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Photochemical reactions betweers, @nd aromatic thiols via electron transfer from aromatic thiols to the
excited triplet state of & (°Cso*) have been studied by means of laser flash photolysis. In polar benzonitrile,
accompanied by the decay &Es*, the rise of the anion radical of¢&(Css~) was observed for thiols,
phenols, and disulfides with Nt$ubstituents. In the case of aminobenzene disulfide, the cation radical was
observed at the same time ag'C, which decayed by back electron transfer. For aminobenzenethiols, the
free thio radical was observed, indicating fast deprotonation of the cation radicals of thiols. By the repeated
laser-pulse irradiation of & in the presence of the aminobenzenethiols, the characteristic absorption bands
of the monoadduct with & were observed, suggesting that the monoadduct is formed via electron transfer
followed by consecutive radical coupling and protonation reactions. The rate constant of protonation of
Cso'~ was also determined, which supports the proposed reaction mechanism.

Introduction SCHEME 1
Extensive studies have revealed that photoexcited fullerenes
such as @ act as good electron acceptors in the presence of @SH

N, H N4 sH

electron donor® The photoinduced electron-transfer reactions :
P (0-ABT)  (P-ABT)

of Ceo have been successfully investigated by photochemical
techniques such as laser flash photolysis equipped with near-
IR detectorg 6911 When concentrations of the donors were HzN@OH HzN@ S—S-@-NHZ

not high enough to form appreciable charge-transfer complexes (p-ABP) (p-DABDS)
with Cg the radical anion of g (Csc~) was usually produced
i i 3 i i ,5,9,10
via the triplet state of & (°Csg*) in polar solutions? For HO@SH Hsco-@-SH HSCO@ S—S-@OCHS

these studies, various aromatic amines and alkylamines were
predominantly used as electron donors, in accord with the
Rehm-Weller relationshig:3245 Recently, we reported that
sulfur compounds with high electron-donor abilities such as
tetrathiafulvalene (TTF) exhibit photoinduced electron transfer
in polar solvents t3Cgg*, forming stable ion radical®-14 It
would be expected that aromatic thiols with electron-donating
substituents such as amino and methoxy groups would also
transfer an electron t8Cg* forming ion radicals, from which
adducts might be produced.

In the present study, we measured the transient absorption
spectra in the visible and near-IR regions to confirm the
photoinduced electron transfer betweeg &nd the aromatic
thiols, phenols, and disulfides (Scheme 1) and the consequen
adduct formation. The reaction mechanism of photoadduct
formation between g and aromatic thiols was elucidated by
combining the steady-state absorption measurements. In thes
reactions, a prominent solvent effect on the rate and yield of
adduct formation was found.

(p-HBT) (p-MBT) (-DMBDS)

zenethiols, phenols, and benzene disulfides were used after
purification by recrystallization. High purity tetrathiafulvalene
(TTF) and trifluoroacetic acid were purchased from Aldrich
Chemical (USA) and Merck-Schuchardt (Germany), respec-
tively. Benzonitrile, benzene, armdichlorobenzene used as
solvents were of HPLC grade and spectrophotometric grade.

Transient Absorption Measurements. The nanosecond
laser photolysis apparatus was a standard design with a Nd:
YAG laser (6 ns fwhm}> The G solution was photolyzed
with SHG light (532 nm), and the time profiles were followed

ith a photomultiplier tube (PMT) in the visible region. For
ransient absorption measurements in the near-IR region, a
germanium avalanche photodiode module (Ge-APD; Hamamat-
u) attached to a monochromator was employed as a detector
0 monitor the probe light from a pulsed Xe lamp @®fwhm).

The details of the experimental setup are described elsewhere.
The sample solutions were deaerated by bubbling with Ar
gas for 15 min before measurements. The laser photolysis was

performed with the solution in a rectangular quartz cell with a

Materials. Cgowas obtained from Texas Fullerenes Corpo- 10 mm optical path. All the measurements were carried out at

ration in a purity of 99.9%. Commercially available ben- 23°C.
Absorption spectra of the radical cations of sulfur compounds

t Tohoku University. were measured by-irradiation in frozen glassy butyl chloride
* Niigata University. solution at 77 K.

S1089-5639(98)01440-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/02/1998

Experimental Section




7448 J. Phys. Chem. A, Vol. 102, No. 38, 1998 Alam et al.

0.2 740 om ® 0.25 us
1060 nm O 25 us =
s | e —*
§ S ) qu— 3
g ) 0, .70
£l time (Hs) ~ 0.5 38
§ 5 T o','/,/ — e p-DABDS
2 é e Ry ---o--- p-ABT
= S —-4em p-ABP
K
/
0 | | | . 4 . . | .
600 800 1000 1200 0 0.5 1 15
Wavelength (nm) [Donor] (mM)

Figure 1. Transient absorption spectra observed after laser photolysis Figyre 2. Plots of efficiency of Gg~ formation{[Ces1/[3Ced*]} VS
of Cg (0.1 mM) in the presence gf-ABT (0.8 mM) with 532 nm [donor] in Ar-saturated benzonitrile.

light in the visible and near-IR regions in Ar-saturated benzonitrile;
Ge-APD was used as a detector. Insert shows time profiles of absorptionTABLE 1: Rate Constants for Forward Electron Transfer
bands. (ke) Calculated from Quantum Yields (®.;), Observed
Second-Order Rate Constantsk,) in Benzonitrile and Rate
The mass spectra of the adducts were measured by the fastonstants for Decay of Go™ (Kdecay*)?
atom bombardment method. The IR spectra of the adducts were IEP k* Kef Kdecaglea’  Kaecad
measured after separation of the adducts with TLC. donors  (eV) (M7'sl) @ M7's™) (cms?) (MTs™)

MO Calculations. lonization potentials and dipole moments P-ABT 1061 2.3x10° 068 14x10° 28x10° 3.3x 10°9

. - 0-ABT 10.96 5.9x 107 0.75 4.4x 107 2.9x 10° 3.6x 1(P¢
of thiols were calculated by MNDO using the programs p-ABP 1108 26x 10 072 19x 10° 50x 10 6.1 x 10°h

incorporated in MOPAC! p-DABDS 7.71 2.6x 10° 0.66 1.7x 10° 7.2x 10F 8.7x 1PN
) ) 2 Estimation error= +£5% for the values ok, ke, andkgecay. ° 1IE
Results and Discussion represents ionization energy calculated by MO metfiddy other
. . . compounds in Scheme 1: 11.37 eV f®HBT, 11.28 eV forp-MBT,
Steady-State Absorption. Ceo absorbs light in the UV and 10.96 eV forp-DMBDS. ¢k, represents the second-order rate
visible region, showing a broad absorption band in the region constant obtained from the decay*@s* at 740 nm.? e = [Coc™ Jmal
of 400—-650 nm!0% which allows one to excite 4 with laser [3Ce0*] max Was calculated using the observed absorbance and reported

light at 532 nm because of the lack of the absorption of many € values ¢ of *Ceg* at 740 nm, 16 100 M" cm™ ¢ of Ceg™ af 1060
electron donors in this region. When these donors were mixed "M 12100 M* cm).55%%%k represents the forward electron-
. o . transfer rate constant obtained frabak.. fea= 12 100 Mt cm™ at
with Cgo, No specific change of the absorption bands was 1560 mo.1028 Ike. " Koot

. e " Koet

observed in benzonitrile and benzene solutions under the

concentration range (0.6%8.0 mM) used for transient absorp- Kinetics and Quantum Yield of Electron Transfer. The

tion and product formation experiments. Thus, specific interac- decay rate ofCqg* at 740 nm seems to be in good agreement

tion between donors andsgwas not observed in the ground  yith the rise rate of g~ at 1060 nm, as shown in the inserted

state. time profiles in Figure 1. Therefore, electron transfer takes place
Transient Absorption Spectra. The transient absorption  via 3Cgg*. Since we can obsen& gt and Csg'~ in the same

spectra in the visible and near-IR regions observed by lasertime frame, the efficiency of §~ formation viaCsg* could

photolysis of G (0.1 mM) with 532 nm light in the presence be calculated from the absorbancea(fefers to maximum

of p-aminobenzenethiolptABT) (0.8 mM) in Ar-saturated absorbance of &~ andAr to initial absorbance oiCs0*) and

benzonitrile are shown in Figure 1. A sharp absorption peak extinction coefficientsdy refers to that of g~ ander to that

at 740 nm, appearing immediately after nanosecond laserof 3Cqo*) as follows (eq 1):0:11.27

exposure, is attributed to the triptetriplet absorption band of

3Cep*. 9101826 The decay of3Cgo* was accelerated in the o 3¢ x =

presence of-ABT. After the decay ofCqg*, a new absorption Coo” Imadl"Coo'lman™ (Anfen(Arler) W

band appeared at 1060 nm with a shoulder at 920 nm, assigne

0 Cog- 149102225 cinon substitution of the reported values tgrandep,®10:26.28
o YT

[Co0" Ima![3Cs0*] max Values were evaluated. §€]mal[3Ce0"] max

In benzene, the decay #E0* was not accelerated compared g plotted against [donor] as shown in Figure 2.¢fClma
with that in the absence @f-ABT ThUS, deactivation induced [3C60*] max values increase with [donor] and reach a p|ateau,
by p-ABT, including electron transfer, does not take place in yielding the quantum yieldde).1%1127 The ®¢ values are
nonpolar benzene. For other donors in Scheme 1, no increas&summarized in Table 1. All reaction systems in Table 1 show
in decay of*Cs¢* was observed in benzene. ¢ in the range of 0.660.75. This implies that all of th&Csg*

In benzonitrile, similar transient absorption spectra showing was not always converted togf; thus, some deactivation
the formation of G~ were observed for the thiols, phenols, processes such as charge-transfer interaction may take place
and disulfides with an Nkigroup, such as-aminobenzenethiol ~ concomitantly with the electron-transfer process in polar
(0-ABT), p-aminobenzenephenghABP), andp-diaminoben- solvents. Thus, the electron-transfer mechanism in polar
zenedisulfide g-DABDS) while electron transfer does not take  solvents is described as shown in Scheme 2, in which D refers
place for other derivatives with methoxy and hydroxy groups, to electron donorsk, and®g,are the rate constant and quantum
such asp-methoxybenzenethiop(MBT), p-hydroxybenzene- yield of the deactivation processes, respectively).
thiol (p-HBT), andp-dimethoxybenzenedisulfid@{DMBDS). Each decay curve 8Cqc* at 740 nm obeys first-order kinetics
These findings suggest that the electron-donating ability of the giving a linear relationship between In(abs) and time. The slope
methoxy and hydroxy groups is not strong enough compared yields the first-order rate constantgd), which are in good
to that of the amino group for electron transfer3@yq*. agreement with the corresponding first-order rate constant
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Figure 3. Rise time profiles of g~ at 1060 nm obtained by 532 nm
laser photolysis of € (0.1 mM) with p-DABDS in Ar-saturated
benzonitrile; p-DABDS] 0.5 (a), 1.0 (b), and 1.5 mM (c). Insert shows
pseudo-first-order plot.
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Figure 4. Absorption vs time profiles for decay ofs&€ at 1060 nm
with (a) p-ABT and (b)p-DABDS obtained by 532 nm laser photolysis
in Ar-saturated benzonitrile. Insert shows Second-order plots.

SCHEME 2
(in polar solvent) key Ces” + D*
Dy
hv Y kisc 3
Ceo —>532 - Ceo" — > "Ceo” _ +D
Pga
k,
da 060 +D

evaluated from curve fitting with a single exponential (Figure
3) for the rise curves of §~. Thesekypsvalues increase with
[D]. The pseudo-first-order plot d§sVvs [D] gives the second-
order rate constankg) for 3Cgg* with D in benzonitrile (inset

in Figure 3). They are listed in Table 1. The rate constants
(key) for electron transfer vidCeg* can be finally evaluated by
the relationket = ®eko. Theseke values are added to Table 1.
From the ionization energies (IE) evaluated from MO calcula-
tions}!” it was found that the derivatives with low IE tend to
donate an electron t8Css*. However, IE is not only the
criterion, becaus@-ABP shows electron transfer irrespective
of its slightly higher IE; rather, the amino substitution is a strong
criterion for electron transfer. Fop-ABT, p-ABP, and p-
DABDS, theke values are about % 10° M1 s71 which is
only slightly smaller than the diffusion controlled limit in
benzonitrile kgt = 5.2 x 10° M1 s71).10.11 On the other hand,
theket value foro-ABT is smaller than those of the others by a
factor of/30—1s, although the value abg for o-ABT is almost
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Figure 5. Transient absorption spectra in the visible region observed
after laser photolysis of £ (0.1 mM) in the presence gfABT (0.8

mM) with 532 nm light in Ar-saturated benzonitrile; PMT was used
as a detector. Insert shows time profile of absorption band at 570 nm.

SCHEME 3
For stable cation radicals
Ceo + D7 Kot o Cep + D

For unstable cation radicals of thiols

k
ArSH'* —P» ArS*+ H'

— .k
C60 + ArS _»rc —C60'SAI'

second-order kinetics in polar benzonitrile as shown in the inset
to Figure 4 (the observed second-order rate constants are denoted
as kdeca)'/A)-

The slope of the second-order plot yielklgca//ea. Upon
substitution of the reported values fot,°1%28one can obtain
the kyecay® Values, which are also listed in Table 1. Second-
order kinetics indicate thatgg~ and D* recombine (Scheme
3) after being solvated as free ioh&2° Compared with the
kdecay® Values for disulfide and phenol that result from back
electron transferkge), the kiecay® values observed fap-ABT
ando-ABT are slightly smaller, probably due to radieabdical
anion coupling K.) after deprotonationkg,) because thdpe
values between the oppositely charged ion radicals may be larger
than thek. values. Although thék. value foro-ABT would
be anticipated to be smaller than that f®ABT, for steric
reasons, they are found to be similar, probably because of the
round surface of .

Reactions after Electron Transfer. The transient absorption
spectra in the visible region observed by laser excitationsef C
with light at 532 nm in the presence pfABT in Ar-saturated
benzonitrile are shown in Figure 5. Immediately after the laser
pulse, the tail of the absorption 8€s* was observed in the
region of 406-600 nm. With the decay oiCsg*, an intense
new absorption band appears at 570 nm, which can be attributed
to the p-aminobenzenethio radicgb,NCsHsS") in benzoni-
trile,3031 but not to the cation radical gf-H,NCgH4SH (po-Ho-
NCsH4SH™), since the weak broad absorption band in the region
of 400-600 nm characteristic @H,NCsH,SH* was observed
upon vy-irradiation of p-H,NCgH4SH in frozen glassy butyl

the same as those for the other donors. The main differencechloride at 77 K. This supports the deprotonationpeffi>-

betweerp-ABT ando-ABT is in their dipole moments, 2.76 D
for p-ABT and 0.54 D foro-ABT. Since the electron transfer

NCsHsSH™ to give p-HoNCgH4S'. The time profile ofp-Ho-
NCgHsS at 570 in the inset of Figure 5 indicates that the

takes place only in polar solvents, the dipole moment may be deprotonation of the thiol hydrogen pfH,NCgH,SH™ takes

one of the factors determining the; value.

Back Electron Transfer. After reaching a maximum, g~
begins to decay as shown in Figure 4, which is illustrated in
the long-time scale-up to 18s. The decay of gz~ follows

place quite fast (Scheme 3).

In the case op-aminophenol, no clear transient absorption
band due to thg-aminophenoxy radical was observed in the
region of 406-600 nm, indicating that the deprotonation of
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Figure 6. Steady absorption spectral changes observed after 532 nmFigyre 7. Plots of steady absorption changes at 435 nm vs number of
laser irradiation of G (0.1 mM) witho-ABT (2.0 mM) in Ar-saturated 532 nm laser shots in Ar-saturated solutions geABT.

benzonitrile. }
spectral change was observed for other reaction systems, such

p-HoNCeH,OH* does not take place. Fop-DABDS in asp-DABDS, p-ABP, p-MBT, p-HBT andp-DMBDS. These
benzonitrile, only a weak and broad absorption band due to observations indicate that an,Ksubstituted SH group is
p-DABDS'" was observed in the region of 40600 nm, which responsible for the photoadduct formation witho@ polar

was confirmed by observing a similar absorption band during solvents. Although an Njgroup is present in the benzene-
y-irradiation ofp-DABDS. The disproportionation reaction of  thiols, phenol, and benzene disulfide with which the electron-
p-DABDS't to p-HoNCeHsS and p-HoNCeH;ST was not transfer reactions occurred, proton transfer was observed only
observed, based on the absence of the intense absorption banbr aminobenzenethiols in polar solvents. Thus, it appears that
of p-HoNCgH4S at 570 nm. This is ascribed to the stability of the proton-transfer process is occurring from the SH, not the
three-electron bonds mDABDS" proposed by Asmus et &l. NHa, group. The NH group enhances the electron-donating
The kgp value of HNCeH4SH'™ is greater than or equal to 40  ability of the phenylthiol and phenol moieties. The rate of the
s1, since the formation of NKC¢H4S may occur as soon as  photoadduct formation and its yield vary with changes in the
electron transfer takes place (inset in Figure 5). The protonation solvent polarity from benzonitrile to benzene. The efficiency
reaction may not be so fast as to disturb the second-order kineticsof the photoadduct formation in polar benzonitrile is 3 times

(Figure 4), because of the low concentration of, kvhich is greater than that in less polasdichlorobenzene and is zero in
the same as that of ¢~ and NHC¢H;S (ca. 10® M as a nonpolar solvent such as benzene as shown in Figure 7. This
calculated from A andep). is consistent with the variations in quantum yields of photoin-

Steady-Light Photolysis. After repeated laser pulse irradia- duced electron transfe®¢; = 0.68, 0.18, and 0.0 in benzonitrile,
tion at 532 nm, which predominantly excitegsCsteady-state o-dichlorobenzene, and benzene, respectively, fokBT).
UV —visible spectra were measured, as shown in Figure 6 for These observations suggest that photoinduced electron transfer
the mixture of Gpando-ABT in Ar-saturated benzonitrile. The  is the indispensable step for photoadduct formation and also
sharp absorption peak at 435 nm together with a broad band inthat the higher the electron-transfer quantum yielg), the
the region of 456-550 nm and a weak band at 710 nm is higher is the photoadduct formation o§fwith ABT.
characteristic of monoadducts ofgd293334 Although in Presumed Reaction Mechanism.The mass spectrum of the
benzene no reaction was observed, a slow increase in thefinal product separated fromABT (or 0-ABT) by TLC shows
absorption bands due to the monoadduct was observed in slightlym/e = 721 and 124, which correspond to4€s and*SGsHa-
polaro-dichlorobenzene, in which slow photoinduced electron NH,, respectively. The photoadduct is apparently Gso—
transfer was observed from transient absorption measurementSGH4NH, (m/e = 845), but the molecular ion afve = 845
(ket = 4.0 x 10" M~1s71 for p-ABT) with low ®¢ (0.18). was not observed because the £bond might be easily broken
Similar spectral changes indicating monoadduct formation during the FAB-mass spectroscopic measurement. The FT-IR
were observed for the mixture ogg&andp-ABT in Ar-saturated spectra of the isolated sample showed characteristic bands for
benzonitrile and ino-dichlorobenzene, while no appreciable the amino group in the region of 3088400 cntl. Thus, the

SCHEME 4

ke o— o+ k o— .
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Figure 8. Long-time decay profiles of &~ at 1060 nm (produced by
the electron transfer from TTF f€s0*) in the presence of GJEOH
in Ar-saturated benzonitrile; [GEO;H] 0.0 (a), 120 (b), 270 (c), and
345 mM (d). Insert shows pseudo-first-order plot.
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