J. Phys. Chem. A998,102,511-518 511

ARTICLES

Excited Singlet State Reactions of Thiopyrylium with Electron Donors: Electron Transfer,
Induction of Triplet by Internal and External Heavy Atom Effect, and Comparison of
Pyrylium and Thiopyrylium Reactions

S. S. Jayanthi and P. Ramamurthy*

Department of Inorganic Chemistry, School of Chemistry,.&rsity of Madras,
Guindy Campus, Madras-600 025, India

Receied: January 7, 1997; In Final Form: September 4, 1897

The free energy dependence on the fluorescence quenching of 2,4,6-triphenylthiopyrylium tetrafluoroborate
(TPTP) by a variety of halogenated benzenes, toluenes, and anisoles were studied in acetonitridg. The
values calculated usingG* from the Levine expression and tlkg value of 5.4x 10 M~ s7* from the
Smoluchowski expression are in good agreement with the experimgntalues. The observation of the

TPTP signal at 550 nm and the correlation lgfwith AGe; expound the possibility of an electron-transfer
mechanism. The radical yield and intersystem-crossing rate constants are evaluated using flash photolysis
techniques. The influence of sulfur atom in the triplet induction is reflected in the intersystem-crossing rate
constant and radical yield values. The recombination rate condtanidéained from the radical yield values

are compared with thl, values calculated using the semiclassical expression.

Introduction the intersystem-crossing efficiency was determitfedThe
. i S . . positional dependent heavy atom effect in triplet quenching of
Photoinduced electron-transfer reaction is a subject of prime thionine by electron donors was rationalized by Steiner & al.

importance due to its Ub'ql.“ty I various emerging fields. Miranda et af reviewed thoroughly the reactions of the oxygen
the last few decades, considerable and continuing progress has

been made in the theoretical and experimental treatment of_?_ﬂabgue ofchlopyi_ryllgm,_|.et.,E,4,6-trlphenyllpyryllutrtn, n 19?‘;.
electron-transfer reactiodsSince 1970, fluorescence quenching € present investigation IS taken as a compiement to our studies

due to the exciplex formatidnand electron transférwas  caried out for 2,4,6-triphenylpyrylium (TPP) in acetonitrfe,
expounded explicitly. LewitZet al. rationalized the concomi- and the role of S atom in the recombination and the intersystem-

tant occurrence of energy and electron transfer during the CroSSing rate constants is established.
fluorescence quenching of perylene. TPTP is a well-known sensitizer, and the practical applica-
The formation of free radical in the photoinduced electron- tions of TPTP are quite significant. TPTP can be used in the
transfer process is a subject of immeasurable importance duePreparation of photosensitive compounds for electrophotographic
to its utility in polymerizatiorf organic synthesiand cosen-  photoconductors and optical recording matert&IsThey can
sitization® A bell-shaped energy gap dependence was observedespecially be used in the preparation of photoresists, printing
for the charge recombination rate constants obtained from theplates, and photosensitive compounds for laser imaffing.
radical yield values for a number of systefhsThe effect of Thiopyrylium salts can also find a place in medicine and

driving force and molecular dimensiéP2molecular chargéd® biology?® All the chalcogen pyrylium dyes can act as a
isotopic substitutiod? separation distand@d stoichiometryie photosensitizer for photodynamic therapy, a technique developed
external pressur®f and steric effect on the radical yiélchave recently for the treatment of canc@r.The important photo-

been studied. The Marcus inverted behavior is also observedphysical parameters of TPTP that are necessary for the present
for the recombination of the triplet-based geminate radical pair investigation are represented below.

of thionine!? In our present investigation, we dealt with the

role played by sulfur (S) atom in the triplet induction, radical

yield, and recombination reactions. @

The systematic investigations of external heavy atom effect
were reported® by Kasha and co-workers. Heavy atom effect
on the radical and triplet yields was described by Kikuchi and O

others!* The fluorescence quenching of oxanine and selenine . 3.1 ns®
= o.11ns

were carried out in the presence of halogenated quenchers, and @ s
_ 23
BF4 u = 050
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E,, = 2.88 eV
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Experimental Methods

o
3}

The 2,4,6-triphenylthiopyrylium tetrafluoroborate was pre-
pared using 2,4,6-triphenylpyrylium tetrafluoroborate and so-
dium sulfide with the aid of an earlier reported procedtisad
was recrystallized before use. All the quenchers were purified
as mentioned in the literatuf®,and the acetonitrile (spectro-
scopic grade solvent) was used as received.

The absorption and fluorescence spectra were recorded using
Hitachi-320 and Hewlett-Packard 8452A diode array Spectro- o
photometers and a Perkin-Elmer LS5B fluorimeter, respectively. 500 600 700 800
The TPTP concentration was adjusted to have an absorbance Wavelength (nm)

of 0.1 and the quenchers concentrations used are in the rangéigure 1. Absorption spectrum of TPTP ([TPTR] 9.6 x 10°°M) in
of 10°3—0.1 M. the absence-) and the presence (---) of iodoanisole ([iodoanisete]

The microprocessor-based Tacussel Polaroprocessor, Whicho'5 M.
works in association with an EGMA polarographic stand, was Results and Discussion
used for the indirect determination of diffusion coefficient values
from the diffusion current using a rotating disk electrode (RDE).

o =} o
[ W Lol

Absorbance (a-u)

e

Fluorescence of TPTP was quenched effectively by a variety
e . . of halogenated benzene derivatives, and the unaltered absorption
The diffusion currentis m.easured gsafuncupn O].c angular.speed,spectrum of the fluorescer in the presence of the quencher
and the slope of t_he Lt_awch plot gives the (_1|ffus_|on coefficient precludes the possibility of ground-state complex formation. We
value. The rotating d_|sk electrode used in this mvestlga_tlon already discussédthe absence of any ground-state complex-
was made up of platinum, and 0.1 M tetrabutylammonium gation for the TPP molecule in the presence of the same
perchlorate was used as the supporting electrolyte. The refer-guenchers. Wintgens et#lalready reported the charge-transfer
ence electrode used in this investigation was Ag/AgCl, and the (CT) complex absorption for the TPP in the presence of
solution was degassed completely using argon for 25 min.  anthracene in the region of 570 nm with thevalue of 2000

The free radical yield was measured as reported in the M~tcm L The unsubstituted thiopyrylium salt also forms CT
literature® from the absorbance and the molar extinction complexes with olefins and aromatic hydrocarbons with a
coefficient of the radical. While the radical yield was deter- characteristic absorption band for the CT absorptfgfi. Since
mined, the concentration of the quencher was adjusted in suchthe oxidation potential of the quenchers used in our investigation
a way to bring about 100% fluorescence quenching (around 0.5fanges from 1.35 to 2.56 eV, the CT absorption should appear
M), and the solution was degassed for 20 min. Since the at the tail end of the spectrum. The absence of any characteristic

absorbance of other species at 550 nm is nil, the absorbance of T @bsorption in the presence of all the quenchers confirms
TPTP radical is proportional to its concentration. The absor- the @bsence of ground-state complexation (Figure 1). The naive
bance of TPTPwas measured at 550 nm using an Applied Stern—Volmer relationship is used in the determination of the
Photophysics KN-020 conventional flash photolysis spectrom- quenching constanky), and the plots are quite linear up to high

e concentrations of the quencher (0.1 M).
eter_cop3|st|ng of a 100 W tungsten halogen lamp as the The thermodynamic feasibility of the excited singlet state
monitoring source and a LR-16 Inotech flash lamp as the

excitation source. The light obtained from the flash has been electron-transfer reaction is calculated by employing the well-

. . . . known Rehm-Weller! expression.

filtered using acetone present in the outer jacket of the cell.

Hamar_ngtzu R-928 PMT was used as the detector, and a_ 20 AGy, = E1/2(oxid)_ E1/2(red)_ Eo,o+ C 1)

MHz digital storage oscilloscope was used as the storage device.

The radical absorbance was obtained from the intercept of thewhere Ex2(oxig) iS the oxidation potential of the donor and is
plot of log A vs time of the transient decay. The molar obtained from the ionization potential as mentioned in the
extinction coefficient of the TPTRvas measured after generat-  literature®? Ejjeq)is the reduction potential of the acceptor,
ing the radical by the chemical reduction of thiopyrylium in andC is the Coulombic term. Since the thiopyranyl radical
acetonitrile using zinc dust by following the literature reported SPecies is neutral and the solvent used is polar, the Coulombic

proceduré? and the value obtained at 550 nm is around 620 term in the above expression is negligible. The propensity of
+ 50 M- ol kq to increase with increasing exothermicity AfSe: and the

observation of TPTPabsorbance at 550 nm are the incontro-

bThe |nte;st)i/13tem-crossmg efflcllenc(i/ O: tah%e S((ajntsfllnzgrtln the vertible proof for the electron-transfer mechanism, and based
absence of the quencher was aiready kn ’ € Inter- on this, the following scheme (Scheme 1) is conceivable
system-crossing efficiency in the presence of the quencher was

measured directly from the triplet absorbance of TPTP at 480 SCHEME 1

nm using nanosecond laser flash photolysis. For laser excitation * kg 1 ket 1 s 1 Kess s o
at 355 nm, an 8 ns pulse width Quanta ray GCR-2 Nd:YAG 'TPTP + D—E*(TPTF--W == (TPTP--D ) —*-> TPTF+D
laser was used in a right angle geometrg arll cmpath length . Kisc k

cell was used in this investigation. The signals were detected lkfw& / \ e

using a 250 W pulsed xenon lamp, Czerny Turner monochro-

mator, and R-928 PMT. The signals were captured in a Hewlett-

Packard 54201A digital storage oscilloscope. The experimentswhere kg and k_q are the rate constants of diffusion and
were carried out under an argon atmosphere by degassing thelissociation of the encounter complex, respectivédyandk_e;

solution for 25 min. Kinetic analysis were carried out using are the activation controlled rate constants of electron transfer,
the software described elsewh@rfe. andkesc is the rate constant for the separation of the radicals.

+
TPTP tere” + D TPTE+D PRODUCTS
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Figure 3. Plot of logky vs AGer: (O) experimentak, values; ) ky
] o values calculated usingG* from the Levine expression ard = 5.4
Figure 2. Plot of free energy of activatiom\G¥) vs free energy change  « 10° M- 51 from the Smoluchowski expression.

of the reaction AGg): (O) experimentaAG* values; ) AG* values

calculated using the Levine expressiax@ in kcal/mol).

A Gy (kcal /mol)

the order of 108 M. w is the angular speed of the disk &
kise(syandkiseqy are the rate constants of spontaneous and induced27N, whereN is the rotational speed), andis the kinematic
triplet formation, respectivelyk; is the radiative rate constant,  viscosity obtained from the viscosity and density of the solution.
andk is the rate constant for the recombination of the radical TheDs value obtained using the above expression i8>
pair. kg is the rate constant for the decay of the TPTP radical. cn? s™1. Since the quenchers used in this investigation are
Using steady-state approximation, the overall quenching benzene derivatives, thB, value reported for the benzene

constantk, of the above reaction is given by derivatives as 2.% 105 cn? s~ was taken from the literature.
Theky value calculated using the aboevalues is of the order
= Kk () Of(54+03)x 10°M 5L
Ky AG' AGq The kq values calculated using the abokgvalue andAG*
1+ ex + ex . . .
Ky Al RT RT from the Levine expression given below

where Kp = ky/k—¢*® and A is the preexponential factor or AGH —AG.In2
frequency factor; normally tha value of 13'-10“s1is used AGT=AG +—Inl1+ exp et ™ (5)
in the calculatio?? of k,. Thek, values calculated using the “ In2 :

value of 181 s™1 are in good agreement with the obsenkgd

values. AG* is the free energy of activation, amdiGe; is the ) . .
free energy change of the reaction. are in good agreement with the experimenkgl values.

The free energy of activatio\G¥) can be estimated using ~HOWeVer, thekg values calculated using thig and AG* from
Marcus3s Rehm-Weller? and Leviné® treatments provided the the empirical RehmWeller and Marcus relationships are not
free energy of activation aAGeyy = O (AGf;) is known. The in good agreement \_/vith the observlep\/alges, and this could
AGf) is usually evaluated by the fitting proceddfeThe AG* be due tc_) the ineptitude of the expression to_ account for the
values derived from the experimental quenching constants arechanges in the thermodynamic properties during the course of
correlated with theAG* values calculated using the Levine the electron-transfer reaction. Since th€* calculated using
expression by varying thAG;, values. The better fitting is Levine®®39 expression accounts for the change in entropy and
observed between experimental and calcul#t€d values for ~ enthalpy during the course of electron transfer, this is a
the AG] value d 4 k cal/mol (0.17 eV) and is represented in preferable expression. The plot of legvs AGe:is represented
Figure 2. The overall quenching constéts calculated using  in Figure 3, and the values are collated in Table 1.

AG* from all the three above treatments and kiealue from Radical Yield and Intersystem Crossing. The radical pair
the SmoluchowsR7 expression produced due to electron-transfer undergoes recombination,
separation, and intersystem crossing to the triplet state (provided
kg = 42N(D; + Dq)a @) the radical pair energies are higher than that of the triplet). The
recombination rate constants are obtained from the quantum
yield of the radicals and are evaluated using the absorbance
and molar extinction coefficient of the radical. The separated
radical lives up to seconds under argon atmosphere, and the
decay of radical follows first-order kinetics; the rate constants
are depicted in Table 2. The first-order decay reveals the lack
i = 0.62nFACDY3, 12 )16 (4) of dimerization at room temperature as already evidenced by
Wintgens et al?22and the equilibrium constant for the dimer-
wherei, n andF are the diffusion current, number of electrons ization was reported as 4.5. Hence the decay of the radical
exchanged, and Faraday constant, respectivAlys the area may be due to the disintegration of the radical into products.
of the electrode and is equal to 0.01 %D is the diffusion The transient absorption spectrum for the TPTP radical is
coefficient, andC is the concentration of TPTP, which is of depicted in Figure 4.

whereD; andDg are the diffusion coefficients of the fluorescer
and quencher, respectively. The encounter distangged in
the above calculation is of the order of 7 A. TBevalue is
obtained from the rotating disk electrode (RDE) experiment by
employing the Levich equatiéh
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TABLE 1: Comparison of Quenching Constants Calculated Using Marcus, RehmWeller, and Levine Treatments Assumingky
= 5.4 x 101° M~ 571 with Experimentally Observed Fluorescence-Quenching Constants

kqcalcdx 1071, M~1s71(£0.3 x 10719

no. guencher E1/2(oxiay €V AGe, €V kg exptl x 10720, M~1s7(log kg) Marcus Rehm-Weller Levine
1 DMB 1.34 —-1.32 3.19 (10.50) 0.4 2.2 3.3
2 p-iodoanisole 1.65 -1.01 2.99 (10.48) 15 1.9 3.1
3 o-bromoanisole 1.75 —0.90 2.71(10.43) 25 15 3.0
4 anisole 1.90 —0.76 2.51 (10.40) 33 17 2.7
5 p-bromotoluene 1.97 —0.69 2.09 (10.32) 3.3 1.3 25
6 p-chlorotoluene 1.99 —-0.67 1.98 (10.30) 3.3 1.3 25
7 toluene 212 —0.54 1.99 (10.30) 29 1.0 1.9
8 iodobenzene 2.12 —-0.54 2.45 (10.39) 2.9 1.0 1.9
9 bromobenzene 2.28 -0.38 1.42 (10.15) 1.6 0.6 1.0
10 chlorobenzene 2.42 -0.24 0.19 (9.28) 0.4 0.2 0.3
11 benzene 244 -0.22 0.27 (9.42) 0.5 0.2 0.3
12 cyclohexanone 2.44 -0.22 0.03 (8.40) 0.5 0.2 0.3
13 fluorobenzene 2.50 -0.15 0.12 (9.08) 0.1 0.1 0.1
14 cyclopentanone 2.56 —0.09 0.02 (8.36) 0.1 0.1 0.04

akq values are determined within the error limits 1B oxiq = IP — 6.7. DMB = 1,4 dimethoxybenzene.

TABLE 2: Free Energy Change of the Radical Pair and Back Electron Transfer, Radical Yield, Back Electron Transfer,

Intersystem-Crossing, and Decay Rate Constants of the Radical

no. quencher AGgrp2 eV & AGy, eV ko x 1079, s71 o Kiscy x 1078, 571 kg, 571
1 DMB 1.55 —1.55
2 p-iodoanisole 1.86 —1.86
3 o-bromoanisole 1.97 —-1.97
4 anisole 211 —-2.11
5 p-bromotoluene 2.18 0.0 0.003 —2.18 16.33 0.236
6 p-chlorotoluene 2.20 0.03 0.002 —2.20 15.68 0.073
7 toluene 2.33 0.06: 0.002 —2.33 7.211 0.152 1.38 0.149
8 iodobenzene 2.33 —2.33 0.454
9 bromobenzene 2.49 0.620.002 —2.49 18.21 0.364 10.7 0.044
10 chlorobenzene 2.63 0.@70.002 —2.63 5.406 0.185 1.34 0.121
11 benzene 2.65 0.08 0.001 —2.65 4.993 0.132 0.835 0.224
12 cyclohexanone 2.65 0.@90.003 —2.65 4.024 0.200 1.276 1.210
13 fluorobenzene 2.71 0.6880.003 —2.71 4.837 0.144 0.687 0.252
14 cyclopentanone 2.77 0.@90.003 —2.77 3.848 0.200 1.086 0.310
2 AGre) = E1zoxid) — E1z(reqy
150 . kq[D] -
L
9em™ Ky + k,[D]
100 |-
The concentration of the quencher is adjusted in such a way to
bring about 100% quenching, and, normally, the concentration
50| * of the quencher used is of the order of 0.5 M. In this

Absorbance

560

-50 ! ) .
400 440 480 520
Wavslength (nm)

600

Figure 4. Transient absorption spectrum recatdes after flash for a
deaerated solution containing 10> M TPTP and 1x 102 M
toluene.

Based on Scheme 1, the quantum vyield of the ratfidal
given by

kESC

G ©

concentration range of the quencher, khealue ks + kisc(s) is
negligible compared t&[D] and hence the value @fgem can

be approximated to 1, and the above expression is simplified
to

— kesc
(kesc+ ko)

When the triplet energy of the fluorescer is lower than the
energy of the radical pair, we can expect the population of the
triplet from the radical pair and is represented in Scheme 1.
The radical yield is then given by

_ kesc
(kesc+ kb + I(isc(l))

b (8)

¢ (9)

for systems whose radical pair energies are lower than the tripletwherekescis the rate constant for the separation of the geminate
energy (2.28 eV) of the fluorescer, and the radical pair energiesradical pair and is taken as>6 10° s~1. This value is obtained

(AGrp) are listed in Table 2, whekgyenis the fraction of singlet

by Weller'! from magnetic field measurements for the +on

molecules quenched to form the geminate radical pair and is pair in acetonitrile, and it is in good agreement with the value

given by

obtained using the following empirical relationship
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23x 10° e atom effects (due to the presence of S atom in the TPTP) are

Kesc= T exp|— Arte e KT(r o — ) (10) responsible for the increase in the triplet absorbance, whereas

0 gp e for other quenchers without the heavy atom, the internal heavy

atom effect alone is responsible for the enhancement in the
triplet absorbance.

The role of heavy atom can be justified by compariag)
values for the systems of similar energy gap between the radical
pair and the triplet. Due to the nonavailability of th@a) value
in the case of TPTPiodobenzene system, tlevalue is used
for the comparison instead @& The TPTP-iodobenzene
and TPTP-toluene systems have similar energy gaps, and the
higher a. value observed in the presence of iodobenzene
compared to toluene is due to the sporbit coupling of iodine
present in the system. Tlevalue increases with the increasing
size of the halogen atom in the benzene series and Figure 6
reveals explicitly the role played by heavy atom substituent in
the triplet induction. This was further evidenced by comparing
the oo values of halogenated benzenes with the -spirbit
coupling constants. The value in the case of benzene series
increases with the increasing spiarbit coupling constant of
Cl (587) < Br (2460) < | (5060 cnTh). In the case of heavy
atom substituted anisoles and toluenes, the radical pair energies

A are lower than the triplet energy of the sensitizer and this in
Pisc = P°isc (E) (11) turn leads to negligible triplet induction.
Thek, values are estimated from the radical yield values after
where A and A° are the triplet absorbance of TPTP in the substituting for thekiscqy and kesc values. In the case of 1,4
presence and absence of the quencher, respectively_ On th@limethoxybenzene, iodoanisole, anisole, and bromoanisole
basis of Scheme 1, the intersystem-crossing efficiency can bequenchers, it is not possible to evaluate khgalues due to the

wherey is the viscosity in cPs is the dielectric constant of the
solvent,k is the Boltzmann constant, amg. and rg, are the
separation distances for the encounter complex and the geminate
radical pair, respectively. Generally, one would expect higher
akescvalue in the case of the charge-shift type of reactions due !
to the larger separation of the radical pair compared to the ion
pair. In polar solvents such as acetonitrile, the Coulombic force
of attraction is very small, around 0.06 eV, and the ions in the
ion-pair are well-separated. The influence of greater separation
distance (due to the lack of Coulombic force of attraction) on
the kesc value will be smaller compared to the influence of the
dielectric constant of the solvent. Hence the sd@mevalue

can be extended for the charge-shift type of systems that have
no Coulombic force of attraction.

The induced intersystem-crossing rate constddtf) is
evaluated from the total intersystem-crossing efficiency (spon-
taneous and induced), which in turn is directly related to the
triplet—triplet absorbance of the molecule

directly related to the intersystem-crossing rate con&tant absence of a measurable amount of the radical absorbance. The
observedk, values are compared with theg values calculated
P Kisc(s) ky(Dl (12) using the semiclassical expressioand are given by
"l + D] K+ kD] =
wherek, is the rate constant for the decay of the singlet state W= g -Sg¥ (As + AG, + why)?
of TPTP = ki + kiss) anda is the efficiency of triplet ZO expy —
formed during the decay of the radical pair and is given by hz/lskBT W= W Ak T
(15)
kisc(l) . . . .
o= m (13) whereV is the electronic coupling matrix element and generally
sc(l) SC

describes the coupling of electronic states of the initial state
with those of the final statdy is the average energy of active
vibrational mode,S is the electronic vibrational coupling
constant and is related fip andhv by S= Ai/hw, andls and;

are the solvent and vibrational reorganization energy, is

By substituting the values apisc, ¢5., Ko, Kisc(sy K, and the
concentration of donor (D), the value afcan be evaluated.
Finally, thekisc() value is obtained from the ratio of and¢,

o kisc(l) the free energy change for the back electron transfer reaction
—= (14) and is given by
¢r kESC
. ) AGy, = Eyjpreq) ~ Errz(oxia) (16)
after substituting for théescvalue, and thdisc(y values obtained
are collated in Table 2. In the case of the TPi&dobenzene The curve-fitting procedure adopted to find the best fit values

system, due to the absence of measurable amount of radicalvas innocuou4®1% The 1, 4;, andV are varied in order to
absorbance, the separation of the radical pair seems to be almostbtain good correlation between the calculated and experimental
negligible, and hence only the ratio betwdgnand kiscgy can k, values. Thels and; values are varied for every0.05 eV,
be evaluated from the value. keeping the value d¥ constant. Thé, values calculated using
The triplet absorbance of TPTP increases with increasing the following parameters/ = 2.5 x 103 eV, 1, = 0.5 eV, s
concentration of the quenchers for systems with radical pair = 1.3 eV, andhv = 0.1363 eV, are consistent with the data
energies higher than that of the triplet energy of the sensitizer obtained.
and is represented in parts a and b of Figure 5 for systems with  The plot of logk, vs AGy, represented in Figure 7 does not
heavy atom (iodobenzene) and without heavy atom (toluene), show a clear Marcus inverted region in the case of thiopyrylium
respectively. in comparison with the TPP system. This is due to the lack of
This enhancement in the triplet absorbance of TPTP in the the number of experimental points in the inverted region because
presence of quenchers with respect to the triplet absorbance ofof the poor quenching ability of quenchers with an oxidation
TPTP in the absence of the quencher is rationalized on the basigotential greater than 2.6 eV.
of the heavy atom effect. In the presence of heavy atom Thiopyrylium vs Pyrylium. The reactivity of thiopyrylium
substituted quenchers, both the exteYfiéland internal heavy s different from that of pyrylium because of the presence of S
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Figure 5. Transient absorption decay at 480 nm with different concentratioifg)abdobenzene an(b) toluene.
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Figure 6. Plot of lkpisc Vs concentration of quenchers: iodobenzene
(»), bromobenzeneX), chlorobenzene®), and benzenel).

AGy (eV)

Figure 7. Plot of log k, versusaGy. The curve was drawn usirlg
values calculated on the basis of eq 15 with the following fitting
parameters: (aFor TPTP in acetonitrild; = 0.5 eV,V= 2.5 x 1073

) ) ) _ eV (20 cmY), 4s = 1.3 eV, hv = 0.1363 eV, and) represents
atom with the vacant d orbital. This has been observed in experimental points. oFor TPP in acetonitrilé; = 0.5 eV,V = 1.8
various stages of the investigation such as diffusion, induction, x 103eV (14 cnt!), As= 1.1 eV,hw = 0.1363 eV, and@) represents

radical yield, and recombination of the radical pair. experimental points.
Diffusion. Theky value in the case of thiopyrylium (5.4
10' M~1 s71) is higher than that of pyryliudf (3.7 x 10%° Radical Yield and Triplet InductionThe role played by S

M~1s1) and is justified on the basis of the mobility of ions. atom in the radical yield and intersystem-crossing rate constants
The mobility of the ions depends on the diffusion coefficient are evidenced from the values represented in Table 2. The
of the ions}” which in turn relies on the solvated radii rather observed radical yield of TPTP is 10-fold smaller compared to
than on the ionic radii of the molecule. Generally, the smaller TPPp in acetonitrile, and it is due to the enhanced recombination
ion and localized charge gets solvated to a larger extentand intersystem crossing in the radical pair; the reason for the
compared to bigger ions. In the case of thiopyrylium, the charge enhancement can be explained as follows.

on the sulfur atom (around 0.28) is delocalized over the vacant ) ) ) o

d orbital and hence solvated to a lesser extent compared to the !N the case of pyryliun/ the triplet induction is observed
TPP molecule where the charge is completely localized on the Only in the presence of heavy atom substituted quenchers (due
oxygen atom (0.44% This reduced solvation of the TPTP  to the spir-orbit coupling effect). Since the triplet enhancement
molecule is reflected in the higher diffusion rate constant. This due to hyperfine coupling is negligible (in the case of charge-
was further evidenced by looking into the mobilities of the alkali  shift type of systems), there is no triplet induction for systems
metal ions in polar solvents where the *Csoves faster with no heavy atom, despite their radical pair energies being
compared to L ions#® higher than the triplet energy of the sensitiZerin the case of
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thiopyrylium, however, the internal heavy atom effect of sulfur Conclusion
results in triplet induction irrespective of the quenchers for all
the systems with a radical pair energy higher than that of the
triplet energy of the sensitizer. The presence of S atom in the
thiopyrylium is the reason for the enhancement in the intersystem-
crossing rate constant. The increase in sirbit coupling due
to the substitqtion of a skeletal atqm o'f the sy;temlby Sis known are in good agreement with the experimerkakalues. The
as homocyclic heavy atom spiwrbit coupling?* and the  pigher iffusion rate constar; in the case of thiopyrylium
mfluen_ce (_)f S atom in the enhancement of spontaneous tr'pletcompared to that of TPP is because of the reduced solvation
formation is already knowF? due to the smaller charge density on the S atom. The presence
Radical Pair RecombinationThe recombination rate con-  of S atom in the thiopyrylium increases the recombination and
stants are influenced by the solvent reorganization enérdy (  induction due to its vacant d orbital (internal heavy atom effect).
electronic coupling matrix elemenV), and the free energy  The comparison of results of thiopyrylium with the pyrylium
change for the recombination of the radical pair. The solvent salt reveals clearly the indirect role played by S atom in
reorganization energyl{) and the electronic coupling matrix  enhancing the diffusion, induction of triplet, and recombination
element V) for the thiopyrylium radical pair are higher than of the radical pair.
that of pyrylium, and the reason for this can be rationalized as
follows. Thels value for the radical pair is higher in the case ~ Acknowledgment. The principal author acknowledges DAE
of thiopyrylium by 0.2 eV. Since thés value shows depen-  BRNS for financial support for this research program. S.S.J.
dence on the separation distance, the increask ican be acknowledges the CSIR for fellowship. The authors also
explained on the basis of the separation distangg, @nd the ~ acknowledge the UGC for the sustained support through the
r1» values are evaluated using the solvent dielectric continuum COSIST program in two phases over the years. The authors

model for both forward and backward electron-transfer reaction are pleased to acknowledge the referees for their valuable
suggestions in the improvement of this article.

The electron-transfer mechanism was proposed for the
fluorescence quenching of TPTP by a variety of halogenated
benzenes in acetonitrile, and it was established using the flash
photolysis technique. THe values calculated usir§G* from
the Levine treatment and thg value of 5.4x 10*° M—1 571
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