 
sponding to the convolution product of the real signal 
(due to the transient absorption) by the response func- 
tion of the detection system, that is to the actual lifetime 
(7) of the transient species. Therefore, the quantity T~/T, 
which is involved in the classical Stern-Volmer treat- 
ment, can be replaced by lo/Z. This procedure and the 
results deduced agree well with the quenching of a triplet 
state. If one assumes the quenching constant to be 
5 x lo9 M-i s-‘, a triplet lifetime 7. of 7.5 ns is arrived 
at. Interestingly, the general shape of the absorption 
spectrum of this triplet state and that of unsubstituted 
benzophenone are very much alike, which denotes a 
rather weak influence of the SOMe substituent on the 
electron distribution in this excited state. 

Radicals formed. As mentioned before, laser excitation 
of SMe induces, besides the triplet absorption, a weak 
transient that absorbs from the U.V. up to 600nm. Its 
spectrum exhibits a conspicuous band with a sharp max- 
imum at 355 nm and a broad tail that spans the whole 
visible range (Figure 3). This transient absorption (A) 
decays according to second-order kinetics. In the U.V. 
range, another transient absorption in the 10~s range 
is also visible with an optical density equal to or weaker 
than that of the other transient species. This second spe- 
cies B shows first-order decay (k < 104s-‘) and arises 
from the relaxation of A. Its absorption spectrum is 
centred in the region of 390 nm (Figure 3). In agreement 
with the g.c. -m.s. data, these two transients are attribu- 
ted to radicals arising from the cleavage of either the 
singlet or the triplet state of SMe and/or to secondary 
products of the photolysis (Scheme 4). 

Influence of amines on the primary processes. In the 
presence of an amine, the transient absorption due to 
species B increases significantly. This observation is sup- 
ported by the fact that the absorption spectrum of the 
transient species created by this photochemical process 
is identical to that of B (Figure 3) and also exhibits sec- 
ond-order decay. Since the triplet state T and the radical 
B absorb in the same wavelength range, it is impossible 
to conduct any experiment in which the extent of the 
quenching of T by an amine would be expressed in terms 
of the quencher concentration. In order to circumvent 
this difficulty, the quenching of T by methylnaphthalene 
(MeN) has been conducted under the same experimental 
conditions, successively in the absence and in the 
presence of TEA (triethylamine), and the optical density 
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Figure 2 Triplet-triplet spectrum of SMe in acetonitrile 
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due to the absorption of ‘MeN populated by energy 
transfer has been measured (Schemr 5). 

The kinetic treatment of this problem leads to the 
following expression: 

1 
-‘Xl+ 

1 

0D~en kQ rO [MeNI 

Thus a plot of l/ODMeN as a function of l,‘[MeN] leads 
to the product kQ~O of the quenching constant (of T by 
MeN) by the lifetime of T in the absence of MeN. This 
product kQq) is also known as K sV. When the 
experiment is conducted in the presence of a certain 
amount of TEA, the only change is the replacement of 
1 /TV by 1 /r with: 

1 1 
- = 7, + k[TEAj 
7 ( 

Doing so, I&v and K’sv lead to k,, which cannot be 
measured directly: 

kQ 
Ksv = kQ’ = I/Q + k[TEA] 

and 
1 j k[TEA] 1 --= 

Ksv K& kQ 
The experimental results obtained via this procedure 
are reported in Figure 4. They lead finally to 
k = 1.6 x lo9 M-’ s-~‘, a result that is in line with the 
values generally reported for the quenching of benzo- 
phenone derivatives by amines with low ionization 

(b) 
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50 loo 
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Figure4 Stern Volmer plot in presence and absence ofTEA (see text) 
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Scheme 6 
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Figure 5 Plot corresponding to equation (I) (see text) 

potentials. Should the quenching by amine affect 
exclusively the triplet state, the addition of MeN would 
be detrimental to the formation of the species B through 
this channel. In reality, this process seems to be entirely 
insensitive to the presence of MeN and supports the view 
of a cleavage of SMe in its singlet state as proposed in the 
g.c.-m.s. experiments. Moreover. chemical reaction of 
the amine with this state takes place (enhancement of the 
B formation) besides the classical reaction with the triplet 
state (Scheme 6). 

The kinetic treatment of this process is the following: 

Q 

A 
= kA + kPA1 

C k + k,[TEA] 

with @A = quantum yield corresponding to the forma- 
tion of A; kA = rate constant of the quenching of SMe in 
its singlet state by TEA to generate A; and Ck = inverse 
of the singlet lifetime in the absence of amine 
(C, = kST + kA). Thus: 

@A k, ke[TEAl 
,-QA=&+ k 

(1) 

This equation fits the experimental points quite well 
(Figure 5). The plot of @A/(1 - %A) leads to the ratio 
kA/kST (intercept) and k,/ksr (slope), from which the 
ratio k,/k4 can be deduced. If a rate constant of 
6 x lO”M- SC’ is assumed for k,, the experimental 
results lead to kA = 8.2 x 10’s_‘. In the absence of 
TEA, the intercept kA/ksT leads to kST = 2.5 x 10’ SC’ 
and to a singlet-state lifetime of 3 ns. Thus, the 
postulated mechanism is acceptable and supports the 
view of both S, and T, pathways for the radical cleavage 
of sulfoxides. 

Ratr of’polymerizution. The rate of polymerization R, 
is calculated from the linear part of the percentage 
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Table 1 Rates of polymerization of MMA with Ss ([MMA] = 7M; 
solvent, 

-zs-1 
toluene; X = 366 nm; 

= 8 x IO-%-' s-‘; OD,,, = 0.1) 
1, = 5 x 10’5 phot 

cm 

Relative R, 

Without amine [MDEA] = 0.05 m 

S@ 6 29 
SMe 28 33 
SBu 33 42 
Benzophenone _ 32 
DMPA” 82 _ 
TMPKh 66 _ 
BMSC 16 32d 

’ 2,2-Dimethoxy-2-phenyl acetophenone 
’ Methylthiophenyl morpholinopropanone 
“p-Thiophenyl benzophenone 
d [MDEA] = 0.1 M 

-7.1 

-7.8 

4 -1.9 
+ 

-8.0 

-8.1 

I- 

SMelMMA [7M]/toluene 
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/ 
.’ 

/ 
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Figure 6 Log-log plot of R, vs. [MMA] 

conversion vs. time curve. The results of the polymeriza- 
tion of 7 M MMA in toluene in the presence of Ss and 
other different photoinitiators (BMS, TMPK, DMPA) 
are reported in Table 1. 

In agreement with the singlet and triplet cleavage 
mechanism, addition of 0.5M MeN almost suppresses 
the initiation reaction (RP drops from 28 x lo-’ to 
2 x lo-‘M s-‘); moreover, the singlet mechanism is 
weakly efficient. 

In the presence of amine (N-methyldiethanolamine, 
MDEA) the rates increase in the order 
SMe < SBu < SQ. 

C2H40H 
NGl-l 

\C2t40H 
MDEA 

Table 2 Influence of the basicity of the amine on R, 
-___-__ 

SBu Relative R, PK 

MDEA 42 8.5 
TeOH’ 36 7.8 
TEA 30 10.7 

a Triethanolamine 

SMe/toluene/MMA 

-1.5 - 

&-8.0 - 
!x 
9 

-8.5 - 

1.0 I .5 2.0 
In [MMA] 

Figure 7 Log-log plot of R, vs. [MDEA] 

if amine absent : 

s -T - I? -----+ initiation 
1 1 

if amine present : 

S AH R* - initiation 

i, -! 
1 

AH 
b 

Scheme 7 

The evolution of R, was followed as a function of 
[MDEA] (Figure 6) and [MMA] (Figure 7). The 
following dependences are observed from Figure 6: 

R, = K[MDEA]” 

with Q M 0.1 (Sap), 0.12 (SMe) and 0.025 (SBu). 
These observations suggest that the photoreduction 

process involving the amine is not directly responsible for 
the initiation. In this kind of experiment conducted in 
homogeneous solution, the amine-derived radical result- 
ing from the reduction would not be the most active 
species. 

In order to clarify the role played by the amine partner 
in the initiation mechanism, several polymerization 
experiments were conducted with a series of amines 
with very different basicities (Table 2). The results show 
only a weak sensitivity of the rate of polymerization on 
this parameter. The conclusion is also in line with the fact 
that the fate of the radicals arising either from the direct 
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R. x initiation 

= by-product 
Scheme 8 

cleavage of the excited states or from their interaction 
with an amine is almost unaffected by the basicity of this 
amine. 

These observations lead to the conclusion that the 
amines in this system play essentially a limited role in the 
initiation mechanism. However, the sensitivity of the 
mixture to the amine concentration suggests that the 
species could participate either directly or indirectly in 
the termination process or in the initiation through the 
singlet state. 

The study of the dependence of R, as a function of 
[MMA]: 

R, = K[MMA] ’ 

leads to .I z I and 1.5 in the absence and presence ot 
amine. respectively (Figll~*(j 7). 

In the absence of amine, several radicals are generated 
by different processes. Their stationary concentration 
[R’] is directly related to their relative quantum yteld of 
formation (from their precursor): 

O’K. = 
h-’ 

k.+CI, 

where k’ stands for the rate constant of the cleavage 
process leading to R’ and Ck for the sum of the rate 
constants of the other processes contributing to the 
deactivation of the precursor of R’. 

The most probable processes for the initiation of the 
photoinitiated polymerization have been discussed. 
Several types of radicals can be responsible for the 
initiation. A simplified view may be written as in 
Schemr 7. 

The rate of a radical-photoinitiated polymerization is 
given by: 

R; = 2 [M]‘(2.3@, x OD x I,,) 

where k, and k, are rate constants of the propagation 
and termination processes. This expression shows a 
linear relationship between R, and [M] (in agreement 
with what was experimentally observed) if R’ reacts 
exclusively with MMA. 

In the presence of amine, the analytical problem 
becomes more complex: the linear dependence of Rz as a 
function of [Ml3 can only be accounted for by introdu- 
cing an efficiency factor of the active initiating radical (p) 
depending linearly on the monomer concentration. Such 
an approach would be in line with an initiating process in 
which the active radical could be efficiently deactivated in 
the presence of amine (Schmw 8). Thus: 

k’iMMAi 

Should the quenching by amine be much more efficient 
than the interaction with MMA, this factor would 
depend almost linearly on the concentration of the 
monomer. With such an approach the expression of R, 
becomes: 

7 

R; x $(2.1,,, x OD) 
k’ 

I k,4 [Amine] 
[MMA]:f’( [Amine]) 

where ,f [Amine] stands for the other photoprocesses 
involving the amine. e.g. in the singlet or the triplet state, 
which is again in agreement with our experimental 
observations (Figll~e 7). 

CONCLUSION 

This study shows the interest of such investigations 
for the knowledge of excited-state processes and the 
understanding of photochemical reactivity. Other 
recent papers show how these studies’* are useful for 
the design of efficient photoinitiating systems in U.V. 
curing and laser imaging” and in holographic 
recording’“. 

REFERENCES 

Etchlcr. J.. Hertz. c‘. P.. Natko. I. and Schnabel, W. ./. Phof~~- 
c,hern. 1980. 12, 225 
Fouassier, J. P. in ‘Photochemistry and Photophysics‘ (Ed. J. I-‘. 
Rabek). CRC Press. Boca Raton, FL. 1990 
Yates, S. F. and Schuster. G. B. J. Org. Ckerr~. 1984, 49, 3349 
Fouassier. J. P. and Lougnot. D. J. P$JxI. Connnwr. 1990, 31, 
417 
Tomroka. H.. Takeuchi. S.. Kurnnoto, H.. Takimoto, Y.. 
Kawabata. M. and Harada, M. ~G:oh~rr.s/ri Rorrh~mshrr 1987. 
44(10). 729; Tomioka. H.. Takimoto. Y.. Kawabata. M.. 
Harada. M., Fouassier. J. P. and Ruhlmann. D. J. Photo&vn. 
1990, 53, 359 
Hageman. H. J., Bander Maeden, F. P. B. and Jansen, P. C. G. M. 
Mukronrol. C/ICv??. 1979, 180, 253 I 
Fouassier. J. P., Lougnot. D. J. and Scaiano. J. C. C/ICIII. Ph~~.s. 
Lcr,. 1989. 160(j). 335 
Li Bassi. G.. Cadona. L. and Broggi. F. Proc. Radcure. Balti- 
more, 1986 
Hayashi. H., Sakaguchi. Y.. Taunooka, M., Yanagi. H. and 
Tanaka. M. C/IU~I. Ph,rs. Lcrr. 1987, 136(5), 436 
Berner. G.. Kirchmayr. R.. Rist, G. and Rutsch, W. Tech. Paper 
FC 85446. SME Ed.. Dearborn. Ml. 1985 
Fouassier. J. P.. Burr. D. and Wieder. F. .I. Po!tvn. Sc,i.. Po/~vn 
C’hcvn. 199 I. 29, I3 I9 
Wagner. P. J. and Lindstrom. M. J. .I. ilnl. C‘/rrrr/. So<,. 1987. 109. 
3062 
Wagner. P. J. and Lindstrom, M. J. J. A~I. Chw7. SOC. 1987. 109, 
3057 
Avar. L.. Finck. H. W. and Kalt. E. US Patent 4324628. 1982 
Fouassier. J. P., Lougnot. D. J.. Payerne, A. and Wieder. F. 
C‘lrtv77. P/7yv. Lcrt. 1987. 135, 30 
Shelton, J. R. and Davis. K. E. fnt. J. &r&r Ckr,n. 1973, 8(?). 
217 
Still. I. W. J. in ‘The Chemistry of Sulfones and Sulfoxides’ (Eds 
S. Patai. 2. Rappoport and C. J. M. Stirling). Wiley, New York, 
1988 
Fouassrcr. J. P. in ‘Photoinitiation, Photopolymcrization. 
Photocuring’. Hanser, Munich. 1995 
Fouassier. J. P. in ‘Radiation Curing in Polymer Science and 
Technology’ (Eds J. P. Fouassier and J. F. Rabek). Chapman 
and Hall. London. 1993. Vol. II. p. I 
Lougnot, D. J. in ‘Radiation Curing in Polymer Science and 
Technology’ (Eds J. P. Fouassier and J. F. Rabek). Chapman 
and Hall, London. 1993, Vol. III, p. 65 ’ = k’[MMA] + kA [Amine] 

5010 POLYMER Volume 36 Number 26 1995 


