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Photochemical properties of photoindueedbond dissociation in naphthyl phenyl ketones having a phenylthiyl
moiety as a leaving groum-(o-naphthoyl)benzyl phenyl sulfide (NBPS) and 4-benzoyl-1-naphthylmethyl
phenyl sulfide (BNMPS), in solution were investigated by laser flash photolysis techniques. Both ketones
were shown to undergo photoinduceebond cleavage of the €S bond to release the phenyl thiyl radical
(PTR) at room temperature. Irrespective of excitation wavelengths of NBPS, a quantumdyig)cof the

PTR formation was obtained to be 0.1, whereas that for BNMPS was found to depend on the excitation
wavelength, i.e., absorption bands from the ground stajet¢She excited singlet states;, &, and S of
BNMPS; ®,(S3) = 0.77 and®.(S;) = Prad(S1) = 1.0. By using triplet sensitization pfphenylbenzophenone
(PBP), efficienciesd;ag) of the radical formation in the lowest triplet state,(F,7*)) of NBPS and BNMPS

were determined to be 0 and 1.0, respectively. The agreement befygé®) anda,,q values for BNMPS
indicates that the €S bond dissociation occurs in the Jtate via the Sstate via a fast intersystem crossing
from the § to the T, state. The wavelength dependence of the radical yields upon direct excitation of BNMPS
was interpreted in terms of the<S bond cleavage in the; State competing with internal conversion from

the S to the S state. The smaller value @b,(S;) than those of®,((S;) and ®,.(S;) was proposed to
originate from the geminate recombination of singlet radical pairs produced by the bond dissociation via the
S; state. Photoinduced-cleavage of NBPS was concluded to take place only in ife/8®) state. Difference

in reactivity of w-cleavage between the triplet states of NBPS and BNMPS was interpreted in terms of localized
triplet exciton in the naphthoyl moieties.

Introduction The lowest excited triplet state {jTof benzophenone is produced
within 10 ps in solution due to a fast intersystem crossing upon
photoexcitation, and the reactive state of the photochemical
bimolecular reactions is the; Btate. Recently, we have been
interested in unimolecular photoreactions of benzophenone
derivatives, that is, photoinduced bond cleavage at the
w-position37~4% »-Bond cleavage of benzophenone derivatives
having C-S, C-Cl and C-Br bonds was characterized to take

acetaté® respectively, undergo-€N and G-O bond dissocia- ~ Place mainly in the J(nz*) state?’ With a benzophenone
tion at theo. position of the carbonyl group. Much attention derivative having the €Br bond, the §n7*) state was also
has been paid t8-bond dissociation of such as<® or C-S shown to be reactive fon-cleavage as well as the,(h7*)
in excited acetophenone derivatives from the viewpoint of the State3” Novel wavelength dependence of radical yields found
mechanism of the competitive deactivation processes and spinUPon photolysis of benzoylbenzyl phenyl sulfide was interpreted
multiplicities of the dissociative excited stafés2? In contrast, Py considering thew-bond cleavage in the >gr,7*) state
bond cleavage at positions other tharandj-bonds in aromatic ~ €ompeting with an internal conversion from the t6 the §
carbonyls having a benzophenone skeleton has been paid les§tate®® For the occurrence of bond dissociation in excited states,
attention3%-3 Since benzophenone is one of the most funda- the enthalpy of the cleaving bond must be smaller than the
mental compounds in photochemical and photobiological in- excited energy of the reactive excited state. The estimated bond
vestigations, its photophysical processes are well understoodenthalpies for the €CI, C—S, or C-Br bond breaking in the
through pico- and nanosecond time-resolved measurerifents. benzophenone derivatives were indeed smaller than the corre-
sponding triplet energie¥;3° and G-O bond cleavage in

*To whom correspondence should be addressed. E-mail: yamaji@ p-hydroxymethylbenzophenone whose enthalpy for theOC
Ch?g-&#ﬁg%ﬁﬁ;ﬁ- Tel-81-277-30-1212. Fax:+81-277-30-1212. bonding is larger than the triplet energy was ab3&¥itce versa,

. it was shown by using p-phenylbenzophenone derivative that

* Tohoku University.
8 Adam Mickiewicz University. w-cleavage does not always occur even in aromatic carbonyls

Photoinduced bond cleavage of aromatic carbonyl com-
pounds, namely, Norrish Type | and Il reactions where bond
fission occurs at then and  positions of the carbonyl,
respectively, has been widely studied by means of product
analysis and time-resolved transient measurerfiefiés with
photoinduced dissociation of carbon-heteroatom bonds in
aromatic carbonyls, it is known that acetanifitieand phenyl
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having a smaller bond enthalpy than the excited-state erf€rgy.
It seems that the spin multiplicity and electronic character of
the excited states reactive forcleavage may be closely related
to the bond breaking enthalpy and the nature of dissociative
energy potentials.

On going from benzophenone to naphthyl phenyl ketone
(NPK), the electronic character of the $tate changes from
ng* to m,r*, and the triplet energy level decreagésn the
present work, two NPK derivatives, naphthoylbenzyl phenyl
sulfide (NBPS) and benzoylnaphthylmethyl phenyl sulfide
(BNMPS) having G-S bond at thew position, are used to
investigate their reactivity of photoinducea-bond cleavage
from the viewpoints of electronic structures of reactive states
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Figure 1. Absorption spectra in ACN at 295 K and phosphorescence

and the relationship between the reactive state energy and thepectra in a mixture of methanol and ethanol (1:1 v/v) at 77 K of NBPS

bond dissociation energy. Although the electronic structure and

(a) and BNMPS (b).

character of their triplet states seem to be the same, there was

a significant difference inv-cleavage in their triplet states in
solution as found by means of laser photolysis techniques.

(0] (0]
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NBPS BNMPS

Experimental Section

p-(o-Naphthoyl)toluene (NT) and 4-benzoyl-1-methylnaph-
thalene (BMN) were synthesized by usual Fried@rafts
acylations of toluene witle-naphthoyl chloride and odt-me-
thylnaphthalene with benzoyl chloride, respectively. NT and
BMN were brominated by NBS in C¢lat room temperature
in the presence of dibenzoylperoxide to provigx-naphthoyl)-
a-bromotoluene (NBT) and 4-benzoyl-1-bromomethylnaphtha-
lene (BBMN), respectively.p-(a-Naphthoyl)benzyl phenyl
sulfide (NBPS) and 4-benzoyl-1-naphthylmethy phenyl sulfide
(BNMPS) were synthesized by the reaction of NBT and BBMN
with thiophenol in the presence of,€O; in acetone, respec-
tively. NBPS and BNMPS were passed through a silica gel
column with a mixture of hexane and ethyl acetate (10:1 v/v)
and recrystallized from hexane for purification. Acetonitrile
(ACN), methanol, and ethanol were distilled for purification.

0.05}f
<
< oif

(b)
0.05
G 1 1 1
400 500 600 700
Wavelength / nm

Figure 2. Transient absorption spectra obtained at 500 ns after 266
nm laser pulsing in EPA glass of NBPS (a) and BNMPS (b) at 77 K.

least-squares best-fitting method. The transient absorption
spectra were taken with a USP-554 system from Unisoku with

which can provide a transient absorption spectrum with one laser
pulse.

Results and Discussion

Figure 1 shows absorption and phosphorescence spectra of
NBPS and BNMPS in ACN at 295 K and in a glass matrix of

Diethyl ether (spectroscopy grade, Kanto) and isopentanea mixture of methanol and ethanol (1:1 v/v) at 77 K, respec-
(spectroscopy grade, Fluka) were used as supplied. ACN wastively.

used as the solvent at 295 K, and a mixture of diethyl ether-
isopentane-ethanol (EPA, 5:5:2 v/v/v) or a mixture of methanol
and ethanol (1:1 v/v) was used as matrixes at 77 K. Absorption

As with both the absorption spectra, the absorption bands at
260 and 300 nm, having a molar absorption coefficient of the
order of 16 — 10* dm® mol~* cm™? can be classified to be the

and emission spectra were recorded on a U-best 50 spectroSs(, %) and S(z, 7*) absorption bands due th., and L,

photometer (JASCO) and a Hitachi F-4010 fluorescence spec-

trophotometer, respectively. All of the samples for transient

bands of the naphthalene moiety, respectiVéiywhereas that
at 350 nm can be assigned to theg(r$ #*) band. It was

absorption measurements were prepared in the dark and deeonfirmed that the phosphorescence excitation spectra of NBPS

gassed in a quartz cell wiita 1 cmpath length by several
freeze-pump—thaw cycles on a high vacuum line. The con-
centrations of NBPS or BNMPS for direct laser photolysis were
adjusted to achieve the optical density at the excitation
wavelength (266, 308, or 355 nm) being less than 1.0 in ACN.

and BNMPS agreed well with the corresponding absorption
spectra. The energy levels of the lowest triplet)(State of

NBPS and BNMP were determined to be 57.5 and 56.3 kcal
mol~! from the phosphorescence origins, respectively. From the
similarity in the features of the phosphorescence spectra of

Transient absorption measurements were carried out at 295 KNBPS and BNMPS to that of 1-naphthyl phenyl ketone (NPK)

unless noted. A XeCl excimer laser (308 nm, Lambda Physik,
Lextra 50) and third (355 nm) and fourth harmonics (266 nm)
of a NcPt:YAG laser (JK Lasers HY-500; pulse width 8 ns)

were used as light sources for flash photolysis. Less than five

whose triplet character is of 7*,4! the electronic character of
the T; states of NBPS and BNMPS are @fz* in nature.

Figure 2 shows transient absorption spectra observed at 500
ns after 266 nm laser pulsing in EPA glass of NBPS and

repeated pulses were used to avoid excess exposure. The detaiBNMPS at 77 K.

of the detection system for the time profiles of the transient
absorption have been reported elsewHérEhe transient data
obtained by laser flash photolysis was analyzed by using the

The absorption spectrum having two bands at 430 and 600
nm is similar to each other and resembles that of triplet NPK.
The obtained absorption spectra are ascribed to the triplet states
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Figure 4. (a) Transient absorption spectrum obtained at 100 ns after
266 nm laser pulsing in an ACN solution of BNMPS at 295 K. (b)
of NBPS and BNMPS. After depletion of the triplet absorption, Reference absorption spectra of PTR (solid line) and BNMR (broken
residual absorbance was absent in the wavelength region studiedfne) n ACN.
350-720 nm. From this observation, any photochemical reac-
tions of NBPS and BNMPS are absent in glass matrixes at
77 K.

Figure 3 shows transient absorption spectra obtained upon
266 nm laser pulsing in ACN solution of NBPS at 295 K.

The absorption spectrum obtained immediately after laser
photolysis is due to triplet NBPS. Dissolved oxygen in the ACN
solution quenched triplet NBPS, providing a residual absorption
band at 450 nm after depletion of triplet NBPS in the transient
absorption. The absorption spectrum thus obtained is similar to
that of the phenylthiyl radical (PTR) having a molar absorption
coefficient, ¢ = 2000 dn¥ mol™* cm™® at 450 nnt! The
formation of PTR indicates that NBPS undergecleavage of
the CG-S bond.The counter radicgl;naphthoylbenzyl radical
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Figure 3. Transient absorption spectrum obtained at 500 ns upon 266
nm laser pulsing in a degassed ACN solution of NBPS at 295 K
(dashed) and one at 4% in an aerated ACN solution of NBPS at
295 K (solid).
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355 nm light is absorbed by the $and. The obtained results
indicate that theb,,q values are independent of the excitation
wavelength or the absorption bands of NBPS.

Figure 4a shows a transient absorption spectrum at 100 ns
obtained upon 266 nm laser pulsing in ACN solution of BNMPS
at 295 K.

The obtained absorption spectrum can be analyzed into those
of PTR and the benzoylnaphthylmethyl radical (BNMRs=
6900 dn¥ mol~* cm™t at 395 nm)}” Formation of these radicals
shows that BNMPS also undergoescleavage upon photoex-
citation.

PTR
BNMPS BNMR

NBPS

) _ _ Upon photolysis of BNMPS with 308 or 355 nm laser pulse,
(NBR) was not seen in the wavelength region studied,350  similar absorption spectra to that in Figure 4a were obtained.
700 nm. Upon 355 and 308 nm laser photolysis of NBPS in A quantum yield (a9 of the radical formation upon laser
ACN, it was confirmed that a transient absorption spectrum of pyising of BNMPS was determined also with the use of egs 1

PTR appeared. _ _ and 2 since BNMR has a negligibiezalue at 450 nm compared
The quantum yield®,) of the radical formation upon laser  jith that of PTR. Interestingly, the,.q values obtained for
pulsing of NBPS was determined with the use of eq 1 BNMPS were 0.774+ 0.03, 1.0+ 0.04, and 1.0+ 0.04
respectively upon 266, 308, and 355 nm laser photolyses.

llabs ! (1) Therefore, it is apparent that the,,q value depends on the
excitation wavelength or absorption bands of BNMPS.

whereAAuso, €450, andlapsare respectively the absorption change  To investigate photochemical profiles in the triplet states of

at 450 nm due to radical formation at 100 ns after laser pulsing, NBPS and BNMPS, triplet sensitization by the use mf

the molar absorption coefficient of PTR at 450 nm (200*dm  phenylbenzophenone (PBP) was carried out by transient absorp-

mol~* cm™),*t and the number of the photon flux of an incident  tion measurements. Efficient triplet energy transfer from triplet

laser pulse at the excitation wavelength. The quantity.gf PBP Er = 61.1 kcal mot1)#8 to NBPS and BNMPSH; =

was determined by using the absorption of triplet benzophenones7.5 and 56.3 kcal mot) should occur. 4-Benzoyl-1-methyl-

D.a= AAsfaso

(BP) in ACN as an actinomet¥r naphthalene (BMNEr = 56.8 kcal mot1)*8 was used to
e Bp . BP compare efficiencies of triplet energy transfer with that of
AAT = e Dl s (2 BNMPS. Figure 5 shows transient absorption spectra obtained

upon 355 nm laser pulsing in PBIRBPS (0.01 mol dmd),
where AATF, 27 and ®3. are, respectively, the initial absor- PBP-BMN, and PBP-BNMPS systems in ACN.
bance at 520 nm for the formation of triplet benzophenone Inthe presence of NBPS, BMN, or BNMPS, the intensity of
obtained immediately after laser pulsing, the molar absorption transient absorption due to triplet BPP at 455 nm decreases
coefficient of triplet BP at 520 nm in ACN (6500 dnmol~! according to first kinetics with rates of 656 10, 4.7 x 1(,
cm 1,45 and triplet yield of benzophenone (145)By using and 3.0x 1C° s, respectively (see insets in Figure 5). The
egs 1 and 2, théyqvalues were determined to be 0410.01, residual absorption spectra in Figure 5, panels a and b, which
0.10+ 0.01, and 0.09= 0.02 upon 266, 308, and 355 nm laser were taken after depletion of triplet PBP, are due to those of
photolyses, respectively. The wavelengths of 266 and 308 nmtriplet NBPS and BMN, respectively, whereas that for BNMPS
are located in the $Sand $ absorption bands of NBPS while  in Figure 5c is due to the formation of BNMR and PTR (see



w-Bond Dissociation in Naphthyl Phenyl Ketones J. Phys. Chem. A, Vol. 110, No. 37, 20080711

0.5¢
0.3 0 10+
@) < ! T,
< 0 === ©
L =
Time/ Us Z 5
3
5
0 L L L = (a)
0.5 ‘
03t ® 2 1
< < p— «
< < 5= g ®
Time/ us ©
8 0.5¢
W\’/ﬂ\\ l[:;
0 L L L =
04 e (b)
015t © 5 JL . .
S ob—S====d 0 5 10
0 1 2 _4 3
Time/ s [Q]/ 10 " mol dm
Figure 6. (a) Rate konsg for the decay of triplet PBP plotted as a
function of [Q] upon 355 nm laser photolysis in PBBMN (7.0 x

400 500 600 103 mol dn73) (O), PBP-BNMPS (1), and PBP-NBPS () systems
in ACN at 295 K. (b) The quantum yields for formation of triplet BMN
(Prer) plotted as a function of [Q] obtained upon 355 nm laser
Figure 5. (a) Transient absorption spectrum obtained at 800 ns upon photolysis in PBP (7.0< 10-2 mol dn3)-BMN systems in ACN at
355 nm laser photolysis of a PBP (7:010~° mol dnr%)-NBPS (1.0 295 K (0) and for radical formation®:=y plotted as a function of
x 10~ mol dnT®) system in ACN. Inset; a temporal absorbance change [Q] obtained upon 355 nm laser photolysis in PEBNMPS (7.0 x

at 455 nm for triplet PBP. (b) A transient absorption spectrum obtained 10-3 mol dn3) systems in ACN at 295 KA). The solid curves were
at 1.0us upon 355 nm laser photolysis of a PBP (%0102 mol calculated by egs 6 and 7.

dm™3)-BMN (6.0 x 10~* mol dm3) system in ACN. Inset; a temporal

absorbance change at 455 nm for triplet PBP. (c) A transient absorption

spectrum obtained at 18 upon 355 nm laser photolysis of a PBP P .
(7.0 % 10°3 mol dm-3)-BNMPS (4.0x 10~ mol dm™3) system in ACN. absorbed by PBP. The value g’ at 355 nm was determined

Inset; a temporal absorbance change at 455 nm for triplet PBP. by using triplet-triplet absorption of benzophenone as an
actinometer (see eq 2). The obtained value®gfr and ®5o;®

for the XT-BMN and —BNMPS systems are plotted as a
function of [Q] in Figure 6b. The value of each yield increases
Eonlinearly with increasing [Q]. On the other hand, these

guantum vyields are related with the kinetic parameteysnd

Wavelength / nm

Figure 4a). From these observations, it is inferred thateav-
age proceeds in the triplet state of BNMPS whereas that is absen
in triplet NBPS.

The ratesKopsg for the decay of triplet PBP obtained in the

b
studied systems are plotted as a function of the concentration,I<q Y
[Q] of NBPS, BMN, or BNMPS as quenchers of triplet PBP in _
Figure 6a. Drer = k[Qlotrer Dige (ko + k,[Q]) ' Qfor BMN 5
Since plots give straight lines, tlkensgcan be formulated by ©6)
Kopsa= ko + kJQ] @) P = kfQloadtrer Pise (kg + k[QD

Q for BNMPS (7)
whereko andk, respectively represent the decay rate of triplet
PBP in the absence of Q and the rate constant for quenching ofwhere airer, obae and ®he are efficiencies for triplet energy
triplet PBP by Q. From the intercept and the slope of the line, transfer from triplet PBP to Q and the radical formation in the
the values oko andkq were determined to be 4.0 16f s* triplet state of BNMPS, and the triplet yield of PBP (149),
and 6.3x 10° dm®* mol~t s71 for NBPS, 7.1x 10° dm® mol~? respectively. By best-fitting eqs 6 and 7 to the experimental
st for BMN and 6.3 x 10° dm® mol~* s7* for BNMPS, values of®rer and ™ respectively, with the use of tHe

rad

respectively. . . andk, values obtained above, a value @fer for BMN was
Quantum yields ®rer and ©37) for triplet energy transfer  obtained to be 0.72= 0.04 and a product value @fq and
from triplet PBP to BMN, and the formation of the radicals qrer for BNMPS was 0.7G: 0.04. Assuming that triplet energy

(BNMR and PTR) upon triplet sensitization were respectively transfer from triplet PBP proceeds to naphthylphenyl ketones

determined by eqs 4 and 5 (BMN and BNMPS) with the same efficiencyyrer, the
1 PBP1 efficiency for BNMPS is evaluated to be 1.0 within experimental
Drer = AAgifaro avs (4) errors. On the other hand, triplet sensitization of NBPS by PBP
revealed thatw-dissociation is absent in the triplet state of
o= AAysfaso oew (5) NBPS, i.e.,aag = 0 for NBPS. It is noteworthy that the

reactivity for w-cleavage of triplet BNMPS is quite different
where AAs10, AAsso, €410 @and essq and IZbBSP are, respectively, from that of triplet NBPS although the electronic character and
the maximum absorption changes due to the formation of triplet structure of these triplets are quite similar (see Figure 2). We
BMN at 410 nm and the formation of PTR at 450 nm, molar have determined the quantum yields fordissociation upon
absorption coefficients of triplet BMN at 410 nm (3300 ¥m  direct excitation of NBPS beind,q = ca. 0.1 independent of
mol~ cm™1)#° and PTR at 450 nm (2000 dnmol~1 cm™?), excitation wavelength. From the quantum yiefl,{; = 0.1)
and the number of photon flux of an incident 355 nm laser pulse and the efficiency ¢;ag = 0) for photoinduced fragmentation
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SCHEME 1: Energy Diagram of Photoexcited NBPS
Including the C—S Bond Cleavage Processes

¥, 0%)
I(m, 0%)
S;(,m*)
Sy (v, m*)
S(n,m*)
> " AEg;
g5 N
NBR + PTR
N
X D(C-S)
Sq (NBPS)
—_—

Reaction Coordinate

of NBPS, it can be concluded that the reactive state for
w-cleavage of NBPS is only the; State.

We have determined the quantum yields{{S;) and @ a¢
(S)) of radical formation upon 355 and 308 nm laser photolyses
of BNMPS being unity in the present study. The agreement of
the determinedaqvalue (1.0) with that ofb,q (= 1.0) indicates
that the cleavage of the-€S bond upon the Sor S; band
excitation of BNMPS proceeds in thg $tate produced by the
efficient intersystem crossing from the Sate having a quantum
yield (®isc) of unity. The ®5((Ss) (= 0.77) value, which is
unambiguously smaller than those ®f,((S1) and Po(S,) (=
1.0), implies that there must be a competitive process with
internal conversion from the;3o the $ state. A plausible
process is the €S bond dissociation in thesGr,*). When

homolytic cleavage proceeds in excited singlet states of NBPS,

a singlet radical pairs in solvent cagéf\BR + PTR)ageiS
initially formed according to the spin-conservation rule. The

Yamaiji et al.

SCHEME 2: Energy Diagram of Photoexcited BNMPS
Including the C—S Bond Cleavage Processes

A
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Reaction Coordinate

crossing of the reactive excited state with dissociative potential
surfaces leading to free radicalsThe electronic configurations

of the plausible potentials for the-€S bond rupture are of,o*
ando,o*, and the energy level of the former would be located
lower than that of the latter at a reaction coordinate. It was
originally suggested that radical cleavages of excited states
proceed by avoided crossings between states of the same overall
symmetry22 In that case, excited statesmfr* would correlate

with a o,0* state which leads to a pair of radicals, whereas
those of ng* would interact with ar,0* state. With respect to
NBPS in Scheme 1, the;®,7*) interacts with a singletr,o*
potential, X(;r,0*) of the C—S antibonding, leading to the
formation of NBR and PTR with a quantum yield of 0.1 which

is independent of the excited absorption bands of NBPS.
Absence of fragmentation in the triplet state of NBPS can be
interpreted by considering a large energy barri@E{s) for
crossing between the;{fr,7*) state and a dissociative triplet
o,0* potential,3(o,0*).51 On the other hand, the crossing profile

singlet pair readily undergoes geminate recombination forming of triplet BNMPS forw-cleavage is different from that of triplet

the parent molecule. The half-lifetime of geminate recombina-
tion, e.g, for PTR, was reported to be ca.~480 ps in solutiort®

NBPS as drawn in Scheme 2. The very efficient cleavage in
the triplet state of BNMPS may be responsible for a strong

Therefore, the geminate recombination between NBR and PTRinteraction between the,r,7*) state and thé(o,0*) potential

would be an event during the laser pulse duratie® (1s) in
the present system. The residual yield=<{1®,(Ss)) of 0.23
would be responsible fap-dissociation in the $state followed
by the geminate recombination.

The enthalpies, D(ES) of the C-S bond in BNPS and
BNMPS, were obtained on the basis of the heat of formation
(A¢H) for BNPS, BNMPS, NBR, BNMR, and PTR computed
by using a semiempirical PM3 program containedVi®oPAC
‘97. The D(C-S) values are calculated to be 56.4 kcal mol
for NBPS and 55.0 kcal mot for BNMPS by using eqgs 9 and
10, respectively, usingiH (NBPS)= 70.4 kcal mot?, AH
(BNMPS) = 65.6 kcal mot?, AiH (NBR) = 70.7 kcal mot?,
AfH (BNMR) = 64.5 kcal mot?, andAsH (PTR) = 56.1 kcal
mol1,

AH (NBPS)= AH (NBR) +
AH (PTR) — D(C—S)ygps (9)

AH (BNMPS)= AH (BNMR) +
AfH (PTR)_ D(C_S)BNMPS (10)

without any energy barriers. When the-6 bond dissociates

in the triplet state of BNMPS, a triplet-radical pair of BNMR

and PTR may be initially produced in a solvent cage according
to the spin conservation rule. The triplet radical pair escapes
from the solvent cage without geminate recombination which
requires that the spin-multiplicity of the radical pair is changed
from triplet to singlet via intersystem crossing. Since the rate
of escaping from the solvent cage is considered to be much
larger than that of intersystem crossing at 295 K, the bond
cleavage in triplet BNMPS results in efficient formation of free
radicals, BNMR and PTR. The electronic configuration of
o-radical in BNMR immediately after bond dissociation may
convert to that otr-radical due to stabilization accrued from
m-delocalization in BNMR.

The electronic structure and configuration of triplet NBPS
and BNMPS were investigated by measurements of transient
absorption (Figure 2) and zero-field splitting parameters (see
the Supporting Information) at 77 K whegecleavage is absent,
presumably, due to rigidity of the media. From the similarity
in triplet absorption spectra between NBPS and BNMPS, it is
inferred that triplet exciton in the triplets is not delocalized on

Based on the obtained results, schematic energy diagrams othe phenylthiyl moieties of NMPS and BNMPS. Furthermore,
photoexcited NBPS and BNMPS are depicted in Schemes 1the obtained zero-field splitting parameters for NBPS and

and 2, respectively, including the-€S bond cleavage processes.

BNMPS were similar to each other and closed to those for triplet

The dissociation mechanism in the excited states of NBPS naphthalene. These similarities in triplet absorption spectra and
and BNMPS can be interpreted to be a thermally activated zero-field splitting parameters indicate that triplet exciton on
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TABLE 1: Triplet Energies, Quantum Yields and
Efficiencies for Radical Formation, and Enthalpies of C-S
Bond Obtained in the Present Work

Er/ Drag Prag Prag Oraa  D(C—S)/
compounds kcalmol* (S3) (&) (S1) (T kcal mol?
NBPS 57.5 0.2 0.1¢ 0.09 O 56.4
BNMPS 56.3 0779 1.00 1.¢¢ 1.0 55.0

340.01.>+0.02.¢+0.03.940.04.

NBPS and BNMPS is not delocalized on the naphthyphenyl
ketone moiety but localized on the naphthoyl moiety. Conse-

quently, by considering the localized triplet exciton, the presence ; ,,

and the absence of energy barriersdocleavage in the triplet

states can be explained. With triplet NBPS, the localized triplet
energy is unable to be distributed to an antibonding sfate,
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energy is localized is directly connected with the phenylthiyl
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Supporting Information Available: Absorption spectra of
NBPS, NT, TA, BNMPS, and BMN and zero-field splitting

(22) Macintosh, C. L.; de Mayo, P.; Yip, R. Wetrahedron Lett1967,

(23) Collier, J. R.; Hill, 3.Chem. Commuri968 700.

(24) Caserio, M. C.; Lauer, W.; Novinson, J. Am. Chem. Sod97Q
92, 6082.

(25) Majeti, S.Tetrahedron Lett1971, 2523.

(26) Heine, H.; Rosenkranz, J. J.; Rudolph,Ahgew. Chem., Int. Ed.
Engl. 1972 11, 974.

(27) Fox, M. A.; Triebel, C. AJ. Org. Chem1983 48, 835.

(28) Wagner, P. J.; Lindstrom, M. J. Am. Chem. So&987, 109, 3062.

(29) Yamaji, M.; Wakabayashi, S.; Tobita, Bes. Chem. Intermeth
press.

(30) (a) Wagner, P. J.; Sedon, J.; Waite, C.; Gudmundsdottit, Am.
Chem. Soc1994 11610284. (b) Wagner, P. J.; Waite, CJl.Am. Chem.
So0c.1995 117, 7388. (c) Wagner, P. J.; Sedon, J. H.; Gudmundsdottir, A.
J. Am. Chem. S0d.996 118, 746.

(31) (a) Thijs, L.; Gupta, S. N.; Neckers, D. &.Org. Chem1979 23,
4123. (b) Morlion, E. A.; Bohorquez, M. D.; Neckers, D. C.; Rodger, M.
A. J.J. Am. Chem. Sod 991, 113 3599. (c) Shah, B. K.; Neckers, D. C.
Org. Chem?2002 67, 6117. (d) Shah, B. K.; Gusev, A.; Rogers, M. A.
.; Neckers, D. CJ. Phys. ChenR2004 108,5926. (e) Shah, B. K.; Neckers,
D. C.J. Am. Chem. So2004 126, 1830.

(32) Autrey, T.; Devadoss, Ch.; Sauerwein, B.; Franz, J. A.; Schuster,
G. B. J. Phys. Chem1995 99, 869.

(33) Wrzyszczynski, A.; Bartoszewicz, J.; Hug, G. L.; Marciniak, B.;
Paczkowski, JJ. Photochem. Photobiol.:AChem 2003 155 253.

(34) Tasis, D. A.; Siskos, M. G.; Zarkadis, A. Klacromol. Chem.
Phys.1998 199, 1981.

(35) (a) Cai, X.; Sakamoto, M.; Hara, M.; Inomata, S.; Yamaji, M.;
Toji, S.; Kawai K.; Endo, M.; Fujitsuka, M.; Majima, TThem. Phys. Lett.

parameters of naphthalene, NBPS, and BNMPS. This material 2005 407, 402. (b) Cai, X.; Sakamoto, M.; Yamaji, M.; Fujitsuka, M.;

is available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Turro, N. J.Modern Molecular Photochemistrenjamin/Cum-
mings Publishing Co.: Menlo Park, CA, 1978.

Majima, T. J. Phys. Chem. 2005 109 5989.

(36) (a) Anderson, R. W., Jr.; Hochstrasser, R. M.; Lutz, H.; Scott, G.W.
J. Chem. Physl974 61, 2500. (b) Anderson, R. W., Jr.; Hochstrasser, R.
M.; Lutz, H.; Scott, G. WChem. Phys. Letll978 28, 153. (c) Damschen,
D. E.; Merritt, C. D.; Perry, D. L.; Scott, G. W.; Telly, L. DJ. Phys. Chem.
1978 82, 2268.



10714 J. Phys. Chem. A, Vol. 110, No. 37, 2006

(37) Yamaji, M.; Yoshihara, T.; Tachikawa, T.; Tero-Kubota, S.; Tobita,
S.; Shizuka, H.; Marciniak, BJ. Photochem. Photobiol. A: Cher2004
162, 513.

(38) Yamaji, M.; Suzuki, A.; Ito, F.; Tero-Kubota, S.; Tobita, S.;
Shizuka, H.; Marciniak, BJ. Photochem. Photobiol. A: Che2005 170,
253.

(39) Yamaji. M.; Inomata, S.; Nakajima, S.; Akiyama, K.; Tobita, S.;
Marciniak, B.J. Phys. Chem. 2005 109 3843.

(40) Yamaji. M.; Inomata, S.; Nakajima, S.; Akiyama, K.; Tero-Kubota,
S.; Tobita, S.; Marciniak, BChem. PhysLett 2006 417, 211.

(41) Yamaji, M.; Wakabayashi, S.; Ueda, S.; Shizuka, H,; Tobita, S.
Chem. Phys. Let2003 368 41.

(42) Yamaji, M.; Aihara, Y.; Itoh, T.; Tobita, S.; Shizuka, H.. Phys.
Chem.1994 98, 7014.

(43) Birks, J. B.Photophysics of Aromatic Molecule®Viley-Inter-
science: London, 1970.

(44) Yamaji, M.; Sekiguchi, T.; Hoshino, M.; Shizuka,#.Phys. Chem.
1992 96, 9353.

Yamaiji et al.

(45) Bensasson, R. V.; Gramain, J. £.Chem. Soc., Faraday Trans.
198Q 76, 1801.

(46) Murov, S. L.; Carmichael, |.; Hug, Glandbook of Photochemistry
2nd ed.; Mercel Dekker: New York, 1993.

(47) Thee value of BMNR was determined by comparing with that of
PTR (2000 drd mol~t cm™1 at 450 nm)*! The absorption spectrum of
BNMR was obtained upon 266 nm laser photolysis of BBMN in ACN.

(48) The B values were determined from the-0 origin of the
phosphorescence spectrum in a mixture of methanol and ethanol at 77 K.

(49) Thee value of triplet BMN was determined by comparing with
that of triplet benzophenone (6500 @imol~! cm~! at 520 nm)*

(50) (a) Scott, T. W.; Liu, S. NJ. Phys. Chem1989 93, 1393. (b)
Hirata, Y.; Niga, Y.; Ohta, M.; Takizawa, M.; Okada, Res. Chem.
Intermed.1995 21, 823.

(51) Fleming, S. A.; Pincock, J. AMol. Supramol. Photochem 999
3, 211.

(52) Dauben, W. G.; Salem, L.; Turro, N. Acc. Chem. Resl975
8, 41.



