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Abstract 

The role of 2,4,6-trimethyl- 1,3,5-trithiane (TMT) in accelerating the initiation of polymerization induced by benzophenone (BP) was 
pursued by studying the primary photochemical reactions occurring between BP and TMT. Kinetic aspects of the quenching of the BP triplet 
by TMT were followed by laser flash photolysis. Triplet quenching rate constants and quantum yields for electron-transfer products were 
measured. In addition the mechanism of the photoreduction of BP by organic sulfides in acetonitrile and mixed acetonitrile/water solutions 
is discussed. Photoinitiated polymerizations with a model monomer were carried out with some of the sulfide co-initiators investigated, and 
the polymerization behavior was correlated with the kinetic results. 0 1998 Elsevier Science S.A. 
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1. Introduction 

The photoinduced radical polymerization of unsaturated 
compounds, most often (meth) acrylic monomers, is usually 
performed in the presence of photoinitiators of the ‘cleavage’ 
type (e.g., benzoin derivatives) or H-abstraction type (e.g., 
aromatic ketones). In the second class of reactions, e.g., with 
benzophenone (BP), initiation occurs mainly through hydro- 
gen abstraction by 3BP from the monomer and/or a synergist 
molecule, such as an ether, alcohol, or amine [ l&4]. The 
initiating radical is derived from the hydrogen-donating mol- 
ecule, whereas the ketyl radical that is formed participates in 
the termination process. 

The interaction of ‘BP with aliphatic sulfides in organic 
solvents leads to efficient quenching and a much less efficient 
H-abstraction; whereas with aliphatic amines, the efficiencies 
of the two processes are comparable [ 51. Taking into account 
that the quenching rate constant of ‘BP by ethers is - lo6 
M-‘s-’ [3,6],byaliphaticamines -lO’M-‘s-’ [6],and 
by alkyl sulfides - 107- lo9 M-’ s-l [7-161, one can 
expect that the activity of sulfides as hydrogen donors during 
initiation should be intermediate between the activities of 
ethers and amines. 
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A number of works has been devoted to the influence of 
aliphatic sulfides on the polymerization of multi(meth)- 
acrylates both in the presence of photofragmenting initiators 
f 17,181 as well as BP (18,191. The works showed a deep 
and rather complicated effect of sulfides on three steps of the 
polymerization process: initiation, propagation, and termi- 
nation. The effect of the sulfide group becomes more complex 
when the thioether linkage is built into the monomer molecule 
[ 20-241. Generally, the effect discussed is a result of retard- 
ing and accelerating processes occurring simultaneously, and 
their relationship depends on the reaction conditions and the 
sulfide structure [ 17-19 1. 

When considering the initiation process of the polymeri- 
zation induced by BP, the use of aliphatic sulfides as syner- 
gists assists the reaction by the acceleration of the formation 
of initiating radicals and, in air, by reduction of oxygen inhi- 
bition [ 18-201. These reactions are depicted in Scheme 1. 

The beneficial effect of the acceleration of initiation is so 
strong that it exceeds the effect of some retarding processes 
that occur in later reaction stages. The activity of a sulfide 
depends strongly on its chemical structure; it was shown that 
this activity is associated with the hydrogen-donating ability 
of the sulfide [ 17,181. Among the sulfides investigated (lin- 
ear sulfides, sulfides containing other functionalities, cyclic 
dithioacetals) an exceptionally strong effect was shown by 
2,4,6-trimethyl- 1,3,5trithiane [ 17,181. 
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The mechanism of the photoreduction of the BP triplet by 
dialkyl sulfides proposed in Refs. [7,8] assumed that the 
initial step was electron transfer to form a charge-transfer 
(CT) complex between the BP triplet and the sulfide. It was 
further proposed that this CT complex would decay either by 
the formation of ketyl and a-( alkylthio)alkyl radicals or by 
back electron transfer to regenerate the reactants. Recently, a 
modified mechanism has been proposed [ 10,16,25] on the 
basis of nanosecond laser flash photolysis investigations 
[ 10, I1,16,25] of the interaction of triplet states of BP and 
substituted benzophenones with dialkyl sulfides and sulfur- 
containing amino acids. The initial step in this mechanism is 
an electron transfer from the sulfur atom of the sulfide to the 
benzophenone triplet to form a radical ion pair (CT com- 
piex) The complex can break up through three competing 
pathways: ( 1) proton transfer within the complex kH and 
diffusion apart of the radicals, (2) diffusion apart k\sp of the 
radical ions. and (3) back electron transfer kbt. The first 
reaction leads to the formation of ketyl radicals and (Y-( alkyl- 
thio)alkyl radicals. The second reaction leads to the forma- 
tion of separated ketyl radical anions and sulfur-centered 
radical cations that may form (S:.S) + dimers with an unox- 
idized sulfide molecule. The third reaction leads back to the 
starting materials, i.e. the benzophenones in theirground state 
and the alkyl sulfides. 

Triplet quenching of benzophenones by dimethyl sulfide 
in CH1CN/H20 solution showed rather low quantum yields 
of ketyl-radical formation, in addition to very low quantum 
yields in pure acetonitrile [ 161. These results suggest that 
back electron transfer within the charge-transfer complex to 
regenerate the reactants is the dominant quenching process 
[ 161. Similar results were obtained for diisopropyl sulfide 
[ 81. Polymerization studies showed rather moderate activity 
of simple dialkyl sulfides as synergists [ 17,181. 

The very high activity of TMT in accelerating the initiation 
of polymerization induced by BP was the reason for our 
interest in the primary photochemical reactions occurring 
between BP and TMT. This high activity of TMT is confirmed 
in this work by the differential scanning calorimetry (DSC) 
method. This work presents some kinetic aspects of the 
quenching of the BP triplet by TMT. In addition the mecha- 
nism of the photoreduction of BP by organic sulfides in ace- 
tonitrile solution is discussed. 

2. Experimental details 

Benzophenone and 4-carboxybenzophenone (CB) were 
obtained from Aldrich as the best available grades and were 
used without further purification. p-2,4,6 trimethyl- 1,3,5-tri- 
thiane (TMT, c&&s form) was synthesized from sodium 
thiosulfate and acetaldehyde according to Ref. [ 261 and was 
purified by repeated crystallization. Butane- 1 ,Cdiol dime- 
thacrylate (BDM, Fluka) was purified by column chroma- 
tography over Al,O,. 2,2’-Thiobisethanol (TBE) was 
purchased from Merck and di-n-propyl sulfide (Pr,S) from 
Fluka. 

CEg 
CHz=k- 

9 

6: 

-O-CH$ZH2CH2CH2-0-, -b=CH2 

8 

BDM 

Acetonitrile (Fisher, HPLC grade) was used as received, and 
water was purified by a Millipore Mini-Q system. 

UV-visible absorption spectra were recorded using a Cary 
219 spectrophotometer and a Hewlett Packard diode array 
spectrophotometer. The nanosecond laser flash photolysis 
apparatus (A,,= 337.1 nm) has been described elsewhere 
[=I. 

Experiments were performed in rectangular quartz cells at 
room temperature. The concentration of benzophenone was 
2X 10-j M in all experiments. The concentration of TMT 
was in the range lo-’ to 1O-3 M in the quenching experi- 
ments. However, the concentration of the quencher was 0.01 
M for the quantum yield determinations and for the experi- 
ments that involved recording transient absorption spectra in 
the time range following complete quenching ( > 98%) of 
the benzophenone triplet. All solutions (in acetonitrile or a 
mixed solvent: acetonitrile/water 1: 1 v/v) were deoxygen- 
ated by bubbling high-purity argon through them. 

The polymerization kinetics were monitored under iso- 
thermal conditions at 40 & O.Ol”C in an argon atmosphere by 
a differential scanning calorimeter (DSC 605 M, Unipan- 
Termal, Warsaw), equipped with a lid specially designed for 
photochemical measurements. The procedure was the same 
as given in Ref. [ 211. Polymerizations were initiated by 
0.06 M BP or its mixture with Pr,S, TBE, or TMT (0.06 M). 
The incident light (366 nm from a Hg medium pressure 
lamp) intensity at the sample pan position was 1.8 mW cm -‘. 
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For calculations the polymerization heat of 56 kJ/mol per 
one double bond was used. 

3. Results and discussion 

Solutions containing benzophenone (2-4 mM) and p- 
2.4,6 trimethyl-1,3,5trithiane (TMT, 0.01 M) in acetonitrile 
and acetonitrile/water ( I: I v/v) were first examined spec- 
troscopically for any evidence of ground-state association. 
The absorption spectra of these mixtures were shown to be 
equal to those expected by adding the spectra from separate 
solutions of BP and TMT. No evidence for ground-state asso- 
ciation was found under the experimental conditions used. 

3. I. Quenching rate constants 

Quenching of the benzophenone triplet state by TMT in 
acetonitrile and acetonitrile/water ( 1:l v/v) solutions was 
studied by means of nanosecond laser flash photolysis. The 
quenching rate constants, k,, were measured by monitoring 
of the decays of the triplet-triplet absorption of BP at 520 
nm. The concentration of BP was held fixed (2 mM) while 
the concentrations of TMT varied over a range that reduced 
the lifetime of the triplet. The k, values were determined from 
a linear least-squares fit of kobs vs. the quencher concentration 
plots employing the formula 

kq values for TMT are higher in acetonitrile/water mixture 
than in acetonitrile solutions. Direct evidence for the partic- 
ipation of an electron-transfer process in the quenching of the 
benzophenone triplet by TMT was found by the observation 
of the ketyl radical anion BP.- in the transient absorption 
spectra at 620 nm (vide infra, Fig. 2) in acetonitrile/water 
solution. Taken together with the large values of k, for 
quenching by TMT, which is in the range of other simple 
organic sulfides such as DMS, previously established as the 
electron-transfer quenching [ 161, this indicates that electron 
transfer from the sulfur atom to the BP triplet is the mecha- 
nism for the quenching of the BP triplet by TMT. The driving 
force, AC,, for the quenching by TMT is expected to be 
similar to that for simple organic sulfides. This would put the 
quenching rate constant for TMT close to the plateau of the 
Rehm-Weller plots [ 11,281 as it has been suggestedforDMS 
[ 161. For DMS AC,, = - 12 kJ/mol computed from 
E,= 1.41 V vs. Ag-Ag+ [29] with similar assumptions 
made in Ref. [ 111. 

3.2. Transient absorption spectra of intermediates, and 
quantum yields of ketyl radical and ketyl radical anion 

k ,,~\=(W’+kq[Ql (1) 
where T= is the lifetime of the BP triplet state in the absence 
of quencher, Q. The resulting rate constants together with the 
k, values for quenching of benzophenone triplet by dimethyl 
sulfide (DMS) [ 161 and other simple alkyl sulfides [ 7-91 
are listed in Table 1. 

Flash excitation of the solution of BP (2 mM) and TMT 
(0.01 M) in acetonitrile or acetonitrile/water solutions 
resulted in the appearance of the absorption corresponding to 
various transients depending on the time delay and the solvent 
used. A high concentration of quencher was used to rapidly 
quench more that 98% of the BP triplet. 

A comparison of the kinetic data in Table 1 indicates that 
the rate constants for quenching of the BP triplet by TMT are 
in the range IO’-10’ M- ’ s- ’ and are similar to those 
obtained for diisopropyl sulfide. As for other organic sulfides. 

The time-resolved spectra were generated from the sets of 
individual kinetic traces collected at 10 nm intervals, choos- 
ing appropriate time delays and appropriate time windows. 
Then the spectra were resolved into component species by a 
linear regression technique using known spectra of the appro- 
priate components. Further details of this method have been 
described elsewhere [ 1 I 1. The spectra of the benzophenone 
triplet state, the ketyl radical (BPH’) and the ketyl radical 
anion (BP’-) in acetonitrile and acetonitrile/water solutions 
were measured from the appropriate solutions in this work. 

Table I 
Rate constants for quenching of the BP triplet and quantum yields of photoproducts formation during photoreduction of BP by TMT and dialkyl sulfides in 
solution 

Quencher k,,x IO-” (M--l s-‘) 

TMT in CH,CN 0.47 + 0.03 0.62 10.01’ 0.62 
TMT in CH,CN/H20 (1:I v/v) I .5 * 0.3 0.5 1 0.13 0.64 
(CH,)$S in CH,CN 2.5*0.1” <O.Ol” <O.Old <O.Ol” 
(CH,)$ in CHICN/HZO (I:1 v/v) 4.6+O.I” o.14J 0.02” 0.16” 
(i.~o-C,H,)~?i in CH,CN 0.59’.’ < 0.05’ 
(rso-C,H,)$ in CH,CN/HZO ( I:1 v/v) 3.1’ < 0.05’ 

“Estimated error* 10%. 
hTotal quantum yield for reduction equal to the sum of the quantum yields of ketyl radical anion (BP’- ) and ketyl radical (BPH’) 
‘Estimate is based on the concentration of the BP’- component in the resolved spectrum. 
“Ref. [ 161. 
‘Ref. 181. 
‘With(n-C,H,),S. l.7XIOUM~‘s~’ [7],2.1X109M~‘s-’ [91andwith(t-C,H,)2S.l.4~10qM~‘s~’ 171. 
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Fig. 1. Transient absorption spectrum following quenching of the BP triplet state by TMT (0.01 M) in acetonitrile taken 2 @s after the Rash. Insets: kinetic 
traces at 540 nm (a) and at 620 nm ( b) 

The BPR spectrum in acetonitrile/water was taken by was almost totally quenched. To measure the quantum yield, 
quenching the BP triplet state with 1 M 2-propanol, and the the relative actinometry method [ 3 1 ] was used. The experi- 
analogous experiment with the addition of 1 mM NaOH gave ments were carried out in matched optically flat cells having 
the BP’- after a time delay of 50 to 60 ps after the flash. The identical absorbance at 337 nm due to benzophenone or 4- 
molar absorption coefficients [ 16,301 were taken from the carboxybenzophenone (CB). An acetonitrile solution of BP 
literature ( ES20 = 6500 M-’ cm-‘, ~~,,,=3400 M-’ cm-’ (2 mM) with no quencher present or an aqueous solution of 
and &Gh25 = 6000 M- ’ cm-’ for the BP triplet, BPH’, and CB was used as an actinometer. The quantum yields were 
BP’-, respectively). calculated according to 

For flash excitation of acetonitrile solutions of benzophe- 
none in the presence of TMT (0.01 M), the transient spectra 
had spectral features reminiscent of the BP triplet and the 
ketyl radical depending on the time delay. A typical spectrum 
of this type obtained 2 ps after the flash is presented in Fig. 
1 which shows the characteristic band of the ketyl radical 
[ 301 at 545 nm with a shoulder around 520 nm (see Fig. 2 
for reference spectrum of the ketyl radical). This spectrum, 
together with the kinetic traces measured at 540 nm and 620 
nm (insets in Fig. I), clearly indicates that the ketyl radical 
is the only transient observed after the decay of the triplet 
state. The absence of BP’- is indicated by the lack of long- 
lived absorption at 620 nm (inset b) which is its absorption 
maximum (see Fig, 2 for reference spectrum of the ketyl 
radical anion). The rapidly decaying transient at 620 nm in 
inset b is that of the triplet state. Its decay is also seen as the 
fast decay component at 540 nm in inset a of Fig. 1. The long- 
lived absorption at 540 nm is the ketyl radical whose lifetime 
is 1 OS of microseconds. 

@=AA& AATcp 
( 1 (2) 

where AA, is the product’s absorption change extrapolated 
to the ‘end of pulse’ under the conditions of nearly complete 
quenching, AA, is the absorption change in the actinometer 
immediately after the flash due to the BP (at 520 nm) or the 
CB triplet (at 545 nm) under conditions of no quenching, Ed 
and .F= are the corresponding molar absorption coefficients 
of the product and the BP (or CB) triplet state, respectively. 
The values of molar absorption coefficients for the actinom- 
eters were taken from Refs. [30,32] as ~~~~=6500 M- ’ 
cm-’ and &s35 =6250 M-’ cm-’ for the BP and the CB 
actinometers, respectively. In cases where overlapping of the 
absorption spectra of some transients occurred, the absorption 
changes at A,,, of a particular species were corrected to 
remove the contribution from the remaining transients. 

The quantum yields of the transients were determined for 
concentrations of TMT large enough that the BP triplet state 

Using this procedure, the quantum yield of ketyl radical 
formation for the photoreduction of benzophenone by TMT 
in acetonitrile was determined to be @,,.=0.62, and the 
quantum yield of ketyl radical anion formation (QBp.-) was 



B. Marciniak et al. /Journal of Photochemistp and Photobiology A: Chemistry I12 (1998) 21-28 25 

300 400 500 600 700 

Wavelength (nm) 
Fig. 2. The spectral resolution (solid line) of the transient absorption spectrum (solid circles) following quenching of the BP triplet state by TMT (0.01 M) 
in acetonitrile / water ( 1: 1 v/v) solution. Spectrum was taken 1.5 ps after the flash. Reference spectra (see text) for the spectral resolution were the BP- 
spectrum (upward-pointing triangles) and the BPH’ spectrum (downward-pointing triangles). Insets: kinetic traces at 610 nm. 

estimated to be lower than 0.01 (Table I ) . The large yield of 
the ketyl radical formation for the quencher TMT differs from 
the results for other simple alkyl sulfides in acetonitrile such 
as dimethyl sulfide and diisopropyl sulfide where the BPH 
radicals were not formed (Table 1) . Competition between 
the reactions of ketyl radical formation and back electron 
transfer can explain those differences (vide infra) . 

The transient absorption spectra obtained in the flash exci- 
tation of the BP acetonitrile/water ( 1: 1 v/v) solution in the 
presence of TMT (0.01 M) are more complex than those for 
acetonitrile solution. After the initial decay of the BP triplet 
(see inset a in Fig. 2), the spectrum obtained on the micro- 
second time scale is reminiscent of the ketyl radical (with 
A,,,, = 545 nm) and the ketyl radical anion with a long-wave- 
length band around 620 nm. The quantitative resolution of 
the spectrum, using the procedure mentioned above, is pre- 
sented in Fig. 2. Inset b in Fig. 2 shows the decay of BP’-. 
The species is relatively long-lived with an observed first- 
order rate constant of kd = 1.7 X 1 OS s ~ ’ . 

The presence of the BP radical anions, products of the 
electron-transfer process, require the formation of sulfur-cen- 
tered TMT radical cations. The latter can exist either as the 
intramolecular S:.S-bonded radical cation absorbing at about 
610 nm [ 331 or, for high concentrations of TMT, as inter- 
molecular S:.S-bonded dimers with a broad absorption band 
in the range of 500-1000 nm [ 341. Low values for the molar 
absorption coefficients of both intra and intermolecular S:.S- 
bonded radical cations of TMT (&,,,s in the range of 700 

M- ’ s- ’ [ 33,341) and relatively short half-lifetime of those 
species (hundreds of ns [ 341) can explain the apparent 
absence of TMT radical cations from the spectrum presented 
in Fig. 2. 

The assignment of the 545 nm band to the BPH’ radical 
and that of the 620 nm band to the BP’- radical anion allowed 
the calculation of appropriate quantum yields of the products’ 
formation according to Eq. (2) or in combination with spec- 
tral resolutions. The results of such treatments are summa- 
rized in Table 1 together with appropriate @ values for 
dimethyl and diisopropyl sulfides taken from Refs. [ 16,8]. 

The detection of benzophenone ketyl radical anions in ace- 
tonitrile/water solutions can be taken as direct proof for the 
involvement of the electron-transfer mechanism for the 
quenching of the BP triplet state by TMT. The above men- 
tioned experimental observations and an analogy to the pho- 
toreduction of BP by dimethyl sulfide [ 161 allowed us to 
propose a mechanism for the quenching of the benzophenone 
triplet state by TMT in solution (Scheme 2). This reaction 
scheme is similar to the ones previously described for thioeth- 
ers [ 161 and other sulfur containing organic compounds 
[ 10,11,15,25]. The initial step is an electron transfer from 
the sulfur atom to the BP triplet state to form a radical-ion 
pair. The latter can disappear by any of the three following 
processes: ( 1) back electron transfer, kht, to regenerate the 
reactants (this process requires the intersystem crossing 
within the ion-radical pair), (2) intramolecular proton trans- 
fer within the radical-ion pair, k,, leading to the formation of 
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ketyl radicals and a-( alkylthio) alkyl radicals, and ( 3 ) dif- 
fusion apart of the radical-ion pair, ksep, to form ketyl radical 
anions and sulfur-centered radical cations (intramolecularly 
S:.S-bonded radical cations). For large concentrations of 
TMT one would expect formation of the intermoleculariy 
bonded S:.S dimer as in the case of other alkyl sulfides [ 161. 

Scheme 2 allows us to explain all the observed character- 
istic features for quenching of the BP triplet state by TMT in 
acetonitrile and acetonitrile/water solutions summarized in 
Table 1. In the case of acetonitrile solutions, the ksep channel 
can be neglected for TMT and dimethyl sulfide since BP’- 
radical anions were not formed. However, the quantum yield 
of BPH’ formation in acetonitrile was large (0.62) for TMT 
in contrast to other organic sulfides where BPH’ was not 
observed. This indicates that the proton-transfer reaction kH 
can compete (62%) with the back electron transfer reaction 
k,, (38%) for TMT in acetonitrile. Whereas, back electron 
transfer is the only reaction channel for dimethyl and diiso- 
propyl sulfides in acetonitrile. 

These results in acetonitrile solutions can be explained by 
a much larger ratio of kH/kbr for TMT than the other sulfides 
discussed. Reasons for this larger ratio are as follows: ( 1) A 
lower kbr in the case of TMT, in comparison to DMS and 
diisopropyl sulfide, could result from the developing positive 
charge of its radical cation being stabilized by the formation 
of intramolecular (S:.S) +-bonds for TMT. (Oxidized trithia 
compounds are preferentially stabilized by such a coordina- 

tion of two of the sulfur atoms; participation of a third sulfur 
atom cannot be completely excluded, but generally seems to 
be slight [ 341). This coordination should lead to more stable 
radical-ion pairs for TMT, compared to the other two sulfides 
considered, and hence facilitate subsequent chemical reac- 
tions, i.e., proton transfer k,. (2) Larger k, values are rea- 
sonable for TMT, compared to the other sulfides, due to a 
shorter distance between its radical cation and the paired 
radical anion. This favorably short distance in TMT is asso- 
ciated with steric considerations; the equatorial methyl sub- 
stituents in TMT allow a relatively close approach of the 
radical ions in a pair which is in contrast to the steric hindrance 
caused by two rotating alkyl groups for diisopropyl sulfide. 
This ease of approach leads to a shorter distance between the 
oxygen atom of the radical anion and the acidic protons on 
the carbons (Y to the sulfurs [ 35,361. In contrast, the acidic 
protons on the carbons cy to the sulfur in radical cations of 
diisopropyl sulfide are less accessible to the oxygen atom of 
the paired radical anion. 

In acetonitrile/water solutions, there were also much larger 
values of BPH’ quantum yields for TMT than for DMS (and 
diisopropyl sulfide), However, the most striking feature of 
these solutions was that BP’- radical anions were detected 
for both TMT and dimethyl sulfide [ 161. The ratio of k,,,/ 
kH was larger for TMT( l/4) than for DMS ( l/7). The 
appearance of ketyl radical anions in acetonitrile/water solu- 
tion (in contrast to the lack of BP’- in acetonitrile) can be 
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rationalized as follows. It can be understood in terms of an 
increase of the ion escape probability (dielectric constant 
dependence of the Onsager distance) in going from aceton- 
itrile to acetonitrile/water [ 161 and by the salvation of the 
radical-ion pair in aqueous solutions [ 371. The larger k,,,/ 
k, ratio for TMT than for DMS can be explained by an 
additional stability of sulfur-centered radical cations due to 
the formation of the intramolecular S:.S-bonded species for 
TMT (Scheme 2). Recently [ 371, it was shown that the 
formation of CB radical anions in the CB-sensitized pho- 
tooxidation of dimethyl sulfide in aqueous solution occurs 
via ‘solvated ion pairs’ in contrast to the formation of ketyl 
radicals that are formed via ‘nonsolvated ion pairs’. Thus, the 
structure of the ion pairs, i.e., a distance between charged 
species in the ‘solvated ion pairs’ is different for TMT and 
DMS and may also be a reason for the difference in k,,,/k, 
values for TMT and DMS. 

The results presented in this work for the photoreduction 
of benzophenone by TMT in acetonitrile solution may help 
in understanding the role of sulfides in the mechanism of 
benzophenone-initiated photopolymerization. In particular, 
the large quantum yields of ketyl-radical formation (and the 
associated formation of cu-C radicals, Scheme 2) in the pres- 
ence of TMT (in contrast to other non-cyclic sulfides) have 
direct implications for the polymerization processes. Specif- 
ically, these large quantum yields show that there are addi- 
tional, efficient channels for the formation of radicals that 
might be able to participate in the initiation ofpolymerization 
reactions (Scheme 1) . 

This suggestion was confirmed by photopolymerization 
studies. Polymerizations were sensitized by BP alone and by 
BP in the presence of co-initiators: the two simple sulfides 
Pr,S and TBE, in addition to TMT. BDM was used as the 
model monomer. The formation of initiating radicals can 
occur by the excited BP abstracting hydrogen from the addi- 
tives and/or from the monomer itself. Under the conditions 
used (low initiating light intensity), polymerization occurred 
efficiently only in the presence of TMT (Fig. 3). 

The polymerization curves of BDM in Fig. 3, registered 
by means of the DSC method, show a complex behavior, 
typical of multifunctional monomers [ 241. In the presence 
of non-cyclic sulfides or in the absence of co-initiators, no 
BP-sensitized polymerization was observed (Fig. 3a). The 
observed dependencies of the polymerization rate (R,,) on 
the polymerization time and the degree of double-bond con- 
version (p) represent, in part, the net effect of the efficiency 
of the initiating process. However this observed behavior is 
also influenced by other processes occurring during the 
polymerization, such as chain-transfer reactions, etc. In spite 
of these difficulties in interpreting the kinetics of the polym- 
erization process for multifunctional monomers and in esti- 
mating the contribution of the initiation process to the overall 
polymerization rate, the results clearly indicate that the effi- 
ciency of the polymerization initiated by BP depends on the 
structure of the organic sulfides used as co-initiators. This 
correlates well with the yield of the ketyl radical formation 

Time [s] 

0 5 10 15 20 26 30 36 4 0 

P ISI 
Fig. 3. Polymerization rate (R,) as a function of: (a) time and (b) double 
bond conversion (p) : I, In the presence of 0.06 M BP or 0.06 M BP + 0.06 
M PrzS or 0.06 M BP + 0.06 M TBE. 2, In the presence of 0.06 M BP + 0.06 
M TMT. 

in the photoreduction of BP by TMT and non-cyclic organic 
sulfides (Table 1) . 
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