
Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 170–179

Mechanism of the excited singlet and triplet states quenching by
molecular oxygen in acetonitrile

Ayman A. Abdel-Shafia,∗, David R. Worrallb,1

a Department of Chemistry, Faculty of Science, Ain Shams University, 11566 Abbassia, Cairo, Egypt
b Department of Chemistry, Loughborough University, Loughborough, Leicestershire LE11 3TU, UK

Received 3 August 2004; received in revised form 29 November 2004; accepted 6 December 2004
Available online 19 January 2005

Abstract

Rate constants for quenching by molecular oxygen of excited singlet and triplet states,kS
q andkT

q , respectively, of some aromatic hydrocarbons
in acetonitrile are reported. The fraction of excited singlet states quenched by oxygen which result in triplet states,f S

T , are in the range of
0.25–0.85. The efficiencies of singlet oxygen production during oxygen quenching of the excited singlet and triplet states,f S

� and f T
�,
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espectively, were also measured. Values off� were shown to be 0.28± 0.05 for 1,2;5,6-dibenzanthracene, pyrene, fluoranthene,
enzoperlyene and perlyene while values off T

� cover the range of 0.25–1.0. Combination of the total quenching rate constants w
ractional efficiencies allows separate net quenching rate constants to be obtained for the various oxygen quenching pathwa
overning the production of singlet oxygen with different efficiencies during quenching of both excited singlet and triplet states b
re discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Oxygen quenching of the electronically excited states
1–4] may be accompanied by the transfer of excitation
nergy to the oxygen molecule, generating the excited states
2
∗(1�+

g ) and/or O2
* (1�g) of the oxygen molecule. The

2
* (1�g) state is usually referred to as singlet oxygen, and

as a long lifetime since return to its ground state is spin
orbidden. It is a highly reactive species and powerful oxidant
n photosensitised oxidations, photodynamic inactivation
f viruses and cells, phototherapy for cancer, in photocar-
inogenisis, photodegradation of dyes and polymers[2]
nd blood sterilization[5]. The various processes by which
xygen can interact with excited states can be understood by
onsideringScheme 1. It is well known that singlet oxygen
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is produced with varying efficiency as a consequenc
quenching of both excited singlet (S1) and triplet (T1) states
[1–3]. The quantum yields,Φ�, for the photosensitize
formation of the lowest electronically excited state
molecular oxygen in solution have been reported for a l
number of compounds in a wide range of solvents[1–4].
However, the fraction of excited singlet states quenche
oxygen which yield singlet oxygen,f S

� and the fraction o
the excited singlet state quenched by oxygen to give
triplet state,fS

T (seeScheme 1) have only been measur
in minority of singlet oxygen studies[1,2,6–13]. Despite
the large number of studies on the quenching of the ex
triplet state by molecular oxygen[1–3,8–55], the fraction
of the excited triplet states quenched by oxygen which
singlet oxygen,f T

�, has been reported only in a num
of cases[1–3,8–27,29–39,41–50]. It has been shown th
both the rate constants for quenching of triplet state
oxygen, kT

q , and fT
� depend on several factors includ

oxidation potential,Eox, of the sensitizer[10,11,14–27,38,
energy of the triplet state,ET [10,11,14,15,28,29], nature
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.12.006
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Scheme 1.

of the triplet state[14,26,29–55]and polarity of the solvent
[9,16,19,20,22,24].

In Scheme 1, steps 1 and 5 include direct production
of O2

* (1�g) from oxygen quenching as well as O2
* (1�g)

formed from any O2∗(1�−
g ) formed initially. Step 3 includes

all quenching, which is not due to catalyzed intersystem
crossing, with or without energy transfer, and step 6 includes
all quenching of the triplet state which does not lead to singlet
oxygen production.

Rate constants for quenching by oxygen of excited sin-
glet states in solution,kS

q, are well known to have values
often approaching the diffusion controlled limiting rate con-
stant,kd [56]. Kristiansen et al.[57] measuredkS

q for some
aromatic hydrocarbons in acetonitrile and reported values
of 4.3(±0.6)× 1010 dm3 mol−1 s−1 for biphenyl andkS

q =
2.9(±0.3) × 1010 dm3 mol−1 s−1 for other hydrocarbons.
Kikuchi et al.[58] demonstrated thatkS

q values decrease in the
case of four cyanoanthracenes and five acridium ions, from
16 to 5.3× 109 and from 2.2 to 0.1× 109 dm3 mol−1 s−1

as�GCT
S , the free energy change for full electron transfer

from the first excited singlet state, increases from−51 to
24 and from−75 to 44 kJ mol−1, respectively, in acetoni-
trile. In addition, Sato et al.[7] measuredkS

q for nine aro-
matic hydrocarbons in acetonitrile and in six cases values be-
tween 3.2 and 3.7× 1010 dm3 mol−1 s−1 were obtained; they
h olled
q

v
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equal to the calculated value of the diffusion controlled rate
constant,kd, while a lower value of 6.6× 109 dm3 mol−1 s−1

is reported for fluoranthene in acetonitrile.
The mechanism of the excited triplet state quenched by

oxygen was first described by Gijzeman et al.[28] and is
shown inScheme 2. According toScheme 2, quenching oc-
curs via the singlet and triplet channels (a) and (b) but energy
transfer arises only from quenching via the singlet channel.
Thus

kT
q = (kd/9)[ket/(ket + k−d)] + (3kd/9)[kic/(kic + k−d)] (1)

and

fT
� = (kd/9)[ket/(ket + k−d)]/kT

q . (2)

According toScheme 2, the efficiency of singlet oxygen gen-
eration from the triplet state,fT

�, would be 1.0 and quench-
ing rate constantkT

q ≤ kd/9 if only the singlet channel was in-

volved andfT
� would approach 0.25 withkT

q ≤ 4kd/9 if the sin-
glet and the triplet channels were both involved equally. How-
ever, neither of these limiting cases has been observed even
though a large number of compounds have been studied{see
for example Refs.[1–3]and cited references therein}. For ex-
ample, for a series of biphenyl and naphthanlene derivatives,
some compounds showing quenching rate constants <kd/9
show observedfT

� values far from unity[10,11,16,17,20].
V ing
t
t te to
t e
a ning
t hing
ave suggested that this corresponds to diffusion contr
uenching when�GCT

S < −77 kJ mol−1. The lowestkS
q

alue these authors observed was 8.2× 109 dm3 mol−1 s−1

or oxygen quenching of fluoranthene fluorescence.
nd Wilkinson[9] have reported that fluorescence quen

ng by molecular oxygen of several anthracene de
ives in acetonitrile occurs withkS

q values in the rang

3–5)× 1010 dm3 mol−1 s−1 with two exceptions, where th
ate constants drop to 0.94× 1010 dm3 mol−1 s−1 for 9-
yanoanthracene and 0.44× 1010 dm3 mol−1 s−1 for 9,10-
icyanoanthracene.

Recently in acetonitrile[11] we have reported va
es for kS

q in the range (2.3–3.8)× 1010 dm3 mol−1 s−1

or a series of aromatic hydrocarbons. A higher valu
.3× 1010 dm3 mol−1 s−1 is reported for biphenyl, which
alues ofkT
q > 4kd/9 are also reported in few cases, show

hat if the quenching mechanism is as described inScheme 2
hen the quintet encounter complex must also contribu
he overall quenching mechanism[59–61]. In this paper w
re extending our investigations into the factors gover

he generation of singlet oxygen during oxygen quenc

Scheme 2.
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of both excited singlet and triplet states in acetonitrile to in-
clude more compounds that cover a wider range of the en-
ergies of the excited states, and also a wide range of oxida-
tion potentials to aid with understanding of the mechanism
of excited states quenching by oxygen. The mechanism of
the excited singlet states quenching by oxygen and factors
that govern the values off S

T andfS
� and other parameters

are studied. Dependence of these parameters on the oxida-
tion potential and on the energy of the excited states were
investigated.

2. Experimental

Cyanophenanthrene (Aldrich, 97%) was recrystallized
from ehthanol. 1,2;5,6-Dibenzanthracene (Aldrich, 97%),
were double recrystallized from cyclohexane. 2,6-Dimetho-
xynaphthalene (Aldrich, 99%) and 1,2-benzanthracene
(Aldrich, 99%) were used as received. Acenaphthene
(Aldrich, 99%), anthracene (Sigma 99+%), fluoranthene
(Aldrich, 99%), naphthalene (Aldrich, scintillation grade,
Gold Label), perylene (Aldrich, 99.5%), phenanthrene
(Aldrich, 99.5%), pyrene (Aldrich, 99%), and acridine
(Aldrich, 99%) were all used as received. Acetonitrile
(Aldrich, spectrophotometric grade) was dried by refluxing
over calcium hydride.
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The same laser was used as the excitation source for kinetic
absorption measurements with a 300 W xenon arc lamp as the
analysing source. The rate constantskT

q for oxygen quenching
of the triplet states were determined using Eq.(3)

kobs = kTD + kT
q [O2] (3)

wherekobs andkTD are the first order constants for decay
of triplet–triplet absorption at the absorption maximum for
each compound in the presence and absence of oxygen, re-
spectively. The pseudo-first order decay constant,kobs, was
measured in air saturated solutions and the oxygen concen-
tration in air equilibrated acetonitrile[56] was taken to be
1.9× 10−3 mol dm−3.

Slopes of Stern–Volmer plots obtained from fluorescence
intensity measurements using air and oxygen saturated solu-
tions were combined with literature fluorescence lifetimes to
give the rate constants for oxygen quenching of the singlet
states,kS

q.
The half-wave oxidation potentials were measured by

cyclic voltammetry in acetonitrile versus SCE as previously
described[16]. Some data from our previous publication[11]
are reproduced and included here. Data obtained were within
the experimental error reported and therefore uncertainty re-
duced to 10%.
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Ground state absorption spectra were measured us
ewlett Packard 8453 single beam photodiode array s

rometer. Steady state luminescence measurements we
ied out using a Spex FluoroMax spectrofluorophotome

For singlet oxygen luminescence measurements, the
nd fourth harmonics of a Lumonics Q-switched Nd:Y

aser (HY 200, 8 ns) were employed for excitation at 266
maximum 23 mJ) and at 355 nm (maximum 11 mJ), res
ively. The laser energies employed duringΦ� measuremen
id not exceed 0.5 mJ pulse−1. Time resolved singlet oxyge

uminescence (1270 nm) was detected using a liquid n
en cooled germanium photodiode detector (EO-980P N
oast Scientific).
For Φ� measurements, air was removed from the s

ions by freeze–pump–thaw cycles and then pure oxyg
ifferent pressures was added to solutions at room tem

ure and these were allowed to equilibrate. The steady
uorescence intensity was measured from each solutio
ime resolved singlet oxygen luminescence (1270 nm)
etected. Individual singlet oxygen luminescence trace
t least) were signal averaged and were fitted using a
le exponential function to yield the luminescence inten

0 at t= 0. The luminescence intensity,I0 at zero time wa
lotted against the laser fluence. The slopes obtained

hese straight line plots were compared with those obta
rom optically matched standards in the same solvent the
ielding relativeΦ� values. Acridine was used as the st
ard for excitation at both 266 and 355 nm (Φ� = 0.82[62]).
he absorbances of the optically matched solutions were
lly 0.30 at 266 or 355 nm.
-

. Results and discussion

The photophysical properties of the aromatic hydro
ons under investigation are collected inTable 1, which
hows that the energy of the lowest excited singlet state,ES1,
overs a wide range from 273 to 384 kJ mol−1 and the en
rgy of the lowest excited triplet stateET1 ranges from 151 t
61 kJ mol−1. The half-wave oxidation potentials,Eox covers
range of 0.97–1.92 V versus SCE.
Values for the fraction of excited singlet states quenc

y molecular oxygen which give rise to triplet states,fS
T , can

e obtained from the measured ratios of the fluorescen
ensities in the presence and absence of oxygen,FandF0, and
f the triplet–triplet absorbances at timet= 0 in the presenc
nd absence of oxygen,AT andA0

T, respectively, of opticall
atched solutions of each hydrocarbon using the follow
quation[2,6]

0
T

(
AT

A0
T

− F

F0

)
= fS

T

(
1 − F

F0

)
(4)

ata obtained forfS
T from this equation are listed inTable 1.

In order to measure the fraction of the excited sin
tates quenched by oxygen to give singlet oxygen,f S

�, the
mount of oxygen dissolved in solution is varied so as t

ect the amount of fluorescence quenching but always
igh enough such that oxygen quenching of the triplet sta

he dominant triplet decay pathway at all the concentra
f dissolved oxygen. Thus the measured singlet oxygen q

um yieldΦ�, the efficiencies of singlet oxygen product
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Table 1
Photophysical properties of unsubstituted aromatic hydrocarbons in acetonitrile

Compound ES1 (kJ mol−1) ET1 (kJ mol−1) ET2 (kJ mol−1) Eox (V)
vs. SCE

τs (ns) Φ0
T kS

q (×1010 dm3

mol−1 s−1)

kT
q (×109 dm3

mol−1 s−1)

f S
T f T

� f S
�

Naphthalene11 384 255 371 1.62 105 0.79 3.1 2.5 0.72± 0.10 0.62± 0.06 0.04± 0.04
Acenaphthalene11 372 248 358 1.31 46 0.58 3.7 5.6 0.57± 0.06 0.45± 0.04 0.03± 0.03
Phenanthrene11 345 260 323 1.59 55.1 0.72 3.3 3.2 0.96± 0.10 0.50± 0.05 0.00
2,6-Dimethoxynaphthalene 340 261 – 1.13 10.77 0.9524 3.3 9.6 0.25± 0.03 0.25± 0.02 0.00
1,2;5,6-Dibenzoanthracene 337 219 2797 1.39 30.67 0.847 2.9 1.9 0.56± 0.06 0.86± 0.08 0.28± 0.03
9-Cyanophenanthrene 330 243 3087 1.92 21.67 0.687 2.3 1.6 0.85± 0.10 0.80± 0.08 0.04± 0.04
Pyrene11 322 203 275 1.22 374 0.46 3.1 2.1 0.49± 0.05 0.79± 0.08 0.30± 0.03
Anthracene11 319 178 312 1.20 5.8 0.68 3.0 2.2 0.73± 0.10 0.87± 0.08 0.00
Fluoranthene11 315 221 268 1.61 46 0.25 0.66 1.3 0.65± 0.07 0.91± 0.10 0.30± 0.03
1,2-Benzanthracene 311 198 2927 1.31 42.17 0.487 3.1 1.9 0.79± 0.10 0.90± 0.10 0.00
1,11-Benzoperylene 305 194 2607 1.03 1277 0.297 2.9 1.9 0.36± 0.04 0.90± 0.10 0.30± 0.03
Perylene11 273 151 287 0.97 6 0.03 3.8 0.3 0.68± 0.10 1.00± 0.10 0.27± 0.03

Energies of the excited singlet states,ES1 (±2 kJ mol−1), energies of the triplet states,ET1 (±2 kJ mol−1) andET2 (±10 kJ mol−1), half wave oxidation potentials,Eox (±0.1 V), lifetimes of the excited singlet
state,τs, the triplet quantum yields,Φ0

T and experimental values for rate co ectively and fraction of the excited singlet state quenched

by oxygen to give triplet state,f S
T , or to give singlet oxygenf S

�, and the frac
nstants of excited singlet and triplet states quenched by oxygen,kS
q andkT

q resp
:C
h
e
m
istry

1
7
2
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5
)
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7
0
–
1
7
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tion of the excited triplet state quenched by oxygen to give singlet oxygen,f T
�.
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from the singlet and triplet states,f S
� andfT

�, respectively,
the fraction of singlet state quenched by oxygen which yield
triplet states,fS

T , the quantum yield of triplet state production
in the absence of oxygen,Φ0

T, and the fluorescence intensities
in the presence and absence of oxygen,F andF0, are related
through the following equation:[2]:

Φ�

F0

F
= (fS

� + fS
T fT

�)

(
F0

F
− 1

)
+ Φ0

TfT
� (5)

Plots ofΦ�(F0/F) versus [(F0/F) − 1] according to Eq.(5),
give good straight lines with intercept of (Φ0

TfT
�) and slope of

(fS
� + f S

T fT
�). Combination of the intercepts with the values

of the triplet quantum yields as given inTable 1allows values
of fT

� to be determined. Substitution of the obtained values
of fT

� and values offS
T (Eq. (4)) into the slope of Eq.(5)

allows for the determination offS
�. Data off T

�, fS
T andfS

�

are listed also inTable 1.
The measured fractional efficienciesfS

�, fT
� andf S

T can
be combined with the quenching rate constantskS

q andkT
q to

obtain net rate constants for the steps shown inScheme 1.
Thus the rate constants for steps 1–3 inScheme 1, are given
by:

kS� = kS
qfS

� (6)

k

k

w en
q riplet
s ively
a ited
s inter-
s

f et
c

T
T and sin te
c

C 09 dm3

1)

N
A
P
2
1
9
P
A
F
1
1
P

and without energy transfer to oxygen, respectively:

kT� = kT
q fT

� (9)

kTO = kT
q (1 − f T

�) (10)

Values ofkT�, kTO obtained from Eqs.(9) and(10) together
with values ofkS�, kST andkSO evaluated using Eqs.(6)–(8)
are given inTable 2.

A good estimate for the energy of charge-transfer states
corresponding to the radical ion pair (M+..O2

−) is given[63]
by Eq.(11):

ECT = F (EOX
M − Ered

O2
) + C (11)

whereF is the Faraday constant,EOX
M andEred

O2
the half wave

oxidation potential of the sensitizer and the half wave reduc-
tion potential of O2(3�−

g ) respectively, with both potentials
referred to the same standard state. The value of−0.78 V ver-
sus SCE forEred

O2
is used[64] to calculateECT.Cdepends on

the electrostatic interaction energy, which is inversely pro-
portional to the static relative permitivity,εr, of the solvent
and on the differences in solvation energies of the separate
ions and the ion pair. The values of the free energy changes
(�GCT

S and�GCT
T ) to form ion pairs from excited singlet and

triplet states with energyES1 andET1, are calculated to be
ECT − ES1 andECT − ET1, respectively, when takingC= 0.

3

iplet
s n,

O e
a
o oth-
e arly,
d ygen
o till
v oxy-
g ome
ST = kS
q(fS

T − fS
�) (7)

SO = kS
q(1 − f S

T ) (8)

herekS� and kST are the net rate constants for oxyg
uenching of excited singlet states which produces the t
tate with and without energy transfer to oxygen, respect
ndkSOthe net rate constant for oxygen quenching of exc
inglet states by any process which does not catalyse
ystem crossing to the triplet state.

Eqs.(9) and(10) define net rate constants,kT� andkTO
or steps 5 and 6 inScheme 1for quenching via the singl
hannel (a) and via the triplet channel (b) (Scheme 2) with

able 2
he free energy changes for electron transfer from the excited triplet
onstants (Eqs.(6)–(10)) for elementary reactions defined inScheme 1

ompound �GCT
T

(kJ mol−1)
kT� (×109 dm3

mol−1 s−1)
kTO (×1
mol−1 s−

aphthalene11 −23.4 1.55 0.95
cenaphthalene11 −46.3 2.52 3.08
henanthrene11 −30.9 1.60 1.60
,6-Dimethoxynaphthalene−76.2 2.40 7.20
,2;5,6-Dibenzoanthracene−9.7 1.63 0.27
-Cyanophenanthrene 17.4 1.28 0.32
yrene11 −8.7 1.66 0.44
nthracene11 13.0 1.91 0.29
luoranthene11 10.6 1.18 0.18
,2-Benzanthracene 3.9 1.71 0.19
,11-Benzoperylene −19.3 1.71 0.19
erylene11 17.8 0.30 0.00
glet states to molecular oxygen�GCT
T and�GCT

S (see text) and the derived ra

�GCT
S

(kJ mol−1)
kS� (×1010 dm3

mol−1 s−1)
kST (×1010 dm3

mol−1 s−1)
kSO (×1010 dm3

mol−1 s−1)

−152 0 2.23 0.87
−170 0 2.11 1.59
−116 0 3.18 0.13
−155 0 0.83 2.48
−94 0.80 0.80 1.26
−74 0 1.98 0.35

−128 0.94 0.59 1.60
−128 0 2.19 0.81
−83 0.20 0.23 0.23

−109 0 2.47 0.66
−130 0.87 0.17 1.83
−104 1.03 1.56 1.22

.1. Quenching of the excited triplet states

Dependence of the rate constant for quenching of tr
tate by oxygen,kT

q , and the efficiency of singlet oxyge

2
* (1�g), production,fT

�, on the oxidation potential of th
romatic hydrocarbon does not show any correlation (Table 1)
n contrast to those reported previously by ourselves and
rs for different series of aromatic hydrocarbons. Simil
ependence of the rate constants for quenching by ox
f excited triplet states,kT

q on the triplet state energy is s
ague, while the dependence of the efficiency of singlet
en production on the energy of the triplet state shows s
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Fig. 1. Dependence of the rate constant for quenching of triplet state by
oxygen,kT

q (�), and the efficiency of singlet oxygen, O2
∗(1�+

g ), production,

f T
� (�), on the free energy change from the triplet state�GCT

T .

scatter. Dependence ofkT
q andfT

� on the oxidation potential
or on the energy of the triplet state is best observed when only
one parameter is variable while other variables are kept ap-
proximately constant[14–17,19–26]. However,Fig. 1shows
thatkT

q decreases while the efficiency of singlet oxygen pro-

duction, O2
* (1�g) production,fT

�, increases as the free en-
ergy change,�GCT

T , increases. The dependence ofkT
q andfT

�

on�GCT
T is not dissimilar to those reported previously by us

(see for example Refs.[16,17,20,21]). Values ofkT
q are <1/9kd

andfT
� values are in the range 0.50–1.0 for all compounds

with two exceptions: these are 2,6-dimethoxynaphthalene
and acenaphthene where 1/9kd < kT

q < 4/9kd and fT
� values

are 0.25 and 0.45, respectively. It can be seen (Table 1)
that fT

� values are approaching the range expected accord-
ing to Scheme 2while kT

q values are still well below 4/9kd

(kd = 4.3× 1010 dm3 mol−1 s−1) for two of the compounds
and lower than 1/9kd for the rest of compounds.

In 1977 Garner and Wilkinson[65] suggested the involve-
ment of charge transfer complexes and the possibility of inter-
system crossing between the various quenching channels in
the mechanism of quenching by molecular oxygen. Recently,
we have proposed competition between non-charge transfer
assisted energy transfer (i.e. also including the step labelled
1k� in Scheme 3) and charge transfer assisted quenching with

Fig. 2. Dependence of3kT
3fp/k−d according to Eq.(15)on the free energy

change�GCT
T in acetonitrile for the current set of compounds (�), for the

rest of previously reported unsubstituted aromatic hydrocarbons (©) [11],
for biphenyl derivatives (	) [16] and naphthalene derivatives (�) [20] in
acetonitrile.

and without energy transfer[16,17], further evidence for the
occurrence of which has recently been obtained by Schmidt
and co-workers[14,19]. Steady state treatment of all the re-
active intermediates inScheme 3, assuming all intersystem
crossing steps between the encounter complexes and charge
transfer complexes are negligible, gives[11]:

kT� = kd(1kT
1fP + 1k�)/9(k−d + 1kT

1fP + 1k�) (12)

kTO = 3kd
3kT

3fP/9(k−d + 3kT
3fP) (13)

where1fP = 1kp/(1k−T + 1kP) and3fP = 3kP/(3k−T + 3kP), i.e.,
1fP and3fP are the fractions of the charge transfer complexes
which dissociates to give O2* (1�g) and O2(3�−

g ), respec-

tively. When1fp is zero, i.e., when there is no charge transfer
assisted quenching,kT� = k�E

T� which is given by

k�E
T� = kd

1k�/9(k−d + 1k�) (14)

Rearrangement of Eq.(13)gives

3kT
3fP

k−d
= 3kTO

kd − 3kTO
(15)

Dependence of3kT
3fp/k−d on the free energy change from

the excited triplet state�GCT
T (Fig. 2) gives a slope of

−0.019± 0.001. This value is about 11% of the expected
slope of full electron transfer quenching of RT−1. Therefore,

heme
Sc
 3.
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partial charge transfer participation of about 11% is expected
to take place in the quenching of the triplet states by oxy-
gen in acetonitrile, which is not far from what we suggested
before for different series of compounds which are also in-
cluded in the figure for comparison[16,17,20,21]. Inclusion
of values for biphenyl[16] and naphthalene derivatives[20]
together with un-substituted aromatic hydrocarbons[11] in
acetonitrile shows scatter as shown inFig. 2. Such scatter
between different series of compounds point to the involve-
ment of other parameters in the quenching of the excited
triplet state by oxygen like molecular parameters[1] which
needs further investigations. Inclusion of non-zero intersys-
tem crossing rates as high as 1010 s−1 did not change the fit
very much as was observed by us previously[16]. However,
using higher values for the intersystem crossing rates so that
equilibrium between the encounter complexes,1,3,5(3M..O2,
3�−

g ), and charge transfer complexes,1,3(Mδ+..O2
δ−), is es-

tablished did not result in good fits and subsequently the
extent of intersystem crossing between the intermediate
complexes is not established and still need further investi-
gations.

It is worth mentioning that an alternative kinetic scheme to
Scheme 3is given by Schmidt and co-workers[14,15,18,21].
According toScheme 3, the ground state molecular oxygen is
formed through the triplet channel in the sequence3(3M..O2,
3 − 3 δ+ δ− 3 3 3 − t

tem
nsfe

,

r via

ate
ter-

p
xes
d
eated

t
nsfe
r

value
less

ns,
om-
est
es

cted
data

Schmidt and co-workers[14,15,29]have found that for a
series of sensitizers with strongly varyingET ≤ 220 kJ mol−1,
the rate constantsk1�

T , k1�
T andkT

3�/3 depend on the ex-
cess energy�E for the formation of O2∗(1�+

g ), O2
* (1�g)

and O2(3�−
g ) from 1,3(3M..O2, 3�−

g ) encounter complexes
in CCl4. They have suggested that these rate constants for
the non-charge transfer assisted quenching can be described
by an empirical polynomial fit if the oxidation potentials
≥1.8 V versus SCE. Based on their results which included
the formation of O2∗(1�+

g ) they assumed a fast and fully
established ISC equilibrium for the encounter complexes,
1,3,5(3M..O2, 3�−

g ), but only a comparatively slow ISC be-

tween charge transfer complexes,1,3(Mδ+..O2
�−), and gave

recently a three dimensional presentation that correlates these
rate constants with�E andEox. {full details of the kinetic
schemes and differences are given previously see for example
Refs.[10,14,15,20,29]}.

3.2. Quenching of the excited singlet states

The situation of quenching of the excited singlet state by
molecular oxygen is much more complex than in the case
of excited triplet states quenching by molecular oxygen. The
fraction of excited singlet states quenched by oxygen which
yields singlet oxygen,fS and the fraction of excited singlet
s s,
d
s y-
d –1.0
w
t ocar-
b
s s,
w 0.6
t
a cy-
c
f y
a arge
t give
r
a
m
f ben-
z xcept
f .56,
r umed
f

v . The
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c et al.
[ duc-
t cene
d
v wer
r

r
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�

tates quenched by oxygen which results in triplet statef S
T

efined inScheme 1are rarely reported. Potashnik et al.[6]
howed thatf S

T was unity in the case of eight aromatic h
rocarbons in toluene as solvent, but in the range 0.36
hen acetonitrile is used. More recently, values off S

T less
han unity have been reported for several aromatic hydr
ons in acetonitrile by Sato et al.[7]. Wilkinson et al.[8,9]
howed that for anthracene and several of its derivativefS

T
ere found to be unity in cyclohexane and to vary from

o one in acetonitrile. Recently we have shown thatf S
T values

re approaching unity for 11 aromatic hydrocarbons in
lohexane[10] and varies from 0.50 to 1.0 in acetontrile[11]
or the same set of compounds. Values offS

T less than unit
re usually explained as arising from quenching due to ch

ransfer interactions, which have often been shown not to
ise to free ions even in polar solvents[7,9,11]. Values off S

�

re also rarely reported in literature[1,2]. McLean et al.[12]
easured the efficiencies of singlet oxygen productionf S

�

rom the excited singlet states of seven compounds in
ene solution and reported values of zero in all cases e
or pyrene and perylene for which values of 0.13 and 0
espectively, were reported. However these authors ass
S
T values of unity, as did Usui et al.[13] who reportedf S

�

alues for seven aromatic hydrocarbons in cyclohexane
ssumption offS

T values of unity may be justified in these t
ases since the solvents used were non-polar. Wilkinson
8,9] have reported the efficiencies of singlet oxygen pro
ion from the singlet and triplet states of a series of anthra
erivatives in cyclohexane[8] and acetonitrile[9], where the
alues offS

� measured in acetonitrile as a solvent are lo
�g ) → (M ..O2 ) → (M.. O2, �g ) with rate constan
of 1/3kd, and/or through the singlet channel with intersys
crossings between the encounter complexes or charge tra
complexes with quenching rate constant≤1/9kd. Whereas
O2

* (1�g) is formed via1(3M..O2, 3�−
g ) → 1(M..O2

* , 1�g)
and/or the charge transfer assisted energy transfe
1(3M..O2, 3�−

g ) → 1(Mδ+..O2
δ−) → 1(M..O2

* , 1�g). On the
other hand, Schmidt’s alternative kinetic model indic
that triplet ground state oxygen is formed via the in
nal conversion of3(3M..O2, 3�−

g ) → 3(M..O2, 3�−
g ) and/or

mediated by the charge transfer complex, i.e.,3(3M..O2,
3�−

g ) → 3(Mδ+..O2
δ−) → 3(M..O2, 3�−

g ). The energy ga
relation for the dissociation of the encounter comple
1,3(3M..O2, 3�−

g ), leading finally to the formation of excite
and ground states of molecular oxygen, has also been tr
differently by Schmidt and co-workers. Recently[10,20], we
have derived an energy gap relation (Eq.(14)) in an attemp
to evaluate the rate constant in the absence of charge tra
assisted quenching,k�E

T� in cyclohexane. According to ou
treatment, at a particular excess energy there is a lower
for kT� which is likely to have an energy gap dependence
steep than that given by Siebrand and Williams[66–68] for
T1 → S0 radiationless transitions in aromatic hydrocarbo
a curve has been drawn to fit through the points for c
pounds with high oxidation potential which give the low
values forkT� which can be interpreted as defining valu
equal to or at least close to the values ofkT� which pertain
when charge transfer assisted energy transfer is negle
Such a treatment is of course limited by the available
and might change slightly if lower values ofkT� are reported
at a particular�E value.
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Fig. 3. Schematic electronic energy level diagram for encounter complexes (M..O2) formed between aromatic hydrocarbons (M) and molecular oxygen in
acetonitrile. Labels are CP, cyanophenanthrene; An, anthracene; BPer, benzoperylene; and Per, perylene.

than those reported in cyclohexane for the same compounds
and vary from 0 to 0.50. Recently we have reported[10,11]
the efficiencies of singlet oxygen production from the excited
singlet states for 11 aromatic hydrocarbons in acetonitrile and
cyclohexane. We have shown that[11] in acetonitrilef S

� is
zero for eight of the compounds and varies from 0.25 to 0.30
for the other four compounds in acetonitrile while in cyclo-
hexane[10], perylene was the only compound shown to give
fS

� values of 0.28 and zero for the rest of compounds.
The efficiency of singlet oxygen production from the

excited singlet state,fS
�, is about 0.30± 0.05 for 1,2;5,6-

dibenzanthracene, pyrene, fluoranthene, 1,11-benzoperylene
and perylene and about zero for the rest of compounds. The
energy levels of the encounter complexes between some of
these compounds and oxygen are shown inFig. 3. The ar-
rangement of the energy levels of the encounter complexes
of other molecule belongs to the arrangement of any of those
shown inFig. 3. In other words the arrangements shown in
Fig. 3represent the different possibilities for the set of com-
pounds under investigation, for example the arrangement of
the energy levels of 2,6-dimethoxynaphthalene and phenan-
threne resembles that for cyanophenanthrene (set 1) while the
arrangement of the energy levels of naphthalene, acenapthene
and 1,2-benzanthracene resembles that for anthracene (set 2),
whereas 1,2;5,6-dibenzanthracene, pyrene and fluoranthene
resembles that of 1,11-benzoperylene (set 3) and case number
(

1. For 2,6-dimethoxynaphthalene, phenanthrene and
cyanophenanthrene, the condition that�EST≥E(1�g);
94 kJ mol−1 is not fulfilled. In other words, the energy of
the encounter complex3(T1..1�g) is higher than that of
3(S1..3�−

g ), therefore, singlet oxygen production is not

possible in this case. For these three compoundsf S
� ≈ 0

(Table 1).
2. For naphthalene, acenapthene, 1,2-benzanthracene and

anthracene, the internal conversion from the encounter
complex3(S1..3�−

g ) and the efficiency of formation of

the triplet encounter complex3(T2..3�−
g ) which can

undergo internal conversion directly to give3(T1..3�−
g )

by-passing the3(T1..1�g) state which can then dissociate
to give 3M∗(T1) + O2(3�−

g ) without energy transfer
is the domination reaction pathway in this case. Thus
very low values offS

� in this case can be attributed
to the occurrence of these same processes, since the
energies of the encounter complexes are in the or-
der (S1..3�−

g ) > (T2..3�−
g ) > (T1..1�g) > (T1..3�−

g ).
The ordering of the energy levels of
(S1..3�−

g ) > (T2..3�−
g ) > (T1..3�−

g ) for phenanthrene
and cycnophenanthrene (case 1) and for naphthalene,
acenapthene, 1,2-benzanthracene and anthracene (case
2) as (S1..3�−

g ) > (T2..3�−
g ) > (T1..1�g) > (T1..3�−

g )

explains the high values offS and kST in these two
-
4) for perylene only. For these four cases:
T
cases (Tables 1 and 2) with one exception for 2,6
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Fig. 4. Dependence of the net quenching rate constantskSO(©) andkTO (�),
calculated using Eqs.(8) and(10), respectively, on the free energy changes
�GCT

S and�GCT
T , and those taken from Ref.[11] for kSO (�) andkTO (�).

dimethoxynaphthalene wheref S
T values is 0.25. This

low value of fS
T in this case can be attributed to the

competition with radical ion pair generation.
3. For 1,2;5,6-dibenzanthracene, pyrene, fluoran-

thene and 1,11-benzoperylene, the ordering of
energy levels within the encounter complexes,
(S1..3�−

g ) > (T1..1�g) > (T2..3�−
g ) > (T1..3�−

g ), also
explains why in these compounds singlet oxygen is
produced. In addition, the values ofkS� are high enough
(Table 2) to compete with the internal conversion to the
(T2..3�−

g ) complex state since this lies at a lower energy

than (T1..1�g) yieldingf S
� of about 0.3 for all of them.

4. For perylene the fact that the energy of the (T2..3�−
g ) state

lies above that of (S1..3�−
g ) easily explains whyfS

� is not
zero in this case. Other deactivation pathways that com-
pete with the dissociation of (T1..1�g) encounter complex
and hence reduce the value off S

� are indicated by dashed
arrows as shown inFig. 3.

The fraction of the excited singlet state quenching by oxy-
gen to give triplet state has been found to approach unity in
non-polar solvents and very rare to be unity in polar solvents
showing a slight dependence onEox for most of the com-
pounds (seeTable 1) which point to the importance of charge
transfer interactions in this process. Combination of values
o
t glet
s ated.
F r
w

de-
p s
s
i
c

on�GCT
T can be fitted assuming thatkTO approach diffusion

limit (solid lineFig. 4), where it can be seen that the solid line
passes through the highest values ofkSO approachingkd at
high negative values of�GCT

S . It is also important to note that
the dependence of the rate constantskSO on �GCT

S is slight
and so if the triplet data shown inFig. 4is removed it is quite
possible to draw a different curve through the experimental
points which could yield a higher plateau rate constant i.e.,
approachingkd at even more negative values of�GCT

S .

References

[1] C. Schweitzer, R. Schmidt, Chem. Rev. 103 (2003), 1685 and refer-
ences therein.

[2] F. Wilkinson, W.P. Helman, A.B. Ross, J. Phys. Chem. Ref. Data 22
(1993), 113 and references therein.

[3] J. Saltiel, B.W. Atwater, Adv. Photochem. 14 (1988), 1 and refer-
ences therein.

[4] R.W. Redmond, J.N. Gamlin, Photochem. Photobiol. 70 (1999), 391
and references therein.

[5] M.C. De-Rosa, R.J. Crutchley, Coord. Chem. Rev. 233–234 (2002)
351.

[6] R. Potashnik, C.R. Goldschmidt, M. Ottolenghi, Chem. Phys. Lett.
9 (1971) 424.

[7] C. Sato, K. Kikuchi, K. Okamura, Y. Takahashi, T. Miyashi, J. Phys.
Chem. 99 (1995) 16925.

[8] F. Wilkinson, D.J. McGarvey, A.F. Olea, J. Am. Chem. Soc. 115

[ ho-

[ 47.
[ E.J.

[ 97.
[ t, J.

[ biol.

[ 25.
[ 09.
[
[ em.

[ 002)

[ on,

[ 994)

[
[ m. A

[ idt,

[ 002)

[ . 199

[ aday

[ 21
f kS
q and 1− fS

T as in Eq.(9) allows values ofkSO the con-
ribution to the rate constant for oxygen quenching of sin
tates without the production of triplet states to be evalu
ig. 4 shows that the dependence ofkSO on �GCT

T togethe
ith the data for the dependence ofkTO on�GCT

T .
kSO values fall on the best fit curve obtained from the

endence ofkTO on �GCT
T which is expected to level off a

hown for highly negative free energy changes atkd/3 if no
ntersystem crossings between channels inScheme 3are in-
luded (dotted line inFig. 4). However, the dependence ofkTO
(1993) 12144.
[9] A.F. Olea, F. Wilkinson, J. Phys. Chem. 99 (1995) 4518.
10] A.A. Abdel-Shafi, D.R. Worrall, F. Wilkinson, J. Photochem. P

tobiol. A: Chem. 142 (2001) 133.
11] A.A. Abdel-Shafi, F. Wilkinson, J. Phys. Chem. A. 104 (2000) 57
12] A.J. McLean, D.J. McGarvey, T.G. Truscott, C.R. Lambert,

Land, J. Chem. Soc., Faraday Trans. 86 (1990) 3075.
13] Y. Usui, N. Shimizu, S. Mori, Bull. Chem. Soc. Jpn. 65 (1992) 8
14] C. Schweitzer, Z. Mehrdad, A. Noll, E.-W. Grabner, R. Schmid

Phys. Chem. A 107 (2003) 2192.
15] Z. Mehrdad, A. Noll, E. Grabner, R. Schmidt, Photochem. Photo

Sci. 1 (2002) 263.
16] F. Wilkinson, A.A. Abdel-Shafi, J. Phys. Chem. A 103 (1999) 54
17] F. Wilkinson, A.A. Abdel-Shafi, J. Phys. Chem. A 101 (1997) 55
18] R. Schmidt, F. Shafii, J. Phys. Chem. A 105 (2001) 8871.
19] C. Schweitzer, Z. Mehrdad, F. Shafii, R. Schmidt, Phys. Ch

Chem. Phys. 3 (2001) 3095.
20] A.A. Abdel-Shafi, F. Wilkinson, Phys. Chem. Chem. Phys. 4 (2

248.
21] R. Schmidt, F. Shafii, C. Schweitzer, A.A. Abdel-Shafi, F. Wilkins

J. Phys. Chem. A 105 (2001) 1811.
22] F. Wilkinson, D.J. McGarvey, A.F. Olea, J. Phys. Chem. 98 (1

3762.
23] R. Shafii, R. Schmidt, J. Phys. Chem. A 105 (2001) 1805.
24] C. Schweitzer, Z. Mehrdad, F. Shafii, R. Schmidt, J. Phys. Che

105 (2001) 5309.
25] C. Schweitzer, Z. Mehrdad, A. Noll, E.-W. Grabner, R. Schm

Helv. Chim. Acta 84 (2001) 2493.
26] Z. Mehrdad, C. Schweitzer, R. Schmidt, J. Phys. Chem. A 106 (2

228.
27] D.J. McGarvey, P.G. Szekeres, F. Wilkinson, Chem. Phys. Lett

(1992) 314.
28] O.L.J. Gijzeman, F. Kaufman, G. Porter, J. Chem. Soc. Far

Trans. II. 69 (1973) 708.
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