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Photochemical properties of R-cleavage of the C-S bond in excited states of p-biphenyl thioacetate and
p-biphenyl thiobenzoate (Me-SBP and Ph-SBP) in solution are investigated using steady-state and laser flash
photolyses in comparison with those of S-phenyl thiobenzoate, where the photo-Fries rearrangement was
reported to be absent. Although Me-SBP and Ph-SBP decompose upon 254 nm photolysis in acetonitrile
irrespective of the amount of the dissolved oxygen, no definite photoproducts due to the photo-Fries
rearrangement were found. Laser flash photolysis (266 nm) of these molecules reveals the occurrence of the
C-S bond cleavage in the excited state based on the observation of the formation of the biphenylylthiyl
radical (BTR) in the transient absorption. Quantum yields (Φrad) of the BTR formation were determined to
be 0.20 and 0.15 for Me-SBP and Ph-SBP, respectively. Triplet sensitization of Ph-SBP using xanthone (XT)
as a sensitizer shows that the lowest triplet (T1) state of Ph-SBP is dissociative for the C-S bond with an
efficiency of g0.56. In contrast, triplet sensitization of Me-SBP using acetone as a sensitizer demonstrates
the efficient formation of triplet Me-SBP, and the molar absorption coefficient of the triplet-triplet absorption
was determined. No photochemical reactions are found in the T1 state of Me-SBP. Upon 355 nm laser flash
photolysis of the T1 state of Me-SBP, the formation of BTR is confirmed in the transient absorption. This
observation indicates the C-S bond cleavage in a highly excited triplet (Tn) state of Me-SBP. The quantum
yield (Φdec) of the R-cleavage in the Tn state of Me-SBP was determined to be 0.69. Photochemical features
of Me-SBP and Ph-SBP are discussed from the viewpoint of the spin-multiplicity of the bond dissociative
states.

1. Introduction

Photoinduced bond cleavage of carbonyl compounds is a well-
known process in photochemistry and photobiology. Norrish
type I and II reactions and carbon-heteroatom bond cleavage
occurring at the R- and �-positions of aromatic carbonyl
compounds have been widely investigated by means of product
analysis and time-resolved transient measurements.1,2 In par-
ticular, homolytic R-cleavage of C-C, -O, -S, -P, and -N
bonds in carbonyl compounds leading to the formation of
radicals has been used to initiate photopolymerizable formula-
tions that can be activated by UV irradiation.3 Photo-Fries
rearrangements are one of typical consecutive reactions after
R-cleavage of carbon-heteroatom bonds in the lowest excited
singlet (S1) state of acyl aromatic compounds in solution.4 It is
reported that the occurrence of photo-Fries rearrangements
efficiently proceeds after C-O and C-N bond dissociation in
the S1 state of phenyl acetate5-7 and acetanilide, respectively.8,9

With these molecules, efficient quenching of the S1 state by
bond dissociation processes prevents intersystem crossing to the
triplet state. Therefore, the photochemical properties in the triplet
states are not uncovered.

Photo-Fries rearrangements of molecules having C-S bond
have been also studied by photoproduct analysis. Grunwell
reported the photolysis of S-(p-tolyl) thioacetate in cyclohexane
using 254 nm light.10 No photo-Fries photoproducts were

observed, whereas the correspondiung disulfide (77%) and
sulfide (7%) were major products. Loveridge et al. studied
photoproducts of S-methyl thioacetate (Me-SPh) in various
solvents.11 They obtained the two photo-Fries products with each
yield of 4% upon 254 nm photolysis of Me-SPh in benzene,
although no photoproducts were obtained in methyl carbitol and
ethanol. In contrast to Me-SPh, one photo-Fries product,
4-benzoyl thiophenol was obtained upon photolysis of S-phenyl
thiobenzoate (Ph-SPh) in ethanol.12 Another photo-Fries product
was not found. It seems that photochemical processes of
carbonyl compounds with R-C-S bond are not simple reactions.
Tomioka et al. reported photodecomposition of Ph-SPh in
benzene because of R-cleavage of the C-S bond by photo-
product analysis and laser flash photolysis.13,14 The photoprod-
ucts of Ph-SPh in benzene were reported to be benzaldehyde,
diphenylsulfide, and biphenyl, whereas no photoproducts orig-
inating from the photo-Fries rearrangements were found. On
the basis of the absence of photoproducts by the photo-Fries
rearrangement and quenching experiments using 1-methylnaph-
thalene as a triplet quencher at the high concentration, they
concluded that the dissociative state for the C-S bond is the
triplet. Contribution of the excited singlet states of Ph-SPh to
R-cleavage was not mentioned.

Triplet sensitization technique using triplet energy transfer
has been widely used to investigate photochemical properties
in the triplet state of molecules having small triplet yields.
Acetone, acetophenone, or benzophenone whose triplet energies
are ca. 76, 74, or 69 kcal mol-1, respectively, have been often
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used as triplet sensitizers.1 With S-phenyl thiobenzoate (Ph-
SPh), because the phosphorescence is not detectable in a rigid
matrix at 77 K (Supporting Information), the triplet energy
cannot be determined from the phosphorescence feature.
Considering the similarity of the molecular structure of Ph-SPh
with that of phenyl benzoate (Ph-OPh), the triplet energy may
be close to that (ca. 78 kcal mol-1)15 of Ph-OPh, which will
not allow triplet energy transfer from any known triplet
sensitizers to Ph-SPh in solution. However, when a phenyl group
is attached to the phenylthiyl moiety of Ph-SPh to make one of
the biphenyl derivatives whose triplet energies are known to
be ca. 65 kcal mol-1,16,17 some triplet sensitizers can be used
for the formation of the corresponding triplet state. After
successful triplet sensitization of the biphenylylthiyl compounds,
two-color two-laser photolysis techniques could be applicable
to the triplet states for investigating photochemical features in
highly excited triplet (Tn; with n, 2 and over) state. The method
of multistep excitation has been widely used to investigate
photophysical and photochemical processes in highly excited
states.18-27 We have been studying bond cleavage reactions in
Tn states of biphenyl derivatives by means of two-color two-
laser photolysis techniques.15,28-31 We found no photoproducts
due to the successive photo-Fries rearrangements after the
R-bond cleavage of C-O bond in the Tn states of acyl biphenyl
derivatives.15 It is of interest to reveal the relationship between
the spin-multiplicity of the dissociative states and the formation
of photoproducts via the consecutive photo-Fries rearrangement.
Therefore, it is crucial to examine photochemical processes of
acyl biphenylylthiyl derivatives not only in the excited singlet
state but also in the triplet states (T1 and Tn) using triplet
sensitization techniques.

In the present study, we have investigated photochemical
reactions of triplet S-acyl-4-phenylthiophenols (R-SBP) using
steady-state photolysis and single and double laser flash
photolysis techniques. (Photophysical and photochemical pa-
rameters are shown in Table 1.) R-SBPs are shown to undergo
R-cleavage upon direct excitation. Triplet sensitization of R-SBP
demonstrates the different photochemical behavior in the triplet
states, and consecutive excitation of the triplet state reveals
R-cleavage in a highly excited triplet state. The photochemical
features of R-SBP are discussed from the viewpoint of the spin-
multiplicities of R-cleavage of C-S bond.

2. Experimental Section

S-Acyl-4-phenylthiophenols (R-SBP, p-biphenyl thioacetate
(R ) Me), and p-biphenyl thiobenzoate (R ) Ph)) were

synthesized by a reaction of p-phenylthiophenol with acetyl
chloride and benzoyl chloride, respectively, in methylene
chloride in the presence of triethylamine. These compounds were
purified by repeated recrystallizations from hexane. Acetonitrile
(ACN) and ethanol were distilled for purification, whereas
diethyl ether (Kanto, spectroscopic grade) and isopentane (IP,
Merck, spectroscopic grade) were used as supplied. ACN was
used as solvent at 295 K, whereas ethanol and a mixture of
diethyl ether, IP, and ethanol (EPA, 5:5:3 v/v/v) were used as
matrices at 77 K. Absorption and emission spectra were recorded
on a U-best 50 spectrophotometer (JASCO) and a Hitachi
F-4010 fluorescence spectrophotometer, respectively.

A XeCl excimer laser (308 nm, Lambda Physik, Lextra 50)
and the third (355 nm) and the fourth (266 nm) harmonics of a
Nd3+/YAG laser (JK Lasers HY-500; pulse width 8 ns) were
used as excitation light source. The details of the detection
system for the time profiles of the transient absorption have
been reported elsewhere.32 The incidence direction of the second
355 nm laser beam was kept parallel to that of the first 308 nm
laser light. The transient data obtained by laser flash photolysis
were analyzed by using the least-squares best-fitting method.
The transient absorption spectra were taken with a USP-554
system from Unisoku, which can provide a transient absorption
spectrum with one laser pulse.

All samples for transient absorption measurements were
prepared in darkness and degassed in a quartz cell with a path
length of 1 cm using several freeze-pump-thaw cycles on a
high vacuum line. The concentration of R-SBP for 266 nm laser
photolysis was adjusted to maintain the optical density at 266
nm being ca. 0.8 in ACN. Usual measurements were carried
out at 295 K. The number of the repetition of laser pulsing was
kept at less than four pulses to avoid excess exposure. Several
transient data obtained in the same concentration systems were
averaged, and the experimental errors in the values were kept
within (5% deviation.

3. Results and Discussion

3.1. Absorption and Emission Measurements. Figure 1
shows absorption spectra of R-SBP in ACN at 295 K and a
phosphorescence spectrum of Ph-SBP in ethanol at 77 K.

Fluorescence from R-SBP in ACN at 295 K and phospho-
rescence from Me-SBP in ethanol at 77 K were not observed
with our instrument. It was confirmed that the excitation
spectrum for the phosphorescence of Ph-SBP agreed well with
the absorption spectrum. The absence of fluorescence indicates
that the electronic character of R-SBP is n,π* in nature. The
energy level of the lowest triplet (T1) state of Ph-SBP was
determined to be 62.2 kcal mol-1 from the 0-0 origins of the
phosphorescence spectrum.

3.2. Steady-State Photolysis of R-SBP. Absorption spectral
changes upon 254 nm photolysis of R-SBP were measured in
ACN at 295 K. The spectral data are deposited in the Supporting

TABLE 1: Photophysical and Photochemical Parameters for R-SBP Obtained in the Present Work

R
ET

a

kcal mol-1 Φrad
b

ε380
T-Tc

dm3 mol-1 cm-1
kq/109d

dm3 mol-1 s-1 Rrad
e Φdec

f
BDE(C-S)g

kcal mol-1

Me 0.20 15 700 2.0 ∼0 0.69 52.1
Ph 62.2 0.15 11.0 g0.56 53.9

a Determined from the 0-0 origin of the phosphorescence spectrum obtained in MP at 77 K. Phosphorescence from Me-SBP was absent in
MP at 77K. b Quantum yield of appearance of BTR upon 266 nm laser photolysis of R-SBP in ACN. Errors (0.01. c Molar absorption
coefficients of the triplet absorption at 380 nm. Errors (500 dm3 mol-1 cm-1. d Quenching rate constant of triplet sensitizers by [R-SBP].
Errors (5%. The used sensitizers were acetone for Me-SBP and xanthone for Ph-SBP. e Efficiencies of the radical formation in the T1 states of
R-SBP. f Quantum yields of decomposition of the Tn state of R-SBP. Errors (0.03. g BDE values for the C-S bond were determined by eq 3.
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Information along with optical and photoproduct data of the
related sulfide compounds. From the fact that isosbestic points
were seen during the 254 nm light irradiation of R-SBP in ACN,
it was inferred that a definite photochemical reaction proceeds
to form the corresponding products. However, we were unable
to identify the final photoproducts from the corresponding
absorption spectra. To investigate the initial photochemical
reaction of R-SBP, we carried out nanosecond laser flash
photolysis of R-SBP.

3.3. Photochemical Reactions upon 266 nm Laser Pho-
tolysis of R-SBP. Figure 2 shows transient absorption spectra
at 100 ns upon 266 nm laser pulsing in R-SBP in ACN at 295
K and in EPA at 77 K.

Considering that the triplet-triplet (Tn r T1) absorption
spectra of p-phenylthiophenol and p-biphenyl methyl sulfide,
respectively, have absorption bands at 435 and 470 nm at 77 K
(Supporting Information), the absorption spectrum can be
ascribed to the Tnr T1 absorption of the corresponding R-SBP.
It seems that the wavelength of the absorption maximum in the
triplet absorption of biphenylylthiyl derivatives depends on the
substituent groups on the sulfur atom. Conversely, the transient
absorption spectrum having the maxima at 353 nm at 295 K
can be ascribable to that of p-biphenylylthiyl radical (BTR)
having the molar absorption coefficient of 27 000 ( 2000 dm3

mol-1 cm-1 at 353 nm. (See the Supporting Information.) From
these observations, it is shown that upon photolysis of R-SBP,
C-S bond cleavage proceeds in the excited states to produce
BTR. Because the corresponding acyl radicals, AcyR, have the
absorption in the shorter wavelength than 320 nm,33 we were
not able to observe them in the transient absorption spectrum.

Quantum yields (Φrad) for the formation of BTR upon 266
nm photolysis of R-SBP were determined with eq 1

where ∆ABTR, Aλ, I0
λ, and ε353

BTR, respectively, represent an
absorbance change at 353 nm due to BTR, the absorbance of
R-SBP at the excitation wavelength, λ, the photon flux of the
incident λ (nanometer) laser pulse, and the molar absorption
coefficient of BTR at 353 nm (27 000 dm3 mol-1 cm-1). The
quantity of I0

λ (λ ) 266 nm) was determined to be 2.9 × 10-5

quanta dm-3 pulse-1 by using absorption of triplet benzophenone
in ACN as a chemical actinometer with the use of eq 2

where ∆AT
BP, εT

BP, Aλ
BP, and ΦISC

BP are, respectively, the initial
absorbance at 520 nm for the formation of triplet benzophenone
obtained immediately after laser pulsing, the molar absorption
coefficient of triplet BP at 520 nm in ACN (6500 dm3 mol-1

cm-1),34 the absorbance of BP at the excitation wavelength, λ,
and the triplet yield of benzophenone (1.0).16 According to eqs
1 and 2, the Φdec values were determined to be 0.20 ( 0.01 for
Me-SBP and 0.15 ( 0.01 for Ph-SBP. These values were
independent of the amount of the dissolved oxygen. It is worthy
to compare these Φdec values with those of S-phenyl thioacetate
(Me-SPh) and S-phenyl thiobenzoate (Ph-SPh) (0.35 ( 0.02 for
both the compounds, see Supporting Information).

The bond dissociation energies (BDEs) of the C-S bond in
R-SBP were obtained by eq 3 on the basis of the heats of
formation (∆fH) for R-SBP, the corresponding acyl radical
(AcyR), and the biphenylylthiyl radical (BTR) computed by
using a semiempirical PM3 program contained in MOPAC ′97.

The estimated BDE values were 52.1 and 53.9 kcal mol-1 for
Me- and Ph-SBP, respectively.

The ∆fH values calculated for BTR, R-SBP, and AcyR are
deposited in the Supporting Information.

3.4. Photochemical Reaction of Triplet Ph-SBP Using
Xanthone Sensitization. To efficiently produce triplet states
of Ph-SBP, we performed triplet sensitization by using xanthone
(XT) as a triplet energy donor upon 355 nm laser photolysis.
Because the triplet energy (74.0 kcal mol-1) of XT is higher
than that (62.2 kcal mol-1) of Ph-SBP, triplet energy transfer
efficiently proceeds from triplet XT to Ph-SBP. Triplet XT has
the absorption maximum at 625 nm in ACN.35 Figure 3 shows
a time profile of the absorbance of triplet XT at 625 nm obtained
upon 355 nm laser pulsing in a XT(3.1 × 10-3 mol dm-3)/Ph-
SBP(1.0 × 10-3 mol dm-3) system.

The intensity of the absorbance increases with a first-order
rate (kobsd) of 1.2 × 107 s-1. A transient absorption spectrum
obtained at 500 ns after laser pulsing in the XT/Ph-SBP system
was due to BTR. (See the inset in Figure 3.) The observation
of BTR after the depletion of triplet XT indicates the occurrence

Figure 1. Absorption spectra in ACN at 295 K for (a) Me-SBP and
(b) Ph-SBP and a phosphorescence spectrum in ethanol at 77 K for
Ph-SBP (b). Phosphorescence from Me-SBP was absent in ethanol at
77 K.

Figure 2. Transient absorption spectra obtained at 100 ns obtained
upon 266 nm laser photolysis of (a) Me-SBP and (b) Ph-SBP in ACN
at 295 K (solid) and in EPA glass at 77 K (red color).

Φrad ) ∆ABTR(1-10-Aλ)-1I0
λ-1ε353

BTR-1 (1)

∆AT
BP ) εT

BP(1-10-Aλ
BP

)I0
λΦISC

BP (2)

∆fH(R-SBP) ) ∆fH(AcyR) + ∆fH(BTR) - BDE(C-S)
(3)
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of the C-S bond cleavage of Ph-SBP via the lowest triplet (T1)
state. Upon triplet sensitization, only the formation of BTR was
seen in transient absorption spectra.

Figure 4a shows rates (kobsd) of the decay of triplet XT plotted
as a function of the concentration, [Ph-SBP], of Ph-SBP.

Because the plots give a corresponding straight line, the kobsd

can be formulated by eq 4

where k0 and kq, respectively, represent the decay rate of triplet
XT in the absence of Ph-SBP and the rate constant for quenching
of triplet XT by Ph-SBP. From the intercept and the slope of
the line, the values of k0 and kq were determined to be 8.8 ×
105 s-1 and 1.1 × 1010 dm3 mol-1 s-1.

Quantum yields (Φrad
sens) for the BTR formation upon XT

sensitization of Ph-SBP were determined with eq 1. Here Aλ

and I0
λ, respectively, were the absorbance of XT at the excitation

wavelength, λ () 355 nm), and the photon flux at 355 nm (3.4
× 10-5 quanta dm-3 pulse-1) determined by using eq 2. Figure
4b shows the quantum yields (Φrad

sens) thus obtained for the
formation of BTR upon XT sensitization of Ph-SBP plotted as
a function of [Ph-SBP]. The value of Φrad

sens increases with
increasing [Ph-SBP], but the increase is not linear with [Ph-
SBP]. The Φrad

sens values can be formulated by eq 5

where RTET
XT and Rrad are efficiencies of triplet energy transfer

from triplet XT to Ph-SBP and the C-S bond cleavage in the
triplet state of Ph-SBP, respectively. By using eq 5 and the
determined values of k0 and kq, the product value of RTET

XT , Rrad,
was determined to be 0.56 ( 0.03. Because the RTET

XT is not more
than unity, the Rrad is estimated to be g0.56. It is of our interest
to compare this efficiency with that (0.35, this value was not
influenced by the amount of the dissolved oxygen; Supporting
Information) of S-phenyl benzoate (Ph-SPh), where the C-S
bond is reported to dissociate in the triplet state.13,14

In the present study, it is revealed that the T1 state of Ph-
SBP is dissociative for the C-S bond from the observation of
the BTR formation. According to the spin-conservation rule, a
triplet radical pair, 3(BzoyR + BTR)cage, of the benzoyl radical,
BzoyR, and BTR would be formed in the solvent cage
immediately after the C-S bond cleavage in the T1 state.
However, because of the spin-multiplicity of triplet-manifold,
the occurrence of geminate recombination or radical reactions
would be difficult in the solvent cage, resulting in the radicals
readily escaping from the solvent cage to be free radicals.
Therefore, the determined efficiency, Rrad, can be regarded to
be equivalent to that, Rdis, of the bond cleavage in the triplet
state of Ph-SBP. Conversely, we have determined the quantum
yield, Φrad () 0.15), for the radical formation upon direct
excitation of Ph-SBP. The potential dissociative excited states
for the radical formation are plausibly the S1 and the T1 states.
That is, intersystem crossing from the S1 to the T1 state might
compete with the dissociation process in the S1 state. When we
note the net quantum yield, Φrad(S1), for the radical formation
from the S1 state, the determined yield, Φrad, is represented by
using the efficiency, Rrad, for the C-S bond cleavage in the T1

state and a quantum yield, Φisc, of intersystem crossing of Ph-
SBP as follows

Because the Rrad value is estimated to be g0.56, the Φisc is
evaluated to be e0.27 () 0.15/0.56). When the R-cleavage
occurs in the S1 state of Ph-SBP, a singlet radical pair, 1(BzoyR
+ BTR)cage, would be formed in the solvent cage. Some of the
singlet radical pairs may undergo geminate recombination to
form the parent molecule, and the other will escape from the
solvent cage to be free radicals. Therefore, the quantum yield,
Φdis, of the actual bond dissociation in the S1 state of the R-SBP
must be larger than the Φrad(S1) value. Because the Φrad(S1)
value (0.15) of Ph-SBP was not affected by the amount of the
dissolved oxygen, the dissociative excited state of Ph-SBP is
probably the S1 state. In the present work, however, we are
unable to assign clearly the spin-multiplicity of the dissociative
excited state upon direct excitation of Ph-SBP.

A schematic energy diagram in the excited triplet states of
Ph-SBP along with the R-cleavage pathway is depicted in
Scheme 1.

It is originally suggested that the bond dissociation in the
excited states proceeds by avoided crossings between the
reactive excited state and dissociative potential surfaces of the
same overall symmetry.36 The electronic configuration of the
dissociative state, which strongly interacts with the S1(n,π*)
state, is 1(π,σ*) of the C-S bond of Ph-SBP, whereas the T1 of
a π,π* type does with the interactive potential surface of 3(σ,σ*).
In both cases, it is considered that the R-bond dissociation
proceeds without activation energies from the S1 and T1 states
along the corresponding dissociative surface with the rates of
dissociation, kdis(S1) and kdis(T1), respectively. The rate of kdis(T1)

Figure 3. Temporal absorbance at 625 nm obtained upon 355 nm laser
pulsing in an XT(3.1 × 10-3 mol dm-3/Ph-SBP(1.0 × 10-3 mol dm-3)
system in ACN. Inset: a transient absorption spectrum obtained at 500
ns after the 355 nm laser photolysis.

Figure 4. Decay rates (kobsd) of (a) triplet XT by Ph-SBP and (b)
quantum yields (Φrad

sensZ) of the radical formation plotted as a function
of [Ph-SBP] obtained upon 355 nm laser pulsing in an XT(3.1 × 10-3

mol dm-3)/Ph-SBP(1.0 × 10-3 mol dm-3) system in ACN. The solid
curve in part b was drawn according to eq 5.

kobsd ) k0 + kq[Ph-SBP] (4)

Φrad
sens ) kq[Ph-SBP]RTET

XT Rrad(k0 + kq[Ph-SBP])-1 (5)

Φrad ) Φrad(S1) + ΦiscRrad (6)
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is related to the use of the dissociation efficiency, Rrad, in the
T1 state and a rate, kTS, of intersystem crossing from the T1 to
the S0 state as follows

Therefore, the residual efficiency, 1 - Rrad, is due to the
intersystem crossing. In general, triplet π,π* molecules that have
no photochemical reactions deactivate in the microsecond time
domain in solution at room temperature, and thus the magnitude
of kTS would be as large as 105 s-1. According to eq 7, the
magnitude of kdis(T1) for Ph-SBP can be estimated to be
equivalent to ∼105 s-1 or >105 s-1.

3.5. Photochemical Profiles in the Triplet States of Me-
SBP. We performed triplet sensitization of Me-SBP by using
acetone (Ac) as a triplet energy donor upon 308 nm laser
photolysis because triplet Me-SBP showed different photo-
chemical features than those of triplet Ph-SBP. Figure 5 shows
transient absorption spectra obtained upon 308 nm laser pulsing
in an Ac(0.6 mol dm-3)/Me-SBP(1.2 × 10-3 mol dm-3) system
in the absence and presence of the second 355 nm laser pulsing.

The intensity of the absorbance at 380 and 575 nm increases
with a first-order rate, kobsd, of 2.9 × 106 s-1. (See insets in

Figure 5.) In the absence of the second laser pulsing, a transient
absorption spectrum obtained at 1.1 µs after 308 nm laser
pulsing in the Ac/Me-SBP system is due to triplet Me-SBP.
The growth of the absorption of triplet Me-SBP, therefore, is
caused by the triplet energy transfer from triplet acetone to Me-
SBP. Upon triplet sensitization, only the formation of triplet
Me-SBP was seen in transient absorption spectra. After the
absorption of triplet Me-SBP had decayed, no residual absorp-
tion was observed in the wavelength region, 320-720 nm. These
observations indicate that the C-S bond of Me-SBP does not
cleave in the T1 states.

Figure 6a shows rates (kobsd) of the formation of triplet Me-
SBP, which should be equivalent to the decay of triplet Ac,
plotted as a function of the concentration ([Me-SBP]) of Me-
SBP.

Because the plots give a corresponding straight line, kobsd can
be formulated by eq 8

where k0 and kq, respectively, represent the decay rate of triplet
Ac in the absence of Me-SBP and the rate constant for
quenching of triplet Ac by Me-SBP. From the intercept and
the slope of the line, the values of k0 and kq were determined to
be 6.3 × 105 s-1 and 2.0 × 109 dm3 mol-1 s-1. From the efficient
triplet energy transfer from triplet Ac to Me-SBP, it is inferred
that the triplet energy of Me-SBP is smaller than that (74.0 kcal
mol-1)16 of Ac.

Figure 6b shows the maximum absorbance, ∆A380
max, of triplet

Me-SBP (upper inset in Figure 5) produced by triplet sensitiza-
tion plotted as a function of [Me-SBP]. The value of ∆A380

max

increases with increasing [Me-SBP], but the increase is not linear
with [Me-SBP]. The quantity of ∆A380

max of triplet Me-SBP
produced by triplet sensitization can be formulated by eq 9

where RTET
Ac , ε380

T-T, ΦISC
Ac , A308

Ac , and I0
λ are, respectively, an

efficiency of triplet energy transfer from triplet Ac to Me-SBP,

SCHEME 1: Schematic Energy Diagram of Excited
States of Ph-SBP Including the C-S Bond Dissociative
Potential

Rrad ) kdis(T1)(kdis(T1) + kTS)-1 (7)

Figure 5. Transient absorption spectra obtained at 1.1 µs upon 308
nm laser pulsing an Ac (0.6 mol dm-3)/Me-SBP (1.2 × 10-3 mol dm-3)
system in ACN in the absence (blue) and the presence (red) of the
second 355 nm laser pulsing at 950 ns. A dimple at 355 nm in the
transient absorption spectrum in red is due to scattering of the second
355 nm laser pulse. Insets: time profiles at 380 nm (upper) and at 575
nm (lower) in the absence (blue) and the presence (red) of the second
355 nm laser pulsing. The spike at 950 ns is due to scattering of the
second 355 nm laser pulse.

Figure 6. Formation rates (kobsd) of (a) triplet-sensitized Me-SBP and
(b) the maximum absorbance changes, ∆A380

max, at 380 nm plotted as a
function of [Me-SBP] obtained upon 308 nm laser photolysis in the
Ac (0.6 mol dm-3)/Me-SBP system in ACN. The solid curve in part b
was drawn according to eq 9.

kobsd ) k0 + kq[Me-SBP] (8)

∆A380
max ) kq[Me-SBP]RTET

Ac ε380
T-TΦISC

Ac (1-10-A308
Ac

)I0
λ(k0 +

kq[Me-SBP])-1 (9)
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the molar absorption coefficients of triplet Me-SBP at 380 nm,
the triplet yield of acetone (1.0),16 the absorbance of Ac at 308
nm, and the number of photon flux of the incident 308 nm laser
pulse. We determined the quantity of I0

λ (λ )308 nm) to be 3.1
× 10-5 quanta dm-3 pulse-1 by using eq 2. By using eq 9 and
the determined values of k0 and kq and assuming the efficiency
of RTET

Ac to be 0.73,37 we determined the ε380
T-T values of triplet

Me-SBP to be 15 700 ( 500 dm3 mol-1 cm-1.
Because triplet Me-SBP shows the absorption at 355 nm, it

is possible to excite the triplet to the higher triplet states by
using the second 355 nm laser pulsing. A transient absorption
spectrum obtained upon 355 nm laser pulsing in triplet Me-
SBP is shown in Figure 5. The intensity of the absorption of
the triplet at 380 nm was found to decrease without showing
the recovery to the initial intensity before the second laser
pulsing. (See upper inset in Figure 5.) In contrast, an increase
in the intensity of absorbance at 575 nm can be recognized in
the transient absorption in Figure 5 and in the time profile of
the absorbance at 575 nm (lower inset in Figure 5), indicating
the formation of BTR. These changes in absorbance upon
photolysis of triplet Me-SBP show that the T1 state of Me-SBP
undergoes the C-S bond dissociation in a highly excited triplet
(Tn; with n over 2) state of Me-SBP.

Quantum yields (Φdec) of the decomposition in the Tn state
of Me-SBP upon the second 355 nm laser pulsing were
determined on the basis of measurements of the change in
absorbance change, ∆∆A380, at 380 nm due to the decomposition
of triplet Me-SBP and the formation of BTR upon the second
355 nm laser photolysis. When the dissociation process is single-
photonic, ∆∆A380 can be expressed by eq 10 as a function of
the absorbance, ∆A355

T-T, of triplet Me-SBP at 355 nm generated
upon Ac sensitization

Here I0
λ and ∆ε380, respectively, represent the intensity of the

incident second 355 nm laser pulse. The quantity of I0
λ (λ )

355 nm) was determined to be 4.7 × 10-5 quanta dm-3 pulse-1

by using eq 2 and the difference (4500 dm3 mol-1 cm-1) in the
molar absorption coefficients at 380 nm between triplet Me-
SBP (15700 dm3 mol-1 cm-1) and BTR (11200 dm3 mol-1

cm-1). Figure 7 shows the ∆∆A380 values plotted as a function
of the term, 1-10-∆A355

T-T
, which corresponds to absorptivity of

the incident 355 nm laser pulse.

Because the plots show straight lines, the C-S bond cleavage
in the Tn state is shown to be a single photonic process. The
Φdec value was determined to be 0.69 ( 0.03 by using eq 10.

A schematic energy diagram for the excited triplet states of
Me-SBP including the dissociation potential of the C-S bond
is depicted in Scheme 2.

Upon the second 355 nm laser photolysis of the T1 state of
Me-SBP, the Tn state, whose state energy is located at 143 kcal
mol-1, is produced. The molecule in the Tn state will be
deactivated through internal conversion to a dissociative state,
TR. Although the electronic character of the TR state cannot be
revealed in the present work, R-cleavage of the C-S bond
proceeds in the TR state to produce the acetyl radical (AcR)
and BTR without activation energies, according to the avoided
crossing rule, via the correlated dissociative potential of 3(π,σ*)
or 3(σ,σ*) with a rate kdis(TR) and the yield (Φdec) of 0.69. The
residual yield (1 - Φdec ) 0.31) is due to internal conversion
from the TR to the T1 state with a rate, kic. In contrast, the
absence of fragmentation in the T1 state can be interpreted by
considering a large energy barrier, ∆E, for the interaction
between the T1(π,π*) state and a dissociative 3(σ,σ*) potential.
It is noteworthy that the reactivity of R-cleavage in the T1(π,π*)
state of Me-SBP is quite different from that of Ph-SBP. The
triplet energy (ca. 62 kcal mol-1) and the shape of the triplet
absorption spectrum of Me-SBP are similar to those of biphe-
nylylthiyl compounds (Supporting Information), indicating that
the triplet energy of R-SBP may be localized on the bipheny-
lylthiyl moieties. Furthermore, the BDE(C-S) values of R-SBP
are close to each other. Therefore, the difference in the reactivity
toward the R-cleavage in the triplet states of R-SBP should be
originated from that in interaction between the triplet states and
the corresponding dissociative potentials that depend on the
variety of the acyl groups. It is of interest to compare the
reactivity for R-cleavage of excited R-SBP with those of
R-acetyl and R-benzoyl-4-phenylphenols, R-OBP (R ) Me and
Ph), which have similar molecular structures and BDE values
(ca. 52 kcal mol-1) to those of R-SBP.15 It is found that triplet
R-OBP is inert to R-cleavage of the C-O bond in solution,
whereas the S1 and Tn states are unambiguously dissociative
for the R-cleavage. As with the photo-Fries rearrangement
processes, no photoproducts from R-OBP were obtained,15

whereas phenyl acetate is shown to provide the photoproducts
due to the R-cleavage in the S1 state.6,7 On the basis of these
results, it is inferred that no photo-Fries rearrangements proceed

Figure 7. Change, ∆∆A380, in the absorbance change at 380 nm upon
stepwise two-color laser flash photolysis of the Ac/Me-SBP system in
ACN plotted as a function of the term 1-10-∆A355

T-T
.

Φdec ) ∆∆A380I0
λ-1(1-10-∆A355

T-T
)-1∆ε380

-1 (10)

SCHEME 2: Schematic Energy Diagram of Triplet
States of Me-SBP Including the Dissociative Potential
Pathway
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between acyl radicals and p-phenyl-substituted phenoxy or
phenylthiyl radical irrespective of the spin-multiplicity of the
dissociative states.

4. Conclusions

We have investigated photochemical behaviors of R-SBP in
the S1, T1, and Tn (n g 2) states using steady-state photolysis
and laser photolysis techniques. On the basis of the results from
stationary photolysis of R-SBP, the photo-Fries rearrangements
are absent, although photodecomposition of R-SBP was con-
firmed. The transient absorption measurements using laser flash
photolysis of R-SBP showed that the pronounced photochemical
reaction is R-cleavage of the C-S bond, resulting in BTR
formation with yields of 0.20 for Me-SBP and 0.15 for Ph-
SBP. Triplet sensitization of R-SBP revealed the different
photoreactivities of the corresponding T1 states. Triplet sensi-
tization of Me-SBP using acetone as a sensitizer demonstrated
that efficient triplet energy transfer proceeds to produce triplet
Me-SBP where no photochemical reactions were found in the
triplet state. These observations indicated that only the S1 state
of Me-SBP is involved in the C-S bond cleavage upon direct
photolysis of Me-SBP. Furthermore, upon 355 nm laser flash
photolysis of triplet Me-SBP, the formation of BTR was
confirmed in the transient absorption, indicating the C-S bond
cleavages in a highly excited triplet state, Tn (n g 2) of Me-
SBP. The quantum yield of the R-cleavage in the Tn state of
Me-SBP was determined to be 0.69. Conversely, triplet sensi-
tization of Ph-SBP using XT as a sensitizer showed that the
lowest triplet (T1) state of Ph-SBP is dissociative for the C-S
bond with an efficiency of g0.56. With the R-cleavability in
the S1 state of Ph-SBP, it was difficult to show clearly, although
the radical yield (0.15) upon photolysis of Ph-SBP was not
influenced by the amount of the dissolved oxygen. The yield
of the intersystem crossing from the S1 to the T1 state of Ph-
BSP was estimated to be e0.27. In the present work on the
photochemical processes of R-SBP, the absence of photo-Fries
rearrangements is concluded irrespective of the spin-multiplicity
of the excited states. From the viewpoint of yields of the radical
formation, R-cleavage of the C-S bond in the Tn state of Me-
SBP may be more feasible than that in the lowest excited states
of R-SPh and R-SBP (R ) Me and Ph) when acyl and/or
S-centered radicals are required for the use as photoinitiating
systems for radical photopolymerization reactions. The reaction
mechanisms for R-cleavage in the excited states of R-SBP are
shown in Schemes 1 and 2.
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