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Abstract

S(4-Benzoyl)phenylthiobenzoate (BpSBz) and 4-benzoyl-phenyl benzoate (BpOBz) in acetonitrile were photolyzed under steady-state
and laser-flash conditions. Analysis of transients absorptions and final products from the photolysis of BpSBz showed that 4-benzoylphenyl-
thiyl and 4-benzoyl radicals were formed with an initial quantum yield of 0.45. Benzaldehyde was the main final product. In contrast,
photolysis of BpOBz did not yield benzaldehyde, and nanosecond laser-flash photolysis of BpOBz showed only a long-lived triplet state.
These results suggest that C—O bond cleavage does not occur as a primary photochemical reaction of BpOBz. The implications for the use
of BpSBz as a photoinitiator of polymerization are discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction UV or visible light, an understanding of the fundamental
photochemistry of photoinitiators is needed. Thus, in order

An area of intense interest in organic photochemistry in- to initiate a polymerization reaction, it is necessary that

volves the use of visible or ultraviolet light to initiate pho- the photoinitiator, following the initial excitation, produces

topolymerization. This process is traditionally initiated by an initiating species. Thiyl4] and benzoyl[5,6] radicals

the direct photolysis of a precursor that provides free rad- are known to react rapidly with olefins. While the photo-

icals by bond dissociation. Recently, it has been shown chemistry of the sulfur—sulfur bond has been a subject of

that S-(4-benzoyl)phenylthiobenzoate is an efficient pho- numerous studies, little is known about the mechanism and

toinitiator of methyl methacrylate polymerization in bulk intermediates of photolysis of the compounds possessing

[1]. The radicals, that are formed by homolytic cleavage of carbon-sulfur bonds. Fouassier and Lougidtsuggested

a sulfur—carbon bond of the photoinitiator, are believed to that compounds possessing C-S bonds, on excitation by

be responsible for the initiation of polymerization. light, exhibit cleavage of the C-S bond via the excited
It is well known that chemical activity of the individual triplet state, yielding benzoyl and thiyl radicals. Su e{&].

species resulting from the cleavage of different chemical have shown that products and their distributiorSqghenyl

bonds is dependent on its molecular structure and charactethiobenzoate photolysis strongly depend on the reaction

[2,3]. Therefore, a replacement of one atom by another in medium. In this contribution, we present detailed study on

the photoinitiator molecule might totally change the ini- the photochemistry o&-(4-benzoyl)phenylthiobenzoate, an

tiation ability of photoinitiator. In many cases the energy efficient photoinitiator of free radical polymerization.

absorbed by the initiator molecule does not participate

in a photochemical reaction, being re-transmitted through

nonradiative or radiative processes. In order to appreciate2, Experimental section

the photochemical reactions occurring upon exposure to

Synthesis ofS(4-benzoyl)phenylthiobenzoate (BpSBz)
* Corresponding author. was described elsewhej¥ and 4-benzoylphenyl benzoate
E-mail addresswrzyszcz@chem.atr.bydgoszcz.pl (A. Wrzyszczynski).  (BpOBz) was a gift from Dr. H. Janot&¢heme L
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umn). Phosphorescence spectra were recorded on MPF-3

@@@—s—@—@ spectrofluorimeter (Perkin-Elmer—Hitachi).

BpSBz 2.2. Nanosecond laser-flash photolysis
The nanosecond laser-flash photolysis setup has been de-
ﬁ ﬁ scribed elsewherg0]. A XeCl excimer laser was operated
@,C@O_C at 308 nm, 8 mJ, ab. 20 ns pulse width. The transients were
monitored with a pulsed 1 kW xenon lamp, with the monitor-

ing beam perpendicular to the laser beam. All experiments

were carried out in rectangular quartz cellS@mx 1 cm).

Scheme 1. The monitoring light pathlength was 0.5cm. The acetoni-
trile solutions of BpSBz and BpOBz & 2 x 10~* M) were

deoxygenated by bubbling high-purity argon through them
2.1. Steady-state irradiations or were saturated with oxygen.

BpOBz

Steady-state photolysis experiments were carried out
in 1cm x 1cm rectangular UV cell on a standard opti- 3. Results and discussion
cal bench system. A low-pressure mercury lamp (Original
Hanau TNN 15/30) was used as the excitation source for Absorption and phosphorescence spectra of the ben-
254-nm irradiation. A high-pressure mercury lamp (HBO zophenone based photoinitiators in this study are displayed
200) with the combination of a BC-4 glass filter and a in Fig. 1 The absorption spectra are all typical for ben-
313nm interference filter (Zeiss) was used for 313-nm zophenone derivatives. The long wavelength shoulders of
irradiation. Uranyl oxylate and 2-hexanone actinometries the spectra of benzophenone and the oxygen analogue of
were used to measure light intensities at 254 and 313-nm,the initiator (BpOBz) are due tm, =* transitions, and
respectively[9]. The light intensitiedp were determined to  they are well separated from the lowestz* transitions.
be 305 x 10~ and 136 x 10~3 Einstein dnr3min—! for The sulfur-containing derivative possesses a more intense
254 and 313 nm irradiations, respectively. The solutions of absorption band shifted to the red, without a significantly
BpSBz and BpOBz in acetonitrile: (= 6 x 10~> M) were separatech, 7* transition.
deoxygenated by bubbling high-purity argon through them  The type of functional group that is covalently bond to a
and were irradiated at 254 or 313 nm. The photolytic runs benzophenone moiety, only slightly changes its phosphores-
were monitored by taking UV-Vis spectra and analyzed cence spectra (s&éég. 1). On the basis of the 0, O transitions
using a high-pressure liquid chromatography (hplc) method in the phosphorescence spectra, one can estimate the triplet
(Waters Model 616 pump system with photodiode array energies of the molecules under study. Their values are:
UV-Vis detector Waters 996, Waters Symmetry C18 col- 278.2kJmot? for BpSBz and 282.1 kJ mot for BpOBz,
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Fig. 1. Electronic absorbtion spectra (A) (in hexane) and phosphorescence emission spectra (Ph) (in EtOH-MeOH 1:1 at 77 K) of benzophenone and it
derivatives.
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respectively. For comparison, the benzophenone triplet 0, sient in argon-saturated solution is seen to be second-order,
0 transition was estimated to be equal to 285.5kJthol  and its decay in the presence of oxygen is the same for
From the literaturg11], it is known that the homolytic  kinetic traces monitored at 500 nm. On the other hand, for
carbon-sulfur bond dissociation energy for thioethers is of oxygen-saturated solutions of BpOBz, the transieftign 3

the order of 293 kJ mof! and that for carbon-oxygen ethers disappears within 50 ns. This is in contrast to oxygen-free
is on the order of 323kJmot. The latter value is much  solutions of BpOBz where the decay is monoexponential
higher than the corresponding benzophenone triplet ener-with a lifetime of 10.4us (see inset t&ig. 3J).

gies. It is worth noting that the energy of the 0, 0 tran-  On the basis of the spectral characteristics and the be-
sition of the lowest singlet excited state of benzophenone havior in the presence of oxygen, we assign the transient
[9] varies between 310 and 315 kJ mbl Taking into ac- in Fig. 2 as thep-benzoylphenylthiyl radical (BpfS. The
count all the data presented above, one can conclude thaspectral characteristics of the species being assigned as the
the photocleavage of th®e(4-benzoyl)phenyl thiobenzoate BpS® radical (absorption spectrum slightly red-shifted, com-
C-S bond can occur via excited singlet states or triplet pared with the spectrum of phenylthiyl radidaR]) are al-
states (vibronically excited), while the cleavage of C—O most identical to the features of the optical spectrum of the
bond for 4-benzoylphenyl benzoate cannot occur even viaBpS® radical found by Autrey et al. in the photolysis of
benzophenone’s lowest excited singlet state. bis(p-benzoylphenyl)disulfide (BpSSBf)3]. In addition to

Experimental evidence, supporting the above conclu- the similarity in the transient’s spectrum to that of Bpls
sions comes from the laser-flash photolysis experiments.second-order decay is consistent with the unknown species
Fig. 2 shows the transient absorption spectra recorded for being a radical. Furthermore, its lack of reactivity with oxy-
S(4-benzoyl)phenyl thiobenzoate in MeCN solution. gen is consistent with the normally low reactivity of aro-

A similar experiment performed for 4-benzoylphenyl ben- matic thiyl radicals with oxygeni( < 10*M~1s71) [14].
zoate gives quite a different picture of the process (see The transient inFig. 3 is assigned as the triplet state of
Fig. 3. 4-benzoylphenyl benzoate. Its spectral position and shape

Comparison of the spectra iRkigs. 2 and 3reveals are reminiscent of benzophenone’s triplet—triplet absorp-
that S(4-benzoyl)phenyl thiobenzoate behaves quite dif- tion. Its decay is monoexponential in argon-saturated so-
ferently than 4-benzoylphenyl benzoate. In addition, it lutions, and it is quenched by oxygen, both of which are
is worth noting that there is a significant difference of consistent with the transient being a triplet state absorption.
the effect of oxygen on the two spectra. In the case of The ratio o/t) of the unquenched lifetimeg = 10pus to
S(4-benzoyl)phenyl thiobenzoate, at short times, its spec- the quenched lifetime = 50ns is 200. Using these two
trum in an oxygen-saturated solution is almost identical in points, the quenching rate constakg)(can be estimated
shape to that irFig. 2, however, at longer times, a broad from pseudo-first order kinetics:
band develops in the spectral region between 350 and ,
400nm. From the inset ofig. 2, the decay of the tran- = 1+ kqo[O2]
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Fig. 2. Transient absorption spectrum obtained during 308-nm photolysis4ifienzoyl)phenyl thiobenzoate in MeCN (argon-saturated) solution after
450ns delay. Inset: kinetic trace recorded at 500 nm, second-order decaykiith 2 2.5 x 10”7 s 1.



256 A. Wrzyszczynski et al./Journal of Photochemistry and Photobiology A: Chemistry 155 (2003) 253—-259

0.06 I s B e e e e e NN B S s e e
o 0.03
0.05 - < 0.02} 14
<
0.01} °
@)
004 [ 0.00 [ eersmmns 1 4
20 0 20 w0 & 80
Time, us
o o]
< 0.03 -
<
o (]
0.02 - o —
) © °
0.01 © ° “oo
. - O o o —
° 0
0.00 M IR NN R I S N SR

300 350 400 450 500 550 600 650 700 750
Wavelength, nm

Fig. 3. Transient absorption spectrum obtained in the 308-nm photolysis of 4-benzoylphenyl benzoate in MeCN (argon-saturated) solutionftezcorded
250ns delay. Inset: kinetic trace recorded at 540 nm; monoexponential deeayp.4 p.s.

Taking the concentration of oxygen in acetonitrile atroom  Aromatic thiyl radicals, according to the literature, show
temperature as @ 10°3M [9], kg could be calculated as  a pronounced broad and asymmetric band between 400 and
2 x 10°M~1s1, that is 1/9 of the diffusion-controlled rate 510 nm, with maximunz values of about 2500 Mt cm™1,
constant in acetonitrile. This is the rate constant that is ex- and a stronger band with absorption maximum at 2954am (
pected for the spin-statistic factor for the quenching a triplet about 10 000 M cm=1) [15]. More specifically, the value
state by the triplet ground state of oxygen. of the molar absorption coefficient of Bp®adical can be

These findings indicate that the observed transient in theestimated from the results presentedFiy. 2 From the
photolysis of BpSBz can be assigned to the Bp&dical fit of the second-order decay in the insek/(2/) = 2.5 x
that is formed from the photocleavage of the C-S bond in 10’ s~1. If the recombination rate constant is taken to be
S(4-benzoyl)phenyl thiobenzoate. On the other hand, the diffusion-controlled, there at 500 nm can be estimated to
oxygen analog BpOBz shows no indication that it undergoes be 2000 M1 cm~1. This is in the range expected for other
C-0 bond scission during photolysis at 308 nm. These as-aromatic thiyl radicals.
signments are in agreement with the considerations of bond Using 4-carboxybenzophenone in water as an actinome-
energetics discussed earlier. Photocleavage of the BpSBzer, one can estimate the quantum yield of Bp&lical for-
C-S bond can occur via excited singlet states or triplet statesmation, assuming that the molar absorption coefficient of the
(vibronically excited), while the cleavage of C-O bond for p-benzoylphenylthiyl radical is 2000 M cm~2. The result
BpOBz cannot occur even via benzophenone’s lowest ex-

cited singlet state. hv 1SC

The energetic considerations indicate the possibility of BpSBz —> 1(BpSBz)* —> 3(BpSB2z)*
two separate pathways for photocleavage, via the singlet ex- 4 I l l
cited state and the triplet state (see Scheme which is in anal- ISG
ogy to the Scheme for the photolysis of BpSSRBB]). The 1(BpS**Bz) <—— 3(BpS®°*Bz)*

singlet mechanism involves a singlet radical pair in which

the radicals, BpSand *Bz, would likely recombine effi- l
ciently. The triplet mechanism, on the other hand, would
result in a triplet radical pair that could permit substantial
escape of free radicals because of spin restrictions on re- l
combination in the solvent cage. The triplet mechanism may
also be substantial since the intersystem crossing rate con-
stant in analogous substrates, e.g. BpSMe generates triplets
within 17 ps[13] (Scheme 2 Scheme 2.

BpS°® + °Bz

self-combination products
+ HBz + ...
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Fig. 4. Changes in the electronic absorption spectra recorded during 313-nm photolggi-bénzoyl)phenyl thiobenzoate in MeCN solution.

of this procedure is that the quantum yield of Bd8rma- to subsequent changes of its electronic absorption spectra
tion is 0.45. This value suggests that the photochemical effi- (Fig. 4). A similar picture of electronic absorption spec-
ciency of C-S bond cleavage (formation of radical pairs, see tra modification is recorded for 4-benzoylphenyl benzoate
Scheme) is on the order of unity, particularly if the possibility (Fig. 5), but with more pronounced build-up, and a bet-
of cage recombination of the free radicals is consid§tatl ter separated absorption band at long-wavelengths. In the
As it was mentioned earlier, the 500-nm transient from case of the 254-nm photolysis of BpOBz, the intensity of
BpSBz recorded during the laser-flash photolysis is not absorbed photolytic light was significantly larger than in
quenched by oxygen which supports the notion that the the 313-nm photolysis of BpSBz, leading to much lower
500-nm transient was an aromatic thiyl radical (Bp®xy- photochemical quantum yields for BpOBz than BpSBz.
gen, on the other hand, is quite reactive with carbon-centered Irradiation of S(4-benzoyl)phenyl thiobenzoate in
radicals with rate constants almost at the diffusion-controlled MeCN causes its disappearance. The quantum vyield of
limit [14]. There was evidence, see above, that at times S-(4-benzoyl)phenyl thiobenzoate disappearance is equal
longer than a few microseconds a new absorption appearedo 0.14 when irradiated at 313nm and 0.11 at 254 nm.
in the 350—-400 nm region of the spectrum in-&aturated Benzaldehyde is the main product of the photoreaction ob-
solutions of BpSBz. This could be a product of the reaction served with the use of hplc technique. The quantum vyield
of the benzoyl radical*Bz) and oxygen. of benzaldehyde formation is equal to 0.012 and 0.042 in
It should be mentioned that, in addition to the very low acetonitrile and acetonitrile—isopropanol, respectively. The
reactivity of BpS with oxygen, these radicals also react presence of this compound explicitly confirmed the type
slowly via H atom abstractiofiL4]. This low reactivity of of bond that is cleaved during the photolysis, e.g. C-S
aromatic thiyl radicals is important if one is concerned with bond. The formation of benzaldehyde, under experimental
chain transfer processes that might occur during free rad-conditions, may be explained as a result of hydrogen atom
ical polymerization. Higher rate constants are reported for abstraction from the medium by benzoyl radical. This sup-
the addition reaction of aromatic thiyl radicals to various position can be additionally confirmed by the data obtained
olefins (for example to methyl methacrylatg = 3.2 x during the photolysis of BpSBz in the presence of a good
108 M~1s71) [14]. Comparison of the rate constants of hy- hydrogen atom donor, e.g. 2-propanol. The comparison of
drogen atom abstraction and addition reaction to methyl yields of benzaldehyde (HBz) measured with and without
methacrylate suggests that for the systems under considerathe hydrogen-atom donor showed that the efficiency of HBz
tion, thep-benzoylphenylthiyl radical will likely start poly-  formation is 3.5 times greater for the solution that con-
merization by direct reaction with the monomers and avoid tains 2-propanold = 1.0 M). During the photolysis several
the secondary reactions that produce radicals able to initiateother compounds are formed in addition to benzaldehyde.
polymerization. The measurements performed with the use of hplc with
The continuous irradiation of S(4-benzoyl)phenyl diode-array detection identified, in addition to traces of other
thiobenzoate in MeCN solution at 313 nm (or 254 nm) leads products, big§-benzoylphenyl)disulfide (BpSSBp), which



258 A. Wrzyszczynski et al./Journal of Photochemistry and Photobiology A: Chemistry 155 (2003) 253—-259

15 o ——
—1t=0
io+p% /S === t= 2.5 min
....... t= 5min
SR R 57U S t= 9 min
S meemeem t =15 min
£
o
3
<05
00 e
200 250 300 350 400

Wavelength [nm]

Fig. 5. Changes in the electronic absorption spectra recorded during 254-nm photolysis of 4-benzoylphenyl benzoate in MeCN solution. Nusebeérs repre
times in minutes of irradiation.

is formed by direct combination gf-benzoylphenylthiyl, triplet state), suggests that C-O bond cleavage does not
and benzil (BzBz) formed by the combination of benzoyl occur as a primary photochemical reaction for BpOBz.
radicals (see Scheme). It is necessary to add that benzoyl

radicals formed also start free radical polymerization. Ini-
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It is worth contrasting the low quantum vyield of
S(4-benzoyl)phenyl thiobenzoate’s disappearance (0.14)
with the estimated yield of BpSradical formation (0.45).

As was concluded earlier (see Scheme), the C-S bond scis-
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