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Abstract

The mechanisms for the direct photolysis of phenylthioacetic acid (PTAA) andS-benzylthioglycolic acid (SBTGA) in acetonitrile were
investigated using steady-state and laser flash photolysis. For both compounds, a variety of stable photoproducts were found under steady-state,
254 nm irradiation of acetonitrile solutions. The products from the direct photolysis of PTAA included carbon dioxide (photodecarboxyla-
tion), acetic acid, diphenyl disulfide, diphenyl sulfide, thiophenol, thioanisole, di(phenylthio) methane, andS-phenyl benzenethiosulfate. The
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roducts from the direct photolysis of SBTGA included carbon dioxide, toluene, dibenzyl, dibenzyl sulfide, dibenzyl disulfide, thio
cid, benzyl mercaptan, benzyl alcohol, and benzaldehyde. These stable photoproducts were identified and characterized using
C–MS, and UV–vis methods. Quantum yields were determined for the formation of the various stable products following ste

rradiations in the absence and in the presence of oxygen. In laser flash photolysis (266 nm Nd:YAG laser) experiments, a variety o
e.g., phenylthiyl radical, benzyl radical, etc.) was found. For both substrates (PTAA and SBTGA), photoinduced CS bond cleavage was t
ain primary process. It was also found that for both acids, photoinduced CC bond cleavage occurred, but as a minor process relat
S bond cleavage. Detailed mechanisms of the primary and secondary processes are proposed and discussed. The validity of th

echanisms was supported by an analysis of the quantum yields of stable products and their transient precursors. Supplementary
n reactions between the radicals (e.g., C6H5–S•, C6H5–•CH2) and oxygen are also consistent with the proposed mechanisms.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Carbon–sulfur bonds are relatively weak in general[1,2],
nd these bonds are known to be susceptible to photoinduced
leavage[3–5]. The reactivity at these bonds has proven to be
double-edged sword. On one side, it is of concern to pharma-
eutical chemists that are synthesizing sulfur-containing pep-
ides and proteins, where oxidative stability of these drugs can
e disappointingly poor[6,7]. On the other side, novel syn-

hetic pathways are accessible through the photochemistry
f organic sulfur compounds, and these methodologies have
een exploited in past years[8,9]. Of particular interest are the

∗ Corresponding author. Tel.: +48 61 829 1327; fax: +48 61 865 8008.
E-mail address: marcinia@amu.edu.pl (B. Marciniak).

possibilities for photochemistry leading to heterolytic cle
age with subsequent ionic pathways to new syntheses[3].

Recently, triplet sensitization of aromatic carboxylic ac
containing thioether groups was used to generate com
tively a variety of S-centered radicals and C-centered rad
via competitive bond cleavages[10–12]. The specific applica
tion in those works was to understand why organic thioet
were so efficient in functioning as co-initiators in photopo
merization[10,13,14]. However, a subsidiary issue arose
to the branching ratio of CC versus CS bond cleavag
because C-centered radicals were more efficient initiato
the polymerizations in question[10]. Assessing competitiv
C S and C C bond cleavage in the above studies was ma
by electron transfer to the triplet sensitizer from the su
compound[15].

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.06.009
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A more direct way to investigate the competitive chan-
neling of excess energy to labile bonds in multifunc-
tional compounds is through direct photochemistry. An
initial study along these lines has been published on direct
photolysis mechanisms of the sulfur-containing carboxylic
acid, 4-(methylthio)phenylacetic acid (4-MTPA)[16]. In
the present work, the mechanisms of direct photolysis
of the sulfur-containing carboxylic acid, phenylthioacetic
acid (PTAA) andS-benzylthioglycolic acid (SBTGA) are
elucidated.

2. Experimental

2.1. Materials

Phenylthioacetic acid, C6H5–S–CH2–COOH, andS-ben-
zylthioglycolic acid, C6H5–CH2–S–CH2–COOH were
purchased both from Aldrich and Lancaster. 4-Carboxy-
benzophenone (CB) was from Aldrich. Diphenyl disulfide,
thiophenol, thioanisole, di(phenylthio) methane, toluene,
dibenzyl, dibenzyl sulfide, dibenzyl disulfide, thioglycolic
acid (HS–CH2–COOH), and benzaldehyde were purchased
from Aldrich. The deionized water for laser flash photol-
ysis was purified in a reverse osmosis/deionization water
system from Serv-A-Pure Co. The deionized water for the
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phate buffer (60%) and acetonitrile (40%). It was used for
the first 4 min. This medium was followed by a gradient, in
which the eluent medium changed continuously over a 20 min
period until it was 40% phosphate buffer phase and 60% ace-
tonitrile. Finally, the eluent was changed back to the initial
phase in the course of 6 s. The flow rate was 1 ml min−1, with
optical detection at 240 nm for PTAA. The second eluent sys-
tem consisted of a phosphate buffer (37%) and acetonitrile
(63%) with a flow rate of 1 ml min−1 and optical detection at
211 and 250 nm for SBTGA. HPLC–MS analyses were per-
formed on this same system using a ZQ (electrospray) mass
detector (Waters and Micromass).

Gas chromatographic (GC) analyses were performed on
a Hewlett-Packard 5890 II series instrument equipped both
with FID and TCD detectors in order to quantify CO2 and
also to identify stable products formed during steady-state
photolysis. Analyses were done with both HP–HFAP and
ULTRA 1 capillary columns (0.32 mm× 25 m) using a tem-
perature program operating between 120 and 220◦C (heating
rate, 10◦C min−1) and a flow rate of 1.5 ml min−1. GC–MS
analyses were performed on a Varian Saturn 2100 T instru-
ment equipped with an ion trap. Analyses were done with a
DB-5 capillary column (30 m).

The quantum yields,Φ, were measured using uranyl oxy-
late actinometry at 254 nm taking its quantum yield to be
0.602[17].
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teady-state analysis came from a water-purification sy
rovided by a Millipore (SimplicityTM) Co. Acetonitrile
for spectroscopy) was purchased both from Merck and
aker.

.2. Steady-state photolysis: analysis of stable products
nd determination of quantum yields

Steady-state photolysis experiments were carried o
cm× 1 cm rectangular UV cells on a standard optical-be
ystem. A low-pressure mercury lamp (Original Hanau T
5 W) was used as the excitation source for 254 nm irra

ion. Solutions of PTAA (8.4 mg) and of SBTGA (9.55 m
n acetonitrile (25 ml) were purged with high-purity arg
30 min) or oxygen (15 min) and then irradiated. Irradia
olutions were analyzed when the conversions of subs
ere approximately 30% complete, i.e., 10–20 min of irr
tion as monitored by high-pressure liquid chromatogra
HPLC) analysis.

UV–vis spectra were measured at room temperature
oth a diode array spectrophotometer HP 8452A and a
00 Bio Varian spectrophotometer.

The photolysis of PTAA and SBTGA were monitor
y HPLC using a Waters 600E Multisolvent Delivery S

em pump described previously[16]. The detection syste
onsisted of a Waters 996 photodiode array UV–vis de
or. Analytical HPLC was carried out on a Waters XTe
P18 reverse phase column (4.6 mm× 250 mm, 5�m par-

icle size). Two different eluents were employed. The
luent system was as follows: the initial phase was a p
.3. Laser flash photolysis

The nanosecond laser flash photolysis and its data ac
ion system have been previously described in detail[18,19].
he Nd:YAG laser (PRO 230, Quanta-Ray Co.) prov
0–12 ns pulses. For the experiments described herei

aser was operated at 266 nm and 10–12 mJ/pulse. The
ients were monitored with a pulsed 1 kW xenon lamp, ha
he monitoring beam perpendicular to the laser beam
xperiments were carried out with a gravity-driven flow s
em and a rectangular quartz optical cell (0.5 cm× 1 cm).
he monitoring-light pathlength was 0.5 cm. A solut
f CB (2 mM) at neutral pH was used as a relative a
ometer [20] by monitoring its triplet–triplet absorptio
ε535= 6250 M−1 cm−1) [21].

. Results and discussion

.1. Steady-state photolysis

The UV–vis absorption spectrum presented inFig. 1a
PTAA) is very similar to the spectrum of thioanisole[22].
ased on this similarity to thioanisole (λmax= 254 nm), the
bsorption band of PTAA (λmax= 250 nm), in the neighbo
ood 250 nm, can be attributed to a�–�* transition[23]. On

he other hand, the UV–vis absorption spectrum presen
ig. 1b (SBTGA) is similar to the spectrum of benzyl met
ulfide[24].
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Fig. 1. UV–vis absorption spectra of: (a) 0.1 mM PTAA and (b) 80�M
SBTGA in acetonitrile taken in 1 cm UV cell.

3.1.1. Direct photolysis of phenylthioacetic acid
Solutions of PTAA in acetonitrile were irradiated in the

absence and presence of oxygen. The spectrophotometric
changes were monitored by taking UV–vis spectra at reg-
ular time intervals. The resulting spectra show only small
changes in the absorption band between 230 and 260 nm.
This indicates that any products formed during the photolysis
absorbed in the same spectral region, where PTAA absorbs.
Consistent with this, the post-irradiation spectra showed the
small development of an absorption band between 280 and
320 nm.

GC–MS chromatography and HPLC were used for the
identification of stable products formed during the direct
steady-state photolysis of PTAA. Oxygen-free acetonitrile
solutions of 24 mM PTAA were irradiated at 254 nm for
150 min and analyzed by GC–MS. A typical GC–MS chro-
matogram (Fig. 2a) shows a variety of primary and secondary

F n of
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r
a

Fig. 3. (a) GC–MS chromatogram recorded after a 75 min irradiation of
SBTGA (10 mM) in Ar-saturated acetonitrile. (b) GC–MS chromatogram
recorded after an 80 min of irradiation of SBTGA (10 mM) in O2-saturated
acetonitrile.

stable photoproducts; these same products were detected in
the HPLC analysis of the same irradiated solutions.

A similar analysis was performed, following irradia-
tion, of oxygen-saturated acetonitrile solutions of PTAA.
The resulting chromatogram showed a new photoproduct
(Fig. 2b) that appeared in quite large concentrations following
120 min of irradiation. This additional stable photoproduct
that was observed in irradiated oxygen-saturated acetoni-
trile solution, was identified asS-phenyl benzenethiosulfate,
C6H5–SO2–S–C6H5. Supplementary gas chromatographic
(GC) analyses were performed in order to identify acetic acid
and CO2, and to quantify the quantum yield of carbon diox-
ide formation.Scheme 1shows all the stable photoproducts
(primary and secondary) formed during the direct photolysis
of PTAA. One of the products (diphenyl sulfide) was detected
in trace amounts after prolonged irradiation, which indicates
that it results from secondary reaction(s) under our irradiation
conditions.

3.1.2. Direct photolysis of S-benzylthioglycolic acid
Solutions of SBTGA in acetonitrile were irradiated in the

absence and presence of oxygen. As in the case of PTAA,
the spectrophotometric changes of the irradiated solutions
were monitored by taking UV–vis spectra at regular time
intervals. The resulting spectra show the small development
o lmost
n ducts
a
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ig. 2. (a) GC–MS chromatogram recorded after a 150 min irradiatio
TAA (24 mM) in Ar-saturated acetonitrile. (b) GC–MS chromatog

ecorded after a 120 min of irradiation of PTAA (24 mM) in O2-saturated
cetonitrile.
f an absorption band between 240 and 270 nm and a
o changes around 210 nm, which indicates that any pro
bsorb in the same region as does SBTGA itself.

GC–MS chromatography and HPLC were used for
dentification of stable products formed during the di
teady-state photolysis of SBTGA. Oxygen-free aceton
olutions of 10 mM SBTGA were irradiated at 254 nm
5 min and were analyzed by GC–MS. A typical GC–
hromatogram (Fig. 3a) shows a variety of stable pho
roducts. These same products were detected in the H
nalysis of the irradiated solutions.
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Scheme 1.

A similar analysis was performed following irradia-
tion of oxygen-saturated acetonitrile solutions of SBTGA.
The resulting chromatograms showed different photoprod-
ucts (Fig. 3b). These products, from oxygen-saturated
solutions, appear in quite large concentrations following
80 min of irradiation. The additional stable photoproducts
that were identified in irradiated oxygen-saturated acetoni-
trile were benzaldehyde, C6H5–CHO, and benzyl alcohol,
C6H5–CH2–OH. Supplementary gas chromatographic (GC)
analyses were performed in order to identify CO2 and
to quantify its yield. Using the HPLC system, an addi-
tional product was found. It was identified as thiogly-
colic acid, HS–CH2–COOH. All of the stable photoproducts
formed during the direct photolysis of SBTGA are shown in
Scheme 2.

3.1.3. Quantum yield determinations
Since standard samples of the major products (vide supra),

were commercially available, it was possible to determine
the photoproducts’ quantum yields by calibrating the various
chromatographic methods. For the photochemical quantum
yield determinations, the initial concentrations of PTAA were
varied from 1.6 to 2.2 mM, and the initial concentrations of
SBTGA were varied from 1.5 to 2.8 mM, all in acetonitrile.
The changes,�c, in the concentrations of substrate and the
various stable photoproducts were determined both by GC
and HPLC measurements using the authentic compounds as
concentration standards. All quantum yields were extrapo-
lated back to zero percent conversion of substrate in order to
get the initial quantum yields. These procedures were neces-
sary because of the absorption of the photolytic light by the



P. Filipiak et al. / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 295–306 299

Scheme 2.

photoproducts. Quantum yields determined by these methods
are presented inTable 1(PTAA) and inTable 2(SBTGA). It
can be seen fromTables 1 and 2that in the presence of oxy-
gen, most of the quantum yields (decomposition of PTAA and

formation of products from both PTAA and SBTGA) change
significantly as compared to the deaerated systems. The par-
ticipation of oxygen in the reaction mechanism is discussed
below.

Table 1
Quantum yields for the decomposition of phenylthioacetic acid (PTAA) and formation of primary photoproductsa in steady-state photolysis at 254 nm in
acetonitrileb

PTAA C6H5–SH C6H5–S–S–C6H5 C6H5–S–CH3 CO2 C6H5–S–CH2–S–C6H5

+Ar 0.19 0.054 0.047 0.001 0.02 0.002
+O2 0.29 0.002 0.029 – × ≤0.002

(×) Not determined.
a From steady-state measurements, extrapolated to zero percent conversion of PTAA, estimated errors± 10%.
b [PTAA] = 1.62–2.16 mM;I0 = (1.9–2.9)× 10−4 einstein× dm−3 × min−1.
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Table 2
Quantum yields for the decomposition ofS-benzylthioglycolic acid (SBTGA) and formation of primary photoproductsa in steady-state photolysis at 254 nm in
acetonitrileb

SBTGA C6H5–CH3 C6H5–CHO C6H5–CH2–CH2–C6H5 C6H5–CH2–S–
CH2–C6H5

C6H5–CH2–S–S–
CH2–C6H5

HS–CH2–COOH CO2

+Ar 0.30 0.025 <0.01 0.011 0.028 0.005 0.19 0.03
+O2 0.29 0.046 0.16 – 0.01 0.003 × ×
(×) Not determined.

a From steady-state measurements, extrapolated to zero percent conversion of SBTGA, estimated errors± 10%.
b [SBTGA] = 1.49–2.8 mM;I0 = (1.9–2.65)× 10−4 einstein× dm−3 × min−1.

3.2. Reference spectra

From the presence of formal CC bond cleavage products
(C6H5–S–CH3 and C6H5–S–CH2–S–C6H5), we anticipated
that the C-centered radical, C6H5–S–•CH2, would be formed
following the nanosecond laser flash photolysis of PTAA. The
reference spectrum for this radical was obtained previously
[25,26] in the pulse radiolysis of PTAA, where this radical
was formed following the decarboxylation of the sulfur-
centered radical zwitterion, C6H5–S•+–CH2–COO−. The
reference spectrum of the C-centered radical, C6H5–S–•CH2,
is characterized by an absorption band with a maximum at
λmax= 330 nm,ε330= 3800 M−1 cm−1 [26]. We could not
obtain the reference spectrum for the sulfur-centered radi-
cal zwitterions because of their short lifetime (about 1�s)
[15]. From the presence of formal CS bond cleavage prod-
ucts (e.g., C6H5–SH and C6H5–S–S–C6H5), we anticipated
that the S-centered radical, C6H5–•S, would be formed fol-
lowing the nanosecond laser flash photolysis of PTAA. We
assigned the transient absorption observed at 490 nm (see
Fig. 4) as the C6H5–•S radical based on the literature spec-
tra determined by Ioele et al.[26] (ε460= 1800 M−1 cm−1

in water) and Ouchi et al.[27] (ε490= 2000 M−1 cm−1

F toly-
s ile
r
I nd (b)
4

in tetrahydrofuran). For our calculations, we usedε490=
2000 M−1 cm−1.

The presence ofS-phenyl benzenethiosulfate, C6H5–
SO2–S–C6H5 among the steady-state photoproducts indi-
cates that in oxygen-saturated solution, the C6H5–•S–OO
radical was formed, but the spectrum of this specific radical
has not been determined. For identification and estimation of
this radical’s quantum yield of formation, we took the ref-
erence spectra for a similar radical,p-H3C–C6H4–•S–OO,
which was measured by Chatgilialoglu et al.[28] and by
Eriksen and Lind[29] (ε335= 1200 M−1 cm−1 in CCl4).

In the photolysis of SBTGA, we were expecting to pro-
duce the sulfur-centered radical cation, C6H5–CH2–S•+–
CH2–COOH, and the C-centered radicals, C6H5–•CH2, and
C6H5–CH2–S–•CH2. The latter radical was observed fol-
lowing the decarboxylation of C6H5–CH2–S•+–CH2–COO−
[15]. As in the case of PTAA, we were not able to detect any
absorption from the sulfur-centered radical cation of SBTGA,
presumably, because its lifetime is too short[15]. The radical
zwitterion decays into at least two different C-centered rad-
icals (C6H5–•CH2, and C6H5–CH2–S–•CH2) that are likely
present in the same time and spectral ranges. Thus, it was not
valid to use the observed spectrum as a reference spectrum,
because it was composed from at least these two interme-
diates. For further computations, on this system, we used
the benzyl radical spectrum from Hugemann and Schwarz
[ f-
e
w .
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t rence
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ig. 4. Transient absorption spectra following 266 nm laser flash pho
is of C6H5–S–CH2–COOH (PTAA) (0.2 mM) in Ar-saturated acetonitr
ecorded at four different delays times, relative actinometry: [T] = 25.4�M.
nset shows experimental trace for decays taken at: (a) 300 nm a
60 nm.
30] (ε317= 12,000 M−1 cm−1 in cyclohexane). For the re
rence spectrum of the benzylthiyl radical, C6H5–CH2–S•,
e used the spectrum determined by Wendenburg et al[31]

ε410= 10,000 M−1 cm−1 in tetrahydrofuran at 77 K).

.3. Nanosecond laser flash photolysis

.3.1. Flash photolysis of phenylthioacetic acid
Solutions of 0.2 mM PTAA in acetonitrile were irradiat

ith 10 ns pulses from the fourth harmonic (266 nm) o
d:YAG laser. Transient absorption was seen in the re
f 280–700 nm in argon-saturated solutions (seeFig. 4).
he transient spectra shown inFig. 4 were assembled fro
inetic traces and displayed at a few selected time d
between 60 ns and 60�s) following the laser pulse. Ins
a) in Fig. 4 shows a 300 nm kinetic trace on an 80�s time
cale. This kinetic trace cannot be fit to a single expo
ial decay. From the steady-state products and the refe
pectra of the products’ likely precursor radicals, we sus
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that there are at least three different transients absorbing at
300 nm. The three species are C6H5–•S, C6H5–S–•CH2, and
•CH2–COOH. Thus, it would have been difficult to get reli-
able quantitative results on the individual species from this
spectral region.

On the same time scale, the kinetic trace at 460 nm (inset,
Fig. 4b) shows a second-order decay with a half-life of
τ1/2 = 2.1�s. Of the possible radicals, it is the C6H5–•S radi-
cal that is assigned as being responsible for the absorption at
460 nm[26]. From the kinetic trace at 460 nm, it was possible
to estimate the recombination rate constant for phenylthiyl
radicals. For this estimation, Eq.(1) was used[32].

2k = aεl (1)

where 2k is the radicals’ recombination rate constant
[M−1 s−1], a = 2k/εl a fitting parameter from a non-linear
least-squares fit to a second-order decay function,ε the
extinction coefficient (ε490= 2000 M−1 cm−1 in tetrahydro-
furan [27]) at the observed wavelength, andl is optical
pathway equal to 0.5 cm. The recombination rate constant
so determined is (2k = 4.6× 1010 M−1 s−1), for acetonitrile
solution which can be compared to the literature values
[33–35] ((2k = 2–3× 109 M−1 s−1) for aqueous solutions.
The computed value, in excess of the diffusion-controlled
value (1.9× 1010 M−1 s−1) in acetonitrile[17], indicates that
c
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i ing,
o ts
w
i
b
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t yed

F toly-
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r
I nd (b)
4

at several selected time delays (between 40 ns and 60�s)
following the laser pulse. Generally the spectra shown in
Fig. 5 are very similar to those inFig. 4. Inset (a) inFig. 5
shows a 300 nm kinetic trace that represents the decay of
all three transients suggested (see above) as being present
in argon-saturated solutions and one new transient, the S-
centered radical (C6H5–•S–OO) formed from peroxide radi-
cal (C6H5–S–OO•). It was not possible to get reliable results
on the individual species from this spectral region.

The kinetic trace at 460 nm for phenylthiyl radical (inset,
Fig. 5b) shows a decay similar to that observed for Ar-
saturated solutions of PTAA in acetonitrile. We still observed
fast decay of the 460 nm absorption band when oxygen was
present. However, the decay can no longer be fit well with
a simple second-order decay function. The decay fits very
well to a mixed decay (first and second order). This is consis-
tent with the phenylthiyl radicals (C6H5–•S) reacting with
themselves and other radicals via second-order reactions
plus additional pseudo-first-order reactions, e.g., with oxy-
gen although aromatic thiyl radicals normally react slowly
with oxygen[36,37](k ∼ 104 M−1 s−1).

We could not accurately resolve the spectra of the various
C- and S-centered radicals since their absorption spectra clus-
tered at the edge of our effective spectral window of obser-
vation, which was limited by the absorption of the substrate
itself. It was only possible to estimate the quantum yields
o ces at
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ross-radical reactions may be operative (see Section3.4)
elow for indirect evidence of cross-radical reactions inv

ng •CH2–COOH. If cross-radical reactions were operat
ur calculation of the effectivec0 from optical measuremen
ould be too small leading to an over-estimation of 2k, which

s computed from the product 2kc0 (see Eqs.(2) and (3)
elow).

The spectra shown inFig. 5(for an oxygen-saturated so
ion of PTAA) are generated from kinetic traces and displa

ig. 5. Transient absorption spectra following 266 nm laser flash pho
is of C6H5–S–CH2–COOH (PTAA) (0.2 mM), in O2-saturated acetonitril
ecorded at four different delays times, relative actinometry: [T] = 25.4�M.
nset shows experimental trace for decays taken at: (a) 300 nm a
60 nm.
f the transients taking changes in transient absorban
ppropriate wavelengths in the presence or absence o
en. All the quantum yields of the primary products w
xtrapolated back to time zero (end of laser pulse) in ord
scertain the initial quantum yields.

The quantum yields estimated by this method are
ented inTable 3. In spite of the limitations described abo
t can be seen fromTable 3that the quantum yields for th
ormation of C6H5–•S radicals (∼0.3) are roughly the sam
n the presence or absence of oxygen. The phenylthiyl ra
s the main primary product in both cases. In the presen
xygen, the phenylthiyl radical reacts with oxygen to for
eroxide radical that is transformed into the fully S-cente
adical[33]. The decay of the phenylthiyl radical in the pr
nce of oxygen showed a mixed decay, radical–radical
seudo-first-order that is consistent with this mechan
urthermore, the large concentration of the stable photo
ct C6H5–SO2–S–C6H5 (the main product detected in G
nalyses in oxygen-saturated solution) is consistent wit
eaction between oxygen and C6H5–•S radicals making
ignificant contribution to phenylthiyl’s decay.

It can be seen from the values inTable 1that the pres
nce of oxygen significantly changes the quantum yield

he decomposition of the substrate (PTAA) and formatio
roducts from the steady-state analysis. On the other

he presence of oxygen does not change the quantum
or the formation of the phenylthiyl radical in the laser fla
hotolysis experiments. As discussed below, these ox
ffects give critical clues to the mechanism of the direct p

olysis.
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Table 3
Quantum yields for the decompositiona of phenylthioacetic acid (PTAA) in steady-state photolysis at 254 nm and formations of transientsb in laser flash
photolysis at 266 nm in acetonitrile

PTAA C6H5–S•c C6H5–S•–OOd C6H5–S–•CH2
•CH2–COOH CO2

+Ar 0.19 0.31 – ∼0.02 <0.27 0.02
+O2 0.29 0.30 ≤0.31 <0.01 <0.36 ×
(×) Not determined.

a From steady-state measurements, extrapolated to zero percent conversion of PTAA, estimated errors± 10%; [PTAA] = 1.62–2.16 mM;I0 = (1.9–2.9)× 10−4

einstein× dm−3 × min−1.
b From laser flash photolysis, estimated values with errors± 20%;{[PTAA] = 0.2 mM}.
c From laser flash photolysis, calculated values with errors± 10%.
d Estimated for delay time 55�s.

3.3.2. Flash photolysis of S-benzylthioglycolic acid
Solutions of 1.1 mM SBTGA in acetonitrile were irra-

diated as above with 10 ns laser pulses at 266 nm. Tran-
sient absorption was detected between 270 and 450 nm in
argon-saturated solutions, and representative transient spec-
tra are shown inFig. 6. The inset toFig. 6 shows a
315 nm kinetic trace on a 40�s time scale. This kinetic
trace cannot be fit to a single exponential decay. Sev-
eral likely radicals absorb at this wavelength. Among
them are C6H5–CH2–S–•CH2 (ε300= 3400 M−1 cm−1),
•S–CH2–COOH (ε330= 300 M−1 cm−1) [38], •CH2–COOH
(ε310= 310 M−1 cm−1) [39], and C6H5–•CH2 (ε317=
12,000 M−1 cm−1 in cyclohexane)[30]. Assuming that the
latter is the main transient and that the long-time absorbance
is due to a radical–radical combination product, it was pos-
sible to estimate the recombination rate constant for these
benzyl radicals using Eq.(2).

εccl + εppl = 1
2εpc0l +

(
εcc0l − 1

2εpc0l
)

1
1+2kc0t

(2)

where “c” and “p” refer to the radical and combination prod-
uct, respectively. The left-hand side is the total absorbance of
the solution. Three fitting parameters were used:

a1 = 1
2εpc0l; a2 = εcc0l − 1

2εpc0l; a3 = 2kc0 (3)

F otol-
y d
a etry:
[ nm.

By straightforward algebra,c0 andεp can be eliminated to
give:

2k = a3

a1 + a2
εcl (4)

The recombination rate constant so determined would be
2k = 3.8× 1010 M−1 s−1 for acetonitrile solutions. Again,
this 2k is much larger than diffusion-controlled in ace-
tonitrile and considerably different than literature values
(2k = 1.6–3.0× 109 M−1 s−1) [40] in aqueous solution and in
methanol. We again ascribe this discrepancy to cross-radical
reactions.

Transient spectra of oxygen-saturated solutions of
SBTGA were generated from kinetic traces in the spec-
tral region 270 – 700 nm (seeFig. 7). Inset (a) inFig. 7
shows a 315 nm kinetic trace that represents the decay of
all the transients identified in argon-saturated solution plus
peroxide radicals. However, the benzyl radical is expected
to dominate because of its relatively large extinction coef-
ficient in this spectral region. The kinetic trace at 315 nm
shows a single exponential decay with a lifetime ofτ = 33 ns.
It corresponds to the lifetime of the benzyl radical in the pres-
ence of oxygen. The estimated rate constant for quenching

F otol-
y
a ome-
t t: (a)
3

ig. 6. Transient absorption spectra following 266 nm laser flash ph
sis of C6H5–CH2–S–CH2–COOH (SBTGA) (1.1 mM), in Ar-saturate
cetonitrile, recorded at three different delays times, relative actinom
T] = 14.5�M. Inset shows experimental trace for decays taken at 315
ig. 7. Transient absorption spectra following 266 nm laser flash ph
sis of C6H5–CH2–S–CH2–COOH (SBTGA) (1.1 mM), in O2-saturated
cetonitrile, recorded at three different delays times, relative actin

ry: [T] = 14.5�M. Inset shows experimental trace for decays taken a
15 nm, benzyl radical and (b) 550 nm, peroxide radicals.
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Table 4
Quantum yields for the decompositiona of S-benzylthioglycolic acid (SBTGA) in steady-state photolysis at 254 nm and formations of transientsb in laser flash
photolysis at 266 nm in acetonitrile

SBTGA C6H5–•CH2
c C6H5–CH2–OO• C6H5–CH2–S• •OOS–CH2–COOH CO2

+Ar 0.30 0.24 – ∼0.02 – 0.03
+O2 0.29 0.28 ≤0.35 ∼0.01 ≤0.32 ×
(×) Not determined.

a From steady-state measurements, extrapolated to zero percent conversion of SBTGA, estimated errors± 10%; [SBTGA] = 1.49–2.8 mM;
I0 = (1.9–2.65)× 10−4 einstein× dm−3 × min−1.

b From laser flash photolysis, estimated values with errors± 20%;{[SBTGA] = 1.1 mM}.
c From laser flash photolysis, calculated values with errors± 10%.

the benzyl radical by oxygen (k = 3.3× 109 M−1 s−1), cal-
culated from the Stern–Volmer equation, is similar to the
literature value for this reaction given by Maillard et al.[41]
(k = 3.4× 109 M−1 s−1). No second-order component was
observed under these conditions because of the fast reaction
of the C-centered radicals with oxygen.

The kinetic trace at 550 nm (inset,Fig. 7b) shows a first-
order decay with a lifetime of about 31�s. The 550 nm band is
assigned to the peroxide radicals (C6H5–CH2–S–OO•, and
HOOC–CH2–S–OO•) [42,43]. They decay into S-centered
radicals[33].

Just as in the case of PTAA, we could not accurately
resolve the spectra of the various C- and S-centered radi-
cals since their absorption spectra clustered at the edge of
our effective spectral window of observation.

The quantum yields estimated by a method similar to that
for PTAA are presented inTable 4. It can be seen from
Table 4 that the quantum yield for the formation of the
C6H5–•CH2 radical is 0.24 in the absence of oxygen, and
0.28 in the presence of oxygen. The complementary radical
is the•S–CH2–COOH radical, which would be formed in a
C S bond cleavage of SBTGA. These two radicals are the
main primary species formed in the presence or absence of
oxygen. In the presence of oxygen, there are two main sec-
ondary radicals formed from the reactions of C6H5–•CH2
and •S–CH –COOH radicals with oxygen. Their quantum
y
f
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t
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radicals are formed in an excited state reaction that is not
quenched by oxygen, most likely an excited singlet state. On
the other hand, the stable products may be formed on longer
time scales where transients have time to be scavenged by
the small amount of oxygen present in solution. As discussed
below, these oxygen effects give critical clues to the mecha-
nism of the direct photolysis of SBTGA.

3.4. Direct photolysis mechanisms of carboxylic acids
containing phenyl and thioether groups

In the direct photolysis of PTAA and SBTGA, a careful
examination of the primary photoproducts and their quan-
tum yields (Tables 1 and 2) reveals three general results.
First, the photoproducts fall into two groups each of which
is derived from a bond cleavage (CS versus CC). Second,
the presence of oxygen significantly changes all the steady-
state quantum yields. Third, the quantum yields indicate that,
in the presence and absence of oxygen, CS bond cleav-
age is the main primary process. This is consistent with the
bond energy, which is larger for CC bond (338 kJ mol−1)
[44], than for C S bond in thioethers (257–293 kJ mol−1)
[32,44,45]. The situation that photoinduced CS bond cleav-
age occurred in the presence of oxygen is different from
the direct photolysis of 4-(methylthio)phenylacetic acid[16],
where we did not observe any CS bond cleavage in the pres-
e tate
o the
q ests
t tates
i

e
g ys
a in
r
a
b
∼ or-
r tion
( e
a iza-
t di-
c n
w se of
2
ields are∼0.35 for the C6H5–CH2–OO• radical and∼0.32
or the•OOS–CH2–COOH radical (seeTable 4). Comparison
f these radicals’ quantum yields with those of their res

ive precursors indicates that almost all of the C6H5–•CH2
nd•S–CH2–COOH radicals decay through the reaction w
xygen under the conditions used in these experimen
oth cases (absence or presence of oxygen), the othe
als are present in very small concentrations.

It can be seen from the values inTable 2that the pres
nce of oxygen significantly changes the quantum yield

he formation of products from steady-state analysis. O
ther hand, the presence of oxygen only slightly cha

he quantum yields for the formation of the products in la
ash photolysis experiments. This is consistent with the
ash photolysis reflecting the initial yields of the radic
hich are not dependent on the low concentration of oxy
hereas the products are the final yields after the rad

eact with oxygen. In other words, this indicates that
-

nce of oxygen (due to efficient quenching of the triplet s
f 4-MTPA by oxygen). The lack of oxygen quenching of
uantum yields of transients in PTAA and SBTGA sugg

hat the bond cleavage is coming from excited singlet s
n these two compounds.

A mechanism is proposed inScheme 1to rationalize thes
eneralizations for PTAA. Two primary photolytic pathwa
re possible. The first pathway is a CS bond cleavage (ma
eaction) leading to the formation of C6H5–•S (Φ ∼0.3)
nd •CH2–COOH radicals. The second pathway is a CC
ond cleavage leading to formation of C6H5–S–•CH2 (Φ
0.02) and•COOH radicals. This latter quantum yield c

esponds to the quantum yield of carbon dioxide forma
0.02). The C6H5–S–•CH2 and •COOH radicals could b
lso formed via a mechanism that involves an initial ion

ion of PTAA leading to formation of the S-centered ra
al cation (C6H5–S•+–CH2–COOH). However, this reactio
as not possible in our steady-state experiments becau
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Scheme 3.

the high ionization potential of PTAA (830 kJ mol−1) [46],
unless it would be a multiphotonic process. Such a multi-
photonic process is not likely under our steady-state photol-
ysis conditions because of low probability of two-photonic
absorption.

In order to discuss this scheme, we show an abbreviated
version of the mechanism for the direct photolysis of PTAA
in Scheme 3. This version displays only the main pathway
(C S bond cleavage). After 254 nm irradiation of PTAA, CS
bond cleavage occurs. Following this, there are three possi-
bilities for the fates of the two resulting radicals. First is the
recombination reaction (kr), which leads to the reformation
of the substrate. The second possibility involves the reactions
between all radicals formed during the photolysis, including
dimerization and hydrogen abstraction reactions, leading to
formation of the rest of the products (kp). The third pathway
is the reaction with oxygen (kO).

This third pathway is the critical reaction when oxygen
is present. In the absence of oxygen, the quantum yield for
the formation of phenylthiyl radicals (∼0.31 fromTable 3)
is significantly larger than the quantum yield for the decom-
position of PTAA (0.19 fromTable 1). However, when oxy-
gen is present, the substrate’s decomposition quantum yield
(0.29,Table 1) is the same as the phenylthiyl-radical quan-
tum yield (0.30,Table 3). The rational for this is as follows:

the phenylthiyl radical and the carboxymethyl radical can
recombine to reform the substrate or to form other prod-
ucts. When oxygen is absent, the rates constants for all these
reactions appear to be almost the same. Thus, the recom-
bination reaction is competitive with the other reactions,
and the quantum yield for the decomposition of substrate
is only 0.19. However, when oxygen is present, there is one
more competitive reaction between the•CH2–COOH rad-
ical and oxygen for which the rate constant is quite large
(k = 2–5× 109 M−1 s−1) [36,41]. Following this reaction
with oxygen, the•CH2–COOH radical is effectively removed
(trapped) from the system, in the sense that the phenylthiyl
radical cannot reform PTAA. Hence, the phenylthiyl radical
reacts with the rest of radicals and also with oxygen. This
is the reason why the quantum yields for the decomposi-
tion of substrate in the presence of oxygen in relatively high
(0.29). In both cases (in the presence and absence of oxygen),
the quantum yields for the formation of phenylthiyl radical
were calculated from the concentration taken at 80 ns after
the laser pulse (before non-geminate recombination reactions
could occur).

As it was mentioned above, the reactions between
•CH2–COOH radical and oxygen are much faster than the
reaction between the C6H5–•S radical and oxygen. How-
ever, because of the lack of significant concentrations of other
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Scheme 4.

radicals, in the presence of oxygen, the phenylthiyl radical
decays through dimerization and also through the reaction
with oxygen, in spite of the rate constant for this latter reac-
tion being quite small (k ∼ 104 M−1 s−1) [36,37].

An analogous mechanism for the direct photolysis of
SBTGA is proposed (Scheme 2) and is based on the gen-
eralizations mentioned above. Three pathways of primary
reactions are possible. First is CS bond cleavage (main
reaction) leading to formation of C6H5–•CH2 (Φ = 0.24 in
the absence of oxygen, andΦ = 0.28 in the presence of
oxygen (seeTable 4)) and •S–CH2–COOH radicals. The
second pathway is another CS bond cleavage leading to
the formation of C6H5–CH2-•S (Φ ∼ 0.02 in the absence
of oxygen, andΦ ∼ 0.01 in its presence (seeTable 4)) and
•CH2–COOH radicals. The third photolytic pathway is a CC
bond cleavage leading to the formation of C6H5–CH2–S-
•CH2 (Φ ≤ 0.03 in the presence of oxygen, andΦ ≤ 0.02 in
its absence) and•COOH radicals. The limiting quantum yield
of C6H5–CH2–S–•CH2 in deaerated solution corresponds to
the quantum yield for carbon dioxide formation (0.03) (see
Table 4). There is one more possibility for a bond cleavage
(starting from a photoionization), but we do not observe the S-
centered radical cation (C6H5–CH2–S•+–CH2–COOH) even
in laser flash photolysis experiments. The rationalization is
the same as for the lack of photoionization in the PTAA
steady-state photolysis.

tened
v GA
( -
a the

C S bond cleavages occurs. The same three general pathways
for the fates of these radicals exist for SBTGA as enumerated
above for PTTA. However, for SBTGA, the rate constants
for the reactions between the C-centered radical and oxy-
gen (compared to the S-centered radical and oxygen) are
not very different. In general, aliphatic thiyl radicals react
about 100 times slower (4× 107 M−1 s−1 [36]) with oxygen
than do C-centered radicals (2–3× 109 M−1 s−1 [36]), but
the aliphatic thiyl radicals/oxygen reactions are still about
1000 times faster than the reactions of aromatic thiyl rad-
icals (<104 M−1 s−1 [36]) with oxygen. This is the reason
why, we show both peroxide radicals being formed in the
same time range. We do not observe products formed from
HOOC–CH2–SOO• radicals, but we do observe two prod-
ucts formed from C6H5–CH2OO• radicals, i.e., benzalde-
hyde and benzyl alcohol. Benzaldehyde (C6H5–CHO) is the
main product when oxygen is present (Φ = 0.16,Table 2). It
is formed via both the Russell[47] and Bennett[48] mech-
anisms. Benzyl alcohol (C6H5–CH2–OH) was formed only
via a Russell mechanism.
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