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The photoinduced dissociation of the carbonÈsulfur bond in benzyl-a-naphthyl sulÐde (BNS) in acetonitrile
has been studied by laser Ñash photolysis. Upon direct photoexcitation of BNS, CÈS bond Ðssion occurs in the
excited singlet state, resulting in the formation of the a-naphthylthiyl and benzyl radicals with a quantum yield
of 0.22. Triplet sensitization of BNS by xanthone and benzophenone causes the simultaneous formation of the
lowest triplet state of BNS and the radicals. The efficiencies of the formations of the state and the(T1) T1
radicals are 0.53 and 0.41, respectively. When triplet BNS decays, further formation of the radicals is observed
with an efficiency of 0.95. The decay rate of triplet BNS is enhanced non-linearly with increasing concentration
of the ketone. The second cleavage can be interpreted by considering the formation of the triplet exciplex
which consists of triplet BNS and ketone. The mechanism of the efficient CÈS bond dissociation via the triplet
exciplex is discussed.

1. Introduction

Much attention has been paid to H-atom, electron and triplet
energy transfer processes of triplet carbonyl compounds in
solution since they are of importance in understanding photo-
chemical and photobiological phenomena. By using transient
measurement techniques, the mechanisms of these fundamen-
tal reactions of triplet ketones have been revealed.1h3 In this
decade, we have vigorously investigated, with nanosecond
laser photolysis techniques, the mechanism of a new type of
H-atom and electron transfer reactions : H-atom and electron
transfer reactions via the triplet exciplex of aromatic ketones
(AK) and triplet naphthalene derivatives (ND) in solution.4
The formation processes of the triplet exciplex are as follows.
For efficient production of triplet ND, triplet sensitization by
AK has been employed. The triplet energy of AK, thus, should
be larger than that of ND. By choice of an appropriate wave-
length of laser light for excitation, selective photoexcitation of
the ketone in the presence of ND in solution enables pro-
duction of triplet AK only. Triplet energy transfer from triplet
AK to ND in solution yields triplet ND in the nanosecond
timescale.

3AK*] ND ] AK]3ND* (1)

In the microsecond timescale, triplet ND encounters the
ketone in a di†usion process to form a triplet exciplex,
3(NDÉ É ÉAK)* in an equilibrium.

3ND* ] AKH 3(NDÉ É ÉAK)* (2)

The triplet exciplex has been considered to have electronic
character related to weak charge transfer from the carbonyl
site to ND, 3(NDd`É É ÉAKd~)* since little di†erence is
observed in the absorption spectra between the triplet exciplex
and triplet ND. When the NDs are naphthol and naphthyl
ammonium ion derivatives, the triplet exciplexes deactivate by
H-atom transfer to form the triplet biradical in the solvent
cage, resulting in the yield of free radicals without geminate

recombination. With methoxynaphthalene and naphthylamine
derivatives, electron transfer proceeds via the triplet exciplexes
in the presence of proton and water. When the ND is inert for
chemical reactions, e.g., naphthalene, non-radiative deactiva-
tion via the triplet exciplex has been found. However, none of
the chemical reactions except for H-atom and electron transfer
via triplet exciplexes has been reported.

In the present paper, we report a new type of chemical reac-
tion induced in the triplet exciplex ; chemical bond cleavage
between carbon and sulfur atoms. Triplet benzylnaphthyl
sulÐde is found to undergo dissociation of the carbonÈsulfur
bond in the presence of xanthone and benzophenone in ace-
tonitrile to give the naphthylthiyl and benzyl radicals. The
mechanism of the CÈS bond cleavage via the triplet exciplex is
discussed.

2. Experimental

Benzyl-a-naphthyl sulÐde (BNS) was synthesized as follows.
a-Naphthalenethiol (NpSH; Across) and excess a-
chlorotoluene (Aldrich) were reÑuxed overnight in a mixture
of toluene and water (1 : 1 v/v) with KOH in the presence of
18-crown-6-ether as a phase-transfer catalysis. The organic
layer was washed with water, and evaporated to give the
crude product, which was chromatographed by passing
through a silica-gel column with a mixture of n-hexaneÈ
benzene (5 : 1 v/v). BNS was puriÐed by recrystallizations
from n-hexane. a-Naphthylmethyl sulÐde (NMS) was synthe-
sized by mixing NpSH and iodomethane (IMe) (1 : 0.7 mol/
mol) in a mixture of ethanol and water (1 : 1 v/v) with KOH
at room temperature. IMe was added dropwise to the solution
of NpSH over 0.5 h. After complete addition, the mixture was
stirred at room temperature for 0.5 h. Benzene was added to
the product. The organic layer was separated, washed several
times with water containing sodium thiosulfate to remove
iodide, and evaporated. The crude product was puriÐed by
passing through a silica-gel column with a mixture of n-
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hexaneÈbenzene (5 : 1 v/v) as eluent. BNS and NMS were
identiÐed by NMR spectroscopy. Xanthone (XT) and benzo-
phenone (BP) were puriÐed by sublimation in vacuo. Acetoni-
trile (ACN) was puriÐed by distillation, and used as the
solvent. All samples in a quartz cell with a 10 mm or 1 mm
path length were degassed by several freezeÈpumpÈthaw
cycles on a high vacuum line.

Absorption and emission spectra were recorded by a
JASCO U-best 50 UVÈVIS spectrophotometer and a Hitachi
F-4010 Ñuorescence spectrophotometer. Laser Ñash photolysis
was carried out at 295 K. Third harmonics (355 nm) of a
nanosecond Nd3` : YAG laser (JK Lasers HY-500) and a
XeCl excimer laser (Lambda Physik, Lextra 50) at 308 nm
were used for Ñash photolysis. The transient absorption
spectra were taken with a USP-554 system from Unisoku
which enabled us to take a transient absorption spectrum with
one-shot laser pulse. The detection system for the time proÐles
of the transient absorption has been reported elsewhere.5 The
kinetic analysis of the transient data obtained by laser pho-
tolysis was carried out by the least-squares best-Ðtting
method. The calculations for the heats of formation (*fH)
were performed with the PM3 method by using the MOPAC
Ï97 program.

3. Results and discussion

3.1 Absorption and emission spectra of BNS

Fig. 1 shows the absorption spectrum of BNS along with that
of NMS in ACN. The shape of the absorption band of BNS in
the wavelength region 260È350 nm is very similar to that of
NMS. A very weak Ñuorescence of BNS was observed in ACN
at 295 K. The Ñuorescence yield was less than 10~3. In
methanolÈethanol (1 : 1 v/v) glass at 77 K, phosphorescence of
BNS together with Ñuorescence was recorded. From the 0È0
origins of the Ñuorescence and phosphorescence spectra of
BNS, the lowest excited singlet and triplet energies(ES) (ET)were, respectively, determined to be 86.0 and 57.3 kcal mol~1.

3.2 Direct excitation at 308 nm

Fig. 2 shows the transient absorption spectrum obtained at
500 ns after 308 nm laser pulsing in a degassed ACN solution
of BNS (1.3] 10~4 mol dm~3) at 295 K. The absorption
spectrum with peaks at 410 and 670 nm is ascribed to that of
the naphthylthiyl radical (NTR).6 No other absorption spec-
trum than that of NTR was observed in the wavelength
region, 370È740 nm. The formation of NTR upon photolysis
of BNS demonstrates the dissociation of the carbonÈsulfur
bond in BNS. The counter radical to be formed, benzyl
radical (BR) which has an absorption band at 310 nm,7 was

Fig. 1 Absorption spectra of BNS (solid line) and NMS (broken line)
in ACN at 295 K.

Fig. 2 The transient absorption spectrum obtained at 500 ns after
308 nm laser pulsing in the degassed ACN solution of BNS
(1.3] 10~4 mol dm~3) at 295 K.

unable to be detected owing to the ground-state absorption of
BNS. When a quartz cell with a 1 cm optical path length is
used, the quantum yield of the radical formation is(Urad)determined by :

Urad\ *Aj ej~1Iabs~1 (3)

where and are, respectively, the absorbance*Aj , ej Iabschange due to the formation of NTR at a wavelength, j, the
molar absorption coefficient of NTR (7200 dm3 mol~1 cm~1
at 410 and 3400 dm3 mol~1 cm~1 at 670 nm)¤ and the
absorbed photon Ñux by BNS.

The value of was determined by using the tripletIabsabsorption of benzophenone in a cell with a 1 cm optical path
length as an actinometer.8 The value of was determinedUradto be 0.22 ^ 0.01 in ACN at 295 K. In the presence of 2,3-
dimethylbuta-1,4-diene (0.5 mol dm~3) as a triplet quencher,
this value of was not a†ected. Therefore, the triplet stateUradof BNS is not involved in the bond cleavage upon direct exci-
tation. Considering the observation of Ñuorescence at 295 K

it is presumed that the reactive state for the(Uf\ 10~3),
homolysis of BNS is the lowest excited singlet state of(S1)BNS. The deactivation of the state of BNS seems to beS1virtually governed by the chemical reaction with a high effi-
ciency which may be close to unity. The value of(\1 [ Uf),(\0.22) can be interpreted by considering the conserva-Uradtion rule of spin multiplicity. Immediately after bond disso-
ciation occurs in the state of BNS, a singlet radical pair ofS1NTR and BR, may be formed in the solvent1(NTR] BR)cagecage according to the conservation rule of spin multiplicity.

1BNS*] 1(NTR] BR)cage (4)

The singlet radical pair is fated to follow two processes ;
geminate recombination to the parent molecule, BNS in the
solvent cage and escape from the solvent cage to exist as free
radicals.

1(NTR] BR)cage ] BNS (5)

1(NTR] BR)cage ] NTR] BR (6)

The determined value of is for the yield of the free rad-Uradicals. The residual value would be for the(1[ Urad\ 0.78)
geminate recombination in the singlet radical pair.

The bond energy, D(CÈS) between the naphthylthiyl and
benzyl groups is calculated by :

*fH(BNS)\ *fH(NTR)] *fH(BR)[ D(CÈS) (7)

¤ The e value of NTR was determined by comparing with that of the
a-naphthylmethyl radical (5500 dm3 mol~1 cm~1 at 364 nm in
acetonitrile) produced 308 nm laser photolysis of a-nathyl-a-naph-
thylmethyl sulÐde in acetonitrile.
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where and are, respectively,*fH(BNS), *fH(NTR) *fH(BR)
the heats of formation for BNS, NTR and BR, found to be
71.8, 72.2 and 52.5 kcal mol~1 by computation. The value of
D(CÈS) was determined to be 52.9 kcal mol~1, which was suf-
Ðciently smaller than those of (86.0 kcal mol~1) andES ET(57.3 kcal mol~1) of BNS for bond cleavage to occur in the
excited states. To investigate the reactivity in the triplet state
of BNS, triplet sensitization was carried out by using aromatic
ketones.

3.3 Triplet sensitization by aromatic ketones

In order to investigate the chemical reactions in the triplet
state of BNS, triplet sensitization of xanthone (XT) and ben-
zophenone (BP) was performed. Since the triplet energies of
XT and BP are, respectively, 74.1 and 69.1 kcal mol~1,9 triplet
energy transfer to BNS is possible. Fig. 3(a) shows the absorp-
tion spectrum obtained at 800 ns upon 355 nm laser pulsing in
the XT (1.5 ] 10~3 mol dm~3)ÈBNS (4.8] 10~4 mol dm~3)
mixture in ACN. Three absorption bands appear at 410, 520
and 670 nm. The reference absorption spectra of NTR and
triplet naphthylmethyl sulÐde (NMS) having an absorption
maximum at 520 nm are shown in Fig. 3(b). The obtained
transient absorption spectrum in Fig. 3(a) resembles a super-
position of those of NTR and triplet NMS. We, thus, identify
the absorption band at 520 nm in Fig. 3(a) with that of triplet
BNS by similarity. In short, the formation of both triplet BNS
and NTR is simultaneously observed upon triplet sensitiza-
tion.

Fig. 4 shows the temporal absorption changes at 625 nm for
triplet XT,10 at 410 and 670 nm for NTR and at 520 nm for
triplet BNS obtained by 355 nm laser pulsing in the XT
(1.5] 10~3 mol dm~3)ÈBNS (4.8] 10~4 mol dm~3) mixture
in ACN. The observed decay rate of triplet XT at 625(kObsdXT )
nm (6.2] 106 s~1) was in agreement with the decay rate at
670 nm and the rise rate at 520 nm.”

Consequently, the following concomitant reactions are
revealed by triplet sensitization of BNS; (1) the formation of
the lowest triplet state of BNS and (2) the homolysis of(T1)BNS resulting in the formation of NTR. The quantum yields

Fig. 3 (a) The absorption spectrum at 400 ns obtained by 355 nm
laser pulsing in the XT (1.5 ] 10~3 mol dm~3)ÈBNS (4.8] 10~4 mol
dm~3) system in ACN. (b) The reference absorption spectra of triplet
NMS (solid line) and NTR (broken line) in ACN. See text for details.

” The decay proÐle at 670 nm originates from the molar absorption
coefficient of triplet XT being larger than that of NTR at 670 nm. The
precise value of the rise rate at 410 nm could not to be determined
due to the small absorbance change.

Fig. 4 The time-resolved absorption changes at (a) 625, (b) 520, (c)
670 and (d) 410 nm obtained by 355 nm laser pulsing in the XT
(1.5] 10~3 mol dm~3)ÈBNS (4.8] 10~4 mol dm~3) system in ACN.

and for the formation of triplet BNS and NTR were,(UT Urad)respectively, determined by :

UT\ *A520(e520(3BNS*)] e520(NTR))~1Iabs~1 (8)

Urad\ *A670 e670(NTR)~1Iabs~1 (9)

where and are the absorbance changes for the*A520 *A670formations of triplet BNS at 520 nm and of NTR at 670 nm,
respectively (cf. Figs. 4(b) and (c)). Since the value of the molar
absorption coefficient of triplet BNS, wase520(3BNS*)
unknown, that of triplet NMS dm3(e520(3NMS*) \ 6400
mol~1 cm~1)° was used.

The term in eqn. (8) was negligible compared toe520(NTR)
(see Fig. 3(b)). The values of and ate520(3NMS*) UT Urad[BNS]\ 4.8] 10~4 mol dm~3 were determined to be 0.44

and 0.33, respectively.
The values at various [BNS] are plotted in Fig. 5.kobsdXT

Since the plots show a straight line, can be expressed as :kobsdXT

kobsdXT \ k0 ] kq[BNS] (10)

where and are the decay rate of triplet XT in the absencek0 kqof BNS and the quenching rate constant of triplet XT by BNS,

Fig. 5 Plots of the decay rate, of triplet XT in ACN as a func-kobsdXT
tion of [BNS].

° Based on the triplet yield (0.95) of NMS determined by time-
resolved thermal lensing techniques, the e value of triplet NMS was
determined by the method described in an earlier paper.8
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respectively. From the slope of the line, and were deter-k0 kqmined to be 1.2] 106 s~1 and 1.0 ] 1010 dm3 mol~1 s~1,
respectively. The value obtained is close to the di†usionkqlimit of ACN (2.0] 1010 dm3 mol~1 s~1 at 20 ¡C).9

According to the spin-conservation rule, the spin multiplic-
ity of the radical pair caged by the solvent molecules should
be the triplet manifold when the cleavage occurs in the triplet
state of BNS. In general, recombination between radicals
requires singlet spin-multiplicity. Intersystem crossing from a
triplet radical pair to a singlet one would take longer than the
time to escape from the solvent cage to exist as free radicals.
Thus, once bond Ðssion occurs in the triplet manifold in Ñuid
solutions, free radicals are efficiently yielded without geminate
recombination. Therefore, the efficiency, of the bond cleav-adisage by triplet sensitization can be calculated by using the Uradvalue obtained experimentally as well as that of the state ofT1BNS, as follows :aT

Urad\ adia kq[BNS]Uisc(k0 ] kq[BNS])~1 (11)

UT \ aT kq[BNS]Uisc(k0] kq[BNS])~1 (12)

where is the triplet yield of XT (1.0).9 By using theUiscobtained values of and at [BNS]\ 4.8] 10~4k0 , kq , Urad UTmol dm~3, and were determined to be 0.41 and 0.55,adis aTrespectively. These values indicate that the probability ratio of
the bond cleavage to the triplet formation upon triplet sensiti-
zation of BNS by XT is 0.75. The sum of and is con-adis aTsidered to be the efficiency of triplet energy transfer from
triplet XT to BNS. The residual value is(1[ adis [ aT \ 0.04)
interpreted in terms of the efficiency for induced-quenching of
triplet BNS by XT.4

Interestingly, further formation of NTR was found after the
completion of energy transfer from triplet XT to BNS. This
second bond-Ðssion was observed not only for XT but also for
benzophenone (BP). Fig. 6 shows the transient absorption
spectra obtained after 355 nm laser pulsing in the BP
(1.2] 10~2 mol dm~3)ÈBNS (2.0] 10~3 mol dm~3) mixture
in ACN. As the absorption band of triplet BNS produced by
triplet energy transfer from triplet BP decays in intensity, an
increase in the band at 670 nm for NTR can be seen. The
time-resolved absorbance changes at 520 and 670 nm are
shown in Fig. 7. The Ðrst-order decay rate of triplet(kobsdT )
BNS at 520 nm (1.2 ] 106 s~1) was identical with the rise rate
of NTR at 670 nm. The agreement between the rise and decay
rates indicates that the state of BNS is reactive for the CÈST1bond cleavage. The efficiency for the second formation of the
radical, via triplet-sensitized BNS is evaluated by :/rad ,

/rad\ *A670 e520 *A520~1 e670~1 (13)

Here, are, respectively, the absorb-*A670 , *A520 , e520 , e670ance changes at 670 and 520 nm due to the formation of NTR
and the decay of triplet BNS (cf. Fig. 7), and the molar

Fig. 6 The transient absorption spectra at 300 ns (dotted line) and
1.9 ls (solid line) obtained after 355 nm laser pulsing in the BP
(1.2] 10~2 mol dm~3)ÈBNS (2.0] 10~3 mol dm~3) system in ACN.

Fig. 7 The temporal absorbance changes at (a) 520 and (b) 670 nm
observed after 355 nm laser pulsing in the BP (1.2] 10~2 mol
dm~3)ÈBNS (2.0] 10~3 mol dm~3) system in ACN.

absorption coefficients of triplet BNS at 520 nm and NTR at
670 nm (3400 dm3 mol~1 cm~1). Since the value of wase520unknown, the molar absorption coefficient of triplet NMS at
520 nm (6400 dm3 mol~1 cm~1) was used instead of that of
triplet BNS. For the BP (1.2 ] 10~2 mol dm~3)ÈBNS
(2.0] 10~3 mol dm~3) system, the value of was deter-/radmined to be 0.56^ 0.03.

Fig. 8 shows plots of as a function of [BP]. WithkobsdT
increasing [BP], the values are found to increase, but notkobsdT
linearly, giving a leveling o† at higher [BP]. This behavior is
responsible for the triplet exciplex formation between aro-
matic ketones and triplet naphthalene derivatives.4 The
mechanism of the triplet exciplex formation between BP and
BNS is illustrated in Scheme 1. Here, and K are,k0 , k0@ , kdisrespectively, the rate constants of the decay rates of triplet
BNS, 3BNS* and the triplet exciplex, 3(BPÉ É ÉBNS)* to BP
plus BNS in the ground state, the bond cleavage in the triplet
exciplex and the equilibrium constant for triplet exciplex for-
mation. We denote that and are the rate constants forkf kbassociation and dissociation of the triplet exciplex. According

Fig. 8 Plots of the decay rate, of triplet BNS vs. [BP]. The solidkobsdT
curve was calculated by eqn. (14). See text for details.

Scheme 1
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Scheme 2

to the presented scheme, the value can be formulatedkObsdT
by :4

kobsdT \ (k0 ] kex K[BP])(1] K[BP])~1 (14)

where and The solid curve in Fig. 8kex \ k0@ ] kdis K \ kf/kb .
was calculated by using eqn. (14) and the best-Ðtted values of

s~1, s~1 and K \ 11.2 dm3k0\ 6.5 ] 105 kex \ 7.0] 106
mol~1. The solubility of XT in ACN was so small that the
parameters for the triplet exciplex of XT and BNS could not
be determined.

The efficiency, of the bond cleavage via the triplet exci-bdisplex can be calculated by using the value obtained experi-/radmentally as follows :

/rad\ bdis kex K[BP](k0] kex K[BP])~1 (15)

With the use of the obtained values of K andk0 , kex , /rad(\0.56 at [BP]\ 1.2] 10~2 mol dm~3), the value of wasbdisdetermined to be 0.95^ 0.05. This value, close to unity, indi-
cates that bond dissociation in the triplet exciplex proceeds
very efficiently.

The energy diagram for the photoreaction of BNS is illus-
trated in Scheme 2. The energy level of the crossing point
between the potential curves of the state and the dis-S1(p,p*)
sociative state of p,r* character would be close to that of S1since the main deactivation channel of was the bond-S1cleavage process. On the other hand, the energy level of the
crossing point between the potential surfaces of the stateT1and the dissociation would be higher than the energy (57.3T1kcal mol~1) of BNS since the formation of triplet BNS and
radicals was simultaneously observed upon triplet sensitiza-
tion. In other words, there must be a thermal barrier at the
branching point for the and the dissociative potential sur-T1faces. When XT was used as a sensitizer, the branching ratio
of the bond dissociation to the triplet formation was found to
be 0.75. Unfortunately, since the absorption spectrum of
triplet BNS was very similar to that of triplet BP, the branch-
ing ratio in the case of BP as a sensitizer could not be
obtained. In the presence of aromatic ketones, triplet BNS
was shown to undergo efficient homolysis due to triplet exci-
plex formation. The mechanism of the bond cleavage induced

by the exciplex formation can be interpreted by considering
the charge-transfer character of triplet exciplexes.4 Due to the
weak charge-transfer from BNS to the carbonyl site of ketone,
the spin density on the CÈS bond may be reduced. Since the
weakened chemical bond would be elongated, the potential
surface of triplet BNS as a function of the CÈS atomic dis-
tance would become shallow (cf. Scheme 2). The thermal
barrier on for the bond cleavage diminishes in energy,T1resulting in efficient Ðssion via the triplet exciplex. It seems
that aromatic ketone behaves not only as a triplet sensitizer
but also as a catalyst for the bond cleavage of triplet BNS by
forming the triplet exciplex.

4. Conclusion
The photoinduced dissociation of the carbonÈsulfur bond in
BNS in the absence and presence of XT and BP is studied by
laser Ñash photolysis. The excited singlet state is reactive for
CÈS bond Ðssion upon direct excitation. Triplet sensitization
of BNS by XT and BP reveals bond dissociation in the triplet
manifold as well as formation of the lowest triplet state of
BNS. To understand the competitive reactions of triplet-
sensitized BNS, the potential energy surfaces of BNS are sug-
gested by considering a thermally activated crossing from the

(p,p*) state to a dissociative p,r* state. Following deactiva-T1tion of triplet-sensitized BNS, the second cleavage of the CÈS
bond takes place. Based on the kinetic analysis of the decay
rate of triplet BNS, the triplet exciplex of BNS and ketone is
shown to be the precursor for the second Ðssion. It is pro-
posed for the mechanism of bond cleavage via the triplet exci-
plex that the weak charge-transfer character of the triplet
exciplex is the origin of the weakening of the chemical bond
between the carbon and sulfur atoms of BNS in the triplet
exciplex, resulting in a decrease in the thermal barrier leading
to the dissociative surface.
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