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The photochemistry and photophysics of pyrylium derivatives with organic sulfides in acetonitrile
medium are investigated. A steady decrease in the fluorescence intensity and fluorescence lifetime of
the dyes was observed with increase in the quencher concentration. Bimolecular quenching constants
were evaluated and correlated with the free energy of electron transfer. Laser flash photolysis investiga-

tions on the dyes in presence of quenchers were done. Observation of pyranyl radical and sulfide cation
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radicals as intermediates clearly illustrates the electron transfer mechanistic pathway for this reaction.
The radical pair energies were calculated and found to be lower than the triplet energy of the sensitisers
and hence we do not see any triplet induction in the present system.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The intriguing progress made in the field of photoinduced
electron transfer for the past few decades explicitly explains its
potent importance in various emerging fields and still continues
to be in focus of numerous theoretical and experimental inves-
tigations [1,2]. Electron transfer (ET) reactions in solution have
been one of the most thoroughly investigated subjects in chem-
ical reaction dynamics and major progress has been made on
the dependence of ET rates on the free energy of reaction, on
donor-acceptor distances as well as on the static properties of the
solvents [3]. Marcus made a spectacular prediction applied to the
relation between the free energy of activation and free energy of
an electron transfer reaction and postulated the existence of “Mar-
cus inverted region” (MIR) [4]. Vast research is being carried out
till date on electron transfer reactions and MIR in various systems
[5,6].

Pyrylium salts are well known electron transfer sensitisers in
their excited singlet and triplet states. Many reports are available on
the electron transfer reactions of these salts, more recently being in
zeolites and ionic liquids [7,8]. More recently, Bonesi et al. [9] have
reported the generation of radical ion promoted reaction of sul-
fides using pyrylium ions as photosensitisers. We have reported the
excited state electron transfer reactions of 2,4,6-triphenylpyrylium
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ion [10] with various substituted benzene derivative donors in ace-
tonitrile wherein, Marcus inverted behaviour was observed for the
charge shift radical pair along with triplet induction with heavy
atom containing donors. Triphenylpyrylium ion (TPP*) in its excited
state shows strong oxidizing property in contrast to the ground
state as evidenced by its reduction potential values [11]. Pyrylium
salts are positively charged substrates, wherein the electron trans-
fer process with neutral donors produces only a charge exchange,
generating the radical cation of the donor and the corresponding
pyranyl radical. In this context, it is known that the formation of
free radical ions enhances due to lack of columbic attraction and
deactivation through back electron transfer (BET) is reduced [12].
We have already rationalized triplet induction due to presence of
internal heavy atom in the probe [13] by carrying out the excited
state electron transfer reactions of triphenylthiopyrylium ion with
various substituted arene donors in acetonitrile. Wherein, the role
of sulfur atom in probe in the recombination and the intersystem
crossing rate constant was established.

The major aim of the present work is to understand the role
of sulfur, a heavy atom in donors, in the electron transfer reaction
with pyrylium salts. It should be noted that diarylcation radical of
sulfonium salt is a key factor in cation polymerization using tri-
aryl sulfonium salts. Specific one-electron oxidants are known to
bring about oxidation of dialkyl sulfides R,S leading to formation
of sulfur-centered radical cations RyS** [14]. These radical cations
and their dimers have attracted considerable interest as possible
intermediates in various enzymatic oxidants of organic sulfides
[15].
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Herein, we report the excited state electron transfer reactions
of three pyrylium derivatives with organic sulfide donors by carry-
ing out the steady state and time resolved fluorescence quenching
measurements. Bimolecular quenching constants were evaluated
using time resolved fluorescence lifetime measurements for sin-
glet quenching. Theoretical quenching constants were evaluated
and correlated with experimental quenching constants. Laser flash
photolysis experiments were carried out to monitor the transients
formed in the above quenching process to further evidence the
operation of electron transfer mechanism. The present work is a
comparative study of the excited state reactions of pyrylium deriva-
tives by varying the substitution along the x-chromophoric axis
of the molecule and the pyrylium derivatives investigated in the
present paper are

\ \
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2. Experimental
2.1. Materials

2,4,6-Triphenylpyrylium tetrafluoroborate (2) was obtained
from Aldrich and recrystallised before use. The synthesis and
purification of 2-methyl-4,6-diphenylpyrylium perchlorate (1) and
2,6-di-p-tolyl-4-phenylpyrylium tetrafluoroborate (3) is given else-
where [16]. All the quenchers were obtained from Lancaster
India Pvt. Ltd., and used as such. Acetonitrile (spectroscopic
grade) was obtained from Qualigens India Ltd., and used as
received.

2.2. Instrumentation

Absorption spectra were recorded using Agilent 8543 diode-
array spectrophotometer. Steady state fluorescence measurements
of the dyes were carried out using the PerkinElmer MPF-
44B fluorescence spectrophotometer interfaced with PC through
RISHCOM-100 multimeter. The fluorescence decay measure-
ments of the dye were carried out as reported elsewhere
[17].

The reduction potentials and oxidation potentials of the dyes
and sulfides and their respective diffusion coefficients were
evaluated by electrochemical experiments. Cyclic voltammetric
technique was adopted for the purpose. Cyclic voltammograms
were recorded using a CHI-620B Electrochemical Analyzer, CH-
Instruments Inc. About 10 ml of 1 x 10~3 M substrate in acetonitrile
charged with tetrabutylammonium perchlorate was taken in an
electrochemical cell and degassed by bubbling nitrogen for 15 min
before the experiments.

A platinum disc working electrode, non-aqueous Ag/AgCl refer-
ence electrode and platinum wire counter electrode were employed
for the CV experiments. Voltammograms were recorded at var-
ious scan rates from 10 to 1000 mV/s and employing the peak

current values diffusion coefficients for the analytes were evalu-
ated.

Laser flash photolysis experiments were carried out using the
third harmonic (355 nm) output from Quanta Ray Lab-150 (Spec-
tra Physics) Nd-YAG laser with a pulse width of 8 ns and energy
around 150 mJ. The monitoring light source was a 150 W pulsed
Xe lamp, focused on sample at 90° to incident laser beam. The
source beam emerging through the sample was focused on to
a Czerney-Turner monochromator using a pair of lenses. The
detection was carried out using a Hamamatsu R-928 photomul-
tiplier tube. The transient signals were captured with a Agilent
infinium 54810A digital storage oscilloscope and transferred to a
computer.

3 CH,

3. Results and discussion

3.1. Fluorescence quenching studies—steady state and time
resolved

The absorption and emission spectra of the dyes were recorded
in the presence and absence of quenchers and it is observed
that the absorption spectral shape of the dyes remains the same
in the absence and presence of quenchers. However, a steady
decrease in the fluorescence intensity and fluorescence lifetime
with increase in quencher concentration is observed (Fig. 1.)
which is illustrative of an excited state reaction of the dyes
with the donors. Bimolecular quenching constants were evalu-
ated following a linear Stern-Volmer relationship [18], which is
indicative of a dynamic quenching process in case of 2 and 3
(Fig. 2a).

b _1ikalal (1)
2 14 kolQ] )

where Iy and I are the fluorescence intensities of the dye in the
absence and presence of donors and 7y and t are the fluorescence
lifetime of dyes in the absence and presence of donors and kg is the
quenching constant obtained. However the Stern-Volmer plot of 1
shows a linear increase only at low quencher concentrations and
later shows a positive deviation at higher concentrations (Fig. 2a).
Anupward curvature in the SV plot is indicative of the simultaneous
participation of static and dynamic quenching process in present
system.
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Fig. 1. Fluorescence lifetime quenching of 2 (1 x 10~ M) in presence of DPS: (a) 0 M; (b) 1.68 x 103 M; (¢) 3.36 x 103 M; (d) 5.02 x 1073 M; (e) 6.68 x 10~3 M; (f) 8.33 x 10> M

[inset: steady state fluorescence quenching].
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Fig. 2. (a) Stern-Volmer plots for steady-state fluorescence quenching of 1, 2 and 3 in presence of methyl-p-tolyl sulfide. (b) Modified Stern-Volmer plot for 1 in presence of

methyl-p-tolyl sulfide.

3.2. Free energy correlation

The free energy change associated with the electron transfer was
calculated using the Rehm-Weller expression (Eq. (3)).
AGet = E1/20xd. + E1/21ed. — E(0,0) + C (3)

where Ej;oxq, is the oxidation potential of the donors, Eq; req, the
reduction potential of dye, Ep) the singlet state energy of the

Table 1
Experimental and theoretical quenching constants of 1.

sensitiser and C is the columbic energy term. Since one of the
reactant used is neutral, pyrylium salts are charged and the sol-
vent used is polar, there will be no net change of charge upon
electron transfer and the contribution of this term is ignored
here [19]. The bimolecular quenching constants for all the dyes
were evaluated and correlated with the free energy change asso-
ciated with the electron transfer reactions and presented in
Tables 1-3.

Quencher AGe? (eV) Ei1jpoxa.® (V) K2 (M1) kg x 10-10 M1 s-! AG (kcalM-1) Debye® kq x 10710 M1 s-1 Smoluchowskii®
lifetime derived? kq x 10-10 M~1 51
Methyl-p-tolyl sulfide -1.10 1.57 25.6 2.47 0.2251 1.49 2.67
Methylphenyl sulfide -1.04 1.63 26.5 2.46 0.2378 1.49 2.65
Diphenyl sulfide -0.98 1.69 27.6 2.30 0.2447 1.48 2.51
Ethylphenyl sulfide —0.95 1.72 33.6 2.23 0.2521 1.48 2.48
Phenyl-n-propyl sulfide -0.93 1.74 379 2.17 0.2598 1.47 2.28
Diethyl sulfide -0.71 1.96 393 2.04 0.3445 141 1.70
Di-n-propyl sulfide -0.70 1.97 48.8 1.90 0.3493 1.41 1.72
Di-n-butyl sulfide -0.69 1.98 53.9 1.75 0.3541 1.41 1.55
Di-t-butyl sulfide -0.69 1.99 53.7 1.76 0.3584 1.41 1.56

3 Experimental kq values calculated using Ejj3req =—0.41€V, E(gg)=3.08 eV and D;=3.21+0.3 x 10> cm?s1,

b Theoretical kq calculated using kq =2 x 10'° M~ s~! (Debye equation).

¢ Theoretical kq calculated using kq =4.35 x 10" M~! s~! (Smoluchowskii equation).
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Table 2
Experimental and theoretical quenching constants of 2.
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Quencher AGe? (eV)  Eipoxd?® (V) kg x 10719M~1s~1 steady kqx10-1°M-1s!  AG(kcalM~!) Debye® kq x 10-1°M~"'s!  Smoluchowskii
state derived?® lifetime derived? kq x 10-10 M1 5!
Methyl-p-tolyl sulfide ~ —1.02 157 36 2.50 0.2424 1.48 2.53
Methylphenyl sulfide —0.96 1.63 3.31 234 0.2572 147 2.51
Diphenyl sulfide —0.90 1.69 3.13 2.04 0.2625 1.46 2.36
Ethylphenyl sulfide -0.87 1.72 3.00 2.08 0.2739 1.46 234
Phenyl-n-propyl sulfide —0.84 1.74 2.96 2.08 0.2831 147 213
Diethyl sulfide —0.63 1.96 2.64 1.88 0.3862 1.38 1.70
Di-n-propyl sulfide -0.62 1.97 2.60 1.73 0.3921 1.38 1.72
Di-n-butyl sulfide —0.61 1.98 2.54 1.71 0.3982 1.38 1.55
Di-t-butyl sulfide —0.69 1.99 53.7 1.76 0.4045 1.37 1.56

3 Experimental kq values calculated using Eqzreq =—0.21 €V, Eg)=2.80eV and Df=2.58 £0.3 x 10~ cm? s~

b Theoretical kq calculated using kq =2 x 10'© M~ s~! (Debye equation).

¢ Theoretical kq calculated using kq =4.01 x 10! M~! s~! (Smoluchowskii equation).

Table 3
Experimental and theoretical quenching constants of 3.

Quencher AGe® (6V)  Eijpoxd. (VP kqx10710M-'s! kgx10-°M~'s-!  AG(kcalM~!)  DebyeP kqx 10" M~'s'  Smoluchowskii¢
steady state derived® lifetime derived? kq x 10-10 M~1 5!
Methyl-p-tolyl sulfide -0.87 1.57 4.03 2.25 0.2831 1.46 2.24
Methylphenyl sulfide -0.81 1.63 3.43 2.17 0.3034 1.44 2.21
Diphenyl sulfide -0.75 1.69 3.13 1.96 0.3269 1.43 2.17
Ethylphenyl sulfide -0.72 1.72 3.17 1.85 0.3399 142 2.15
Phenyl-n-propyl sulfide ~ —0.70 1.74 3.47 1.86 0.3492 1.41 2.14
Diethyl sulfide —0.48 1.96 3.22 1.57 0.4979 1.30 1.89
Di-n-propyl sulfide -0.47 1.97 2.97 1.41 0.5077 1.29 1.88
Di-n-butyl sulfide -0.46 1.98 2.61 1.47 0.5177 1.29 1.86
Di-t-butyl sulfide -0.45 1.99 2.97 135 0.5281 1.28 1.85

3 Experimental kq values calculated using Eqj3req =—0.27 eV, E(g0)=2.71eV and D¢=2.27 +:0.05 x 10~ cm? s~

b Theoretical kq calculated using kq =2 x 10'° M~ s~! (Debye equation).

¢ Theoretical kq calculated using kq =3.85 x 10'© M~ s~! (Smoluchowskii equation).

From the data obtained it could be seen that the steady state
quenching constants are higher than the lifetime quenching con-
stants for 2 and 3. The deviation could be well explained in terms of
combined static and dynamic quenching effect [20,21]. The obser-
vation of an upward curvature in the Stern-Volmer plot of 1 also
evidences the presence of such a combined static and dynamic
quenching process taking place in the present study. The linear-
ity in the Stern-Volmer plots for systems 2 and 3 suggests that the
fluorophore and quencher are only weakly associated in these sys-
tems in the observed concentration range. On the other hand, for 1
the deviation is observed only at higher quencher concentrations
suggesting that the fluorescer and quencher do not actually form
ground state complex. Rather, the static quenching here presumes
that the dye and the quencher exist as closed contact pair in solution
without any complex formation and quenching of the fluorescence
of dye in such a case takes place instantaneously upon excitation of
the sample. Reports are available on systems exhibiting both types
of quenching[22] and are found to obey the modified Stern-Volmer
equation (Eq. (4)).

’;’ — 1+ (KaKs)[Q] + KaKsy[Q ]2

(4)

where K; is the association constant and Ky the Stern-Volmer con-
stant (Ksy =kqTp). Since no new peak appeared in the absorption or
fluorescence spectrum of 1 upon addition of donor, the experimen-
tal data was fitted into modified SV plot (Fig. 2b). The association
constants were obtained by combining the time resolved and
steady state intensity measurements.

A plot of (Ip/I—1)/[Q] vs. [Q] gives (K; +Ksy) as intercept and
KsyK; as the slope. Taking the K, values from the time resolved
Stern-Volmer plot (Eq. (2)) K; values were evaluated and are tabu-
lated in Table 1.

3.3. Theoretical quenching constants evaluation—deviations with
experimental values

The overall theoretical quenching constants were evaluated fol-
lowing the given expression (Eq. (5)).

kd

~ (1+ (ka/KpA) [exp(AGer/RT) + exp(AG# /RT)]) ®)

kq

102

log kq

99

9.8 . =t
-1.05 -0.55

AGg (V)

Fig. 3. Plot of log kq vs. AGe for 2: (O) lifetime derived experimental log kq values;
(-) theoretical log kq values calculated using kq=2 x 10'M~!s~! as obtained from
Debye equation; (—) using kq =4.01 x 10" M~ s~ as obtained from Smoluchowskii
equation.
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Fig. 4. (a) Cyclic voltammogram of 2 (1.01 x 103 M) in presence of supporting electrolyte tetrabutylammonium perchlorate (0.1 M) using platinum working electrode,
non-aqueous Ag/AgCl reference electrode and platinum counter electrode at various scan rates from 10 to 1000 mV/s (b) plot of i (wA) vs. v'/2 (s71).

where Kp is the equilibrium diffusion constant (Kp =kq/k_q) and
value of 0.865 is estimated when the distance of two molecules is
7 A[23]. kq and k_g4 are the diffusion and dissociation rate constants.
Adis the effective collision frequency and a value of 1 x 10" s~ was
employed [24] in the calculation of kq. AG* is the free energy of
activation for electron transfer. AGe; is the free energy of elec-
tron transfer. The free energy of activation was calculated using
Rehm-Weller [25] treatment (Eq. (6)).

2 1/2
_ AZGet+ {((Aget)) +(AG§)2} 6)

where AGO# is the free energy of activation in the absence of driv-
ing force and a value of 2.4kcalM~! is employed as according to
Rehm-Weller [25]. The overall quenching constant values were cal-
culated by using the kg value of 2 x 101© M~1 s—1 as obtained by the
Debye expression [26] (Eq. (7)).

_ 8000RT

k=g (7)

AG*

where 7 is the solvent viscosity (in units of Pascal second and a
value of 0.325 was used [27]), R and T have their usual meanings.
k_q is rate of dissociation of the precursor complex and was esti-
mated from Eigen equation [28] for reactants with no Columbic
interaction. Theoretical quenching constants were calculated for
all three dyes. The theoretical quenching constants (kq) obtained
using Rehm-Weller [25] treatment is plotted (log kq) against AGet

(Fig. 3.) for 2. The figure shows poor correlation with the lifetime
derived experimental values and the calculated kq values are given
in the tables.

The calculated quenching constants are found to be lower than
the experimental ones. The cause of such deviation of kq values is in
the approximation of k4 values. The Debye expression used in the
calculation of k4 includes temperature and viscosity parameters
and is applicable only to molecules of comparable size with the
solvent molecules. It is known that diffusion can limit the rate of
electron transfer. Since pyrylium moiety is charged and larger in
size, kq value has to be found from the diffusion measurements
which would account for the radius of the molecules. The kq values
were then calculated using Smoluchowskii equation [29] (Eq. (8)).

kd :47TN(Df+Dq)(1 (8)
where D and Dy are the diffusion coefficients of the fluorescer and
quencher, respectively.

3.4. Electrochemical measurements

The diffusion coefficients of both fluorescer and quencher were
determined experimentally using cyclic voltammetric technique by
making use of Randels-Sevcik equation (Eq. (9)).

i=(2.687 x 10°)n3/2v1/2p1/24C (9)

where n is the number of electrons involved in the electrochemical
reaction (=1), D the diffusion coefficient (in units of cm? s~1), v the
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Fig. 5. Transient absorption spectrum of 1, 2 and 3 (4.8 x 10~ M) after 1 ws of laser pulse at 355 nm in acetonitrile [inset: transient decay monitored at 470 nm for 2].
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Fig. 6. Transient absorption spectrum of 2 in presence of (@) DPS, (B) MPS and (a)
DES after 2 ps of laser pulse at 355 nm (2=4.8 x 10> M, DPS =36 mM, MPS =34 mM
and DES =37 mM) in acetonitrile.

scan rate (in units of s—1), A the area of the electrode (in units of
cm) and C is the concentration of the analyte. The voltammograms
were recorded at various scan rates initiating from 10 to 1000 mV/s.
The corresponding voltammograms recorded for 2 are outlined in
Fig. 4a. Both the oxidation and reduction peak current increases
with the increase in scan rates. Plot of reduction peak current
against square root of scan rate (Fig. 4b) illustrates a linearity in the
scan range examined which is indicative of the diffusion controlled
process of electron transfer at the electrode surface. From the slope
of the curve, the diffusion coefficients of the analyte were deter-
mined. For 2 and 3, the curves were reversible whereas for 1 and
for the quenchers the voltammograms were irreversible. The rea-
son for the irreversible nature for 1 is due to the rapid irreversible
dimerisation of the radical formed. Hence, the peak potentials were
used as Eqpreq, for 1 and Eqjp oxq. for the sulfides in the calculation
of AGe and diffusion coefficients.

The diffusion coefficients evaluated by above technique are
given in Tables 1-3. The diffusion coefficient for the series of sul-
fides was calculated to be 5+ 0.5 x 107> cm? s~1. The kq value thus
obtained by substituting these diffusion coefficients in Smolu-
chowskii equation are also tabulated. The kq values calculated using
obtained k4 value shows fairly good agreement with the lifetime
derived experimental kq values for the Rehm-Weller treatment
in all the three cases as seen from Tables 1-3. A plot of log kq vs.
AGe (Fig. 3) for 2 also shows a good correlation. This explains the
diffusion-controlled nature of the electron transfer and marks a
proof for the excited state electron transfer reaction in these sys-
tems.

It can be seen that the experimental kq values for the alkyl sul-
fides are lower when compared to the aromatic sulfides. This is due
to the fact that, the electron transfer rates are directly related to the
shapes of the highest occupied molecular orbitals (HOMO) of the
donors. Aromatic sulfides are -type donors and aliphatic sulfides
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S 002
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are of n-type. For aromatic sulfides, the lone pair of electrons on
the sulfur atom is fairly delocalised over the entire molecule and
the HOMO for these molecules has a w-type character. Whereas, for
aliphatic sulfides no such aromatic 7 cloud in resonance with the
lone pair is present and hence the HOMO of these molecules are
more of n-type and hence show lower quenching constant values
[30].

3.5. Laser flash photolysis studies

Laser flash photolysis (Aexc =355 nm) studies of Argon purged
samples of all the dyes in acetonitrile was carried out. The tran-
sient absorption spectrum of all the three dyes in the absence of
sulfides after 1 s of laser pulse is shown in Fig. 5. The absorption
spectrum is characterised by a maximum at 470 nm for 2 and 3,
which is assigned to the triplet state in accordance with the earlier
observations [10]. On the other hand, fluorophore 1 shows a broad
transient in the region 450-550 nm and another at 720 nm where
both can be assigned as triplet absorption.

3.5.1. Radical cations of sulfides

Fig. 6 shows the transient absorption of 2 in presence of diphenyl
sulfide (DPS), methylphenyl sulfide (MPS) and diethyl sulfide (DES)
after 2 ws of laser pulse. In the absence of DPS, the triplet at 470 nm
obeys first order kinetics and has a lifetime of about 2.8 s. In pres-
ence of DPS, the transient spectrum exhibits a broad maximum in
the region 470-550 nm assigned to the triplet and pyranyl radi-
cal of 2, a broad transient in the wavelength region 700-800 nm
with a maximum around 740 nm which is characteristic of DPS**
and a strong bleaching below 450 nm. This is in agreement with
the reports mentioned elsewhere [10,31,32]. Sawaki et al. [31] have
demonstrated in their earlier experiments that the radical cations of
aromatic sulfides (DPS) do not form any dimer as expected for other
aliphatic sulfides (which are stabilised by forming dimers) because
of the delocalisation of positive charge/spin density over the aro-
matic rings. Early literature reports on DPS [33,34] also suggest that
DPS** does not form dimer and the monomer radical cation absorbs
around 740 nm.

Fig. 7 shows the transient decays monitored at 470 and 740 nm
for 2 in the absence and presence of DPS. Wherein, a decrease in
triplet absorption at 470 nm of 2 in presence of DPS with no appre-
ciable change in lifetime (2.6 ps) and observation of DPS** transient
at 740 nm is seen. At 740 nm in presence of DPS, the transient obeys
first order kinetics and has a lifetime of about 15 ws. The transients
observed at 740 nm in the absence and presence of DPS have dif-
ferent rate constants (2.2 x 10#s~1 and 6.3 x 10# s~1) and hence are
two different species observed. Sawaki and coworkers have already
rationalized the observation of DPS** at 740 nm in their earlier
experiments [31]. The transient observed at 740 nm in the pres-
ence of DPS in our experiments clearly supports this observation
and hence could be safely assigned as the DPS**.

0.04
0.03 ¢

001
G -

-0.01
-10.00 0.00

10.00 20.00 30.00 40.00
Time (us)

Fig. 7. Transient decays of 2 in (—) absence and (¢) presence of DPS monitored at (a) 470 nm and (b) 740 nm (2=4.8 x 10-> M and DPS =36 mM) in acetonitrile.
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It is also mentioned in the literature [31] that MPS can form
both monomer as well as dimer radical cations depending upon
its concentration. The MPS monomer radical cation absorbs only
at 520 nm and the dimer radical cation absorbs around 520 nm as
well as around 800 nm. Fig. 6 shows a broad transient absorption in
the region 650-800 nm with a maximum around 780 nm in pres-
ence of MPS. The transient at 780 nm in presence of MPS obeys
first order kinetics and has a lifetime about 25 ps. In addition, rate
constants of the decays at 780 nm in the absence and presence of
MPS are 1.5 x 10° s~ and 4.04 x 10%s~1, respectively. This clearly
explains the fact that both are two different transients observed.
Hence, it could be suggested that the transient observed around
780 nm in presence of MPS is due to the occurrence of stable dimer
radical cations of methylphenyl sulfide upon electron transfer in
the observed concentration range of MPS.

In Fig. 6, the 740 nm peak is not seen in presence of the aliphatic
sulfides like diethyl sulfide (DES). Rather, the transient absorption
spectrum shows a broad absorption band in the region 450-560 nm
with a maximum around 490 nm. This is also in agreement with the
literature report by Sawaki et al. [31], which states that, the radi-
cal cations of aliphatic organic sulfides form o- and m-type dimers
depending on their substitution and exhibits a transient maximum
around 490 nm. The rate constant of the transient monitored at
490 nm in the absence of DES is 3.0 x 10° s~! with lifetime of about
3.2 ws. In presence of DES is the transient decay undergoes biex-
ponential fit with lifetimes of about 2.48 and 30 s (the relative
amplitudes are 13 and 87%). The biexponential behaviour of the
transient suggests the presence of both triplet of 2 and the dimer
radical cation of DES. The observation of a broad transient absorp-
tion band around 450-560 nm with a maximum around 490 nm
indicates the formation of dimer radical cation of DES as (DES),**
which is found to occur along with the triplet in this wavelength
region as seen in Fig. 6.

Our earlier experiments with pyrylium ion using benzene
derivatives as quenchers [10] triplet induction was observed in
presence of heavy atom containing donors like iodobenzene, bro-
mobenzene, bromotoluene, etc. due to the spin orbit coupling of
the heavy atom present in the donors. No triplet induction was
observed for quenchers without heavy atom despite their radical
pair energies being higher than triplet energy of sensitiser. On the
other hand, experiments with thiopyrylium analogue [13] having
an internal heavy atom sulfur in the ring showed triplet induction
for all the arene quenchers with radical pair energy higher than
the triplet energy of sensitiser due to enhancement in the inter-
system crossing rate constant as a result of homocyclic heavy atom
spin-orbit coupling. In the present system, the radical pair ener-
gies were calculated and found to be lower than the triplet energy
of the sensitiser. Since the radical pair energies are lower than the
triplet energy of the sensitisers, singlet to triplet geminate radical
pair formation and hence charge recombination leading to triplet
state formation becomes impossible based on energetics grounds.
Hence, we do not see any triplet induction in all the three dyes.
The calculated radical pair energies for 2 are tabulated in Table 4.
Similar results were also obtained for compounds 1 and 3.

3.5.2. Pyranyl radical (TPP*)

We observed the formation of pyranyl radical of the sensitisers
in presence of all the sulfides. Fig. 8 shows the transient absorp-
tion spectrum of 2 in presence of DPS after 35 s of laser pulse
characterised by a maximum at 550 nm. Following the literature
reports [10] the 550 nm absorption is assigned to the pyranyl rad-
ical (2*) generated due to electron transfer from quencher (DPS).
Formation of pyranyl radical (2*) was further evidenced by a sim-
ilar absorption spectrum obtained by the chemical reduction of 2
using Zn dust [35] (inset in Fig. 8). Similar results were obtained for

Table 4

The radical pair energies of 22.

Quencher E1j20xd. (V) AGqp)®
Methyl-p-tolyl sulfide 1.57 1.78
Methylphenyl sulfide 1.63 1.84
Diphenyl sulfide 1.69 1.90
Ethylphenyl sulfide 1.72 1.93
Phenyl-n-propyl sulfide 1.74 1.95
Diethyl sulfide 1.96 2.17
Di-n-propyl sulfide 1.97 2.18
Di-n-butyl sulfide 1.98 2.19
Di-t-butyl sulfide 1.99 2.20

2 Triplet energy of the sensitiser=2.30eV.
b AG(rp] =E1/20xd. - E1/2 red-

compounds 1 and 3 also. Where the radical of 1 shows a transient
absorption at 500 nm and the radical of 3 show a transient absorp-
tion at 550 nm similar to 2°. Fig. 9 shows the transient decay of 2
monitored at 550 nm in the absence of DPS and the pyranyl radical
observed in presence of DPS after 30 s of laser pulse. The pyranyl
radical observed at 550 nm obeys first order kinetics and has a life-
time of 35 us. As evidenced from Fig. 9, it could be suggested that
the pyrany radical yield is very low in the present system of electron
transfer.

In order to investigate the presence of Marcus inverted region
in back electron transfer reactions the pyranyl radical yield were
calculated [36] and found to be very low as compared to our earlier
experiments with arene derivatives [10]. Further, the experimental
back electron transfer rate constants (k;, ) were also evaluated using
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Fig. 8. Transient absorption spectrum of 2 in presence of DPS after 35 s of laser
pulse at 355 nm (2=4.8 x 10-> M and DPS =36 mM) in acetonitrile [inset: absorption
spectrum of 2* obtained by chemical reduction of 2].
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Fig. 9. Transient decays of 2 in (—) absence and (¢) presence of DPS monitored at
550 nm (2=4.8 x 10~> M, DPS =36 mM) in acetonitrile.



182 LS. Banu, P. Ramamurthy / Journal of Photochemistry and Photobiology A: Chemistry 201 (2009) 175-182

the following expression (Eq. (10)).

kesc
= kesc + kp (10)
The well-known semi classical expression [37] was used for the
calculation of theoretical back electron transfer rate constants (ky,).
Only few data points could be evaluated for experimental k;, values
due to poor radical yield and the experimental kj, values lie in the
inverted region in the plot of logk;, vs. AG,.

4. Conclusion

Fluorescence quenching of pyrylium derivatives was carried out
using organic sulfide quenchers in acetonitrile medium. Observa-
tion of no characteristic change in absorption spectral shapes and
a steady decrease in the fluorescence intensity and fluorescence
lifetimes of the fluorophores suggests an excited state reaction
between the dyes and quenchers. Correlation of free energy of
electron transfer to the bimolecular quenching constants proves
the excited state reaction to be photoinduced electron transfer
reaction. Poor correlation of the theoretical quenching constants
with the experimental ones using diffusion constant obtained from
Debye equation was observed. Good correlation upon using diffu-
sion constant obtained from Smoluchowskii equation evidences the
presence of diffusion controlled excited state electron transfer reac-
tion of the dyes with the sulfides. The observation of triplet state,
pyranyl radical and sulfide cation radicals as transients in laser flash
photolysis experiments also clearly supports this illustration. The
radical pair energies were calculated and found to be lower than
the triplet energy of the sensitiser. Hence, we do not see triplet
induction in all the three dyes.
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