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. Introduction

For more than 70 years, researchers in several
areas of science have been intrigued by the physical
and chemical properties of the lowest excited states
of molecular oxygen. With two singlet states lying
close above its triplet ground state, the O, molecule
possesses a very unique configuration, which gives
rise to a very rich and easily accessible chemistry,
and also to a number of important photophysical
interactions. In particular, photosensitized reactions
of the first excited state, O,(*Ag), play a key role in
many natural photochemical and photobiological
processes, such as photodegradation and aging proc-
esses including even photocarcinogenesis. Reactions
of O,(*A,) are associated with significant applications
in several fields, including organic synthesis, bleach-
ing processes, and, most importantly, the photo-
dynamic therapy of cancer, which has now obtained
regulatory approval in most countries for the treat-
ment of several types of tumors. The development of
both applications and novel observation techniques
has strongly accelerated during the past few years.
Significant recent advances include, for example, the
development of novel luminescent singlet oxygen
probes,’~ the time-resolved detection of O,(*Ag) in a
transmission microscope,® the first time-resolved
measurements of singlet oxygen luminescence in
vivo,® and the observation of oxygen quenching of
triplet-excited single molecules.”

Experimental and theoretical studies on the mech-
anisms of photosensitized formation of excited O,
states and of their deactivation have been performed
for almost 40 years. While most early liquid-phase
studies were exclusively concerned with O(*Ay),
recent technological advances also made possible
time-resolved investigations of the second excited
state, O(*=4%), which can be formed in competition
with Oz(*Aq) in many cases. A significant number of
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studies have been carried out during the past 10
years, and it has become clear that a full discussion
of all photophysical processes involving O,(*=g%),
02(*Ay), and ground-state oxygen, O,(°%,"), is required
to achieve a complete understanding of photosensi-
tized reactions of molecular oxygen.

Starting with a short presentation of the most
important features of the O,(*Z;"), O2(*Ag), and
0,(3%y") states, we propose here an overview of
experimental and theoretical studies on the mecha-
nisms of physical deactivation of O,(*Z;") and O(*Ay)
to Ox(*Ag) and/or O,(3%y7) in the gas and liquid
phases, and in the absence and presence of physical
and/or chemical quenchers. This includes radiative,
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electronic-to-vibrational, charge transfer, and elec-
tronic energy-transfer processes, which all may com-
pete in a given chemical system. We also cover the
physical mechanisms of generation of O,(*%4%) and
0O,(*Ag), focusing mainly on the quenching of excited
singlet and triplet states by O,(3%,™). Both processes
can proceed via energy-transfer and charge-transfer
pathways, and we explain here how the physical
properties of the quencher and of the medium influ-
ence the mechanisms, rate constants, efficiencies, and
products of the individual deactivation processes.

Our review will conclude with a short presentation
of the most recent advances in the field of singlet
oxygen detection, and with a guide to the utilization
of the mechanistic knowledge presented here, show-
ing, for example, how to evaluate the contribution of
individual physical and/or chemical mechanisms to
the generation or deactivation of Ox(*=,*) and Ox(*Ag)
in a given situation, or how to design molecules in
order to maximize or minimize their O,(*=4*) and/or
O,(*Ag) photosensitization ability in a given medium.

The review is strictly limited to physical mecha-
nisms of generation and deactivation of singlet
oxygen. Chemical processes are discussed only in
those cases where they compete with the physical
processes and/or proceed via common intermediates.
It should be noted that most chemical reactions of
singlet oxygen are well understood, and only a few
fundamentally new aspects have been revealed since
the publication of previous reviews.8 1 The only
significant exception seems to be the antibody-
catalyzed singlet oxygenation of water, which was
suggested in 2001.1213 An introduction to applications
of photosensitized reactions of singlet oxygen was
also published very recently.'*

The solvent dependence of singlet oxygen formation
and deactivation parameters is discussed to the
extent to which it provides relevant mechanistic
information; a more detailed review of the solvent
dependence of singlet oxygen deactivation can be
found elsewhere.!® Also, extensive data collections of
quantum vyields of O,(*Aq) generation?® and of rate
constants for its deactivation!” were published in
1993 and 1995, respectively, and are freely accessible
on the Internet.’® A recent (1999) update of singlet
oxygen yields from biologically relevant molecules is
also available.’® The present review considers the
literature published through the end of November
2002.

[l. Electronic States of the O, Molecule

Despite its apparent simplicity, the O, molecule
exhibits a number of rather unusual properties with
respect to magnetic behavior, spectroscopy, energy-
transfer processes, and chemical reactivity. These
pecularities are a consequence of the open-shell
electronic structure of the molecule. Two oxygen
atoms, each with six outer electrons, are bound,
leading to the initial electronic configuration (K)(K)-
(2049)%(20u)*(304)*(1my)*(1mg)?. With the exception of the
first two degenerate antibonding 7yx and sy orbitals,
all molecular orbitals (MOs) are doubly occupied. It
was Mullikan who predicted that this special elec-
tronic configuration should give rise to three ener-
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Figure 1. Potential energy curves of the three lowest
electronic states of O,. Adapted from ref 24, with permis-
sion. Copyright 1950 Van Nostrand Reinhold. Reprint Ed.
Copyright 1989 Krieger Publishing. See text for details.

getically closely lying electronic states, the X triplet
ground state, and the excited = and A singlet states.?°
Childs and Mecke demonstrated a little later, by
measuring the intensity of the weak absorption band
of gaseous O, at 762 nm, that this band originates
from the spin-forbidden transition to the X singlet
state.?? This result allowed Mullikan to further
specify the electronic states as 3%;~ ground state and
1Agand X" excited singlet states.?? Finally, Ellis and
Kneser discovered the optical transition Ay — 3%~
in absorption experiments with liquid O, at ~1261
nm,? identifying O2(*Aq) as the metastable O, spe-
cies, which is now commonly called singlet oxygen.
Further detailed gas-phase spectroscopic studies
corroborated these early assignments and led to the
potential energy curves and the precise data given
in Figure 1.24

Figure 1 lists values of the electronic term T, i.e.,
the energy of the respective potential minimum
relative to the 333~ ground-state minimum, the
nuclear equilibrium distance r. between the O atoms,
the vibrational constant we, the first anharmonicity
constant x, and the wavenumber vq, and the wave-
length Aq0 of the 0—0 electronic transition from the
ground state. These and further data listed by
Herzberg are very useful for the calculation of
vibrational and vibronic transition energies of the
unperturbed O, molecule.?* The designation of the
different electronic states in Figure 1 includes also
the leading symbols X, a, and b, which are often used
for short reference to the ground state and to the next
two excited states of different multiplicity. It should
be noted that the value of r. increases by only 0.7
and 1.6%, respectively, on going from the ground
state to the excited singlet states. This very small
graduation indicates the same bond order of 2 for
these three states, as a consequence of their identical
initial electronic configuration. The distribution of the
two electrons on the 7y« and myy MOs is described
by six wave functions, where one corresponds to '>,*,
two to A4, and three to 3%;~. This result is consistent
with the twofold degeneracy of A4, due to its nonzero
orbital guantum number A = 2, and the threefold
degeneracy of the 3%~ ground state, with its triplet
multiplicity.

Chemical Reviews, 2003, Vol. 103, No. 5 1687

The open-shell electronic structure of the O, mol-
ecule represents a particular challenge for ab initio
calculations. The experimental values of Te, re we, and
x are sometimes used as a benchmark for the validity
of the method used. Very recently, Pittner and co-
workers demonstrated that these values can be
calculated with rather high accuracy by applying
the eight-reference state-specific Brillouin—Wigner
coupled-cluster method.?® The deviations of the cal-
culated Te, re we, and x data amounted to less than
4%, 0.5%, 5%, and 15%, respectively, for the excited
1Ay and =4t singlet states, and even better results
have been reported for the 3%y~ ground state, dem-
onstrating the progress of theoretical methods suited
for the treatment of O..

lIl. Deactivation of Singlet Oxygen

A. The Unperturbed Molecule
1. Results from Experimental Studies

If the excitation energy is smaller than the ground-
state dissociation energy Do, then any isolated and
thus unperturbed molecule can lose its excitation
energy only by radiative deactivation. This is ob-
served for both the Ay and the =" states of O,, with
Do = 41 236 cm™? (493.6 kJ mol™?1). Three different
optical transitions are possible between the X 3%,~
ground state and the a 'Ag and b =" singlet states,
and all of them are forbidden as electric-dipole
transitions, due to the even (g) parity of the electronic
states. Further restrictions exist for singlet < triplet
and X < A transitions.?*

Two radiative deactivation paths exist for the O,
molecule in the upper excited b =,* state. From
measurements of the strength of the b — X absorp-
tion of O; in air around 762 nm, Childs and Mecke
derived a corresponding Einstein coefficient of spon-
taneous emission of A,_x = 0.13 s1.2! Later experi-
ments in other laboratories resulted in slightly
smaller values.?® Ritter and Wilkerson obtained, by
ultrahigh-resolution laser absorption for pressures up
to 1 bar, A,_x = 0.0887 s™!, corresponding to the
radiative lifetime 7,—x = 1/A,—x of 11.3 s with respect
to deactivation of O,(*Z*) to the ground state.?®
(Symbols used frequently in this paper are sum-
marized in Table 1.)

The competing b — a radiative transition occurs
between two excited singlet states at 1908 nm.
Comparative measurements of theb — X and b — a
emissions of O, induced by a microwave discharge
in an O,—He mixture at 0.2 bar allowed Noxon to
determine Ap,—, = 2.5 x 1073 s with reference to A,—x
= 0.13 57527 Ap_, = 1.7 x 1073 s is obtained with
the more accurate A,—x value reported by Ritter and
Wilkerson. However, the uncertainty in A,—, is large
and amounts to a factor of 2.7

The a Ay — X 354~ transition is, according to
Kasha, quite possibly the molecular electronic transi-
tion that is most forbidden in nature.?® Badger et al.
found in the absorption spectrum of pure gaseous O,
very weak, discrete-line bands centered at 1269 nm.?°
The integral molecular absorption coefficients of the
lines were found to be independent of gas pressure,
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Table 1. List of Frequently Used Symbols

a efficiency of direct O,(*Z4") generation during O, quenching of T1
Ab-x, Ab-a, Aa—x  Einstein coefficients of spontaneous emissions b—X, b—a, and a—X
efficiency of direct O»(*Ag) generation during O, quenching of T,

e elementary charge

Eox oxidation potential

Ered reduction potential

Es singlet-state energy

Er triplet-state energy

Ea state energy of Ox(*Ag)

Es state energy of Ox(*Zy™)

F Faraday constant

fg efficiency of T;-state formation during O, quenching of S;

fé efficiency of singlet oxygen production during O, quenching of S;
h Planck constant

1P ionization potential

ko rate constant for deactivation of triplet-state O, encounter complexes
ks Boltzmann constant

Kp-x, Kb-a, Ka-x radiative rate constants of transitions b—X, b—a, and a—X
Kb —x, Kb—ar Kix relative radiative rate constants of transitions b—X, b—a, and a—X

ke rate constant of chemical O,(*Aq) deactivation

K, KE o KE second-order rate constants of radiative transitions b—X, b—a, and a—X

ke, K5, k?c’?r rate constants for charge-transfer-induced triplet-sensitized formation of O(*Zg"), O2(*Ag), and O2(3Z;")

Kaitr, K-—ditf diffusion-controlled rate constants of encounter complex formation and dissociation
P rate constant of physical Ox(*Ag) deactivation

kéA, kgz rate constants for formation of O,(*Ag) and O,(3%4~) during O, quenching of S;

Kk rate constant for O, quenching of an excited singlet state

Kss rate constant for formation of Sp and O,(3%4~) during O, quenching of S;

Kst rate constant for formation of T; and O»(®%4") during O, quenching of S;

Ksa rate constant for formation of T, and O(*Ag) during O, quenching of S;

KE, K3, K3E overall rate constants for triplet-sensitized formation of O>(*=5"), O2(*Ag), and O,(3Z4")

k? rate constant for O, quenching of triplet states

ks rate constant for formation of Sp and O,(3%4~) during O, quenching of S,

Kra rate constant for formation of Sp and O,(*Aq) during O, quenching of S;

K, Ko, k32 rate constants for non-charge-transfer-induced triplet-sensitized formation of O,(*Z4"), O2(*Ag), and O,(3Z47)

KA rate constant of O,(*Ag) quenching

kgy rate constant of O,(*Aq) quenching by a single terminal bond X—Y

ké rate constant of O,(*=4%) quenching

Ky rate constant of O,(*=4*) quenching by a single terminal bond X—Y

n refractive index

Na Avogadro’'s number

P pressure

P’ bulk polarizability

pgz fractions of singlet states quenched by oxygen

p<2 fractions of triplet states quenched by oxygen

Qe fluorescence quantum yield

QL luminescence quantum yield

Qr triplet yield

Q$ triplet yield in the absence of O,

Qa quantum yield of O,(*A,) sensitization

R molar refraction

Sa overall efficiency of singlet oxygen sensitization during O, quenching of T,

Vi molar volume

Vyaw van der Waals volume

AE excess energy

AEst S:—T; energy gap

AGcet free energy change of complete electron transfer

AH# activation enthalpy

AS* activation entropy

AVc volume of contact complex formation

AVexc excess volume

AVops® activation volume

€s static dielectric constant

n viscosity

n' packing fraction

KT isothermal compressibility

o density

To—X, Tb-as Ta—X radiative lifetimes for transitions b—X, b—a, and a—X

Ts excited singlet-state lifetime

TT sensitizer triplet-state lifetime

A lifetime of O,(*Ag)

Ts lifetime of O,(*=")
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and it was therefore concluded that the intensity of
the line spectrum is related to the probability of the
a — X transition in isolated molecules. The Einstein
coefficient of spontaneous emission of the isolated
O2(*Ag) was calculated to be A;-x =2.58 x 104 s71.2°
More recent investigations using electron parag-
magnetic resonance and emission spectroscopy,
cavity ringdown spectrosopy,3'%? and absorption spec-
troscopy®? led consistently to the slightly smaller
value of Aa_x = 2.3 x 1074 s71, which corresponds to
the extremely long radiative lifetime of the un-
perturbed O,(*Ag) of 7a-x = 72 min! It should be noted
that the given Einstein coefficients all refer to transi-
tions between the vibrational ground states (0—0
transitions). The corresponding transition energies
are listed in Figure 1.

2. Results from Theoretical Studies

Theoretical calculations provide further informa-
tion on these strongly forbidden radiative transitions.
Different mechanisms contribute to the radiative
processes (see Figure 2). Both the b — X,1 and a —
X,1 transitions 1 and 2 occur as spin-forbidden
magnetic dipole transitions to the Mg = 41 spin
sublevels of the ground state X. The b — a transition
3 is a spin-allowed electric quadrupole transition.3334
Transition 1 is about 400 times stronger than transi-
tion 2, although both are of the same magnetic
nature. For the explanation of this strange behavior,
it is very important to consider the magnetic dipole
transition X,1 — X,0 between the spin sublevels Ms
= +1 and 0 of the triplet ground state.’® This
microwave transition 6 is observed in ESR spectra
of solid oxygen at zero field.3® According to Minaev,3®
there is a strong spin—orbit coupling (SOC) between
b 1Z,* and the lowest spin substate X 3330 = (Ms = 0)
of the ground state, introducing appreciable admix-
ture of triplet X,0 character into the singlet b state,
and singlet b character into the triplet X,0 state. The
corresponding SOC-perturbed wave functions W, and
Wy o are given by egs 1 and 2. Perturbation theory
yields the admixture coefficient C (eq 3).

W, 0= |b 'S, "0+ C X °%,, O (1)
Wy o0= X%y, O- C* b 's, O (2)

_ XPZ 0 | Hso b 'Z, 0
Ep — Ex

3)

In an effective one-electron approximation of SOC,
the matrix element in the numerator of eq 3 is equal
to —ifo, where o = 153 cm™! is the SOC constant
for the O(®P) atom. Accounting for the energy differ-
ence between the b and X states of 13121 cm™? in
the denominator of eq 3, the admixture coefficient is
obtained as C = 0.0117i.%% Use of the improved value
o =176 cm™1, obtained by Klotz et al.®* in ab initio
calculations, results in C = 0.0134i. This coefficient
plays a crucial role in the explanation of radiative
properties of the unperturbed but also of the per-
turbed O, molecule.®’

Transition 1, b — X,1, can borrow intensity from
the magnetic dipole transition 6, X,1 — X,0, be-
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Figure 2. Numbering of possible radiative transitions in
O,. Adapted from ref 33. Reprinted with permission from
the The Royal Society of Chemistry.

tween the spin sublevels of the triplet ground state
X, since the singlet b state has partial triplet X,0
character due to SOC (see eq 1). The magnetic dipole
transition moment My_x is given by eq 4.

Mp-x = Wy M X 3zg,ﬂ:l_|:|=
b 'S, | M X%, ., O+ CIX S 0 | M XSy, O
4)

In eq 4, M = (L + 2S) is the magnetic dipole
operator, with L and S being the orbital and spin
angular momenta, and 8 = eh/(4xmc). The first term
of eq 4 vanishes because of the orthogonality of the
singlet and triplet wave functions. It was shown by
Minaev and Klotz et al. that the L contribution to
Mp-x is much smaller than the S contribution.33-3%
Thus, the simplified eq 5 is obtained. This result gives

M,_x = CIX °Z, 17| 28S |X °%, ., 0= 0.0268if (5)

Ap-x = 0.086 st for the 0,0 band of transition 1,
which is in excellent agreement with the experiment
(vide supra).®*

The magnetic dipole transition 2, a— X,1, has only
orbital angular momentum contributions, induced by
SOC mixing with I, states. However, these contribu-
tions are very small because of the huge energy
difference between the 13[1g, X, and a states at O—O
equilibrium distance.?323% Since the a state acquires
no partial triplet character by SOC with the X,0 state,
no intensity borrowing from the allowed transition
6 takes place, explaining the big difference between
the probabilities of transitions 1 and 2 in the unper-
turbed O, molecule. Ab initio calculations resulted
in Aa.-x = 1.9 x 1074 s, again in very good agree-
ment with the experiment.®*

The Noxon transition 3, b — a, is an electric
quadrupole transition with transition quadrupole
moment Q.-, = 1.005 au and, as such, is only weak.
Ab initio calculations yield A,—a = 1.4 x 1078 s7%, in
agreement with experiment.3

Two further radiative mechanisms profiting from
intensity borrowing are possible, as indicated in
Figure 2. Transition 4, a— X,0, can borrow intensity
from the electric quadrupole transition 3, b — a,
because of the partial singlet b character of the triplet
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X,0 state. The corresponding induced transition
quadrupole moment is Qa-x is given by eq 6, where
Q is the electric quadrupole operator.

Qaxo=[ lAg| Q |Wy o=
@Ay Q X °%,, O- C*@a Ayl Q |b 'S, 0(6)

Again, the first term of eq 6 vanishes.33 The second
factor of the perturbation term of eq 6 is identical
with the transition quadrupole moment Q,—, = 1.005
au of transition 3, b — a. Thus, the induced transition
quadrupole moment is simply given by eq 7.

Qa—X,O = —C*Q,, = 0.0135i (7)

The electric quadrupolar contribution of the a —
X,0 transition is very small and amounts only to 2 x
1078 s71, following the ab initio results of Klotz et al .34
Consequently, the a — X emission band for the
unperturbed O, consists principally of magnetic
contributions (transition 2).

Finally, transition 5, b — X,0, borrows a transition
multipole moment from the difference between per-
manent multipoles of the b and X states. In the free
O, molecule, both states have only electric quadru-
pole moments as the lowest multipoles. Minaev
derived eq 8 for the induced transition quadrupole
moment Qp-x 0.3

Qp-x0= C*(Qp — Q) (8)

With Qp, — Qx = 0.278 au, the electric quadrupolar
contribution of 1.5 x 1077 s7! is calculated from eq
8,%* which is almost 6 orders of magnitude smaller
than the magnetic dipolar contribution to b — X
(transition 1).

Thus, the electric quadrupole transitions 4 and 5
are without importance for the radiative decay of the
isolated O, molecule. However, this situation changes
dramatically in the presence of intermolecular per-
turbations (see section I11.B.1.a-2).

B. The Perturbed Molecule

Collisions with other atoms or molecules induce
perturbations of the electronic structure, which
weaken the strong forbiddeness of the radiative
processes of the O, molecule. The radiative transi-
tions acquire partially allowed character, leading to
a strongly graduated enhancement of the different
transitions in absorption as well as in emission.
Furthermore, changes from discrete-line spectra to
band spectra and small spectral shifts are observed.
However, the most important effect of perturbations
is the opening of the door to very effective radiation-
less deactivation processes, such as electronical-to-
vibrational (e—v) energy transfer and, if the respec-
tive prerequisites are fulfilled, also charge-transfer-
induced quenching (CT) and electronic energy transfer
(EET). These mechanisms will be discussed in detail
in sections 111.B.3—5. The range of variation of the
corresponding second-order rate constants (in Mt
s™1) covers almost 13 orders of magnitude and is
shown in Scheme 1.
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Scheme 1. Range of Bimolecular Rate Constants
(M~ s71) for Deactivation of O,(*X4") and O,(*Ag)
by Radiative (b—X, b—a, a—X),
Electronic-to-Vibrational (e—V), Charge Transfer
(CT), and Electronic Energy Transfer (EET)
Mechanisms

L

Cb-a @ Er
————t———— O,('Z,H
100100 100 108 108 107 100 1on -
Ca-X EET 1
———t———— 0,('A,)
100 100 100 108 108 107 10 1oM

1. Radiative Deactivation

a. Enhancement of Radiative Transitions. (1)
Results from Experimental Studies. The b — X
Transition. The transition moment of the b — X
transition increases relatively little upon perturba-
tion. Few studies have been performed. Long and
Kearns found that, in pure O, gas in the range below
100 bar, the integrated b — X absorption band
increases linearly with pressure, indicating no change
in A,—x.%8 The rate constant of the radiative transi-
tion, kp-x (= Ap-x), increases relatively little on going
from the gas to the condensed phase. Long and
Kearns determined the corresponding radiative life-
time, 7p—x = 1/kp—x, by absorption measurements to
be 2 s in liquid O, at 90 K, and 6 s in perhalogenated
solvents at room temperature.®® A heavy-atom effect
was noticed, reducing tp,—x in iodoperfluoropropane
to 0.53 s. Schmidt and Bodesheim measured the
guantum yield of the very weak b — X phosphores-
cence in CCl, at room temperature to be Qp—x = 5.2
x 1078.3% Combined with the measured actual lifetime
7z of Ox(Z41), they obtained 7,-x = 2.5 s. Chou et al.
also determined Qp-x and 7z in CCl, at room tem-
perature and arrived at r,-x = 0.65 s.%° Despite the
scatter of these results, one notes a significant but
only moderate increase of the probability of the b —
X transition by at least a factor of 2—4 on going from
the diluted gas phase to O, dissolved in liquids, and
a strong heavy-atom effect further increasing the
probability of the radiative transition by a factor of
~10.

The lifetime of O,(Z4") has also been measured in
the solid phase. Becker et al. determined 7z = 24.5
ms in Ar at 5 K.*! Only radiative transitions contrib-
ute to the decay of O,(Z;") under these conditions.
Since both radiative processes b — a and b — X
compete, the lifetime is determined by the faster
transition. By comparison with results obtained in
emission experiments on matrix-isolated isoelectronic
species NF,*? it was deduced that the short decay
time of 24.5 ms corresponds to the radiative lifetime
of the b — a transition of O, under these particular
conditions (vide infra).

The b — a Transition. Few investigations deal with
the intensity of the perturbed b — a radiative
transition. Chou and Frei discovered the correspond-
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Table 2. Rate Constants kg__ of Collision-Induced b —
a Radiative Deactivation of O»*

collider Kp_ o M™1s71 R, mL mol—!

He <0.6

Ne =~0.6 1.00
N> 7.8 4.34
O, 9.0 4.00
Ar 10.2 4.13
Kr 21.6 6.22
SF¢ 26.4 11.34
SO, 31.8 9.71
Xe 46.8 10.10
PCls 252 25.0

a Data from Fink et al.** Molar refractions R given for means
of comparison.®®

ing emission in the condensed phase as a narrow-
band emission centered at ~1930 nm in CCl, at room
temperature.*® O,(Z4") was produced by photosensi-
tization using benzophenone as triplet sensitizer.
Considering that the emission originates from the
second excited singlet state, for which a very short
lifetime had to be assumed, this result already
qualitatively indicated a strong enhancement of the
b — a transition in solution compared with that in
the gas phase. Using the a — X emission in benzene
as a reference, Schmidt and Bodesheim measured the
gquantum yield of the emission in room-temperature
CCl, to be Qp—a = 4.5 x 1074.3° From the experimental
value for 75, the radiative lifetime was calculated to
be -2 = 290 us. It follows that the probability of the
b — a transition is 6 orders of magnitude larger in
CCl, solution than that for the isolated O, molecule!
The comparison with the result reported by Becker
and Schurath, 7, = 24.5 ms, obtained in an Ar
matrix at 5 K (vide supra), indicates that differences
in the surroundings of the O, molecule and/or the
temperature could also strongly influence the transi-
tion probability.

Similar conclusions can be drawn from the results
of Fink et al., who investigated the influence of
different gases on the intensity of the b — a emission
in gas mixtures.* O,(Z4*) was produced by microwave
discharge under reduced pressures up to 0.02 bar,
and the emission was observed by Fourier transform
infrared (FTIR) spectroscopy. It was found that, with
increasing pressure, a strong continuum appears
under the discrete lines of the electric quadrupole
branches. The position of the continuum spectrum
was independent of the added gas. It was concluded
that the line spectra correspond to the emission of
unperturbed O,(Z4"), whereas the band spectra result
from the emission of collision complexes. The quan-
titative treatment of the data allowed the calcula-
tion of second-order rate constants k;_, of collision-
induced b — a emission, which are calibrated with
the value of ky,—q = 1.4 x 1078 s71, theoretically
derived by Klotz et al.3* for the radiative b — a decay
of the isolated O,(Z;"). Table 2 lists the results of this
important study.** The values of k;_, are strongly
dependent on the nature of the collider and increase
by a factor of 400 on going from Ne to PCls.

Weldon and Ogilby first identified the b — a
transition in absorption.*® The use of a very sensitive
step-scan FTIR spectrometer*® allowed these authors

Chemical Reviews, 2003, Vol. 103, No. 5 1691

2,0

-
(5]
1

Absorbance (10°%)
>

o
o
1

0,0

5400 5200 5000
Wavenumber (cm™)
Figure 3. Absorption spectrum of O,(*A) in air-saturated

n-hexane. Reprinted with permission from ref 47. Copy-
right 2002 American Chemical Society.

to make time-resolved and quantitative measure-
ments of the absorption of O;(*Ag) being formed in
liquid solution by laser-pulsed photosensitization.*>4748
The Kinetics of the transient absorption corresponds
to the a — X phosphorescence kinetics. Figure 3
displays the b — a absorption spectrum recorded
recently in air-saturated n-hexane.*’

The signal-to-noise ratio of the spectrum is very
good if the small absorbance is taken into account.
The bandwidth of the spectrum, centered at 5199
cm™1, amounts to only 69 cm™1; the extinction coef-
ficient at the maximum of absorption was determined
to be 39.7 M1 cm™! in n-hexane.*® Integration of the
absorption band yields the rate constants ky—_, of the
b — a radiative transition in n-hexane (1280 s™1),
toluene (2260 s™1), and CS; (3000 s1).#¢ Again,
differences in the surroundings of the O, molecule
strongly influence the transition probability. Bachilo
et al. also investigated the b <— a absorption in
solution.*® They, too, found that the absorption
intensity is solvent dependent and decreases in the
series toluene, hexane, methanol-d, from 1 to 0.6 and
0.4, respectively. Insofar as the solvents overlap,
these results agree.

The a — X Transition. By far, the most experimen-
tal studies have been performed on the a — X
transition. Badger et al. observed the formation of a
continuous absorption band underlying the discrete-
line spectrum in the spectrum of pure gaseous O,
with increasing pressure.?® The molecular absorption
coefficient of the continuous absorption increases
linearly with pressure and was therefore assigned to

the absorption of O, in collision complexes. The rate

constant of collision-induced a < X absorption, k;_,,

was calculated, for O, as collision partner, to be 2.4
x 1072 Mt s71, It was also noted that the strength
of perturbation is different when CO, or N; is the
collision partner. Long and Kearns investigated vari-
ous near-infrared (NIR) absorption bands of O, in the
gas phase and in liquid solution over a wide range of
pressures up to 150 bar.®® It was found that the
absorption coefficient of the vibronic a — X (1 <— 0)
transition at 1070 nm increases linearly with O,
pressure in pure O, gas and in solution, whereas the
absorption coefficient of the a — X (0 — 0) transition
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band at 1270 nm is proportional to O, pressure only
in the gas phase. In perhalogenated solvents, no
dependence of that transition on O, pressure was
observed. The surprising suppression of the oxygen-
induced enhancement of the a — X (0 — 0) transition
could be explained by the quantitative data, which
demonstrate that the average radiative lifetime, 7,—x
= 5 s, in perhalogenated solvents is more than 3
orders of magnitude smaller than that in the highly
diluted gas phase. Thus, the enormous enhancement
of the 0 — O transition exerted by the solvent
apparently hides the O, concentration-dependent
perturbation. However, it remained unclear why this
explanation fails for the a — X (1 — 0) transition.
Interestingly, only little variation of t,-x was ob-
served in the series of nine perhalogenated solvents.
However, in perfluoroacetic acid, the 4-fold longer
radiative lifetime, 7,-x = 19 s, was found.3®

Quantitative studies on the enhancement of the (0
— 0) and (0 — 1) a — X emissions by O, were per-
formed by Fink and co-workers in the gas phase.>%-5!
The second-order rate constant, k;_,(0—0) = 2.0 x
1072 M1 s, was determined, in agreement with the
previous results obtained by Badger et al. in absorp-
tion experiments.?® The collision-induced enhance-
ment of the (0 — 1) emission is a little weaker, i.e.,
ki_y(0—1) = 0.84 x 1072 M~ s™% Interestingly, the
(0 — 1) band is, in absorption as well as in emission,
a superposition of two distinct vibronic transitions
of an O,-0O; collision complex with slightly different
energies (see eqs 9 and 10).5253

O,(X,v = 0) + O,(X,v = 0) + hy —
O,(av = 1) + O,(X,v = 0) (9)

O,(X,v=0)+ O,(X,y=0) + hv —
O,(a,v =0) + O,(X,v =1) (10)

These first quantitative studies clearly indicate
that the enhancement of the a — X transition in the
gas phase at higher pressures is caused by the
weakening of the forbiddeness of the radiative tran-
sition in binary collision complexes. The very strong
reduction of the radiative lifetime 7,_x in solution by
more than 3 orders of magnitude is the consequence
of the much larger concentration of perturbing mol-
ecules, compared with their concentration in the gas
phase.

Krasnovsky first observed the (0 — 0) a — X
emission in solution in photosensitization experi-
ments.>* O,(*Aq) was formed by energy transfer from
triplet-excited sensitizers to O,. Using a phosphoro-
scope equipped with an NIR-sensitive photomulti-
plier, he observed the weak emission at ~1270 nm.
These early investigations were restricted to very
weakly O,(*Ag)-deactivating solvents, such as CCly,
CS,, and Freon, and suffered from the photobleaching
of the sensitizers caused by the necessary high
excitation powers. Khan and Kasha recorded (0 —
0) a — X emission spectra in CgF14, CCl4, and even
in H,O using different photosensitizers.>®> Time-
resolved measurements of the (0 — 0)and (0 — 1) a
— X emissions in solution became possible with the
development of sensitive Ge diode detectors. Salokhid-

Schweitzer and Schmidt

dinov et al. located both transitions in CCl, at 1272
and 1588 nm, respectively, where the intensity, lo,
of the (0 — 1) band was found to be 60 times weaker
than 190.5% Schmidt and Afshari measured a solvent-
independent ratio of lgo/lpy = 64 + 5 in CCl,, CS,,
and Cg¢F14.5 Macpherson et al. determined a much
larger solvent-independent ratio of lgo/lpy = 103 £+ 7
in 14 solvents.®® The results of Salokhiddinov et al.%
and Schmidt and Afshari®” were confirmed by Chou
et al.,>® who determined that, independent of the
solvent, lgo/lp; = 66 + 5. Thus, also in solution, the
(0 — 0) transition contains almost the entire intensity
of the a — X radiative transition.

The accurate determination of the rate constant
ka—x from photosensitized emission experiments in
solution proved to be a difficult task. Suitable refer-
ence compounds for use in measurements of the
luminescence quantum yield Q. of the a — X emis-
sion in the NIR are lacking, and the quantum vyield
Qa of O2(*Ay) sensitization has to be known for each
solvent. ka_x is obtained by using eq 11, where 7, is
the actual solvent-dependent O,(*Ay) lifetime.

L Q

a—X TAQA

(11)

Substituting Q. in eq 11 by the a — X emission
intensity, I, in stationary experiments, or substitut-
ing Q./7A by the intensity, 1.9 of the a — X emission
extrapolated to the time of laser pulse excitation in
time-resolved experiments, leads to the more easily
obtainable relative rate constants k;_y. First deter-
minations of ki_, resulted in an apparently negli-
gible solvent dependence.®® However, Hurst et al.
noticed that k_, increases with solvent polariz-
ability in aromatic solvents.®* Scurlock and Ogilby
demonstrated, in an investigation involving 15 dif-
ferent solvents, that a surprisingly large effect of the
solvent on the radiative rate constant exists.®? Values
of ki_y increase by a factor of 25 on going from
trifluoroethanol to CS,. The solvent effect was almost
simultaneously confirmed by Gorman et al., who
found a strong variation of k,_, in six solvents.®® In
contrast with these results from time-resolved stud-
ies, Schmidt et al. measured, in steady-state experi-
ments, k;_y data for six different solvents which
were interpreted to indicate a solvent-independent
radiative rate constant.®* However, later Schmidt and
Afshari also used the more reliable time-resolved
technique and extended their investigation to 27
solvents, obtaining data which clearly confirmed the
solvent dependence of ki_.5°

Several attempts have been made to determine
absolute values of k,—x. Krasnovsky measured ka—x
= 0.25 s in CCly, using the fluorescence of tetra-
phenylporphine as a luminescence standard.®® His
result is in accordance with k,—x = 0.19 s71, obtained
by Long and Kearns in absorption measurements in
CCl4.%8 However, Losev et al. determined the much
larger value, k,—x = 0.8 s71, in CCly by means of a
Li—Nd phosphate glass luminescence standard.¢ In
a later study, Losev et al. compared k,—x values
determined in emission and absorption experi-
ments.®” They found agreement with k,-x = 0.2 s7*
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only for D,O. For the rest of the solvents studied,
absorption experiments yielded in part significantly
smaller values than emission measurements; e.g., for
CCl,, the absorption method yielded k,—x = 0.5 s 2.
The discrepancy is even larger for benzene, where
they obtained k,—x = 4.5 s7! using the emission
technique but only 0.9 s™! with the absorption
technique. The difference between the k,—x values
obtained with the two techniques was attributed, in
a more speculative interpretation, to the fact that O,
forms different kinds of complexes with solvent in
both the ground and excited states. Schmidt deter-
mined with the emission method that k,—x = 1.5 s7*
in benzene, using three different sensitizers and their
corresponding fluorescence as luminescence stand-
ards.’® With this result and the relative values of
ki_x = 0.2 (D;O) and 0.62 (CCl:) reported by
Schmidt and Afshari,’® which are normalized to
ki,_x = 1 for benzene, absolute rate constants ka-x =
0.3s71(D;0) and 0.9 s (CCl,) are calculated, which
agree rather well with the emission results of Losev's
group.®” However, the ka—x emission value reported
by Losev for benzene is still 3-fold larger than the
value reported by Schmidt. Finally, Shimizu et al.
determined the absolute value of k,—x = 0.039 s
with phenalenone as sensitizer in CCl,, using the
fluorescence of quinine bisulfate as the standard.®®

The scatter of these data is, unfortunately, large.
The value reported by Shimizu et al. is 15 times
smaller than the average value, ko—x = 0.6 s71
calculated from the results obtained in CCl, in
emission studies by the other workers. The investiga-
tions conducted by Losev et al. question the compat-
ibility of results from absorption and emission meas-
urements. Since, by far, most of the ki_, data
originate from emission measurements, absolute rate
constants ka—x should be calculated using a ka-x
reference value determined with this technique. In
the recent literature, the value of ko-x = 1.5 s71
measured in benzene® 8 is generally used for that
purpose. 394548

A large number of literature k,_, data and new
results were compiled by Scurlock et al.”® The relative
rate constants correlate very smoothly with the
solvent refractive index n of the 29 solvents investi-
gated,”® or with functions of n such as the bulk
polarizability P’ (see Figure 4).52 These empirical
correlations strongly indicate that the polarizability
of the solvent plays an important role in the enhance-
ment of the a — X radiative transition.

Different attempts at interpretation of the solvent
effect have been made, most of them assuming the
formation of collision complexes S-O, between a
solvent molecule S and oxygen. Long and Kearns
developed a perturbation model in which strongly
allowed optical transitions of S contribute, by inten-
sity-borrowing, to the enhancement of the S-O,(*A)
— S-0,(®%y") radiative transitions of collision com-
plexes.®® Schmidt and Afshari showed that, on the
basis of this model, a linear correlation of k;_y with
the molar refraction, R = V,(n? — 1)/(n? + 2), could
be expected, where Vy, is the solvent molar volume.
Actually, the data correlate roughly linearly with R.%
Darmanyan assumed CT interactions in exciplexes
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Figure 4. Plot of the relative a — X radiative rate
constants, ka—x' = Ka—x/ka—x(benzene) versus solvent bulk
polarizability P'. Data compiled by Scurlock et al.”®

S:0,(*Ag) to be responsible for the S-O,(*Ag) —
S-0,(3%4") enhancement and correlated log(k}_,/n?)
with the gas-phase ionization potential, IP, of S.7*
However, these correlations are weaker than those
similar to the one shown in Figure 4, as was shown
by Scurlock et al.”® Alternatively, Ogilby and co-
workers proposed describing the solvent effect by a
Kirkwood/Onsager reaction field model.”? Disper-
sive interactions between an isolated O, existing in
a cavity and the solvent, which is considered as a
homogeneous and isotropic medium, have to be taken
into account. However, a quantitative formulation of
this model, allowing the correlation of experimental
data, has not been given.

At this point, it is interesting to note that, despite
the findings from the gas-phase studies, which clearly
demonstrate the bimolecular character of the per-
turbation process, only first-order rate constants have
been correlated with solvent parameters, but not the
really more appropriate second-order rate constants.
This indicates a surprising information barrier be-
tween physicists and chemists working in the field
of singlet oxygen, which has prevented more rapid
scientific progress.

(2) Results from Theoretical Studies. Short-
lived collision complexes S-O, are formed in binary
collisions of oxygen and collider S. The intermolecular
interaction between S and O, in these complexes
leads to the loss of symmetry of the O, moiety and,
hence, to a very graduated lifting of radiative selec-
tion rules. According to Minaev, the SOC in O, and
the character of the electronic states of O, are not
changed much upon collision.®? Thus, the application
of eqs 1 and 2 should easily rationalize the most
prominent trends of the collision-induced intensity
changes for the O, molecule. There are no sources of
intensity enhancement of the magnetic dipole transi-
tions 1, b — X,1, and 2, a — X,1, on intermolecular
interaction. Thus, it is sufficient to discuss the
changes in transitions 3, 4, and 5 (see Figure 2).

The b — X Transition. Transition 5, b — X,0,
contributes, along with transition 1, to the overall b
— X transition. Transition 5 is very weak for the
isolated O, molecule (eq 8) but acquires electric-
dipole-allowed character in collision complexes M-O,,
since it borrows intensity from the difference of the
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collision-induced electric-dipole moments Dy, and Dx
in the b and X states. Minaev derives eq 12 for the
electric-dipole transition moment Dy_x .22

Dy xo= —C*(Dy — Dy) (12)

Depending on the colliding molecule, different
values of Dy_x o are obtained from eq 12. For example,
Ap-xo = 0.017 s7! is calculated for the collision
complex H,-O,. This corresponds to an overall en-
hancement of the b — X transition by only 20%, if
compared with the experimental value A,_x = 0.0887
s~ reported by Ritter and Wilkerson.?® For butadiene
as the collider, an enhancement by a factor of 2.6 is
calculated by means of ab initio methods.* However,
the enhancement is smaller than 1 order of magni-
tude, even in this case. Semiempirical calculations,
which consider intermolecular CT interactions, giving
electric-dipole-allowed character to the microwave
transition 6, X,1 — X,0, between the spin sublevels
of the triplet ground state, were also performed by
Minaev and explain the external heavy-atom effect
on the b — X transition.®® Thus, theory and experi-
ments agree in the finding that the b — X transition
is only weakly influenced by intermolecular pertur-
bations.33'35'38‘4°

The b — a Transition. Transition 3 acquires a
relatively strong electric-dipole transition moment in
collisions, as was pointed out by Minaev.”3 7> Be-
cause of the particular open-shell electronic structure
of the O, molecule, with its degenerate antibonding
myx and mgy MOs, an asymmetric charge transfer
occurs in the collision complex S-O,. For example, in
a trapezium-like complex H;-O,, where the z axis is
parallel to the O—0O and H—H bonds and zx is a plane
of the trapezium, the myx MO has an admixture of
the MOs of H,, but not the wy, MO. This leads to
different permanent dipole moments D, and Dy of the
7gx and mgy MOs in complexes S-O,. The difference
between the dipole moments is inherent to O, colli-
sions with any collider. The main contribution to the
collision-induced electric-dipole transition moment is
given by eq 13, where D is the electric-dipole opera-
tor.%’

Dy o= "%"| D |a'A0=05(D, — D)) (13)

Semiempirical calculations lead to an enhancement
of the b — a transition in the H,-O, complex by a
factor of 4400.74 Ab initio calculations even predict a
105-fold enhancement.”™

The a — X Transition. As realized by Minaev,”374
transition 4, a — X,0, borrows intensity from transi-
tion 3, b — a, because of the partial singlet b
character of the triplet X,0 state, which is the
consequence of SOC. Since the b — a transition
acquires partially allowed dipole character in colli-
sions, a corresponding electric-dipole transition mo-
ment D,_xp, given by eq 14, is induced in the a —
X,0 transition.

Daxo = @Ay D [Wy 0=
@Ayl D X °%,, O- C*@ *Ay D |b 'S, 0 (14)

Schweitzer and Schmidt

Again, the second term in eq 14, the perturbation
term, dominates. In a treatment analogous to eq 7,
the expression can be further simplified to eq 15.3%37

D, xo=—C*@'A, D |b'S,'C= -C*D,, (15)

Thus, the strong enhancement of the b — a transi-
tion in collisions induces the enhancement of the a
— X transition. Equation 15 directly relates the
electric-dipole transition moments D,-x o and D,—p of
both collision-induced transitions. The ratio k;_,/

;o of the rate constants of the corresponding colli-
sion-induced radiative transitions is given by eq 16.3”

kC /kC — (’VEI—)()EZ(Da—X,O)2 — (Va—X)Sl C |2
N (o W R N &

Using C = 0.0134i, v,-x = 7882 cm™, and vp_4 =
5239 cm~tin eq 16 results in ky_y/k;_, = 6.1 x 107
It is most remarkable that, in this simplifying treat-
ment, the ratio k;_,/k;_, should be constant for any
diamagnetic collider.3” In an extension of the theory,
Minaev also considered charge-transfer interactions
between S and O, in the collision complex and
expected a minor but selective enhancement of the a
— X transition, which should lead to an increase of

kS_y/k;_, with decreasing ionization potential of S.37

(3) Mechanism of the Collision-Induced b —
a and a — X Transitions. The b —aand a — X
transitions are closely related. Actually, eq 16 allows
Minaev's theory to be tested experimentally. Schmidt
and Bodesheim first investigated the solvent de-
pendence of the a — X transition in this connection.
They determined the radiative rate constants of ky—x
=1.1s?tand ky—4 = 3.4 x 10% s in liquid CCl, at
room temperature.®® Earlier, and under very different
conditions, Becker et al. measured the values of ka—x
=13 x 10?stand ky—a = 41 st at 5 K in solid
Ar.*t The results indicate the strong influence of the
surrounding matrix on both radiative processes. As
shown by Schmidt and Bodesheim, the ratios Ka—x/
kp-a are the same, i.e., 3.2 x 1074 in liquid CCl, and
3.1 x 10~* in solid Ar, despite the large variation of
rate constants, in agreement with Minaev’s predic-
tion of a constant ratio.*®* Moreover, the absolute
value of the experimental ratio is close to the
predicted value.®”

The molecular properties of the collider, determin-
ing the enhancement of these transitions, were still
unknown. According to Minaev, the degenerate anti-
bonding myx and myy, MOs of O, acquire different
dipole moments in collisions due to an admixture of
the MOs of the collider. On the basis of this funda-
mental concept, Schmidt and Bodesheim concluded
that the asymmetrical charge transfer should depend
on the collider’'s molecular polarizability, which can
be expressed by the molar refraction R. If the
perturbation is caused in the liquid phase, too, by
bimolecular interactions, then some correlation be-
tween the second-order rate constants k;_y = Ka_x/
[S], where [S] is the solvent molarity, and R should
exist. Actually, a linear correlation of log(k;_y) with
log(R), with slope s,—x = 1.71 + 0.08 and intercept

(16)
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ia—x = —3.37 £ 0.12, was found.3® Moreover, correla-
tion of the gas-phase k;_, data reported by Fink et
al.** (Table 2) and the CCl, value of k;_, = 330 M*
s~*versus log(R) also yielded a linear plot. The slope
and intercept of this correlation are s,—, = 1.84 +0.11
and ip—, = —0.22 4+ 0.13.%° These two correlations are
parallel in the limits of experimental uncertainty.
This finding emphasizes the common origin of the
collision-induced b — a and a — X radiative transi-
tions.

From the result that both slopes s,—x and sp—, are
only slightly little smaller than 2, it was concluded
that a pure quadratic dependence of log(k;_,) and
log(k;_,) on R should exist for a hypothetical set of
colliders of the same molecular weight, shape, and
size but different molecular polarizability. The nor-
malized collision frequency and the collision distance
would then be constant, and the transition moment
induced by intermolecular interactions in collisions
would be directly proportional to the molar refraction.
Thus, the enhancement of the two collision-induced
transitions was, for the first time, directly related
with a molecular property of the collider, i.e., its
molecular polarizability.®®

In contrast with these conclusions, however, sev-
eral subsequent studies analyzed the solvent effect
on the a— X radiative transition on the basis of first-
order rate constants k,—x, and it was discussed
whether correlations with the ionization potential or
with the refractive index of the solvent would be more
appropriate.”®”” Shimizu et al. published absolute
ka—x data determined in 20 solvents.”® These values
were calibrated with k,—x = 0.039 s71, determined in
CCl4,% which is much smaller than the value found
by other investigators. However, relative values
k,_x, normalized to the reference solvent benzene,
agree with the data collected by Scurlock et al.,”
where overlap occurs.

A very interesting study on the variation of k},_y
in a number of homogeneous binary solvent mixtures
was published by Bilski et al.” Values of ki,_, have
been shown to correlate best with the bulk polariz-
ability P'. The prevailing trend was that ki_, in-
creases with increasing P' of the solvent medium.
However, a generally valid correlation, similar to the
one shown in Figure 4, was not found. The increase
of ki_x with P' is almost linear in D,O/dioxane
mixtures. However, in D,O/CH3;CN, P and kj_y
increase with increasing CH3;CN content until a
maximum of P’ is reached. Then, P’ begins to
decrease, while the increase of k}_ continues. This
anomalous behavior was explained by more specific
interactions between Oy(*Aq) and solvent, such as
exciplex formation. These specific interactions were
also assumed to be probably responsible for consider-
able scattering in plots of k}_, with bulk polariz-
ability (see Figure 4).7°

However, anomalous correlations of k,—x with P'
are not a consequence of specific interactions between
0,(*A4) and some component of the solvent mixture,
but between the mixture components itself, as was
demonstrated by Schmidt et al.8° Figure 5 plots their
values of k,_x, determined for three different homo-
geneous solvent mixtures, versus P'.

Chemical Reviews, 2003, Vol. 103, No. 5 1695

141} ®  H,O/acetone
& acetone/C H,
® CH,OH/CHCI,

0.2+

0.20 0.22 0.24 0.‘26 0.28 0.30
P'=(n%-1)/(n’+2)

Figure 5. Plot of absolute a — X radiative rate constants,

ka-x, versus solvent bulk polarizability P' for three different

solvent mixtures. Reprinted with permission from ref 80.
Copyright 1999 American Chemical Society.

In agreement with the results reported by Bilski
et al.,”® it was found that no general form of the
correlation of ka—x with P' exists. In contrast to the
slightly upward-curved correlation for the pure lig-
uids of Figure 4, Figure 5 displays different forms of
correlations of k,—x with P': a linear variation of ky—x
for acetone/CsHg, and two strongly bent anomalous
curves for H,O/acetone and CH3;OH/CHCI;, both
passing through a maximum of P'. It was shown that
these different dependences can be described quan-
titatively on the basis of a bimolecular perturbation
process.® If collisions of O,(*Ag) with molecules A and
B contribute independently to the overall probability
ka—x of the radiative transition in mixtures of solvents

A and B, then eq 17 should hold true, where k_

and ki yg are the rate constants of the a — X
radiative transition in binary collisions with A and
B, respectively.

Kax = kgfx,A[A] + k;fX,B[B] (17)

The bulk polarizability P' can be calculated, even
for mixtures with strongly anomalous behavior, with
high accuracy by using eq 18 from the molar refrac-
tions Ra and Rg and the molar concentrations of both
components, as shown, for example, for the mixture
of H,O/acetone.®

P'atc = RA[A] + Ry[B] (18)

'calc =

In this example, the deviation of P’ from P’
amounts, at maximum, to only 0.0009, or 0.4%.
Similar accuracy was obtained for other investigated
solvent mixtures, demonstrating that the calculation
of bulk polarizabilities leads to reliable results, if it
is based on the molar refractions of the components
and on the respective concentration-dependent excess
volumes AVeyc.

The two curves and the straight line connecting the
ka—x data from the pure mixture components drawn
in Figure 5 match the experimental rate constants
ka—x very well. It should be noted that they were

simply calculated by eqgs 17 and 18 using the corre-

sponding values of ki_, R, and AV. Thus, anoma-

lous as well as almost ideal behavior could be
reproduced without referring to specific interactions
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of O,(*Ay) with some component of the mixture. The
anomalous dependences of ky—x on P’ in H,O/acetone
and CH3;OH/CHCI; are the consequences of strongly
attractive interactions between the respective mix-
ture components, which lead to distinctly negative
excess volumes AV, whereas the mixture acetone/
CsHes behaves almost ideally, due to a negligible
AV Specific interactions of O,(*Ag) with the collid-
ers, inducing the a — X radiative transition, are
already accounted for in the corresponding bimolecu-
lar rate constant k_,. Thus, the quantitative treat-
ment of the data for the homogeneous solvent mix-
tures definitely proved the bimolecularity of the
emission process also in the liquid phase.®°

A further step in complexity was taken by Martinez
et al.,®? who investigated the a — X radiative transi-
tion in microheterogeneous systems such as micellar
solutions and microemulsions. Experimental ki_y
data could not be reproduced by application of eq 17,
which is valid only for homogeneous systems. In
micellar solutions there exist O,(*Aq) concentration
differences between the interior organic and the
exterior aqueous phases, which can be quantified by
the equilibrium constant Keq = [O2(*Ag)lint/[O2(*Ag)lext,
which is equal to the ratio of the corresponding O,
solubilties, as was shown by Lee and Rodgers.8 This
pseudophase model also considers the volume frac-
tions f, and 1 — f, of the micellar and the aqueous
phases in which deactivation occurs with rate con-
stant Kgint and Kqexe. The observable overall rate
constant kg is then given by eq 19.82

K. = Keq 1:mkd,int + (1 - fm)kd,ext (19)
d Keg fin + (1 = f1)

Equation 19 quantitatively reproduces the experi-
mental k;,_, , data if the values of kq are replaced by
the corresponding k;_y data, as shown by Martinez
et al.®t

Rate constants k__, were determined with rather
high accuracy for 12 pure solvents by Schmidt et al.,®
using the universal O,(*Ay) reference sensitizer
phenalenone.®® Values of log(k;_y) correlate roughly
with the square of the molar refraction R of the
solvent. However, a closer look at the data revealed
significant graduations, depending on the size of the
collider. The data for small colliders (such as H,0,
D,0, CH30H, and CS;) are all above the correlation
found for medium size colliders, whereas those for
large colliders (e.g., C4Clg) are below this correlation.
This observation was also confirmed by Martinez et
al.8! Obviously, other factors besides the molecular
polarizability also influence the values of ki_,: (i)
the solvent refractive index n, (ii) the normalized
collision frequency Z, and (iii) the van der Waals
volume V,qw of the collider.&°

(i) The investigations were performed in liquids of
strongly varying refractive index: 1.290 < n < 1.743.
However, radiative rate constants are proportional
to the square of the refractive index of the surround-
ings of the emitter.8* Thus, the proportionality k_,
~ n? has to be taken into account.

(i) Since a collision-induced process was analyzed,

the relation k__, ~ Z was assumed. Real colliders
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Figure 6. Dependence of bimolecular a — X radiative rate

constants, ki_, = Kka_x/[S], on normalized collision fre-
quency Z, solvent refractive index n, van der Waals volume
Vuvaw, and molar refraction R, as demonstrated by a double-
logarithmic plot of solution-phase values of f,_x(R) =

KS_y/(ZN?Vyaw~23) versus R. Reprinted with permission
from ref 85. Copyright 1999 American Chemical Society.

differ in size, shape, and mass, leading to different
collision frequencies with O,. The variations of Z were
considered, approximating both the collider and O,
as spheres and calculating gas-phase values of the
normalized collision frequency Z.

(iii) The remarkable effect of the molecular size of
the collider on k;_, could be understood when the
molecular mechanism of the collision-induced transi-
tion was considered. Only those MOs of the colliding
molecule which overlap with the zyx and 7y, MOs of
O, in the collision can strongly contribute to the
enhancement of the a — X radiative transition by a
transient shift of electron density. A size correction
function could be derived, assuming the colliders are
simply spheres of uniform polarizability. The overall
surface of the collider is then proportional to Vygw??.
The transient shift of electron density into the 7y
and w4y MOs of O, can take place only in the small
contact region of O, and the collider, where the MOs
mutually overlap. As long as the area of the contact
region is constant in the series of colliders, its relative
magnitude varies with the collider size, proportion-
ally to Vygw=23. Therefore, Vyqw 22 should be propor-
tional to that part of the collider polarizability which
becomes effective in the collision-induced a — X
radiative transition. Thus, the function f,-x(R) =
Ky /(Zn?Vyaw~22), which represents relative rate
constants normalized to the same refractive index,
collision frequency, and size, should reveal the de-
pendence of the collision-induced radiative prob-
ability on R.8% Actually, a very good linear correlation
of log(fa—x(R)) versus log(R) with slope s,—x = 2.06 +
0.08 resulted from the original data reported in that
paper.& This analysis still rested only on a small data
basis. However, since in the meantime a large body
of reliable k,—x data had been compiled,526570.76.77.80
Hild and Schmidt used an extended data set from
63 pure solvents to test the validity of the above-
presented evaluation.® The corresponding plot of
log(fa-x(R)) versus log(R) is given in Figure 6.

Again, a rather smooth linear correlation with
slope sa—x = 2.05 4+ 0.06 was found. Both the linearity
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Figure 7. Experimental confirmation of Minaev’s theory
of spin—orbit coupling mediated intensity borrowing be-
tween the a — X and b — a radiative transitions, by a
double-logarithmic plot of gas-phase values of f,—4(R) =

ki _./(Zn?Vyaw23) versus molar refraction R of collider.
Data from Fink et al.** Reprinted with permission from
ref 85. Copyright 1999 American Chemical Society.

of the correlation and its slope of 2 show that a
correlation of f,—x(R) ~ R? with negligible intercept
exists. Thus, it was found that the probability of the
collision-induced a — X radiative transition is directly
proportional to the square of the molecular polariz-
ability of the collider, if the effects of changes in
refractive index, collision frequency, and collider size
are removed,88 confirming the earlier conclusions.3®
Since radiative rate constants are proportional to the
square of the transition moment (see eq 16), the
simple direct proportionality D,—x ~ R exists for a
— X radiative transitions of binary collision com-
plexes S-O..

According to Minaev's simplified theoretical treat-
ment, D,—x 0 ~ Dp-a Should be valid (see eq 15). Thus,
a corresponding plot of log(f,-a(R)) versus log(R),
derived from the k;_, data reported by Fink et al.,*
determined in the gas phase, where n = 1, should
also be linear with a slope of 2. This is actually true
(see Figure 7).85 The slope sp—a = 2.07 & 0.10 of the
linear fit almost coincides with s,—x, confirming
Minaev's theory of the SOC-mediated intensity bor-
rowing. The experimental results Dy—xo ~ R and Dy_,
~ R demonstrate that the difference Dy — Dy of the
dipole moments induced in the only partially filled
7y x and mqy MOs of O, in binary collisions complexes
S-0; linearly depends on the molecular polarizability
of the collider S.8%8 Actually, induced dipole mo-
ments are known to be directly proportional to R in
the range of optical frequencies.

Very recently, Andersen and Ogilby reported ky—,
values determined by b < a absorption spectroscopy
in the solvents D,0, n-hexane, toluene, benzene, and
CS,.*® These data were used to calculate liquid-phase
values of f,_a(R) = ki_/(Zn?Vyaw 2°). A linear fit of
log(fo-a(R)) versus log(R) resulted in slope sp—, = 2.3
+ 0.3, confirming the conclusions derived by Schmidt
and co-workers in the application of Minaev’s theory.

Ratios of ky-x/kp—a for individual colliders were
determined in the meantime by several groups.
Tyczkowski et al. measured the radiative lifetimes
Th—a and 7,—x at very low temperature in matrices of
Ne, Ar, Kr, and Xe by directly monitoring the O,(%4")
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and O,(*Ag) decays, and they obtained ka-x/kp—a ratios
0of 3.2 x 1074, 3.7 x 1074, 4.2 x 1074, and 8.3 x 1074,
respectively.®® Anderson and Ogilby determined the
respective ratios of 9.0 x 1074, 4.7 x 1074, 6.5 x 1074,
6.5 x 1074, and 10.5 x 107* in D,O, n-hexane,
toluene, benzene, and CS; by means of b — a
absorption and a — X emission techniques,*® and
Schmidt et al. obtained the ratios of 4.4 x 1074, 6.0
x 1074, and 7.8 x 107*in b — a and a — X emission
measurements in CCly, C,Cl,, and C4Cle.2° The ratios
ka-x/Kp-a increase in each series of solvents with
decreasing ionization potential, if the D,O ratio is
neglected. This is in line with the calculations of
Minaev, who expects, in his more refined treatment,
that CT interactions between the collider and O,
should lead to an additional but minor enhancement
of the a — X radiative transition (vide supra).’”
However, the D,0 ratio contradicts this interpreta-
tion. The uncertainties of these experimental data
are considerable. Because of the different techniques
used, different systematic errors could result. How-
ever, if only average values of each group are
considered, then the ratios 5 x 1074, 7 x 1074, and
6 x 1074, calculated from the data reported by
Tyczkowski et al., Anderson and Ogilby, and Schmidt
et al., show a surprising similarity with the theoreti-
cally derived ky—x/kp—a = 6.1 x 107437 Actually, the
excellent linearities of the correlations of Figures 6
and 7 exclude a strong additional source of intensity
borrowing for the collision-induced a — X radiative
transition by charge-transfer interactions, i.e., in the
region of large polarizabilities. A further determina-
tion by Losev et al. yielded ka—x/kp-a = 3 x 1072 in
CS,,%” which, however, deviates significantly from the
other experimental results and the theoretically
expected ratio.

Thus, a rather high level of understanding of the
complex mechanisms of the collision-induced b — a
and a — X radiative transitions has been achieved
by a fortunate interplay between theoretical and
experimental work. This holds true for diamagnetic
colliders.

Very few paramagnetic compounds have been
investigated with respect to emission enhancement,
and these only with respect to the a — X emission.
Wildt et al. determined the rate constants of the (0
— 0) a — X emissions induced by collisions with
the triplet O, molecule and the NO radical to be
ki_y = 2.04 x 1072 and 1.02 M~* s71, respectively.>*
If these rate constants are used to calculate, via
fax(R) = ki_y/(Zn?Vyaw ?3), the corresponding val-
ues of log(fa—x(R)), then —12.10 and —10.40 are
obtained for O, and NO. These numbers are signifi-
cantly larger than the log(fa—x(R)) values of —13.14
and —13.05, obtained using the molar refractions of
4.00 and 4.40 mL mol~? for O, and NO and the linear
fit of log(fa—x(R)) versus log(R) shown in Figure 6.
Consequently, the probability of the collision-induced
a — X radiative transition is, for O, and NO, factors
of 10 and 440 larger than expected for diamagnetic
colliders of the same size, collision frequency, and
molecular polarizability.

The only study concerned with the enhancement
of the a — X emission by paramagnetic solutes was
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performed by Belford et al.®® Initial luminescence
intensities were determined by time-resolved meas-
urements in the absence, L° and in the presence,
L(N), of stable nitroxyl (N) radicals. Tetramethyl-
piperidine-N-oxyl (TEMPO), two TEMPO derivatives,
and the diamagnetic control agent tetramethyl-
piperidine (TEMP) were investigated in this interest-
ing work. A linear increase of L(N)/L° was observed
with increasing [N], already qualitatively indicating
a significant emission enhancement.®® The data can
be quantitatively evaluated if the contributions of the
solvent, k;_, g[S], and of the nitroxyl, k;_, \[N], to
the collision-induced radiative transition are consid-
ered. Thereby, eq 20 is derived.

Ka-xn[NI

LN/L® =1+ =
kafx,s[S]

(20)

The solvent used was CCly, for which ki _y g[S] =
1.17 s7! had been determined.8 With the slope s =
11 M~ determined by Belford et al. for TEMPO,
Kixn = 13 M1 s71 is obtained from eq 20. Very
similar slopes had been found for the two TEMPO
derivatives, whereas the diamagnetic TEMP appar-
ently did not enhance the emission.®® The TEMPO
rate constant 13 M~ s~ corresponds to log(fa-x(R))
= —9.26. Using R = 46.6 mL mol~%, the linear fit of
Figure 6 leads to log(f.—x(R)) = —10.95. Consequently,
the probability of the collision-induced a — X radia-
tive transition is a factor of 50 larger for TEMPO
than for a diamagnetic collider of the same size,
collision frequency, and molecular polarizability, such
as TEMP.

These few investigations clearly demonstrate the
existence of a much stronger enhancement of the
collision-induced a — X radiative transition by para-
magnetic colliders, which most probably is caused by
a partial lifting of the intersystem crossing (isc)
restrictions, since spin-allowed transitions exist in
collision complexes with colliders of triplet and
doublet multiplicity (see egs 21 and 22).

*(S+0,("Ay) = *(S-0,(°%) ) (21)
“(*S+0,("Ay) — *(°S-0,(°%) ) (22)

The difference in the enhancement between the
nitroxyl radicals and NO, by 1 order of magnitude,
can be explained in part by the space-filling methyl
substituents partially shielding the radical center. It
is, however, not known why O, is much less effective
than NO.%!

b. Spectral Shifts of Radiative Transitions.
Interestingly, the effects of intermolecular perturba-
tion on both the probabilities of the radiative transi-
tions of singlet oxygen and the corresponding tran-
sition energies differ by orders of magnitude. While
the enhancement of the transition probabilities is
tremendous, the spectral shifts observed in the liquid
phase are only small. Obviously, weak interactions
in collisions are already sufficient to produce severe
perturbations for strongly forbidden transitions; how-
ever, they have only a small effect on the energies of

Schweitzer and Schmidt

the ground and excited states of the nonpolar O,
molecule. Solvent-dependent spectral shifts were
discussed by Ogilby and co-workers in two reviews
in 1999.8%9 Few articles dealing with this subject
have been published since then. Therefore, the
spectral shifts of the different possible emissions will
be treated here only briefly for reasons of complete-
ness.

(1) Results from Experimental Studies. The b
— X Transition. The lifetime 7z of the upper excited
singlet oxygen O,(Z¢") is drastically shortened in
solution compared with that in the gas phase, due
to very effective spin-allowed radiationless deactiva-
tion processes. Maximum lifetimes of 130—200 ns are
observed only in perhalogenated liquids such as CCl,
and C,Cl,.8%9%.92 |n contrast, the probability of the b
— X radiative transition increases only moderately
in solution. This leads to a very small emission
quantum yield Qu-x, which was determined to be
about 1 x 1077 in CCl4.3%4% Thus, it not surprising
that studies concerning the spectral shift of the b —
X emission in different solvents are lacking. The
emission spectrum was measured in CCl, by Chou
et al., who found the maximum at 765 nm.*° Wild et
al. observed the maximum in liquid O,, at 77 K, also
at 765 nm.® Thus, the b — X emission is red-shifted
only slightly, by 3 nm or approximately —50 cm™1,
on going from the gas phase to these liquid media.

The a — X Transition. The spectral shift of this
emission is well investigated. Bromberg and Foote
first reported the small but significant solvent de-
pendence of the a — X emission band to range from
1273 (acetone-ds) to 1279 nm (anisole).®* Losev and
co-workers studied both the (0 — 0) and (0 — 1)
transitions of this emission in 11 solvents.®® Schmidt
and Afshari recorded the (0 — 0) and (0 — 1) emission
bands of 1%0,(*Ag) and 8O,(*Ag) in four perhalo-
genated solvents, in CDCls, and in CS,.5” The (0 —
0) and (0 — 1) transitions of both isotopomers
occurred in CgF14 at the wavelengths calculated for
the gas phase. Compared with these values, all
transitions are red-shifted in CCl, by the same value,
—30 cm™*. A higher spectral resolution can be ob-
tained with FTIR spectrometers than with dispersive
instruments. Using this technique, Macpherson et al.
determined the (0 — 0) and (0 — 1) transition
energies voo and vo; for O(*Aq) in 25 perdeuterated
and perhalogenated solvents and in CS,.58 An exten-
sion of the data basis was achieved when Wessels and
Rodgers investigated the (0 — 0) transition of O,(*Ag)
by FTIR emission spectroscopy in 50 solvents, com-
prising the whole possible refractive index variation
in liquids.®® Furthermore, Dam et al. very recently
complemented the data set with emission maxima
and bandwidths of the (0 — 0) transition of the
O2(*Ag) phosphorescence, determined by the Fourier
technique in toluene, pyridine, poly(methyl meth-
acrylate), and polystyrene.*

The data from the different studies yield altogether
a consistent picture. The variation of vgg is small but
significant: only 0.63% variation between 7873.2
(CF3COOH) and 7823.9 cm™! (CH.l,). A strong linear
correlation of voo with the bulk polarizability P' was
observed, from which only the data for the “anoma-
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lous” solvents acetone, tetrahydrofuran, dioxane,
CH3CN, CH30H, and H,O deviate significantly.®®
Thus, it seemed as if dispersion interactions between
the solvent and O,(*Ag) would be the main reason for
the observed red-shift. However, the extrapolation of
the linear fit of voo versus P’ to the value for P’ = 0,
corresponding to the gas phase, resulted in 7916.7
cm™1, which is significantly larger than the actual
gas-phase (0 — 0) transition energy, vo® = 7882.4
cm~1.2497 Therefore, the extrapolated value for v
either contradicts the assumption of a linear correla-
tion between voo and P' or indicates that, besides
attractive, also repulsive interactions contribute to
the solvent dependence of vqo.

The b — a Transition. Chou and Frei published the
first spectrum of the (0 — 0) transition of this
emission in solution. They observed in CCl, a narrow-
band emission centered at ~1930 nm.*® Ogilby and
co-workers investigated the influence of the variation
of the refractive index of the solvent on this emis-
sion.”® Using a dispersive instrument, they deter-
mined the transition energy voo in four perhalo-
genated solvents, in CS,, and in mixtures of CCl, and
CS,, which are all nonpolar solvents. Red-shifts Avy
= voo — Voo With respect to the gas-phase transitions
energy, voo? = 5241 cm™1, were calculated and com-
pared in a common plot versus the bulk polarizability
P’ with the corresponding red-shifts of the a — X
emission, calculated with vo? = 7882.4 cm~ from the
data reported by Wessels and Rodgers, discarding the
“anomalous” solvents.®® Strong linear correlations
were found. It was noted that the red-shift is slightly
but significantly stronger for the b — a emission. This
can also be inferred by comparing the Avy values
measured in CCl4, which amount to —31.3 and —46.5
cm™! for the a — X and b — a emissions, respec-
tively.24%6.98 It should be noted that the red-shift Avgo
~ —50 cm~! of the b — X emission in CCl, is of similar
magnitude (vide supra). Interestingly, extrapolation
of the linear correlations to P' = 0 leads, for both
emissions, to the similar blue-shifts compared with
the respective actual gas-phase transition energies
of about 35 cm™2.

A little later, Ogilby and co-workers used a step-
scan FTIR spectrometer to obtain a precise measure-
ment of the spectra of both the b — a emission and b
< a absorption in CS,, CCly, and Freon-113.%5%° Only
negligibly small Stokes shifts were observed, indicat-
ing that the difference between the equilibrium and
nonequilibrium solvation energies for the 1Ay and 12"
states of O, is small in these nonpolar solvents.®
Dam et al. continued the investigations of the b — a
transition and recently reported the energies voo and
the bandwidths Av of the absorption band for 19
solvents of very different refractive index n and
dielectric constant ¢, including the four “anomalous”
solvents tetrahydrofuran, dioxane, CH3CN, and
CH30H.*” For the analysis, these data were comple-
mented with corresponding literature data for vy and
Av on the a — X emission. The authors demonstrated
that, with this solvent selection, only roughly linear
correlations of voo with n—and thus also with P'—are
obtained for both optical transitions. In their inter-
pretation of the role of the solvent, they emphasize
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that it is important to recognize that solvent polar-
ization is composed of the very fast optical polariza-
tion P, and the much slower inertial polarization Pijn.
Poo represents the response from the solvent elec-
tronic degrees of freedom, which is assumed to be in
permanent equilibrium with the charge distribution
of the solute. The inertial polarization vector Pi
represents the response from the solvent nuclear
degrees of freedom (i.e., vibrational, rotational, and
translational motion) and remains fixed during an
electronic transition. Functions describing Py, and Pi,
depend on n and ¢, respectively. Both the b <— a and
a— X transitions originate from O(*Ag) (which is in
equilibrium with the surrounding solvent and is
stabilized as a consequence of both the inertial and
optical polarization vectors) and lead to Franck—
Condon states (which are not in equilibrium with the
surrounding solvent), since the inertial vectors Pj,
have not yet had the chance to respond to the new
solute charge distribution. Therefore, it was argued
that the corresponding transition energies v may
not correlate well with functions that depend only
on n. However, much better correlations of the
transition energy with functions that depend only on
n were expected for the hypothetical transition from
a nonequilibrated state of O, to another nonequili-
brated state. Such a hypothetical transition was
modeled by taking the sum of the b —a and a — X
spectral shifts. Actually, Dam et al. showed that this
sum correlates remarkably well with n. This is
probably also the consequence of a similar charge
distribution of the solutes O,(*Z") and O,(3%;"). It
was suggested that this clearly demonstrates the
importance of considering the effects of equilibrium
and nonequilibrium solvation when interpreting the
effect of solvent on the different optical transitions
of oxygen. The analysis of the Av data led to the
conclusion that the bandwidths of the b — a and a
— X transitions, however, principally reflect only the
effects of equilibrium solvation.

(2) Results from Theoretical Studies. Early
attempts to explain the solvent dependence of Avgo
were based on the assumption that dispersion inter-
actions may be mainly responsible for the observed
spectral shift of the a — X emission.58:24%6-9% Schmidt
interpreted the solvent dependence of Avg by means
of a simple model based on the dispersion interac-
tions between solvent molecules and O;(*A,) and
02(3%y"), respectively. It was shown that the applica-
tion of the London equation leads, in this particular
case, to a linear correlation of Avgy with P' with
negative slope if the molecular polarizability of O, is
larger in the A4 state than in the 3%, ground state.®’
However, Poulsen et al. demonstrated by ab initio
calculations that this assumption does not hold true,
neither for the isolated nor for the solvated O,
molecule, thus withdrawing the basis of the disper-
sion model.*% In fact, for most molecules, excited-
state polarizabilities are larger than those for the
ground state. However, O, differs from these mol-
ecules with respect to its degenerate antibonding g«
and mqy orbitals filled with two electrons. According
to Poulsen et al., one electron is in each of the gy
and mgy MOs in the 3%~ ground state, whereas both



1700 Chemical Reviews, 2003, Vol. 103, No. 5

T T T T

25¢ e  acetone 1

-35F

-1
Av,(calc) / cm

-55 -45 -35 -25

Av,,(exp) /cm™

Figure 8. Plot of calculated versus experimental differ-
ences Avgy = vog — voo? for the a — X emission in different
solvents. Data from Poulsen et al.10t

electrons are in the same orbital (either myx Or 7gy)
in the A, state, causing the larger polarizabilty of
the ground state.1®

Extending their theoretical work, Poulsen et al.
used ab initio methods to investigate the effect of
solvent on the a — X transition energy.'®® Energies
had been calculated for binary complexes of oxygen
and solvent molecule S-O,(*Ag), being in equilibrium
with its surrounding outer solvent, and S-O,(3%;"),
being out of equilibrium with the outer solvent (i.e.,
the Franck—Condon state populated in the a — X
transition). Values of voo had been calculated consid-
ering S-O, complexes of different structures. This was
achieved by taking weighted averages for a variety
of S-O, orientations. The calculated phosphorescence
rate, which depends on the respective S-O, complex
structure, served hereby as the weighting factor. To
model the solvation of S-O, complexes, the solvent
was regarded as a homogeneous dielectric medium
which surrounds a spherical cavity containing the
solute, and which is characterized by its static and
optical dielectric constants ¢, and n2. It was shown
that the complex energies depend principally on the
quadrupolar and higher order coupling terms be-
tween the complex and the outer solvent, and only
minimally on the dipolar coupling term and on
dispersion interactions. Figure 8 shows the good
correlation of calculated and experimental red-shifts
obtained.

It was concluded that the empirical correlations
between experimental a — X spectral shifts and the
solvent polarizability cannot be ascribed solely to a
dispersion interaction, but rather they simply reflect
the general importance of the solvent’'s electronic
response in the oxygen—solvent interaction.®! Thus,
a rather high level of understanding of the collision-
induced radiative transitions of O, has been achieved
also with respect to the small spectral shifts.

2. Radiationless Deactivation

The most important effect of perturbations of the
singlet-excited O, molecule is the opening of the door
to very effective radiationless deactivation processes.
Hereby, different mechanisms compete. These are,
in the order of increasing rate, a rather strange and
almost unique electronic-to-vibrational energy trans-
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fer (which is independent of charge-transfer interac-
tions), charge-transfer induced quenching, and com-
mon electronic energy transfer.

3. Radiationless Deactivation: Electronic-to-Vibrational
Energy Transfer

Electronic-to-vibrational (e—v) energy transfer is
a general deactivation process of O,(*=5") and O,(*Ay),
which converts electronic excitation energy of the O,
molecule into vibration of O, and quencher and
occurs with any di- or polyatomic collider in the gas
or liquid phase. e—v deactivation is observed in its
pure form with quenchers of high oxidation potential
and sufficiently high triplet-state energy, for which
charge-transfer (CT)-induced quenching or electronic
energy transfer is impossible. In most liquids, the
lifetimes of O,(*=4%) and O,(*Ay) are limited by e—v
deactivation. This is why the mechanism of this
particular deactivation process has been explored
during systematic studies of the O,(*A,) lifetime 74
in solution.

a. Variation of the O,(*Ay) Lifetime. Early
investigations of the deactivation of Oy(*Ag) were
performed in the gas phase. The experimental meth-
ods, results, and interpretations were discussed in
detail in a comprehensive review by Wayne.'? It was
found that O»(*A) is quenched in bimolecular colli-
sions with very small rate constants kA In fact, the
values of ké were often found to be at the lower limit
of the experimental technique used, leading partially
to strongly scattering results.

Two factors contribute to the relative inefficiency
of the deactivation processes. (i) The O,(*Ag) excita-
tion energy has to be converted into vibrational,
rotational, and translational energy of the quenching
products. This explains why rare gas colliders such
as Ar, Kr, and Xe, with second-order rate constants
kA = 5-20 M1 s71, are the weakest quenchers of
Oz(lA ).103 (ii) The Oz(*Aq) — O2(3%,") deactivation is
spin-forbidden for quenchers with singlet multiplic-
ity. Actually, quenchers with doublet (NO, NO) or
triplet (O,) multiplicity seem to have larger rate
constants than comparable singlet molecules.%? H,
(kg = 2800 M~* s71), H,O (~4900), NH;3 (2600), and
CeHs (3200) are the most efficient singlet-state
guenchers, and this is related with the fact that all
are hydrides with high vibrational frequencies which
can act as good accepting modes. Thus, an e—v
deactivation of O,(*Ag) was assumed to take place.
However, a quantitative model describing the gradu-
ations of k3 found with different colliders has not
been developed on the small basis of gas-phase data.

First determinations of singlet oxygen lifetimes 7,
in solution were performed by indirect chemical
methods, since detectors that were sufficiently sensi-
tive to monitor the very weak a — X phosphorescence
were still lacking. The techniques and the underlying
chemical kinetics are described in a review by
Wilkinson and Brummer.'®* Young et al. used the
stationary photo-oxygenation of 1,3-diphenyliso-
benzofuran in the presence of varying amounts of the
physical O.(*Ay) quencher j-carotene to obtain the

product 7,k3.1% Assuming kg for f-carotene to be
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diffusion-controlled, as was suggested by Foote (see
section 111.B.5),1% they estimated 7o = 5.5 us in
methanol, which is not far from the actual value, 9.5
us.5” With the advent of pulsed lasers, the chemical
method was improved mainly by Adams and Wilkin-
son,® Young et al.,'®® and Merkel and Kearns.'%°
Merkel and Kearns discovered a large variation of
7a With solvent which—according to their results—
extends from 2 us in H,O to 700 us in CCl4.11° In D,0,
7a = 20 us was determined. Thus, a strong H-D
isotope effect (zap/ta,n = 10) on 74 was observed with
water but, surprisingly, not with acetone. The au-
thors explained the solvent effect on 7, by a Forster-
type dipole—dipole energy transfer from O,(*Ag) into
appropriate overtones of solvent vibrations involving
the hydrogen and deuterium atoms. This theoretical
treatment leads to a correlation of 7, with the solvent
optical densities (ODs) at the wavelengths of the (0
— 0) and (0 — 1) a — X transitions, 1269 and 1592
nm, according to eq 23, where the higher terms were
neglected in the first approximation. The OD factors
in eq 23 are related to the Franck—Condon factors
of the (0 — 0) and (0 — 1) vibronic transitions of O,.

1/t ~ 0.5(0D;,49) + 0.05(0D;5g,) + higher ter(ms)
23

This rather successful approach, which described
the isotope effect in water and the apparently missing
isotope effect in acetone, was adopted by others and
expanded in attempts to improve the correlation by
substituting the terms of eq 23 by the integrated
overlap of the (0 — 0) and (0 — 1) a — X emission
bands and the corresponding solvent absorption
bands.'* However, Ogilby and Foote soon found that
a large H—D isotope effect (7a p/tan = 16) exists also
in acetone, thus throwing doubt on the theory put
forth by Kearns.1?

In the late 1970s and early 1980s, the direct
spectroscopic detection of Ox(*A4) became possible due
to the development of NIR-sensitive photomultipliers
and Ge diodes, first in Russia and then in the United
States, enabling the easier and more accurate deter-
mination of 7, by time-resolved® 5660611137116 gnd
stationary studies.'*” Much longer lifetimes5456.60.117
and strong H—D isotope effects 7ap/tan Were ob-
served in CHCI; (3,8% 22%17), CH3CN (7,5t 11,116 22117),
acetone (13,6%115 15,116 20117), and CgHp (21,61116 27117),
thus finally invalidating the model proposed by
Kearns. Ogilby and Foote discussed the failure of the
theory and tried different correlations of 1/r, with
linear combinations of solvent OD values at the
wavelengths of the (0 —0), (0 —1),and (0 —2)a—
X transitions, similar to eq 23, but a quantitative
description of the data was not possible.''® They
concluded that Kearns's attempt to correlate transi-
tion probabilities with NIR optical densities was, in
fact, a pioneering effort but still an oversimplification
of a very complex problem.

A further step on the way to understanding the
solvent effect on the O,(*A) lifetime was taken by
Rodgers, who determined values of 7, in nine n-
alkanes, ten n-alcohols, and in H,O, CH3;CN, CH30H,
CesHs, and their perdeuterated derivatives, as well as
in 15 different alkanes, alcohols, ethers, and chloro-
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Table 3. Incremental Rate Constants for Bond
Groupings?

group k,M~ts? group k, M~1s71
CHjs 550 OH 2290
CDs 15 oD 165
CH> 813 C=0 100
CHP 90 CN 65

a Data from Rodgers.!® b Aliphatic.

hydrocarbons as reference solvents.'® Second-order
rate constants kg = 1/7A[S] of O2(*Aq) quenching by
solvent molecules S were calculated. Experiments
with binary solvent mixtures of components A and
B demonstrated that the variation of t, with mixture
composition could actually be calculated with high
accuracy from these data by using eq 24.

1ty = k3 A[A] + kg g[BI (24)

It was found that the 1/7, values for both homolo-
gous series of n-alkanes and n-alcohols display a
parallel dependence on the number of methylene
groups. The systematic evaluation of the extensive
data set yielded the incremental rate constants of
02(*Ag¢) quenching by molecular groupings listed in
Table 3, which can be used to calculate lifetimes 7,
in pure liquids with high accuracy.'®® The study
reported by Rodgers was very fruitful, not only
because of its practical utility, but also because it was
shown that the deactivation of O,(*Ay) is a bimolecu-
lar process also in the liquid phase.

The next important step toward the understanding
of the deactivation of O,(*Aq) was achieved by Hurst
and Schuster.??® These authors determined 7z, in a
variety of carefully selected solvents, e.g., in the
series CgHsX and CgDsX (X = F, CI, Br, 1), in
CsHnFs-n (0 =n= 6), in C¢Dsg, C-.DsOD, CD;0D, D,0,
CD3;CN, and CDClI3, and in acetone-ds. Hereby, they
observed that, in halogenated solvents, the values of
7 decrease with increasing power of the excitation
pulse. Similar observations had been reported earlier
with weakly O,(*Aq) deactivating solvents.61:116.118
This effect was assumed to be caused by photochemi-
cally produced quenchers of O,(*Ag) and sets upper
experimental limits for 7, values to be determined
with accuracy in laser pulse experiments. The com-
plications due to the power dependence could be
reduced if values of 7, are extrapolated to the limit
of zero laser power.'?°

In the series CsHnFs-n, Hurst and Schuster found
a linear increase of 1/, with the molar concentration
of hydrogen atoms, which is consistent with a con-
stant incremental second-order rate constant k2, of
0O2(*Ag) quenching by a single C—H bond, irrespective
of the number of fluorine atoms per benzene. Thus,
it appeared that it is some specific property of the
C—H bonds that determines the quenching ability of
these solvents, and that donor—acceptor interactions
of the solvent with Oy(*Ay) play little or no role. A
similar evaluation yielded the rate constant kg of
quenching by a single C—D bond. The ratio kg,,/kop
= 25 was obtained as a H—D isotope effect.

Efforts have been made to investigate whether the
absence or presence of atoms with nuclear spin in
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Figure 9. Plot of inverse O;(*Ay) lifetimes, 1/7,, versus
molar concentration of solvent C—H bonds (O, lower scale),
and versus the Kearns OD parameter, see eq 23 (M, upper
scale). Reprinted with permission from ref 120. Copyright
1983 American Chemical Society.

the solvent or oxygen molecules influences the ra-
diationless deactivation of O,(*A,). However, no ef-
fects have been found, neither in experiments with
170,- or O,-enriched O2(*Aq), nor by applying exter-
nal magnetic fields as high as 4800 G during lifetime
measurements.*?° It was suggested that these obser-
vations eliminate the nuclear spin difference between
hydrogen and deuterium atoms as the cause of their
different quenching efficiencies. Furthermore, the
temperature dependence of 7, was examined in
several solvents. Only weak effects were observed,
in agreement with earlier findings reported by Ogilby
and Foote.*'8 Finally, a small but significant heavy-
atom effect was found to promote the spin-forbidden
deactivation of O(*Aq). The values of 7, decreased
for C¢DsX in the series X = CI, Br, and | from 1.2 to
0.81 and 0.28 ms.1?°

Hurst and Schuster found strong linear correla-
tions between 1/7, and the molar concentrations of
C—H bonds or C—D bonds, respectively.’® They
interpreted the general H—D isotope effect on 1/z4,
in agreement with others, as a consequence of an e—v
energy-transfer mechanism.1%118 But, in contrast to
Merkel and Kearns, they proposed an e—v energy
transfer which is independent of the optical transi-
tion moments of the solvent.'?® A similar idea was
already proposed but not consequently followed by
Ogilby and Foote, who considered that perhaps
Raman- and IR-active vibrational modes together
may correlate better with the observed lifetimes than
IR optical densities alone.'18

Hurst and Schuster plotted the values of 1/t
versus [C—H] (O, lower scale), and versus Kearns'’s
OD parameter (H, upper scale, see Figure 9).1%° The
line is the least-squares fit to [C—H]. Neither pa-
rameter predicts the observed lifetime with absolute
certainty. However, it is clear that the correlation
with [C—H] is the superior of the two. Of course, both
parameters are related. The higher the concentration
of carbon—hydrogen bonds, the greater the OD of the
C—H overtone frequencies at 1269 and 1592 nm. The
OD parameters, however, also include a factor de-
rived from the magnitude of the transition dipole

Schweitzer and Schmidt

moment, and it is the inclusion of this part that
appears to weaken the observed correlation.?

This result was in direct conflict with the predic-
tions based on the dipole—dipole energy-transfer
model. Exchange energy transfer depends, similarly
to dipole—dipole energy transfer, on the overlap of
vibronic wave functions of donor and acceptor mol-
ecules but not on the optical transition moments.
Therefore, Hurst and Schuster assumed that Ox(*Ag)
deactivation takes place via an e—v deactivation
mechanism which, similarly to an exchange energy-
transfer mechanism, should be initiated by the
repulsive interaction of O,(*Ag) and solvent molecules,
coupling the highest frequency mode of the solvent
with a vibronic transition of O,(*Ay). They derived eq

25, where ki, is the second-order rate constant of
kv = CaY FF 'nRomn (25)
mn

0O,(*Aq) deactivation by bond X-Y, C, is a solvent-
independent term containing the electronic coupling
matrix elements, Fn,, and F ', are the Franck—Condon
factors for the coupled Ay, v =0 — 3%;,", v =m
vibronic transition of O, and the v =0 — V' = n
vibrational transition of bond X—Y, and Rn, is the
off-resonance factor related to the energy mismatch
Emn between the two transitions. Rp,, should be large
for resonant transitions but small for large off-
resonance energies.

For several X—Y bonds with differing energies Exy
of the highest frequency mode, the following rate
constants ki, for O,(*A,) deactivation have been
evaluated: for O—H, 3500 cm™%, 2000 M~ s71; for
C—H, 3050 cm™1, 420 M~ s7%; for O—D, 2550 cm™?,
150 M~* s7%; and for C—D, 2240 cm™%, 17 M~ 571,120
A strong monotonic but not linear decrease of ki,
with decreasing Exy was found.

Using the model outlined above, and neglecting
overtone excitations (v' = 0 — V' = n, with n > 1) of
the energy-accepting mode of X-—Y, Hurst and
Schuster qualitatively explained the strong gradua-
tion of kﬁY for O2(*Ag). The predictions from their
model could be summarized in a simple way: the
greater the energy of the highest frequency vibra-
tional mode of the solvent, the nearer to resonance
is a Oy(*Ag) vibronic transition with a large Franck—
Condon factor.'?® This work proved to be a milestone
in the development of a quantitative and general e—v
deactivation model.

However, the extension of the work of Hurst and
Schuster required accurate values of 7, in weakly
0,(*Aq) deactivating solvents, which were not acces-
sible with high-power laser excitation. A reduction
of the energy and power of the excitation pulses by
factors of 10° and 10° compared with the previ-
ous experiments was achieved by Schmidt and Brau-
er, who used the radiation of a mercury arc lamp
which was spectrally resolved and chopped to 10-ms
pulses.t?! Lifetimes up to about 100 ms were deter-
mined in perhalogenated solvents. Further values of
ki, were derived by using eq 26, with Nxy being the
number of times a particular terminal bond X—Y
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occurs per solvent molecule, considering also the
radiative deactivation path by ké = (Ura — ka—x)/[S]-

kg = gNXYkﬁY (26)

A strong linear correlation was found between
Iog(kﬁY) and the energy Exy of the highest frequency
vibrational mode, i.e., the stretching vibration of
terminal bond X—Y. The value of ki, increases by
about 4 orders of magnitude on going from C—CI to
O—H.'?! The validity of these results was confirmed
by Aubry et al.,’?2 who showed that the values ki, =
84 M~ st and k§, = 1530 M~! s, determined
from 7, = 212 us (formamide-d3) and 11.5 us (forma-
mide), excellently fit to the correlation of Iog(kﬁy)
with Exy.

Schmidt used sensitive equipment to study the
effect of heavy-atom colliders on the spin-forbidden
e—Vv deactivation of O,(*Ay) in greater detail.*?® It was
supposed that, in the previous investigation with
CsDsX (X = ClI, Br, or 1), the heavy-atom effect was
eventually damped by the still rather strong deacti-
vation by C—D bonds. Therefore, the study concerned
mainly perhalogenated solvents with chlorine, bro-
mine, and iodine substituents, for which particularly
long lifetimes 25 ms < 7, < 110 ms could actually be
determined. It was found that the linear decrease of
Iog(kﬁY) with decreasing Exy holds true only for
light-atom bonds in the series O—H to C—F. How-
ever, for aliphatic bonds C—F (Exy = 1250 cm™3),
C—CI (800), C—Br (660), and C—1 (560), the values
of k&, increase from 0.13 to 0.23 to 0.87 and 3.93
M1 s71, despite the further decrease of Exy. Obvi-
ously, two opposite effects on kﬁy are superposed in
this series with increasing atomic weight of terminal
atom: the frequency dependence, which causes kﬁY
to decrease, and the heavy-atom effect, which leads
to larger isc probabilities and thus to larger values
of kﬁ‘w. After removal of the masking frequency
effect by use of the empirical correlation log(k%,)
with Exy, a very strong graduation of the isc prob-
ability of 1:16:130:950 resulted for the series C—F,
C—Cl, C—Br, and C—I, which is typical for an
internal heavy-atom effect. This finding indicates
that e—v deactivation occurs in a collision complex
of Oz(*Ag) and the terminal atom of bond X—Y, under
partial penetration of the electron clouds.'??

Krasnovsky and co-workers first applied the single-
photon-counting technique to detect the a — X
phosphorescence in H,0.'2* The sensitizer was ex-
cited by a copper vapor laser with a 10-kHz repetition
rate. About 107 laser shots were required to ac-
cumulate the extremely weak emission. However,
this was a rewarding effort, since the biexponential
rise and decay curve of O,(*Ag) with time constants
7a and sensitizer triplet-state lifetime 7+ could be
accurately evaluated. Measurements were performed
varying the O, partial pressure from 1 to 15 bar, and
1/z+ was found to be proportional to [O,], whereas 7
= 3.1 us remained constant. This number sets the
lower limit of 7, in neat solvents.'?*

Pure, natural O, (99.8% 60,) acts, in the gas phase
and in the liquid phase, as a rather strong quencher

Chemical Reviews, 2003, Vol. 103, No. 5 1703

of 180,(*Ay), with rate constants 16ké =1020M1s?t
(gaseous Oy, 295 K)® and 640 M~ s~ (liquid Oy, 77
K).125 Deactivation of 180,(*Ay) by ground-state 20,
however, proceeds at 295 K with the much slower
rate constant k5 = 6 M1 s, as was shown by
Maier and co-wor?<ers.93 The surprisingly large iso-
tope effect on the collisional deactivation of O,(*Ay)
in pure O, was quantitatively described by a model
which considers the six possible coupled transitions,
0 <m =<5, of eq 27, with n =5 — m, and the
corresponding changes in the off-resonance energies
Emn if one switches from pure %0, to pure 20,.

"NV =0+°5 v =0—
3v — _ 3v L\ —
Zg v=m+ Zg VN =n+E,, (27)

Due to the slightly smaller frequency of the fun-
damental vibrational mode of 180, (1467 versus 1556
cm™t for 160,), values of En, are ~400 cm™! larger
for each of the coupled transitions of 80,. Since Enn
has to be transformed into rotational and transla-
tional energy for the diatomic quencher O,, the small
changes in Enp are sufficient to cause the very strong
isotope effect, 1°kg/18kg = 170.%1%° The quantitative
evaluation further demonstrated that the coupled
transitions m =3, n=2and m =2, n = 3 of eq 27
have the highest probability. These interesting in-
vestigations show that overtone excitations of accept-
ing modes are very important for the e—v deactiva-
tion of Oy(*Ag) by diatomic molecules.

If quenching of Oy(*Aq) by O occurs in solvents
consisting of polyatomic molecules, the picture could
be quite different. Collision complexes of O, and a
solvent molecule could provide suitable accepting
modes for the off-resonance energy, leading to sig-
nificantly larger rate constants °kg and 1*kg and a
much smaller oxygen isotope effect. This question
was studied by Afshari and Schmidt, who investi-
gated the quenching of O,(*Ag) by O, for both 60,
and 80, in a series of perhalogenated solvents at
room temperature.’?® The strong isotope effect of

1%ks/®kg = 70 was determined in perfluorodecalin
ang was interpreted to be in accordance with the e—v
deactivation model proposed by Meier.*® Thus, sol-
vent molecules were not assumed to support quench-
ing by O,. The investigation also showed that the
presence of O, in air-saturated perhalogenated sol-
vents leads to in part strongly reduced singlet oxygen
lifetimes.'?® This is illustrated by the data shown in
Table 4, comparing lifetimes %7, determined in air-
saturated solvents with values of 7, and '8z, ob-
tained at [O,] < 1075 M.%

These results demonstrate that, after removal of
the quenching effect of the experimentally necessary
contaminants O, and sensitizer, extremely long life-
times are obtained, which should be limited only by
e—V deactivation to the solvent, and therefore should
be the correct basis for calculation of k&,. The
reduction of %z, in air-saturated solution by O,
guenching decreases when 167, becomes smaller, as
is shown by the results in Table 5, which lists
lifetimes for strongly deactivating solvents. A com-
prehensive compilation of lifetimes 7, was published
by Wilkinson et al.1"18
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Table 4. Lifetimes of °*O,(*Ag) and 80,(*Ag) in Weakly
Deactivating Solvents?

solvent 167,, msP 167,, ms® 187,, ms® 187, /167,
CDCl; 7.0 8.9 12.2 1.4
CsFe 21 30 45 1.5
CoFasl 25 53

CS; 45 79 119 1.5
C.BraF, 31 111 174 1.6
CCly 59 128 180 1.4
C.Cl3F3 72 133 207 1.6
CoF14 68 214 271 1.3
CioF1s 59 309 463 1.5

a Data from Schmidt and Afshari.5”1?6 ° Air-saturated. ¢ [O;]
< 107% M; sensitizer phenalenone < 1075 M.

Table 5. Lifetimes of *O,(*Ag) and 80,(*Ay) in
Strongly Deactivating Solvents?

solvent 1674, usP 1874, us® R I I
H>0 3.1d 3.1¢ 1.00
CH30H 9.5 9.5 1.00
CeHaa 23.4 26.4 1.13
CeHs 30.0 38.3 1.28
CsHi2 34.7 40.3 1.16
(CH3).CO 51.2 60.8 1.19
D,0O 68 68 1.00
CH3CN 77.1 92.9 1.20
CH_ClI; 99 128 1.29
CHCl3 229 294 1.28
C,HCl; 247 347 1.40
CeDs 681 795 1.17
(CD3),CO 992 994 1.00

a Data from Schmidt and Afshari.>” ® Air-saturated. ¢ Par-
tial pressure of 0, ~ 0.5 bar. 9 Reference 119. ¢ Value calcu-
lated with experimentally determined isotope effect 1.00 and
16‘L'A =3.1 us.

The data in Tables 4 and 5 reveal the tremendous
variation of the singlet oxygen lifetime which has
been discovered stepwise over two decades, from the
early work of Merkel and Kearnst®19 to the more
recent results,5"124126 and which covers 5 orders of
magnitude. Tables 4 and 5 also list the isotope effects
on the O,(*Ay) lifetimes which were determined by
Schmidt and Afshari with the intention of finding out
whether overtone excitations of accepting modes are
important for the e—v deactivation of O,(*Ay) by
polyatomic molecules.5”

Figure 10 illustrates their idea by means of the
potential energy curves of the 3%~ and A4 states of
O, and the ground-state potential curve of C—H as
deactivating bond X—Y. The corresponding vibra-
tional levels are also shown and are split into halfs
for O,: the left one corresponds to %0, and the right
one to 80,. Since only very weak temperature effects
have been determined for e—v deactivation,!18120.127.128
only exothermic deactivation paths should be rel-
evant. Two different possible coupled transitions of
0,(*A¢) and C—H are shown for the two isotopomers.
With respect to overtone n = 2 excitation of C—H
with transition energy Exyn, only the vibronic transi-
tions of Oy(*Ag), with transition energies Eo,m leading
to the m = 0 or 1 levels, are exothermic. Due to its
larger mass, a closer vibrational spacing results for
180,. Therefore, the transition energies Eo,m are
always larger for 180, than for 60,, and correspond-
ingly larger off-resonance energies Enn = Eo,m —
Exvn result for 80,. Figure 10 displays the 0 — 1
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Figure 10. O, isotope effect on the e—v deactivation of
O(*Ag) by C—H. Coupled transitionstom = 3, n = 1 and
tom =1, n = 2 for 180, and 80, (broken lines). Lengths of
arrows correspond to transition energies Eo,m and Exy,n,
respectively. Reprinted with permission from ref 57. Copy-
right 1992 Deutsche Bunsen-Gesellschaft.

vibronic transition, which has a smaller off-resonance
energy for overtone excitation of C—H. Here, Ep, is
90 cm! larger for 180, than for 160,. With respect to
the fundamental excitation of C—H, four vibronic
transitions, 0 < m < 3, are exothermic. The smallest
off-resonance energy shown in Figure 10 is associated
with the transition to m = 3, for which the transition
energy Eo,m, and thus also the value of Enp, is 308
cm™? larger for 0, than for '%0,. Thus, the e—v
deactivation of 180,(*Ag) by C—H should be distinctly
slower, and a distinct isotope effect '87,/*z, should
exist, if only the fundamental transition of C—H is
excited. However, only a small isotope effect can be
expected if the overtone of C—H is excited. Inspection
of the data in Tables 4 and 5 reveals a significant
but small isotope effect for solvents with C—H and
O—H bonds. Therefore, it was concluded that over-
tone excitations of energy-accepting modes are im-
portant in the e—v deactivation of O,(*Ay).5"

b. Mechanism of e—v Deactivation of O,(*Ay).
Hurst and Schuster showed that the solvent de-
pendence of the Oy(*Ay) lifetime could be explained
qualitatively on the basis of an e—v energy trans-
fer.1?0 A model describing quantitatively the experi-
mental rate constants and such essential findings as
(i) the 8z,/1%7, isotope effect, (ii) the heavy-atom effect
with carbon—halogen bonds, and (iii) the negligible
temperature effect was developed by Schmidt and
Afshari.5” They adopted Schuster’s basic idea that
e—v deactivation occurs competitively via different
coupled transitions, according to eq 28. It should be
noted that only terminal bonds X—Y are considered,
since only these interact in collisions with O,. Fur-
thermore, only stretching vibrations of X—Y were
taken into account.5"121

"AgV=0+X-YV =0—
T, Vv=EmAX=YV =n+E,, (28)

The rate constant kiy™ of a single coupled transi-
tion was assumed to be the product of the term C,,
which is proportional to the normalized collision
frequency Z and to the matrix element of elec-
tronic coupling of the Ay and 3%, states, of the



Generation and Deactivation of Singlet Oxygen

Franck—Condon factors F, and F ', of the vibronic
and vibrational transitions of O, and bond X-Y, and
the off-resonance factor R, (see eq 29).

K™ = CAFrF '\ Rinn (29)

The overall rate constant k&, of deactivation of
0,(*Ay) by a single terminal bond X—Y is given by eq
30, with npax being the vibrational quantum number
of the highest overtone of X—Y, which can be excited.

5 Nmax

Koy, = KMo 30
XY mZO n; XY ( )

It was proposed that Ry, decreases exponentially
with Emnn, as shown in eqs 31 and 32, where the
constant o is a measure of the ability of the entire
guenching molecule to accept the off-resonance en-
ergy by low-energy modes. Slightly endothermic
transitions were considered by factoring with the
Boltzmann term (see egs 31 and 32).

E.., > 0, exothermic: R,,=exp(—aE,,) ((31)

E,., < 0, endothermic:
Rin = exp(aEp, + En/(RT)) (32)

All data necessary for calculation of the rate
constants k4™ of a single channel, characterized by
numbers m and n, by using eq 29 have been derived
from experimental quantities: Fy, for 60, as well as
180, from the ratios lgo/lo; of the (0 — 0) and (0 — 1)
a — X emission intensities; Eo,m from the data
reported by Herzberg and the reduced masses of 160,
and *0,; F 'y and the respective transition energies
Exyn from bond dissociation energies Dxy and ener-
gies Exy 1 of the X—Y fundamental stretching modes.5’
With these data and eq 30, it is possible to fit
calculated rate constants kiy to the experimental
values of ki, by variation of only two parameters,
the O,-specific constant C, and the O,-independent
constant a. The experimental values of k&, for 160,
could quantitatively be described with C, = 5.5 x
10° Mt s7! and o = 0.0032 cm, as illustrated in
Figure 11.

The value of k5, was changed from 2.2 x 102 to
2.9 x 10® Mt st in Figure 11, considering the
revised lifetime in H,O of 7, = 3.1 us.*?* The straight
line with intercept i = 0 and slope s = 1 represents
identity of experimental and calculated rate con-
stants and describes the variation of the data over 5
orders of magnitude. The linear fit results in i =

—0.08 £+ 0.28 and s = 1.05 + 0.06. Since the values

of ks are well described by kg, of course the strong

correlation of Iog(kﬁy) with Exy is also reproduced. It
was further shown that the heavy-atom effect with
carbon—halogen bonds and the isotope effect, which
varies from 6k3, /18k5,, = 1.0 to *6k5g,/*8k5g, = 1.9,
are quantitatively reproduced. A detailed inspection
of the model demonstrated that overtone excitation
of bonds X—Y is generally important. Low isotope
effects result for X—Y bonds with large Exy, due to
the preference of vibronic transitions of O,(*Ag) to m
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Figure 11. Double-logarithmic plot of calculated rate
constants ki of 160,(2A,) deactivation versus experimen-
tal data ki,. Subscript indicates terminal atoms con-
nected with aromatic carbon atoms. Reprinted with per-
mission from ref 57. Copyright 1992 Deutsche Bunsen-
Gesellschaft.

= 0, 1 when most of the excitation energy is accepted
by X—Y. Isotope effects >1.5 and a distribution over
the vibronic tranisitions 0 < m =< 4 are calculated
for weakly deactivating bonds of small Exy, which
take only the smaller part of the O,(*A,) excitation
energy in the deactivating collision. Since contribu-
tions of endothermic coupled transitions proved to be
very small, it was concluded that the very weak

temperature effect on ké should be caused by the
temperature dependence of the collision frequency
Z ~ T95 which leads to an activation energy of
0.5(RT), in agreement with the experimental obser-
vations.118120.127.128 Thys, a quantitative model of e—v
energy transfer was derived to describe the unusual
solvent dependence of the singlet oxygen lifetime.5’

c. Quenching of O,(*%4%). The quenching of
0,(*=4%) is very fast. This is the main reason the
deactivation of O,(*=4%) could be investigated, for a
long time, only in the gas phase. The experimental
methods, results, and interpretations are discussed
in the review by Wayne.'2 The deactivation of
0O,(*=4%) is 5—6 orders of magnitude faster than the
e—v deactivation of O,(*Aq). According to Ogryzlo, this
difference clearly indicates O,(*Z4") — O,(*Ag) deac-
tivation, since this process has a small energy gap
and is spin-allowed.’?® Actually, Wildt et al. deter-
mined an efficiency of =0.90 for O,(*Ay) formation in
the deactivation of Oy(*%;%) in the gas phase.'®
Second-order rate constants ké of quenching of
O,(*=4") were determined in the gas phase for a large
number of colliders, and deactivation by diatomic
molecules was studied in great detail. It was found

that ké increases from O, to H, by more than 4
orders of magnitude and correlates reasonably well
with Exy, thus pointing to an e—v energy transfer.
This process could be induced by long-range interac-
tions (LRIs) between the transition quadrupole of the
O2(1=4™) — O2(*Ay) transition and the transition dipole
or transition quadrupole of the quencher®®132 or,
alternatively, by short-range (repulsive) interactions
(SRIs).1® In the case of H, and HBr, for which
complete calculations were carried out, it was shown
that both LRIs and SRIs contribute to the quenching
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Table 6. Rate Constants ké of Quenching of O,(*%g")
Determined in the Gas Phase?

quencher kg, M~ts quencher kg, M~ts

H,O 2.9 x 10° CH,4 5.0 x 107

NH; 8.3 x 108 CoHe 2.3 x 108
Dgo 3.7 x 108 C3H3 2.7 x 108d
H,S 2.6 x 108 C4H1o 3.8 x 108d
CO, 1.7 x 108 CsHi12 45 x 1084d
ND3 8.4 x 107P CeHia 5.5 x 1084
NO; 1.5 x 107 C/His 6.0 x 1084
CS; 1.7 x 106¢ CeHe 3.9 x 108¢
SO, 1.1 x 108 CDy4 4.0 x 107"
SFG 9.0 x 1050 CzDe 1.0 x 1080
CCly 2.7 x 105¢ CF, 1.6 x 106¢
CzFe 1.9 x lOGC

a Numbers without citation are average values evaluated
in ref 149. P Reference 147. ¢ Reference 143. 4 Reference 148.
¢ Reference 139.

process, which leads, for H, and HBr, to excitation
of the first and second vibrational levels, respec-
tively.'®2 These are the dominant processes because
they are almost resonant, i.e., all the electronic
energy can be taken up in a combination of easily
excited vibrational modes and allowed rotational
transitions. The poor quenchers, such as N, and
especially O, have vibrational levels which do not
match the more favorable vibronic O,(*Z4™) — O2(*Ay)
transitions. No calculations on the quenching of
0,(*Z4") by polyatomic molecules have been pub-
lished; however, the experimental findings were
interpreted qualitatively to indicate spin-allowed e—v
deactivation.'?® Table 6 lists average values of ké for
polyatomic quenchers which were evaluated from
literature data.'34149

The values of ki show an enormous variation,
ranging from 2.7 x 10% (CCl,) t0 2.9 x 10° Mt s71
(H20). They decrease in the series ChHzn+2, ChD2n+2,
CnF2an+2, and in each series with decreasing number
n. These graduations strongly indicate that the same
e—V energy-transfer mechanism takes place in de-
activation of Oy(*Ag) and O,(1%,™).14°

d. Mechanism of e—v Deactivation of O,(*X4").
The gas-phase data set of Table 6 was analyzed by
Schmidt, as done previously with the data for the e—v
deactivation of O,(*A4).514° Rate constants kx, were
calculated to increase exponentially with Exy. Equa-
tion 33 holds for the coupled transitions of O,(*Z4")
and deactivating bond X—Y.

ZV=0+X-Y Vv =0—
1 — (-
Agv=m+X=Y\V' =n+E,, (33)

The rate constant kx3"" of a single coupled transi-
tion could be calculated by using eq 29 after substi-
tuting Ca by Cs, which is proportional to Z and to
the matrix elements of the electronic coupling of the
1¥57 and 'Aq states. Deactivation of O,(*2;") leads to
only the vibrational levels 0 = m =< 3 of O,(*A,), due
to the smaller energy gap. Using eq 30 with the
corresponding changes, along with with egs 31 and
32, and the values of Fy,,, F ', and the O,-independent
constant a = 0.0032 cm (derived earlier for the e—v
deactivation of O,(*Ay)),% rate constants ki could

Schweitzer and Schmidt

be fitted to experimental values of ki, by variation
of only one parameter, the constant Cs. A very good
fit was obtained with Cs = 8.8 x 10° M~1s™1, proving
that the same e—v energy transfer operates for
02(*Ag) and O,(*Z4™). Hence, for the first time, a
consistent model could be established for the gas-
phase deactivation of O,(*Z5").2#® It should be noted
that, in contrast to deactivation of O,(*Ag), no heavy-
atom effect was found for O,(*Z,*) deactivation, in
accordance with the spin-allowed character of the
latter process.

The first quantitative investigations of the O,(*Z4™)
deactivation in solution were performed by Wang and
Ogilby, who monitored the intensity of the b — a
fluorescence without time resolution in CCl, at 1935
nm.1%0 O,(*=,%) was produced by photosensitization.
Stern—Volmer constants Ksy of Ox(*Z4") quenching
by CH3OH, CsHj,, toluene, CsHg, acetone, CsDg, and
acetone-ds were found to decrease in this series by a
factor of 15. The H—D isotope effect Ksy n/Ksv,p was
determined to be 3 for benzene and 4.5 for acetone,
which is much smaller than that for e—v deactivation
of O2(*Ag). An estimate of the O,(1Zy") lifetime in CCly4
of 3 & 3.2 ns was also given. The variation of Kgy
was discussed qualitatively in terms of the e—v
deactivation model proposed by Schuster.120.150

On the basis of kg = 2.7 x 10° M~ s™* determined
for CCl, as gas-phase quencher,’®® 7z ~ 360 ns was
estimated by Schmidt for liquid CCl4.**° The first
time-resolved experiments with O,(*=4%) were per-
formed by Schmidt and Bodesheim,®* who used a
photomultiplier to detect the very weak b — X
phosphorescence in CCl,y at 765 nm. Oy(*Z,*) was
photosensitized by the triplet sensitizer phenalenone.
Because of strong perturbations by very fast decaying
emissions, a difference technique, allowing for life-
times 7z = 30 ns, was applied. The evaluation of the
biexponential rise and decay curves with time con-
stants 7t and 7y yielded 7= = 130 ns in pure CCly,
which was confirmed by Chou et al.®? With increasing
[O2], a proportional increase of 1/tr was found.
Hereby, the O,(*2,4%) signals became shorter but also
higher, as a consequence of the reduction of the
lifetime 77 at constant lifetime 7z and quantum yield
of O,(*=4%) formation. When O,(*=4%) quenching ex-
periments were carried out in air-saturated solu-
tion, the second time constant zs varied at con-
stant lifetime 77, proving that actually O,(*=,*) was
monitored. Rate constants ké were determined for
CH30OH, CHCI;, CH3sCN, acetone, CsHs, and CgHjo.
A maximum value of kg = 2.2 x 10° M~ s was
reported for CH3;OH. For the rest of the quenchers,
it was found that ké varies in proportion to the
number of C—H bonds, in accordance with the e—v
deactivation model derived above.%*

Losev et al. performed time-resolved measure-
ments of the b — a fluorescence at 1935 nm in CCl,
solution by means of a fast GalnAsSb diode.®” They
determined 7z = 105 ns and rate constants ké for
some quenchers, in accordance with the earlier
results.®%? They also quoted zs = 140 ns in CS,,
which is a surprisingly long time, if one considers the
6-fold larger gas-phase ké value for CS, compared
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with that for CCl, (see Table 6). Keszthelyi et al. used
a step-scan FTIR spectrometer for time-resolved
measurement of the b — a fluorescence in CS, and
determined 7z = 30 ns.!%!

The studies on the quenching of O,(*2,%) in CCl,
were extended by Schmidt and Bodesheim, 52152 who
evaluated the value of 0.975 £+ 0.025 for the efficiency
of O,(*A,) formation in the deactivation of O,(1Z4")
by CC|4, CH30H, CgHs, CesHio, and C8H18.152 The
investigation of 22 quenchers with a variety of
deactivating X—Y bonds yielded a large data set,
which is suited for comparison of the collisional
deactivation of O,(*Z;") and O,(*Ag) in solution.s3
Rate constants k> were found to be larger, by a
factor of ~2, in solution than in the gas phase. From
kg = 3.2 x 10°® M~ s7! obtained with CS,, one
calculates 7z = 19 ns for pure CS,, in agreement with
the result of Keszthelyi et al.’>! Values of kx, for 11
different bonds were obtained using the e—v energy-
transfer model developed earlier.’*® These experi-
mental liquid-phase data could be well described with
o = 0.0032 cm, by a one-parameter fit yielding Cs =
2.0 x 10 M~ 71158 Cy was interpreted as the
product of the normalized collision frequency in the
liquid phase Z,, the electronic factor fs of the 13" —
1Aq4 transition of O, and a steric factor s. The
differences between liquid- and gas-phase data could
be qualitatively explained by assuming that Z; ex-
ceeds the gas-phase frequency Z4 by the value of the
pair distribution function g(o) at contact distance ¢.15
Z, further depends on the size and mass of the
guencher. s describes the accessibility of O, to the
deactivating bond in collinear collisions and depends
on the molecular structure of the quencher. There-
fore, the use of a general value of Cs represents, of
course, a significant simplification. Still, the experi-
mental results are well described by the calculated
data, as illustrated in Figure 12, with the correlations
of log(kxy) and log(kky) with Exy. log(ky,) increases
much more with Exy than Iog(k)zw), as a consequence
of the larger energy gap for the corresponding
deactivation process (7882 versus 5239 cm™%). This
is the actual reason the H—D isotope effect is much
stronger in the e—v deactivation of O,(*Ag).153
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Figure 12 also reveals systematic deviations of
the calculated values of Iog(kf‘w) which are not ob-
served with log(kk,). This deviation was shown to be
caused by the neglect of bending vibrations and
combinational modes, which also could couple to
vibronic transitions of O, and induce deactivation of
singlet oxygen. The neglect is less important in the
calculation of Iog(kﬁY) because of its stronger Exy
dependence, resulting from the larger A;—3%," en-
ergy gap of 7882 cm~*. The successful description of
the O,(*=g") — O2(*Aq) and Oz(*Ag) — Ox(3%7) e—v
deactivation processes also stimulated the calculation
of the rate constants for the spin-forbidden O,(*=Z4")
— 0,(3%47) e~V deactivation with energy gap 13 121
cm~i. Rate constants that are several orders of
magnitude smaller and that depend much more on
Exy than the experimental Oy(*Ag) — O,(3%,") deac-
tivation data were obtained, even when the electronic
factor was assumed to be identical to that for the
spin-allowed O,(*=4%) — O,(*Ay) deactivation. Thus,
without referring to spin-forbiddenness, already the
large energy gap causes the inefficiency of O,(3%;")
formation in the e—v deactivation of O,(*=4%).1%% This
is the main reason why O,(*A) is the only product of
the e—v deactivation of O,(*3 4*) and why e—v energy
transfer is probably very slow for deactivation of
electronically excited diatomic molecules with large
energy gaps.

e. e—v Deactivation of X" States of Isoelec-
tronic Molecules. The molecules NF, SO, and SeO
are isoelectronic to O,. They have, like O,, a %X~
ground state and two low-lying *A and =" excited
states. To test whether the e—v energy-transfer
model could generally describe the e—v deactivation
of low-energy electronically excited diatomic mol-
ecules, Schmidt analyzed literature values of k3 for
the gas-phase deactivation of 1= t-excited NF,'% SO,1%
and Se0.%%% By applying the model outlined above,
it was shown that experimental values of ky, could
be reproduced for the three different molecules with
the same constant a = 0.0032 cm, determined with
02(*Ag) and O,(1=,™), and a common constant Cy =
1.3 x 10 M1 s71, which is only 50% larger than Cs
= 8.8 x 10° M! s, derived for the gas-phase
deactivation of Oy(*Z;"). Thus, the separation of a
guencher into single deactivating bonds and the
interpretation of the corresponding rate constants by
the model of coupled transitions should be generally
useful 156

This model was also used by Setser and co-workers
for the interpretation of gas-phase rate constants of
deactivation of the =" states of NF and PF,*7 and
NCI and PCI.%%815%° The overall agreement between
calculated and experimental rate constants was
encouraging. The same values of Cs and o could be
used. However, it was also reported that the model
fails for individual reactions that are significantly off-
resonance or for processes requiring large (n = 3)
changes in vibrational quantum number. But this is
certainly also a consequence of the neglect of deac-
tivation by bending modes of bonds X-Y, since for
NF, PF, NCI, and PCI the 3%, —!A4 energy gap is
even smaller than for 0,.153
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f. High-Pressure Investigations of the e—v
Deactivation of O,(*Ay). The e—v deactivation of
02(*A,) reflects, in some way, the solvent structure.
The structure of a liquid is described by the radial
distribution function g(d), which gives the local
density of molecules as a function of their distance d
to a central molecule, normalized to the average
density value. g(d) has its maximum value g(o) > 1
at the collisional distance o. For the simple model of
a hard-sphere liquid, g(d) falls off rapidly with
increasing d, similarly to a damped oscillation, to
reach finally the value of unity. g(o) increases with
the particle density of the molecules, and thus with
the packing fraction ' of the system. According to
Einwohner and Alder, the normalized collision fre-
quency Z in liquids is given by eq 34, where kg is
Boltzmann'’s constant, « is the reduced mass of the
colliding pair, and Na is Avogadro’s number.1%4

Z, = 0°g(0)N 5(8kg T/u)"® (34)

The quenching of O,(*Ag) by O»(3%;7) can be used
as a probe for the determination of the value of the
radial distribution function g(coo) at the 0,—0,
collision distance ooo. The second-order rate constant
ké is given by the product of Z; and the deactivation
probability Pq per collision, which is constant for a
given temperature. As was shown by Maier and co-
workers in a high-pressure investigation of the
guenching of Ox(*Ag) in pure gaseous and liquid O,
ké is directly proportional to g(ooo), which increases
from g(ooo) = 1 in the low-density O, to g(ooo) ~ 3
in compressed O, at 2 kbar.'® Maier and co-workers
further extended their studies to the relaxation of the
13, and A4 states of 1°0O, and 180; in the gas, liquid,
and solid phases at low temperatures.1®0162 The
temperature dependences of the rate constants of
deactivation in the gas and liquid states as well as
in the solid state have been discussed by applying
the model of isolated binary interactions. The abrupt
changes in the relaxation rates at the different solid-
phase transitions were interpreted to be caused by
the change in orientation of neighboring O, mol-
ecules, affecting the relaxation probability. It was
concluded that the optimum orientation of the O,
molecules for e—v deactivation is head-on.'®? This
result is in accordance with the conclusion, derived
from the discussion of steric factors, that collinear
collisions of O, and the bond X—Y are particularly
effective in the deactivation of singlet oxygen.155156

The first high-pressure investigation of the e—v
deactivation of O,(*Ag) in an ordinary solvent was
carried out by Okamoto et al., who measured rate
constants ké in the neat solvents hexane, methyl-
cyclohexane, CH3OH, and CH3;CN at 298 K.162 From
the pressure dependence of ké, they derived activa-
tion volumes AV,ps* that varied from —4 (CHsOH) to
—9 (hexane) mL mol™?, via eq 35, where «t is the
isothermal compressibility of the solvent.

. d In(kg
Avobs =—-RT T - - KTRT (35)

Schweitzer and Schmidt

These results are, at first sight, surprising, since
no intermediate bond formation should occur in the

deactivation. ké = ZPo was assumed, leading to

proportionality between ké and g(oos), where oos is
the collisional distance between O, and the solvent
molecule. The application of pressure causes an
increase of the packing fraction »' of the solvent. For
the interpretation of AV.,s* data, a theory proposed
by Yoshimura and Nakahara was applied.'®* These
authors had demonstrated that, even in the complete
absence of any attractive interaction, the formation
of a contact complex is accompanied by a negative
volume of contact complex formation, AV¢, which can
be calculated by using eq 36.

,d In g(o5s)

AV. = —k;RTy dy — k{RT (36)

Okamoto et al. used eq 36 to obtain values for AVc
which were in agreement with AVs*.162

The pressure dependence of 7, was also investi-
gated independently by Brauer and co-workers in 12
solvents; they determined —4.1 (formamide) > AVps*
> —11.9 mL mol™! (CsHyy).*?8 It was assumed that
02(*Ag) and the solvent molecule reversibly form a
singlet-excited collision complex 'C, which forms by
isc via e—V energy transfer (with rate constant Kis)
the triplet ground-state collision complex C, which
finally dissociates to yield O,(3%,7). This kinetic
scheme results in k5 = Kckis, Where K¢ is the
equilibrium constant of contact complex formation
and AVys® = AVe + AV, Using eq 36, they
calculated —3.2 (formamide) = AV¢c = —10.0 mL
mol~* (CsH1,), and thus an average AVis.* = —1.6 mL
mol~1, which indicates a slight overlap of electron
clouds of Ox(*Ag) and the terminal atom of bond X—Y
in the deactivating collision, in agreement with the
conclusions concerning the heavy-atom effect with
carbon—halogen bonds.'?® Further analysis revealed
that the e—v deactivation of O,(*Ay) depends neither
on the polarity of the solvent nor on the polarity of
the collider or the deactivating bond.*?® Therefore, the
investigation of the quenching of Ox(*Ag) by O2(3%;7)
in ordinary solvents at atmospheric pressure can also
yield information about g(ooo) in polyatomic sol-
vents.1®> When the rate constants determined at 295
K and 1 bar—CgF14, 2600; C,Cl3F3, 3200; CCl,, 3900;
and CioFis, 4100 (solvent, °kg3 in Mt s71)12%6—are
divided by the corresponding gas-phase value 16ké =
1020 M~1 571,125 for which g(ooo) = 1 holds true, one
obtains via 16ké ~ g(ooo) experimental values of
d(ooo) = 2.5 (CeF14), 3.1 (CoCl3F3), 3.8 (CCly), and 4.0
(C10F16). These numbers seem to be realistic, since
the corresponding packing fractions #' increase just
in this series.'>

Two further high-pressure studies were performed
on the e—v deactivation of O,(*A,).1%6167 Hild and
Brauer determined ké and AV,,s* for the quencher
toluene in the neat liquid and as solute in several
fluids. Using eq 36, it was shown that AV¢ is the
main part of AV, Furthermore, the quenching by
toluene, benzene, and cyclohexane was measured in
the neat solvents and dissolved in CCl,, C,Cl3F3, and
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C.Cl,4, and the correlation ké ~ g(oog) was shown to
hold true.'%¢ Okamoto and Tanaka determined ké
and AV.,s* for a series of neat n-alkanes (Cs—Csg,
C12).187 AVqps* was split into contributions from CHj3
(—14.4 to —12.5 mL mol™!) and CH, (-9.2 to —7.3
mL mol~?). The results were successfully described
by the model proposed by Yoshimura and Nakahara.
In addition, the activation energy of ké was deter-
mined for methylcyclohexane to be E; = 1.6 kJ mol 2,
in agreement with other studies on the temperature
dependence of the e—v deactivation of O(*Aq) in the
liquid phase.118120127.128

Recently, the first studies of e—v deactivation in
supercritical fluids (SCFs) were published.68-171
Okamoto et al. produced O,(*Ag) by photosensitization
with 9-acetylanthracene and determined 7, in liquid
and SCF CO,.1%® In both systems, 7, decreased
significantly with increasing pressure. Very large
activation volumes, AVqs* = —170 and —360 mL
mol~1, were calculated by using eq 35 for liquid CO,
and SCF CO,, respectively. It was shown that, in both
cases, the dominating part of AVqs* is the transla-
tional contribution —«tRT of —140 and —340 mL
mol~1, respectively. The interpretation of AVs*
values by using eq 36 results in reaction volumes of
contact complex formation AV¢ = —190 and —360 mL
mol~* for liquid CO, and SCF CO.. It is interesting
to note that, under these conditions, a very large
—ktRT term is present in both equations for AVs"
and AVc.1%8

Worrall and co-workers also studied the lifetime
75 in liguid and SCF CO,.1%° Rate constants ké were
determined in the supercritical region for quenching
of O2(*Ag) by CO, (16 M1 s71), by O, (1.9 x 104 M1
s71), and by N,N,N’,N'-tetraphenyl-1,4-phenylenedi-
amine (7 x 10" Mt s™1). These results deviate in part
significantly from the respective values in conven-
tional solvents. Possible reasons for the differences
were discussed. In a second study, Worrall et al. used
SCF Xe as solvent.'”® One question was of particular
interest: How does the lack of receiving vibrational
modes and the increase in heavy-atom interactions,

compared with SCF CO,, affect the rate constants
for quenching of Ox(*Ay) by Xe and O,? At 325 K and
440 bar, values of k5 = 4.4 and 1.3 x 103 Mt 51
were measured for t%e spin-forbidden deactivation
by Xe and the spin-allowed quenching by O,, respec-
tively. The latter value is comparable with the
corresponding constants determined at 1 bar in
perhalogenated solvents (vide supra).'?® The e—v
energy-transfer model developed by Schmidt and
Afshari was used to interpret both rate constants.5153
Hereby, it was concluded that, due to the very strong
heavy-atom effect of Xe, the value of kg almost
reaches the limiting value expected for a spin-allowed
process.’’® The analysis of the pressure dependence
of ké for the quenching of O;(*Aq) by Xe in SCF Xe
led to the conclusion that the pressure dependence
of ké arises from the pressure dependence of the
molar volume V, of Xe, which dominates at low
pressures, and from the variation of g(oox) with
pressure, which explains the positive slope of In(ké)
versus P at higher pressures. This finding, illustrated
in Figure 13, is in agreement with Okamoto’s results,
since k1 = —d In(Vy)1/dP.

Very recently, Okamoto et al. investigated the e—v
deactivation of O,(*Ag) by ethane in liquid and SCF
ethane.'” Lifetimes 7, decreased in the low-pressure
range in SCF ethane much more than in the liquid.
In the high-pressure range, the dependence generally
leveled off. The apparent activation volume of ké
varied from —120 (SCF) and —32 mL mol~?* (liquid)
in the lower pressure region to —24 (SCF) and —15
mL mol~? (liquid) at higher pressures. In liquid
solution, the pressure dependence of k3 could be
interpreted by assuming reversible formation of
encounter complexes of Ox(*Ag) and quencher followed
by isc, applying the model of contact complex forma-
tion. In SCF ethane, the failure of this model was
attributed to the contribution of the local density
augmentation around the solute molecules. The
degree of the local density augmentation was defined
as the ratio of the effective density around the solute
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to bulk density, pef/ ppuik- The ratio per/ pouik for O, was
evaluated from the deviation of low-pressure rate
constants from data extrapolated from the pressure
dependence of rate constants in the high-pressure
region. For the sensitizer 9-acetylanthracene, pet/ pouik
could be obtained from the peak shift of the absorp-
tion maximum, with pressure differing strongly
between SCF and liquid ethane. It is interesting to
note that the pressure dependences of the ratios pes/
pouik for Oz and 9-acetylanthracene agreed, indicating
very similar density augmentations around both
solutes in SCF ethane in the lower pressure region.

4. Radiationless Deactivation: Charge-Transfer
Deactivation

a. Observation of Charge-Transfer-Induced
Quenching of O,(*Ag). Molecules with high triplet
energies (Et > 94 kJ mol™!) and low oxidation
potentials (Eox = 1.9 V vs SCE) quench O(*Ag) with
rate constants exceeding the values expected for an
e—V process by up to 7 orders of magnitude. On the
basis of correlations with the ease of ionization of the
guencher, these events have been explained by a CT-
induced process, where the deactivation of the ini-
tially formed singlet encounter complex *(QA)gc is
enhanced by the formation of a singlet Y(QA)cr
exciplex, which is stabilized by the transfer of electric
charge from the quencher to the oxygen molecule.
This species decays mainly by isc to a triplet CT
ground-state complex, 3(Q3Z)cr, which finally dissoci-
ates to the products Q and O,(3%,"), without charge
separation in most cases.

Kgi Kex K
Q +A T = Qe 7 QA )er —
(QD)er —Q+°% (37)

However, a chemical reaction may also occur from
1(Q*A)cr exciplexes to some extent. Therefore, the

overall quenching rate constant ké can be additively
composed of a physical and a chemical component,

i.e., ko = kp + k. (see section I111.B.4.b).

A CT-induced mechanism was first suggested by
Ouanneés and Wilson’? to account for the quenching
of O,(*Ag) by tertiary aliphatic amines, and especially
diazabicyclo[2.2.2]octane (DABCO). These compounds
were shown to inhibit O,(*Ag)-mediated oxidations
and to suppress singlet-oxygen-sensitized fluores-
cence in both liquid and gas phases. On the basis of
these observations, the authors suggested that in-
teractions of O,(*Ag) with the lone electron pair of the
amine are responsible for a CT-mediated physical
deactivation process. Numerous systematic studies
have been carried out since then, and it has been
suggested that CT-induced physical quenching rep-
resents the main pathway of O,(*Ag) deactivation by
aliphatic and aromatic amines,*?7172-188 hydrazines,®°
aliphatic and aromatic mono-, di-, and trisulfides,%-1%
phenols,19197 electron-rich naphthalene,'981%° bi-
phenyl 2% benzophenone,?*! and benzene!88202.203 de-
rivatives; organic complexes of nickel?°42%5 and co-
balt?%6:207 and other heavy-atom-containing aromat-
ics;2%820%9 ingrganic anions such as azide,?*°-?*2 jodide,?*?
bromide?** or superoxide;?*®> and numerous biological
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compounds, including derivatives of guanosine®'® and
vitamin B12,2°7 vitamin E,'%7:217 chlorophylls,?!® por-
phyrins,?® hydroxycinnamic acids,?'® ascorbate,??°
and amino acids.?®® It was also suggested that CT
effects might play a role in the deactivation of Ox(*Ag)
by radicals with excited-state energies higher than
94 kJ mol~1.221

Several methods have been employed to study the
CT nature of these interactions. The first and most
straightforward one involved the use of correlations
of the experimental overall second-order quenching
rate constants ké with the electrochemical proper-
ties of the quencher. Correlations with Hammett o,
o, and ¢~ values were reported for several series of
compounds, and slopes were mostly found to be
within —1.1 and —1.8, thus showing a systematic
decrease of kg upon introduction of electron-with-
drawing groups.178181191,19219419218 Most of these
studies were carried out in the 1970s and have been
thoroughly reviewed.®® More recent studies have
obtained additional information from correlations of
k5 with the free energy change AGcer of complete
electron transfer, which is calculated by the Rehm—
Weller equation,??2:223

AG'(.‘,ET = F(on - Ered) - Eexc +C (38)

where F is the Faraday constant, Eq is the reduction
potential of molecular oxygen (—0.78 V vs SCE in
acetonitrile),??* and Eeg = 94 kJ mol™! is the state
energy of O,(*Ay). Comparison of data from different
solvents requires the introduction of the Coulomb
term C,2%

2 2
C:e_(i_{_i_)(l_i)_e—_ (39)

2\rt r)\& 37 e (rf+r7)
where ¢ is the static dielectric constant of the solvent,
e is the elementary charge (e2 = 14.43 eV A),and r +
is the molecular radius of the quencher. r ~ of the
electron acceptor O, is 1.73 A. The major advantage
over using Hammett plots is that these studies are
not limited to a series of structurally equivalent
guenchers, and effects other than CT (e.g., structural
and steric effects) can be addressed. However, the
error limits are often larger because oxidation po-
tentials of organic quenchers are sometimes difficult
to determine. An example of recent work® on
aromatic amines and methyl- or methoxy-substituted
benzenes is given in Figure 14. The increase of ké by
6 orders of magnitude corresponds to a decrease in
Eox from 1.76 to 0.16 V vs SCE.

A very similar dependence of Iog(ké) on AGcer
(respectively E or the gas-phase ionization potential,
IP) was observed for O,(*A4) quenching by aromatic
and aliphatic amines,7":178.180.181 phenols,'% meth-
oxybenzenes,'% sulfides,'? disulfides,'*> hydrazines,®®
naphthalenes,®81% biphenyls,?°® benzophenones,?°!
guanosines,?'® hydroxycinnamic acids,?'® and other
biological compounds?®® in polar and nonpolar sol-
vents. Gas-phase data for a series of sulfides!®® and
aliphatic amines!’ are in good agreement with the
respective liquid-phase data. All observations are
clearly in support of a generally similar CT mecha-
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Figure 14. Charge-transfer-induced deactivation of singlet
oxygen in acetonitrile, as demonstrated by a dependence
of O,(*Ag) quenching rate constants (ké) on free energy of
complete electron transfer from quencher to O,(*Ag). Open
symbols correspond to a series of amines, solid symbols to
methyl- or methoxy-substituted benzene derivatives. Re-
printed with permission from ref 188. Copyright 1998
American Chemical Society.

nism for O(*A,) deactivation by electron-rich mol-
ecules. Because of the rather limited AGcer range
generally available in these experiments, the data do
not allow the actual form of the relationship between
Iog(ké) and AGcer to be ascertained; all observa-
tions are consistent with both linear and parabolic
Marcus-type behavior. In early work on a series of
hydrazines, Clennan et al.*®® ruled out the latter
hypothesis on the basis of experimental reorganiza-
tion energies >80 kJ mol~?, resulting from a Marcus-
type interpretation of the data, which were believed
to be unreasonably high. More recent studies??5226
have shown that reorganization energies of this order
do not disagree with Marcus theory. Regardless of
the model used, the driving-force dependence for CT-
induced O(*Aq) deactivation is generally much weaker
than expected for a complete electron transfer, and
the authors largely agreed that the rate-limiting step
involves exciplexes bearing partial CT character.
Significant deviations from correlations between

Iog(ké) and AGcer are generally explained by struc-
tural and/or steric effects. Several authors observed
different correlations for aliphatic and aromatic
amines,’” and also for aliphatic and aromatic sul-
fides,'? indicating that the molecular structure of the
guencher plays a non-negligible role. However, not
all studies are in agreement with this conclu-
sion.1”® Steric interactions were first suggested by
Monroe,*® who correlated Iog(ké) for a series of
aliphatic amines with IP and observed systematic
deviations to lower rate constants for sterically
hindered nitrogen atoms. The same author found a
significant decrease of ké when methyl substituents
were introduced at the o-position of piperidines, and
concluded that this CT process requires a close
proximity between the nitrogen atom and the excited
O, molecule. A quantitative demonstration of this
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Figure 15. Steric effects on charge-transfer-induced de-
activation of O,(*Aq), as evidenced by a correlation of

quenching rate constants (ké) with the Taft steric param-
eter, Ts, for a series of hydrazines with E, = (0.32 + 0.01)
V vs SCE. Reprinted with permission from ref 195.
Copyright 1997 American Chemical Society.

behavior was recently given by Clennan et al.'% with
a series of hydrazines with very low and identical
oxidation potential, where a nearly 40-fold decrease
of ké was obtained on going from methyl to neo-
pentyl substituents. Iog(ké) was shown to correlate
with the Taft steric parameter Ts, which is a measure
of the bulk introduced by a given substituent??” (see
Figure 15).

Very similar behavior was observed with a series
of sulfides and sulfenamides. Kacher and Foote!®?

reported a decrease of ké by more than 2 orders of
magnitude on going from diethyl sulfide to di-tert-
butyl sulfide, which both have the same oxidation
potential. Clennan and Greer'®* obtained a slope of
1.47 in a Taft plot for O,(*Ag) quenching by a series
of sulfenamides.

Disulfides exhibit a somewhat different dependence
on steric factors. These compounds are generally less
efficient quenchers than monosulfides but more ef-
ficient than trisulfides.'®® Clennan et al.** found that

the ké values of disulfides bearing differently bulky
substituents correlate with IP rather than with the

Taft parameter. Moreover, these k3 values were
found to fall on a common line with the IP depend-
ence of several cyclic disulfides. Significant deviations
from this correlation were observed with Me,S, (+1
order of magnitude) and 1,2-dithiolanes (+2 orders
of magnitude). These deviations reflect the ability of
the compound to form the corresponding persulfoxide,
which could be explained by the particularly small
steric demands on Me,S, and the constrained >CSSC
dihedral angle of only 30° in the 1,2-dithiolanes,
compared with the angles of >85° for the less efficient
guenchers.

Several authors have also reported on the effect of
heavy atoms on the deactivation of singlet oxygen.
Carlsson et al.?% first noted that metal complexes can
be very efficient quenchers of Oy(*Aq), with rate
constants approaching the diffusion-controlled limit.
Farmilo and Wilkinson?% first suggested a heavy-
atom mechanism for the deactivation of Oy(*Ag) by
aromatic complexes of Pd and Fe, where ké values
are significantly below the diffusion-controlled limit.
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Monroe and Mrowca??® explained large variations in
ké for several complexes on the basis of steric
interactions, since complexes possessing a square-
planar geometry were found to be much more ef-
ficient quenchers than those possessing tetrahedral
or octahedral geometries. This indicates that the
quenching process occurs mainly by interactions with
the metal center. Shiozaki et al.?*°® measured the
overall rate constants for physical O,(*A,) deactiva-
tion by nickel complexes to be close to the diffusion-
controlled limit but noted a correlation of the chemi-
cal reaction with the reduction potential of these
complexes.

Corey et al.?% observed rate constants on the order
of 10”7 M~ s7 for O,(*A,) deactivation by a gold(l)
compound of the type RSAUPELts;. Their investigation
of a series of phenyl ether compounds PhXCHjs
revealed a systematic increase of kA by more than 4
orders of magnitude in the order kA(PhOCHg)
< ko(PhSCH3) < kg(PhSeCHs) < kA(PhTeCHg) 209
Iog(kA) could be correlated both W|th the ionization
potential of the quencher and with log(Z %), where Z
is the atomic number of the X atom. Additionally, the
value k3 = 3.8 x 10° M~* s~2 observed for PhTeCHs
is S|gn|?|cantly higher than the rate constant for
02(*Aq) quenching by amines of the same IP. Since
no heavy-atom effect was observed in the non-
nucleophilic series PhH, PhF, PhCI, PhBr, Phl, the
authors concluded that O,(*Ag) quenching by RTeR
derivatives occurs by a combination of CT and heavy-
atom mechanisms.

Oliveros and Braun and co-workers?%¢ studied
physical quenching of O,(*Aq) by metal complexes of
ethylenediaminetetraacetic acid (EDTA). They ob-
served rate constants significantly below the diffu-
sion-controlled limit and an increase in the order

g(EDTA) ~ kg(Mn?*/EDTA) < kg(APBf/EDTA) <

ko(CU**/EDTA) < kA(Fe3+/EDTA) WhICh is similar
to the order observed for the stability constants of
these complexes. It was concluded that the d elec-
trons of the metal play an important role in the
enhancement of the CT process. CT interactions
between O,(*Aq) and the Co?* metal center of vitamin
B12 derivatives were also suggested by the same
group.?%’

Baranyai and Vidoczy?3! recently provided evidence
for diffusion-controlled quenching of O,(*A,) by cobalt
complexes, on the basis of correlations of solvent-
dependent data with the Smoluchowski equation,

Kaite = 4TNA(Dg + Do)(rp + o) (40)

where Do and Dqg and ro and rq are the diffusion
coefficients and radii of O, and quencher, respec-
tively. Their fit value of ro + ro = 0.33 nm demon-
strates the necessity of a close proximity between
02(*Ag) and the Co metal center. In agreement with
previous literature data, the authors proposed that
at least one open coordination site around the metal
center, which allows for metal—0O, orbital overlap,
leads to diffusion-controlled quenching, whereas co-
ordinatively saturated complexes, such as those
studied by Oliveros et al.,?%” exhibit significantly
lower kg values.
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Evidence for an electron-transfer mechanism was
recently obtained by Fukuzumi et al.?®? for singlet
oxygen deactivation by decamethylferrocene in ac-
etonitrile. These authors observed that, in this case,
O2(*Ag) decay is accompanied by the formation of both
a decamethylferrocene cation and a superoxide anion;
additionally, they suggested that complexes of Cr
may also undergo electron transfer.

Diffusion-controlled quenching is clearly also in
agreement with an electron-exchange energy-transfer
mechanism. Especially in the case of nickel com-
plexes, several authors have proposed that O,(*Ag)
guenching occurs by electronic energy transfer??8-230.233
or a combination of CT and electronic energy trans-
fer.2%5 However, for most complexes, the triplet-state
energies are unknown, and no triplet—triplet absorp-
tion measurements have been performed. Hence, the
actual quenching mechanism remains unknown. A
clear demonstration of an electronic energy-transfer
mechanism could be given in only a few cases,
including metal complexes of several phthalocyanines
and naphthalocyanines. This is discussed in section
111.B.5.

b. Competition between e—v, Charge-Trans-
fer, and Chemical Deactivation Processes. It is
important to note that, in most of the recent studies
of the CT-induced deactivation of O,(*Ag), quenching
rate constants were determined by monitoring the
O,(*Ay — 3%47) phosphorescence, which means that
contributions from deactivation processes other than
CT could not be explicitly separated. Collision-
induced radiative deactivation is negligible compared
with radiationless deactivation. However, e—v energy
transfer, which is a general and non-CT-assisted
process, is the most important quenching pathway
for molecules with high oxidation potential, including
many aromatic hydrocarbons with electron-withdraw-
ing substitutents.1?6:199.200 |f the value of E.x decreases
below ca. 1.9 V vs SCE,%920 CT deactivation sur-
passes e—V energy transfer even in nonpolar solvents,
and in many cases, CT quenching additionally com-
petes with chemical reactions, which are often far
from being negligible. For example, chemical reac-
tions with aromatic hydrocarbons, sulfides, and
amines are well-documented.®~*! Hence, the observed
CT quenching rate constant is additively composed
of a physical and a chemical component, i.e., ké =kp
+ kc. On the basis of parallel correlations of k, and
k. with the ionization energy of amine quenchers,
Gollnick and Lindner'” suggested that the chemical
and physical pathways may proceed via a common
intermediate. Also, in the case of sulfides, a common
intermediate has been suggested on both experimen-
tal’®® and theoretical?®* grounds. Aubry et al.???
specifically addressed this issue in a recent study on
the chemical deactivation of O,(*Aq) by 1,4-dimethyl-
naphthalene in 11 solvents. The authors observed
an excellent linear correlation between log(k;) and
Iog(k ), with a slope of unity (see Figure 16). From
the intercept, the ratio k /ké = 0.29 was calculated,
which means that ~30% of quenching leads to photo-
oxygenation of 1,4-dimethylnaphthalene, inde-
pendent of solvent.
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Figure 16. Evidence for a common intermediate in charge-
transfer-induced physical and chemical deactivation of
singlet oxygen, obtained by comparison of the chemical rate
constants k. with the overall quenching rate constants kA

= (kp + k), for Ox(*Ag) quenching by 1,4- dlmethylnaph—
thalene in 11 solvents. Reprinted with permission from ref
122. Copyright 1995 American Chemical Society.

This is also explained by a common intermediate
in the physical and chemical CT process. However,
Lemp et al.?® recently reported significant differences
in the solvent dependence for chemical and physical
deactivation of O,(*Ay) by 3-methylindole. The con-
tribution of chemical reactions was found to increase
from 1—-2% in aprotic polar solvents to 30—40% in
protic polar solvents.

Saito et al.’8! noted chemical reactions following
electron transfer during Oz(*Ag) quenching by electron-
rich amines in water. This was also confirmed by
Manring and Foote,?3¢ Peters and Rodgers,?3":2% and
Darmanyan et al.'®8 Since the quantum yield of
formation of superoxide appeared to correlate with
the oxidation potential of the amines, and addition-

ally, all values of Iog(kA) fall on a common correla-

tion with previously obtalned Iog(k ) CT quenching
data, if plotted versus AGcer, it was concluded that
a common CT intermediate is associated with the
rate-limiting step, and the decay of this exciplex
competes with the dissociation of free ions.*®! Hence,
most observations reported to date are consistent
with a mechanism in which the formation of an
exciplex bearing partial CT character is followed by
isc to the ground-state CT complex, by chemical
reaction, or by separation of free ions. Many processes
in which the chemical reaction is largely dominant
over physical mechanisms are also in agreement with
this mechanism.®

c. Influence of Temperature: Pre-equilibrium
and Diffusion Control. Particularly interesting
information on the kinetics of the quenching process
has come from variable-temperature studies. Gorman
and co-workers'?7197 clearly identified two distinct
regions in the Arrhenius plots for several quenchers
of O2(*Ag). In the low-temperature region, a linear
evolution of In(kg) with 1/T is observed, with a
negative and identical slope for all quenchers inves-
tigated, including those operating by chemical reac-
tion (CR) or electronic energy transfer (EET).*?” The
common activation energy was found to be 7 kJ
mol~*. This behavior is in agreement with a diffusion-
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Figure 17. Arrhenius plots for the rate constants ké for
quenching of O(Ag) in toluene by strychnine (a) and
DABCO (b). Reprinted with permission from ref 127.
Copyright 1988 American Chemical Society.

controlled process, where Kk gir < k, + Kc. How-
ever, significant differences were found in the pre-
exponential factors A (in M1 s71): e.g., A= 1.3 x
10 (strychnine, CT quenching), A = 2.9 x 10%° (1,3-
diphenylisobenzofurane, CR), and A = 3.1 x 10%
(p-carotene, EET). These differences were explained
by different steric factors for the different deactiva-
tion processes. Arrhenius plots for strychnine and
DABCO exhibit a turnover point in the region cor-
responding to —20 to +40 °C, and in the high-
temperature region, a positive slope, corresponding
to an activation energy of —4.2 kJ mol~! (or AH# =
—6.7 kJ mol™! and AS* = —126 J K™* mol™1) was
observed in the case of DABCO? (see Figure 17).

A very similar high-temperature behavior was
reported for physical O,(*Ay) quenching by several
phenol derivatives in a range of solvents of very
different polarity.'%” Significantly negative activation
energies were associated with rapid and reversible
exciplex formation at the pre-equilibrium limit, where
the subsequent isc to the ground-state CT complex
is the rate-limiting step, i.e., K—_qirr > K, + Kc. Strongly
negative activation entropies are explained by high
steric demands.

d. High-Pressure Investigations. Microscopic
information on the structural changes associated
with the CT-induced quenching process could be
gained from pressure-dependent studies.166.184.185202,203
Variations over pressure ranges from 1 to 1200 bar
showed that, for most quenchers, the rate constant
kA for 02(1Ag) deactivation increases significantly
W|th increasing pressure (see Figure 18).

From the linear portion of plots of In(ké) versus P,
one can calculate, by using eq 35, the activation
volume AV,s*, which describes the volume changes
occurring on the way to the transition state. In the
case of CT quenching, this volume is given by the
sum of the volume change AVc due to the formation
of the (Q*A)ec encounter complex, the volume change
AVt due to the formation of the 1(Q*A)cr exciplex
from the encounter complex, and the activation
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Figure 18. Pressure dependence of In(ké) for O2(*Ag) quenching by piperazine in n-hexane (@), toluene (O), dichloro-
methane (v), chlorobenzene (O), o-dichlorobenzene (), and benzonitrile (<). Reprinted with permission from ref 185.

Copyright 1996 Deutsche Bunsen-Gesellschaft.

volume AV,* associated with the isc from }(Q*A)cr to
the 3(Q32)CT eXCipIex: AVobs# = AVc + AVt + AV,,#.
Using the hard-sphere model proposed by Yoshimura
and Nakahara,'®* AV¢ can be calculated by using eq
36, via the dependence of the value of radial distribu-
tion function g(oqo) at the closest approach distance
ogo of O, and quencher on the packing fraction 7'

' 2
1 i 3n'o n n a°

O = ;
000 =T 20— o 2 Vo

S (41)

0o, 0g, and os are the hard-sphere diameters of O,,
the quencher, and the solvent molecule, and o =
oo(0ologo). Different procedures for the estimation of
n' to fit real liquids into the framework of the hard-
spheres model were discussed by Schmidt et al.'?8
Most realistic results are obtained when 7' is calcu-
lated from the solvent molar volume V., and com-
pressibility «t via eq 42.

_ V(L = 77)*
RT(L+ 4y + 4n? — 4n° + 5%)

(42)

ey

The activation volume, AVcer* = AVgs® — AVe =
AVcr + AV,#, for the reaction from the encounter
complex to the transition state of isc from (Q*A)cr
to 3(Q%X)cr exciplexes can thus be easily calculated
from the data shown in Figure 18. For several
substituted benzenes, Okamoto and Tanaka?®? found
a correlation between AVcr* and the ionization
potential of the quencher which is in accordance with
a CT-induced process. Brauer and co-workers84185
described the solvent dependence of AVcr* for Ox(tAg)
guenching by several amines by a linear relationship,

WP ug  uo
- - — 43
(r#)s rQ3 r03 dp (43)

where u, uq, and uo and r#, rq, and ro are the dipole
moments and radii of the transition state, the quench-

AVer = (AVCT)O — Na

1

'
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Figure 19. Evidence for charge-transfer-induced deactiva-
tion of O,(*Ag) by piperazine, from a plot of solvent-polarity-
dependent activation volumes AVct# versus the Kirkwood
parameter gp. Reprinted with permission from ref 185.
Copyright 1996 Deutsche Bunsen-Gesellschaft.

er, and O,, respectively, and gr = (dg/dP)+, where q
= (es — 1)/(2¢s + 1) is the Kirkwood parameter (see
Figure 19).

Reasonably linear correlations of AVcr# with gp are
found for aliphatic and aromatic amine quenchers,
which yield a clear negative slope.'#18 This is in
agreement with a CT process, and the slope can be
used to estimate the CT character of the exciplexes
(vide infra). The intercept (AVcr#)°? = (AVer)? +
(AVp")° represents the activation volume in the
absence of electrostriction effects. With the reason-
able assumption that (AV,")° = 0, the intercept
(AVcr™)? can be intrepreted as the overlapping volume
of the electron clouds of O, and the quencher. Brauer
and co-workers reported clearly negative (AVcr)°
values ranging from —2.2 (N,N,N’,N’'-tetramethyl-
phenylene-1,4-diamine) to —12.4 cm?® mol~* (piper-
azine),'® which are in agreement with the formation
of a relatively compact exciplex, as suggested previ-
ously by the negative activation entropies found by
Gorman et al.*?” The relatively large differences
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between the (AVcr*)° values of differently substituted
amines underscore the importance of steric interac-
tions. Interestingly, no solvent dependence of AVcr*
was found for O,(*Ag) quenching by toluene'®® and
hexamethylbenzene.?%® In the case of toluene, Hild
and Brauer%® explained this behavior by negligible
CT interactions, i.e., a purely e—v mechanism. In the
case of hexamethylbenzene,? this explanation is not
possible, since a correlation of Iog(ké) with q is
observed at any pressure, indicating stronger CT
interactions due to the lower E, value of hexa-
methylbenzene.

e. Results from Theoretical Studies: The
Structure of CT Intermediates. Further informa-
tion on the structure of CT complexes has come from
recent theoretical studies. Martin et al.'8 performed
semiempirical calculations on the physical deactiva-
tion of singlet oxygen by aliphatic amines. For the
interaction of O,(*Ay) with the nitrogen atom of
propylamine, they found a structure of minimum
energy at a nitrogen—oxygen separation distance of
1.54 A, with a nitrogen—oxygen bond angle of 119°
and a carbon—nitrogen—oxygen—oxygen dihedral
angle of 179°. A less distinct enthalpy minimum was
found at the same separation distance in the case of
secondary amines, and only an inflection point was
found between 1.5 and 1.6 A in the case of tertiary
amines. For several simple aliphatic amines, the
authors reported a linear correlation between logarith-

mic experimental O,(*Ay) quenching rate constants
and calculated values of the enthalpy of activation
of isc of the excited amine—0; singlet complexes.

Bobrowski et al.?*° performed ab initio calculations
on the hypothetical addition of O,(*Ay) to benzene.
The calculated structures are shown in Figure 20.
Chemical reactions are not observed experimentally;
these interactions lead to physical quenching only.
The interaction of the 7y orbital with one of the two
degenerate HOMO orbitals of benzene allows the
formation of a supra-supra CT structure (Figure 20d)
that preserves the C,, symmetry. This complex
should be the only intermediate in the CT quenching
process, since no transition structure was found from
the reactants to the linear intermediate (c). The
formation of the 1,4-endoperoxide (b) is observed only
when the benzene ring bears strongly electron-
donating substituents.

Physical quenching is also the main pathway of
0O(*Ag) deactivation by sulfides in aprotic solvents.'%3
On the basis of ab initio calculations, electron trans-
fer from the sulfur atom into the empty 74 orbital of
O2(*Ay), leading to formation of peroxysulfoxide R,S*™—
O, has been suggested as the initial step. Jensen
et al.>** calculated the sulfur—oxygen bond lengths
to be 1.705 A in the transition state and 1.651 A in
peroxysulfoxide. It is believed that physical (and
chemical) quenching of O,(*Ay) proceeds via these
intermediates. An excellent review of physical and
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Table 7. Fit Parameters Describing the Solvent Dependence of the Rate Constant for O,(*A4) Deactivation by
Different Quenchers by Eq 44, and the Number, ns, of Solvents Used in These Studies

entry guencher Iog(kg)o a b S h d Ns ref
1 K\NH 8.10 —2.87 183
2 Et;N 7.72 —2.18 1.82 0.36 7 15,182
3 EtzN 7.924 —1.305 0.362 0.321 28 187
4 E 5.946 0.813 1.318 0.425 28 187
Y\NEtz . . . B
0
5 OO 2.62 1.18 0.07 28 122
6 Ej\/\g 6.359 2.065 —0.526 19 235
N

chemical deactivation of O;(*A) by sulfides was
published very recently.!!

f. Influence of Solvent. Numerous studies have
reported solvent effects on the CT-induced deactiva-
tion of O,(*Ag), and rate constants were generally
observed to increase in media where CT interactions
are favored, i.e., in polar solvents. However, despite
the large amount of qualitative information available,
only a few systematic studies have been under-
taken.122.182,.183,187.235 These reports have described the
solvent dependence of rate constants of O,(*Ag)
guenching by linear complexation energy relation-
ships,

log(kg) = log(kg)e + s + do + aa + bp + hd,
(44)

where Iog(ké)o is a constant and «', 6, a, 3, and Jn
are the empirical solvatochromic parameters given
by Kamlet et al.?*° These parameters are indicators
for several physical properties of the solvent, and
their relative contribution to the solvent dependence

of Iog(ké) is expressed by the factors s, d, a, b, and h,
which are obtained by multiple linear regression
analysis. The ' scale is an index of solvent dipolarity/
polarizability, which measures the ability of the
solvent to stabilize a charge or a dipole by virtue of
its dielectric effect and can be expressed as a function
of its bulk dielectric constant and refractive index. 6
is a correction term for polarizability. The o and
scales describe the ability of the solvent to donate
and accept, respectively, a proton in a solute—solvent
hydrogen bond. The Hildebrand solubility parameter
on = (—E/NV)¥2 is defined as the square root of the
cohesive energy density, where —E is the molal heat
of vaporization to a gas at zero pressure and V is the
molal volume. dy is a measure of the solvent—solvent
interactions that are interrupted in creating a suit-
ably sized cavity for the solute in the solvent. The
results of these systematic studies are listed in Table
7.

Encinas et al.'® first investigated the solvent
dependence of O,(*Ag) quenching by aliphatic amines
and one hydroxylamine. These authors noted an
increase of ké with increasing 7' and decreasing a,

in agreement with a CT interaction of O,(*Ag) with
the amine nitrogen atom that can be hindered by
solute-to-solvent N—H hydrogen bonds. In the case
of N,N-diethylhydroxylamine, no dependence of kg
on ' was observed. This was explained by a free-
radical-like mechanism, leading to a rupture of the
O—H bond.

Clennan et al.'® studied the evolution of ké with
o in solvents with high =’ values and found a clear
negative one-parameter dependence on a for piperi-
dine (1), which demonstrates that solvent-to-solute
hydrogen bonding plays a major role in the deactiva-
tion of O,(*Ay) by aliphatic amines. Systematically
lower ké values for N,N-dimethyl-N-(3-hydroxyl-
propyl)amine compared with N,N-dimethyl-N-butyl-
amine were explained by the possibility of intra-
molecular hydrogen bonding.

Later, Lissi et al.’® explained the solvent depend-
ence of Oy(*Aq) quenching by triethylamine on the
basis of eq 44, using the parameters given in Table
7. These results indicate that an additional stabiliza-
tion of O,—amine CT complexes is achieved in
hydrogen-bond-accepting solvents. Corroborative re-
sults were recently obtained by Zanocco et al.'®” for
the same amine in 28 solvents. However, the relative
importance of a and 8 has been strongly corrected
(see Table 7). These authors also studied O,(*Ay)
guenching by lidocaine (4) in the same solvents and
found a somewhat different behavior, which was
attributed to intramolecular interactions between the
amido NH and the tertiary amino group. Semi-
empirical guantum mechanical calculations showed
that the electron density on the aminic nitrogen of
lidocaine is lower than that on the nitrogen of
triethylamine, which explains both the generally
lower ké values and the lower importance of hydro-
gen bonding in the case of lidocaine.

Aubry et al.*?? reported an extensive study of
O2(*Ag) quenching by 1,4-dimethylnaphthalene (5) in
28 solvents. Interestingly, these authors found a
significant dependence of k3 on both ' and o, but
not on o and . This shows that, in contrast to
aliphatic amines, quenching by aromatic hydrocar-
bons is not influenced by hydrogen bonds. The
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Figure 21. Effect of pH on the second-order rate constant
(kg) for quenching of O,(*Ag) by histidine () and trypto-
phan (®). The rate constants were determined in D,0O/
acetonitrile buffered with 40 mM phosphate, with the
addition of NaOH or DCI as required. Reprinted with
permission from ref 220. Copyright 1999 American Chemi-
cal Society.

positive dependence on 6y demonstrates that exciplex
formation is accompanied by the release of free
solvent molecules, which means that this exciplex
must be relatively compact, compared with the
initially formed encounter complex. This conclusion
is also in agreement with the negative activation
entropies and activation volumes reported by Gor-
man et al.,’*” respectively Okamoto et al.?°> and
Brauer et al.1%6 However, even more negative AS* and
AVct* values were found for O,(*Ay) quenching by
aliphatic amines,?7:184185 where no dependence on dy
was seen.® It should be noted that this insensitivity
cannot be explained by the solvent range used in
these studies. It is important to know that, for most
solvents, oy correlates linearly with #', and hence a
dependence on dy can be revealed only when the data
set includes solvents that are out of line in the dy
versus &' correlation.?”® However, since the study
reported by Zanocco et al.,*®” which contained several
of these solvents, did not reveal any statistically
relevant dependence on dy, it appears that release
of free solvent molecules is less significant during
O2(*Ag) quenching by amines. Recently, Lemp et al.Z®
reported that also O(*Ag) quenching by an aromatic
amine, 3-methylindole (6), depends on ' but not on
o.or 5. However, instead of the Hildebrand parameter
O, these authors used the polarizability correction
term o to describe their data.

In aqueous solutions (and hence in biological
media), very important effects can be caused by
variations in the pH. Scurlock et al.?** showed that
the state of protonation of several quenchers, such
as phenols or thiols, has a dramatic impact on the
rate constant of O,(*A,) deactivation. Bisby et al.?°
specifically addressed the effect of pH on the deac-
tivation of O,(*Ay) by biological compounds in a recent
study. Typical curves showing the evolution of ké
with pH in a D,O/acetonitrile solvent mixture are
displayed in Figure 21.

For histidine and several other compounds pos-
sessing protons that are ionized in the investigated
pH range, it was shown that deprotonation enhances
the quenching process by more than 1 order of

magnitude. The evolution of ké follows a sigmoidal
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curve, which is characteristic of the pK, value of the
guencher (corrected for the influence of the addition
of acetonitrile, in the case of Figure 21). Figure 21
also shows the pH dependence of ké for O2(*Ay)
guenching by tryptophan, where no acid—base reac-
tion takes place in this pH range. The insensitivity
toward pH changes is consistent with the lack of
ionizable protons. Similar results were obtained with
several quenchers, indicating that quenching by
R—O~ anions is dominant over the interaction with
aromatic rings.??

g. Charge-Transfer-induced Quenching of
O,(*%4™). Two studies were concerned with the pos-
sibility of chemical reactions of O,(*Z4").242243 O,(1Z4")
and O,(*Ay) were generated during O, quenching of
triplet states with excitation energies higher than
157 kJ mol~1. Interestingly, no significant effect of
quenchers on the efficiency of formation of O,(*Ay)
from O,(*=4%) has been observed. This indicates that
all nonradiative O,(*Z4") deactivation processes lead
to formation of O,(*Ay); i.e., neither chemical reac-
tions of O,(*=Z¢") nor physical processes bypassing
0O2(*Ag) are significant. Scurlock et al.?*? found that
0,(*=4") deactivation by DABCO is mainly an e—v
process, since the experimental quenching rate con-
stant is very similar to both the calculated e—v value
and the value measured for O,(*Z;") quenching by
cyclohexane, a classical e—v quencher. In contrast,
the deactivation of O,(*Z") by electron-rich and very
fast chemical O,(*Ag) quenchers (such as furans and
pyrroles) revealed small but significant positive dif-
ferences between experimental rate constants of
0O,(*=4%) deactivation and the values calculated for
the respective e—v process. This suggests the exist-
ence of an additional O,(*3,%) deactivation path,
leading to formation of O,(*Ay).2*® Since the differ-
ences between experimental and e—v rate constants
were found to be identical to the rate constants for
deactivation of O,(*Ay) by the same compounds,
Schmidt and Bodesheim?*® concluded that deactiva-
tion of Oy(*2,") via the additional deactivation path,
and quenching of O,(*Ay) by pyrroles, occur via a
common transition state. On the basis of previous
observations of O,(*Ay) with pyrroles, it was sug-
gested that the most likely structure for this transi-
tion state is a CT complex.

h. Mechanism of Charge-Transfer Deactiva-
tion of O,(*Ag). As we have seen above, all experi-
mental studies carried out on the dependence on
temperature, pressure, solvent, and quencher redox
properties, and also computational studies, agree that
deactivation of Oy(*Aq) by electron-rich quenchers
generally proceeds via exciplexes bearing a partial
CT character. An exciplex is generally considered as
an intermediate whose wave function W is described
by the mixture of the wave functions of a locally
excited 1(Q'A)ec encounter complex without CT in-
teractions and an ion-radical pair }(Q*'A"), with o'
and ' being the respective coefficients:

WHQ'A)er] = ' WHQ'A)ec] + APTHQT AT
(45)

Numerous efforts have been made to estimate the
relative importance of these two contributions, i.e.,
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the charge-transfer character of the exciplex. In a
linear correlation of Iog(ké) versus AGcer, one ex-
pects in the endergonic range a slope of —(2.3RT)*!
= —0.175 kJ mol~! if one electron is transferred at
25 °C. Several authors proposed estimating the CT
character of the quencher—0O, complexes by dividing
the experimental slope by the limiting slope expected
for a complete electron transfer. This led to a CT
character of 44% for a series of phenols in metha-
nol,'% 60% for a series of N,N-dimethylanilines in
water,'8t 40% for a series of porphyrin-based com-
pounds in benzene,?'® and 22% for a series of amines
in acetonitrile.88

Darmanyan et al.'® used such estimates to calcu-
late the free energy AGcr for the charge-transfer step
and interpreted their data in terms of Marcus theory,
which describes the experimental free energy of
activation as a function of AGct and the reorganiza-
tion energy, 4. Using an estimated value of 1 = 0.104
eV, the authors computed a semiempirical relation-
ship for calculation of the rate constant for the isc
HQ*A)ct — 3(Q3X)cr of CT complexes as a function of
guencher redox properties, and they arrived at a very
weak decrease from ca. 6 x 10°to 4.5 x 10° s~* when
augmenting quencher Eq from 1 to 1.2 V vs SCE.
Obviously, these estimates are valid only if isc is the
rate-determining step, an assumption that was chal-
lenged in later investigations.

Two recent studies®®2® on naphthalene and bi-
phenyl derivatives showed that the rate constants for
the CT-induced deactivation of O,(*Aq) and the rate
constants for the CT-induced deactivation of mz*-
excited triplet states by O,, leading to formation of
0,(3%47), can be described by a common Marcus-type
dependence on AGcer. These observations were in-
terpreted in terms of a common deactivation channel
for both processes. In the case of the naphthalenes,®®
dipole moments of the transition state toward exci-
plex formation were estimated from correlations of
guenching rate constants with the Kirkwood param-
eter q to be 6.2 £ 0.8 D for O,(*Aq) deactivation by
the naphthalenes and 6.1 + 1.3 D for quenching of
the naphthalenes’ T, states by O,. These almost
identical values also support a common deactivation
channel and lead to a CT character of 25 + 5% for
both transition states, if they are divided by the
product of elementary charge and separation dis-
tance. For both naphthalenes and biphenyls,?® the
CT character of the exciplexes was estimated from
the common fits of quenching rate constants to the
Marcus equation, where AGcr was envisioned as the
product of AGcer and the square of the CT character.
This treatment leads to a similar CT character for
the naphthalenes and biphenyls, which increases
with increasing solvent polarity (from 43% in carbon
tetrachloride to 59% in acetonitrile) and is signifi-
cantly larger than the corresponding estimates in a
linear model. The Marcus-type interpretation also
yields the reorganization energy A for the CT step.
This parameter was reported to increase with in-
creasing solvent polarity and to be somewhat larger
for the naphthalenes than for the biphenyls (1 values
were found to be in the range from 27.4 (33.6) kJ
mol~! for biphenyls (naphthalenes) in CCl, to 86.0
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(91.7) kJ mol~t for biphenyls (naphthalenes) in
CH3CN). Reorganization energies are generally con-
sidered to be the sum of a solvent-dependent contri-
bution 4,, depending directly on the square of the CT
character and an intramolecular contribution A;,
which is independent of the amount of CT. Since the
CT character was estimated to be almost identical
for both sensitizer series, the differences in 1 should
be due mainly to differences in 4;. In ref 200, these
differences are attributed to a mechanism where
delocalization of electrons from the adjacent phenyl
ring of naphthalenes leads to larger 1; values com-
pared with those of the biphenyls, where delocaliza-
tion is less favorable due to rotation around the
central bond. If both CT-induced quenching of Ox(*Ag)
and CT-induced quenching of T; by O, proceed via a
common deactivation channel, all conclusions obvi-
ously apply to both processes. Since exciplex forma-
tion is rate-limiting in the case of O, quenching of
triplet states (see section 1V.A.2), it was suggested
that, also for CT-induced quenching of O,(*Ag), the
formation of the exciplex is the rate-determining step.
However, this disagrees with the previous assump-
tion made by Darmanyan et al.,'88 and also with the
interpretation of previous temperature-dependent
results, where negative activation energies appear
to indicate that exciplex decay is rate-determining.?”
Note also that, for a series of benzophenones, no
common deactivation channel was found.?’* However,
this is not unexpected and does not contradict the
previous observations, since the nz* T, state of
benzophenone derivatives is locally excited at the
carbonyl bond. It was suggested that this leads to a
locally excited sensitizer—oxygen complex structure
(see also section 1V.A.3), while O,(*A,) deactivation
by the benzophenones leads to a supra-supra complex
structure, similar to that suggested for the naphtha-
lenes or biphenyls.?0t

Brauer and co-workers'8418 estimated the CT
character of the exciplexes formed during O,(*Ay)
guenching by amines from the pressure-dependent
studies, using eq 43. Assuming that the van der
Waals volume of the transition state is given by the
sum of the van der Waals volume of the contact
complex and the activation volume (AVc1#)° without
solvent electrostriction, they calculated the radius r#
of the transition state;'®* hence, they obtained the
dipole moment u* of the transition state from the
slope of the plot of Figure 19. An estimate of the CT
character is obtained by dividing x* by the dipole
moment expected for a complete electron transfer.
Using this method, values for the CT character of a
series of amines were found to be between 30% and
84%.185

Hence, the estimates of the CT character obtained
by different methods seem to provide a consistent
picture for several quenchers in several solvents.
However, none of the proposed values claimed to
describe the coefficients of eq 45 in a quantitative
way, since the correlations with AGcer neglect the
changes related to E.x or molecular structure, and
the correlations with q or ge neglect the solvent
polarity dependence of the CT character.
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5. Radiationless Deactivation: Electronic Energy Transfer

Molecules possessing an excited state with a state
energy lower than that of O,(*Aq) or O,(*=,") deacti-
vate these species by electronic energy-transfer (EET)
mechanisms, leading to formation of an excited state
of the quencher. Rate constants are generally found
to be close to the diffusion-controlled limit Kgis,
independent of the redox properties of the quencher.
Three spin-allowed processes have been reported (egs
46—-48).

O,("Ag) + S~ 0,2, ) + T, (46)
0,("Ag) + Dy =~ 0,(°%;) + Dy (47)
0,('%,") + S, — 0,5, ) + T, (48)

Equation 46 refers to quenchers possessing a
singlet ground-state Sp and a low-energy T, state (Et
< 94 kJ mol™1), such as carotenoids,??8244-260 naph-
thalocyanines,?61262  phthalocyanines,?627265  azo-
methine dyes?®® and possibly also several metal
complexes,??8-231.233 gnd iodine.?8” Equation 47 refers
to free radicals possessing a doublet ground-state Dy
and a low-lying excited doublet state D;,2?1?%® and eq
48 refers to molecules possessing a singlet ground-
state Sp and a triplet-state energy lower than 157 kJ
mol~%, such as fullerenes.?®®

Because of their importance as natural antioxi-
dants,?®6270 carotenoids are the best-investigated
class of EET quenchers of O,(*Ay). Foote and Denny?*
first observed physical quenching of O;(*Aq) by (-
carotene, suggesting an EET mechanism for this
process. These authors also found that cis S-carotene
isomers are efficiently isomerized to all-trans-f-
carotene during the quenching process.?”* Wilkinson
and co-workers??%247 and Rodgers and co-work-
ers?4824% demonstrated that O,(*A) quenching by
fp-carotene and several other carotenoids leads to
formation of the carotenoid T, state, with rate
constants ké approaching the diffusion-controlled
limit kqifr, as expected for an EET process. However,
ké values significantly below ki (by up to 2 orders
of magnitude) have been reported for several caro-
tenoids.245:248,249.251,253-256 Correlations of the Ox(*Ag)
guenching activity were found with (i) the number
N of conjugated C=C double bonds,?4>253:256.259.272 (jj)
the effective chain length Ne,?%” as defined by
Hirayama,?’® (iii) the wavenumber of the lowest
energy ground-state absorption maximum,?54:256.257.260
and (iv) estimated values of the T;-state en-
ergy.246253257 No relationship was found between
ké and the nature of the end group.?®*2% Since the
EET process of eq 46 has been clearly es-
tablished,??8247-249.271 correlations with Er are defi-
nitely the most meaningful ones. However, the
extremely low triplet quantum yields (0.2—3%)%"* of
most carotenoids make Er determinations difficult,
and to date only the triplet energies, Er = 85 kJ mol*
for p-carotene (mean value from phosphorescence
measurements in the zeolite ZSM-5%7° and in C¢Ds,?"®
and photoacoustic calorimetry experiments in ben-
zene)?”” and Er = 73 kJ mol~! for decapreno-(-
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Figure 22. Electronic energy transfer from singlet oxygen
to molecules with low triplet-state energies, represented

by Io_g(ké) for O(*Ag) quenching by carotenoids as a
function of the S;(*) excitation energy Es. A tentative
abscissa (in question marks) is given for the predominantly
unknown triplet energies E+; the value E+ = 85 kJ mol~!
of B-carotene was used for adjustment. Reprinted with
permission from ref 257. Copyright 1997 Wiley-VCH.

carotene (phosphorescence in the zeolite ZSM-5),%7®
have been reported. These data correspond to relaxed
triplet states. A significantly higher triplet-state
energy of Er = 95 kJ mol™' was determined by
Gorman and co-workers in variable-temperature
experiments on the quenching of Ox(*Ay) by p-caro-
tene in toluene,’® which placed the spectroscopic
triplet energy level 1.5 kJ mol~! above the O,(*Ay)
energy, which amounts to Ex = 93.8 kJ mol™ in
toluene.®®

Several physical properties of carotenoids have
been shown to correlate with each other; empirical
relationships have been found between (i) the sin-
glet—singlet and triplet—triplet excitation ener-
gies,246:274.278.279 (ji) the triplet—triplet maximum ex-
tinction coefficients and N,?™ (iii) the wavelength of
the triplet—triplet absorption maxima and N,?’° and
(iv) the singlet—singlet absorption maxima and N2’
Hence, it is suggested that the triplet-state energy
of carotenoids can be expressed as a function of any
of these properties.

Baltschun et al.?®" recently studied O,(*Aq) quench-
ing by a large set of structurally different natural and
synthetic carotenoids. These authors correlated
Iog(ké) with the lowest singlet—singlet wz* excita-
tion energy Es, as shown in Figure 22.

Assuming that the triplet-state energy E+ of these
compounds is given by Er = Es — 172 kJ mol™1, as
found for -carotene, the slope of —(2.3RT) ! observed
for Iog(ké) versus Es in the region of Es > 260 kJ
mol~! (>22 000 cm™1) is in agreement with a ther-
mally activated EET process. The evolution of
Iog(ké) with Es exhibits a strong curvature in the
region corresponding to 11 conjugated double
bonds, where Er approaches the state energy of
0O2(*Aq), and rate constants appear to be diffusion-
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Figure 23. DFT energy profiles (spin-projected values in kilocalories per mole) of the main reaction paths computed for
the interaction of O,(*A,) with the carotenoid model all-trans-decaottanonaene (Pg). The relative positions of the triplet
(T,) and singlet (Sp) states of reactants, intermediates, products, and transition states (TS;, TS,, and TS3) are shown.
Reprinted with permission from ref 258. Copyright 1998 American Chemical Society.

controlled in the range of the deeply colored magenta
and blue carotenoids (Es < 240 kJ mol~! or <20 000
cm™1), where no thermal activation is required for the
EET process.

Some additional information has come from sol-
vent- and temperature-dependent studies. Conn et
al.?53 found a very small effect of solvent viscosity on

ké, indicating that the process is not only diffusion-
controlled, but other effects may also be important.
Gorman et al.'®” reported a slight change in the
Arrhenius behavior for O,(*Aq) quenching by -caro-
tene in toluene, indicating a progression from the
diffusion limit to the pre-equilibrium limit, i.e., from
a diffusion-controlled to an activation-controlled proc-
ess. Oliveros et al.251.2% related unexpectedly low k5
values in several solvents to the poor solubility o?
certain carotenoids in certain media, suggesting that
aggregation can strongly diminish the O,(*Ay) quench-
ing activity of carotenoids.

Although physical EET quenching is clearly the
dominant pathway for O,(*Ag) deactivation by caro-
tenoids, several studies showed that other processes
can contribute significantly to the overall proc-
£ss,249:250,252,256,258,260,280 Chemical reactions leading to
formation of epoxides and carotenoid bleaching have
been reported in several cases.?49:250252,256,260,280 The
efficiency of these reactions was shown to be strongly
dependent on the nature of both the carotenoid®*® and
the solvent.?0251 Manitto et al.?*° found a dependence
of the rate constant for chemical reaction of O,(*A)
with crocin derivatives on E., suggesting that elec-
tron transfer is involved in the bleaching of these
carotenoids. Garavelli et al.?®® recently provided
computational evidence for a free-radical pathway
leading to both physical and chemical O,(*Aq) quench-
ing by carotenoids. Their density functional theory
study of the carotenoid model all-trans-deca-
ottanonaene (Pg) suggests that the two pathways
depicted below do generally compete with the EET
process.

}(sPg-039) ——— 0,(CZ,) + Py
0('Ag) + Py ——— (sP5-029)

Dioxetanes

Figure 23 shows the energy profiles computed for
O,(*Aq) deactivation by Py. The almost barrierless
EET process competes with a pathway leading, via
the transition state TS;, to a singlet diradical, *(*Py—
0O°). The lowest activation energy, 4.6 kcal mol~*, was
found for the attack to the external double bond, but
the energetic requirements for the attack to the
central double bond are only slightly (0.6 kcal mol2)
higher, suggesting that any carotenoid double bond
may be oxidized. Moreover, the optimized triplet
diradical 3(*Pg—02*) minimum was found to be virtu-
ally identical to the singlet one; hence, isc leading to
formation of 3(*Pg—0,°) should be very fast. Therefore,
the chemical 1,2-addition on the singlet potential
energy surface, via the transition state TS, (activa-
tion energy 14.2 kcal mol™), is disfavored with
respect to the triplet dissociation pathway, leading,
via TS; (activation energy 8.8 kcal mol™?), to physical
02(*Ag) quenching. Nonetheless, the most important
deactivation process is EET, which proceeds almost
barrierless on the Sy surface from the (*O,—!Py) to
the 1(30,—3Pg) complex, followed by isc and dissocia-
tion, yielding ground-state carotenoid Py and O,(3%,")
(see Figure 23).2%8

A second class of compounds with triplet energies
close to 94 kJ mol~! includes large polyheterocyclic
aromatics such as naphthalocyanines?2®1 and
phthalocyanines.?®?> Phosphorescence spectroscopy
experiments yielded Er = 89 kJ mol~! for silicon
naphthalocyanine,?®' E1 = 88.7 kJ mol~? for silicon
octabutoxybenzophthalocyanine,?%® and E1 = 108 kJ
mol~! for palladium octabutoxyphthalocyanine,??
and indirect measurements showed that several
other naphthalocyanines have triplet-state energies
lower than the state energy of O,(*Ay).?8! Rodgers and
co-workers?6 observed the formation of triplet silicon
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naphthalocyanine during O,(*Ag) quenching experi-
ments in benzene and found that reversible energy
transfer (i.e., T1 + Ox(3%;7) < So + O2(*Ay)) takes
place, with forward and backward rate constants
of 1.6 x 10% and 1.14 x 10 M™! s respec-
tively. Very similar results were obtained for several
other metallophthalocyanines, for which measured
or estimated Er values below 94 kJ mol~* were
given.263-265282 Krasnovsky et al.??2 measured ké
values on the order of 10° M™! s for O,(*Ag)
deactivation by several naphthalocyanines and
phthalocyanines and showed that the EET mecha-
nism can fully determine O2(*Ag) quenching by silicon
naphthalocyanine.

Very recently, Berry et al.?6 demonstrated that two
photographic cyan azomethine dyes with triplet-state
energies of 94 and 87 kJ mol~! quench O(*Ay) with
rate constants of 7 x 10° M~% s, i.e., close to the
diffusion-controlled limit. lodine may also be a can-
didate for reversible energy-transfer processes with
O,. This was suggested in a work by Wilkinson and
Farmilo,?5” who found kg ~ 10° M~ s~ in diluted
benzene solutions of I, (Er ~ 102 kJ mol™!) and
significantly lower ké values at high I, concentra-
tions.

The triplet states of several metal complexes were
also estimated to be lower than 94 kJ mol 1.233
However, experimental Er values have not been
reported so far. O,(*Ag) quenching rate constants
close to the diffusion-controlled limit have been
reported for many organic complexes of Ni, Co, or Zn
and may be due to EET or CT mechanisms, or a
combination of both. This is discussed in section
111.B.3.

Few studies have been concerned with the interac-
tions of O,(*Ag) with free radicals.?21.268.283.28 |n early
gas-phase experiments, Becker et al.?8 observed the
HO»(A’) — HO2'(?A") emission in the presence of
singlet oxygen, suggesting that the low-energy 2A’
state of HO,* (83 kJ mol™?) is generated during EET
guenching of Ox(*Ag) by ground-state HO,*(?A""). Dar-
manyan et al.??! recently measured quenching rate
constants approaching the diffusion-controlled limit
(i.e., 109 M1 s1 < kg < 10 Mt s7%) for Ox(*Ay)
deactivation by peroxyl radicals in solution. In agree-
ment with the EET process of eq 47, the first excited
doublet-state energies of several RO;* radicals were
measured and/or calculated to be below the state
energy of O,(*Ay). Rate constants on the order of 10%°
M~ s~ were previously reported for O,(*Aq) quench-
ing by peroxy and acylperoxy radicals,?® but signifi-
cantly lower ké values (105—-108 M~ s71) were found
for nitroxy radicals?®* and sulfur-centered radicals,??*
where no low-lying excited doublet or quartet state
exists. Darmanyan et al.??1283284 explained the latter
deactivation process by an enhanced isc mechanism.
Variations in the ké values and activation energies
in a series of nitroxy radicals were attributed to steric
effects.?84 However, this suggestion contrasts with a
recent work by Vidoczy and Baranyai,?®> who meas-
ured rate constants for quenching of triplet hemato-
porphyrin and singlet oxygen by 13 nitroxide radi-
cals. In the former case, a good correlation of ké was
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found with calculated values for the accessibility of
the nitroxide group, whereas no such correlation was
observed for quenching of Ox(*Ay) by the radicals.

Very little is known about EET quenching of
02(*=Z4™) (eq 48). Scurlock and Ogilby?®°® determined
a Stern—Volmer constant of 1.3 x 10* M~ for O,(*=4")
deactivation by Cg (Er = 155 kJ mol™?) in CS..
Considering the O,(*Z¢") lifetime of 30 ns in this
solvent,'®! this value is indicative of diffusion-
controlled EET to Cg. Since the state energy of the
so-generated Cg triplet is higher than 94 kJ mol™2,
such an EET process should be followed by O,(*Ag)
sensitization via oxygen quenching of triplet Cgp, as
described in section IV.

IV. Photosensitized Production of Singlet Oxygen

The most common means of singlet oxygen genera-
tion is photosensitization or, more precisely, energy
transfer to O,(3%;") from an excited state of a sensi-
tizer, which is formed by the absorption of light in a
specific wavelength region. Singlet oxygen photosen-
sitization is highly favored in nature, because (i) due
to the very special electronic configuration of molec-
ular O,, energy-transfer quenching of both excited
singlet and triplet states is spin-allowed, in contrast
to many competing deactivation processes; (ii) the
excitation energies of both O,(*Z;") and O,(*A,) are
lower than the state energy of many organic triplets,
and in most cases, the energy difference is small
enough to make the process fast and large enough
to make it irreversible; and (iii) the very small size
of the O, molecule allows for particularly rapid
diffusion in many media, and due to the high
atmospheric oxygen concentration, hardly any inter-
molecular process is able to compete with oxygen
guenching.

Hence, any excited state that is sufficiently long-
lived to allow for intermolecular interactions is likely
to be quenched by O,(3%;7), and singlet oxygen
photosensitization is observed in virtually any chemi-
cal system where light is absorbed in the presence
of molecular oxygen. In many cases, energy transfer
results in the formation of both O,(*=Z4") and O,(*Ay).
However, the spin-allowed Z;" —!A4 deactivation
occurs with extremely high rate constants in the
condensed phase, and with unit efficiency in any
medium; thus, all O,(*=4™) will be recovered as Ox(*Ay)
(see sections 111.B.3.c and 111.B.4.9).

In the early 1930s, Kautsky and co-workers?86-289
first attributed the photochemical modification of an
acceptor by a spatially separated sensitizer to chemi-
cal reactions of singlet oxygen, formed by photosen-
sitization following quenching by O, of luminescence
of dyes. However, their clear and far-sighted concept
was not generally accepted until 30 years later, when
further evidence came from the works of Foote and
Wexler??2°1 and Corey and Taylor,?®? who observed
the same products for self-sensitized and sodium
hypochlorite-based oxidations of several compounds,?®
and also for the oxidation of anthracene derivatives
following irradiation and excitation of molecular O,
by electrical discharge.?®?

Kinetic studies on the deactivation of excited sin-
glet (S;) and triplet (T,;) states by O, have been
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performed since the early 1950s.293-303 These inves-
tigations made it clear that O, quenches excited
states of both multiplicities, with variable rate con-
stants close to the diffusion-controlled limit. Later
studies showed that both quenching processes can
lead to energy transfer, which means that the overall
quantum yield of singlet oxygen formation, Qa,

Qx = Pf § + QpY’S, (49)

may vary between 0 and 2. In eq 49, p2? and p$? are
the fractions of S; and T; states quenched by oxygen,
fé is the efficiency of singlet oxygen production
during O, quenching of S;, and Qr is the triplet
gquantum vyield. The overall efficiency S, of singlet
oxygen generation during O, quenching of T; is the
sum of the efficiencies a of formation of O,(*Z;") and
b of directly formed O(*Ay).

In the case of O, quenching of S; states, five spin-
allowed (egs 50—54) and two spin-forbidden processes
(egs 55 and 56) have to be considered.

S; +0,°%, ) — T, + 0,('5,") (50)
S; + 0,02, ) — T, + 0,(°%) (51)
S; + 0,8, ) — T, + 0,('A)) (52)
S; + 0,8, ) — T, + 0,%,) (53)
S; +0,%,) — Sy + 0,°%,) (54)
S; + 0,2, ) — Sy + 0,('F, ) (55)
S; +0,(%,) — Sp + 0,(*Ay) (56)

The four enhanced isc pathways (eqs 50—53) lead
to formation of the first (T,) or second (T,) excited
sensitizer triplet state and either of the three lowest
O, states. The three enhanced internal conversion (ic)
processes (eqs 54—56) generate the sensitizer ground
state (So) and O2(3%Zy7), 02(*=4"), or Ox(*Ag). With the
exception of a few compounds with high oxidation
potentials and low excited-state energies, the experi-
mental overall S; quenching rate constants kg are
found to be nearly collision-controlled in the gas
phase?94:299.304.305 or diffusion-controlled in the liquid
phase.?26:297:298,306-309 However, all quenching path-
ways compete with relatively efficient intramolecular
deactivation processes, and pgz values distinctly
smaller than unity are commonly found under air-
saturated conditions in solution. The first experi-
mental studies were concerned with the multiplic-
ity of the sensitizer product state, and it was shown
that isc (eqs 50—53) is dominant over ic (egs 54—56);
i.e., oxygen quenching of S; states leads mainly to
formation of a triplet state.202310-316 Brauer and
Wagener37:318 first provided clear evidence for overall
singlet oxygen yields larger than unity, thus showing
that the energy-transfer process 52 can significantly
contribute to the deactivation of S;. These observa-
tions are obviously limited to molecules havinga S;—
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T: energy gap larger than 94 kJ mol~?, such as ru-
brene,308:317.:319-324 heterocoerdianthrone,3'319 tetra-
Cene,308’319’324’325 perylene,308,321,325,326 pyrene’308,321,325—328
chrysene,308:325-327 1 3-diphenylisobenzofuran,®?? 1,6-
diphenylhexatriene,®?! fluoranthene,??3%26 a large
series of anthracene derivatives,308:319:321,822,327-334 gn(d
several organic cations.®® No evidence has been
obtained for process 50. This pathway would require
a S;—T; energy gap larger than 157 kJ mol~%, which
is normally not observed. Thus, enhanced isc, leading
to formation of T; and O,(3%;"), is probably the
dominant pathway for the deactivation of S; by O,
in most cases.

However, other observations have also been re-
ported. Stevens and Mills®¢ first suggested that
formation of the second excited triplet state, T,
(process 53), could contribute to the overall process.
Systematic studies by Wilkinson et al.3 showed that
the efficiency of singlet oxygen formation during
oxygen quenching of singlet states is a function of
the relative importance of process 53.

Darmanyan suggested that the enhanced ic process
54 is also possible3?® but is far from being general.3?
This finding, made in triplet—triplet absorption
experiments with 9,10-diphenylanthracene in tolu-
ene, was corroborated by Brauer’'s group in photo-
oxygenation experiments.®° It was concluded that
the O,-enhanced ic could be promoted for few meso-
diphenyl-substituted acenes by the formation of
sterically hindered conformers.323:324 Triplet—triplet
absorption experiments conducted by Potashnik et
al.’®® demonstrated that the efficiency of T;-state
formation in the fluorescence quenching by O, de-
creases with solvent polarity for several condensed
aromatic hydrocarbons and amounts to only 0.55 for
pyrene in acetonitrile. It was suggested that CT
interactions enhance the Oz-induced ic. Later works
by the groups of Ogilby,3" Kikuchi,?26:307.338 Wilkin-
s0n,325:326:333334 gnd Brauer3®33% made it clear that
the CT-induced, Oz-enhanced ic process 54 is of little
important in nonpolar solvents, whereas it be-
comes competitive with processes 51—53 in polar
solvents.

On the basis of measurements of oxygen consump-
tion kinetics with 1,3-diphenylisobenzofuran in ben-
zene, Stevens and Small®* ruled out the spin-
forbidden processes 55 and 56. Thus, it appears that,
in the absence of strong CT interactions, enhanced
ic cannot compete efficiently with spin-allowed
enhanced isc, either due to the large energy gap
(process 54) or due to spin-forbiddeness (processes 55
and 56).

Hence, for most sensitizers, the role of O, quench-
ing of S; is limited to enhancement of the triplet
guantum vyield, and the main pathway of singlet
oxygen generation is O, quenching of the first excited
triplet state, T;. Because the intramolecular T; — Sg
transition is spin-forbidden, T, states generally have
long lifetimes, allowing mostly for complete quench-
ing by O (i.e., p?z ~ 1) in air-saturated solution.
Incomplete quenching is observed only with triplet
states possessing a short lifetime due to high chemi-
cal reactivity or fast isc (i.e., nz* triplets), or in the
presence of very high concentrations of other quench-
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Scheme 2. Mechanism of Singlet Oxygen (*A)
Sensitization during Quenching of Triplet States
(T1) by Ground-State Oxygen (3%), As Proposed by
Gijzeman et al. in the First Mechanistic Study of
This Process
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ers. If the T;-state energy is higher than 157 kJ
mol~%, then three possible spin-allowed processes,

T, + 0,8, ) — So + 0,('%, ") (57)
T, + 0,(%%,7) — Sp + 0,(*A,) (58)
T, + 0,8, ) — So + 0,(°%,) (59)

are commonly observed, with overall rate constant

k? significantly below the diffusion-controlled limit.
In contrast to the interaction of excited singlet states
with O,(3%y7), where only encounter complexes of
triplet multiplicity can be formed, the deactivation
of excited triplet states by ground-state O, is some-
what more complicated. This is expressed in Scheme
2, which was originally proposed by Gijzeman et al.34°
in 1973, and served as a basis for the discussion of
the deactivation of T, states by O, in many later
studies.

Scheme 2 implies that the diffusion-controlled
encounter of excited triplet sensitizer and triplet
ground-state O, leads to reversible formation of
excited 135(T;3%) complexes, whereby nine spin con-
figurations are possible. Statistically, one of them will
have singlet multiplicity, three will be triplets, and
five will be quintets. Energy transfer occurs only
within the singlet channel, whereas enhanced ic in
the triplet channel yields S, and ground-state O,(3%;").
Since the quintet complex has no spin- and energy-
allowed product, the rate constant for O, quenching
of triplet states is expressed by eq 60, where kg and

1 Kait Kic

o_1 Kaitr Ket 1
3 K_gitr T Kic

kT B § k—dif‘f + ket

(60)

k—qif are the rate constants for formation and separa-
tion of encounter complexes, respectively, and ket and
kic are the rate constants for energy transfer and ic,
respectively. Thus, if only the singlet channel con-
tributes to the deactivation of T, by O; (i.e., ki <
K—qiff), we would expect k? < Ygkqitr and, of course, Sa
values of unity. If, in contrast, quenching proceeds
via both the singlet and triplet channels, we expect
kY < 4gkgir and 0.25 < S, < 1. Since all k values
reported by Gijzeman et al.3*° were clearly below
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Yokgisr, it was originally concluded that oxygen quench-
ing of T, states results exclusively in energy transfer.

However, also in 1973, Truscott et al.?’® measured
rate constants for oxygen quenching of triplet states
of carotenoids on the order of 10° M~! s71. In these
cases, only formation of O,(3%,") is possible (since Er
< 94 kJ mol™); hence, it is strongly indicated that
process 59 may be far from negligible. However, the
corresponding Ti-state energies were unknown at
that time, and only later studies demonstrated the
importance of process 59, by providing evidence for
k? values in excess of Ygokgi,41 7350 and even in
excess of 4/okqif. 351352 These results show clearly that
that the triplet complex, and in some cases also the
guintet complex, may contribute significantly to the
guenching process.

Since the late 1970s, several techniques (including
pulse radiolysis,3** thermal lensing,3%° photoacoustic
calorimetry 8335 and time-resolved A, — 3%~
phosphorescence measurements)3*8-360 have been
proposed to quantify the overall quantum yield Qa
and efficiency S, of singlet oxygen formation during
oxygen quenching of T, states. It has rapidly become
clear that, for most compounds, S, is smaller than
unity and varies significantly with sensitizer proper-
ties and environment. This confirms, once again, the
importance of process 59.

In 1993, Wang and Ogilby®¢! used the Z,* — A,
fluorescence to make the first quantitative de-
terminations of the fraction of O,(*=4%) formed in
photosensitization experiments, and Schmidt and
Bodesheim?2 combined time-resolved '=," — 3%, and
1Aq — 324~ phosphorescence measurements to obtain
absolute values for the efficiencies a and b of O,(1Z4")
and O,(*Ag), directly formed during O, quenching of
T, states, allowing the calculation of the rate con-
stants ki*, ki*, and k3* for formation of O,(1Z4"),
02(*Ag), and O,(3%y7), respectively. Surprisingly, the
ratio k3*/ki* was significantly smaller than expected
for an electron-exchange energy-transfer mechanism
according to Dexter.%®? Indeed, the integrals for
spectral overlap of the O,(*Z;") — O0,(3Z;7) 0 — 0O
absorption spectrum with common sensitizer T;
emission spectra were calculated to be 2.5 orders of
magnitude larger than those for overlap with the
02(*Ag) — 02(3Z47) 0 — 0 transition.®62 Hence, a kT/
ki* ratio on the order of 500 would be expected,
instead of the experimentally found ki*/k}* < 10.363
This means that singlet oxygen formation during
oxygen quenching of excited triplet states cannot be
rationalized by common Dexter-type electron-
exchange energy transfer.

While many S, determinations have been made,
the most important experimental problem in many
systematic studies has been the incomplete nature
of the T, quantum yield of many compounds. Many
efforts have been made to overcome this problem.
Gorman et al.®® and Wilkinson et al.3%4~367 proposed
populating T, states by energy transfer from a
higher-lying T, state, being formed with high and
known efficiency. Triplet benzophenone was shown
to be an ideal sensitizer to generate the T, states of
naphthalene and biphenyl derivatives with unit
efficiency. Recently, Shafii and Schmidt3® adapted
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the methodology to O,(1%,") efficiency determinations,
where fast e—v deactivation allows for only low
concentrations of aromatic hydrocarbons in the me-
dium. This leads to incomplete quenching of triplet
benzophenone by the sensitizer under investigation;
hence, singlet oxygen formation from triplet benzo-
phenone also needs to be accounted for.368

Another problem may arise from the fact that, in
competition with energy transfer and enhanced isc
(processes 50—59), formation of ions and/or chemical
reactions may occur within the complexes of O, with
excited sensitizer states. In eq 61, S* represents an
excited singlet or triplet state of the sensitizer
molecule S.

S* +0,(°%,) — (§°¥)* — s + 0,” and/or SO,
(61)

Sato et al.??® studied the possibility of formation
of ions during oxygen quenching of excited singlet
states in acetonitrile. Among several investigated
aromatic hydrocarbons, only one compound, 2,6-
dimethoxynaphthalene, induced noticeable formation
of ions. However, the ionization quantum yield was
found to be as low as 0.003.

More investigations have been concerned with the
possibility of process 61 during O, quenching of T;
states. For example, Winterle et al.®° observed the
formation of Ru3* complexes upon O, quenching of
excited tris(2,2'-bipyridyl)ruthenium(ll) complexes
(Ru(bpy)?") in acidic aqueous solutions. However, the
process was found to be extremely inefficient: the
authors reported a quantum yield as low as 0.035 for
chemical bleaching of Ru?* complexes. More recently,
Zhang and Rodgers®® found an increase of the
quantum yield for this process from 0 to 0.297, when
the acid (D,S0O,) concentration was increased from 0
to 5.0 M. However, the singlet oxygen yields were not
affected by the acid concentration. The authors
proposed that the mechanism displayed in eq 62
competes with processes 57—59 in this case.

[Ru(bpy)>T* + 0,(=,7) — [Ru(bpy)?*+++0,]* —
[Ru(bpy)** 0,1 == Ru(bpy)** + HO," (62)

Several chemical processes have also been sug-
gested in the case of porphyrins and metalloporphy-
rins. Spin-trapping experiments conducted by Cox et
al.®"* revealed the formation of “appreciable” quanti-
ties of superoxide during oxygen quenching of por-
phyrins and metalloporphyrins in several solvents.
However, no quantum yields were determined, and
the authors estimated that the process is significantly
less efficient than energy transfer. A very puzzling
effect was reported by Tanielian and Wolff3"2 for O,
guenching of the T, states of tetraphenylporphyrin
and its Zn and Mg complexes. While identical values
were found for near-infrared-emission- and oxygen-
consumption-based determinations of Q4 for several
compounds, the porphyrins showed significant dif-
ferences between the two techniques. Since the value
from Ay — 3%,~ luminescence measurements (Qa =
0.60) was lower than that from O, consumption
measurements (Qa = 0.80), it was argued that a long-
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lived nonemissive complex may be formed between
0,(*Ag) and the ground-state sensitizer. However, a
recent redetermination of Q,, using time-resolved A
luminescence under conditions similar to those used
in O, consumption experiments, yielded a value of
0.78, identical within experimental error to Tanielian
and Wolff's previous O, consumption determina-
tion.3”3 Hence, the formation of long-lived nonemis-
sive complexes between O,(*Aq) and the ground-state
sensitizer has been ruled out.

Brauer et al.3"* investigated the possibility of the
geminate reaction,

S(T1) + 0,CZ) = (S(TY)Z)* — (S(Sp) A — S(Oz)
63

during self-sensitized photo-oxygenations of heli-
anthrene derivatives (S) in several solvents. Their
treatment of oxygenation data led to quantum yields
Qro up to 0.19 for this process in the case of
helianthrene in high-viscosity solvents. However, the
reaction was found to be less important in the case
of meso-diphenylhelianthrene (Qpo < 0.13) and largely
negligible for meso-diphenylbenzhelianthrene (Qpo <
0.0035).

In an early study, Gorman and Rodgers®’® reported
low singlet oxygen yields and multiexponential A4
phosphorescence decay signals in the presence of
aromatic ketones, which they attributed to a rather
complicated chemical mechanism. It was proposed
that the generation of singlet oxygen competes with
the successive formation of biradicals and trioxetane,
whereupon quenching of O,(*Ag) by trioxetane would
regenerate the ketone and two molecules of ground-
state oxygen. However, this mechanism implies the
possibility of exchange of an oxygen atom between
the ketone and the O, molecule, which was ruled out
some years later. Indeed, Bendig et al.®”6 showed that
excitation of N-methylacridone (NMA, S, = 0.29) in
180,-saturated solutions changes neither the mass of
NMA nor the 8O, content of the dissolved O, mol-
ecules, which means that no exchange takes place
between the ketone %0 atom and 80,. The formation
of trioxetane is thus excluded in this case. However,
very recently, Cosa and Scaiano®’” provided spectro-
scopic evidence for formation of a T, state—O, adduct
during O, quenching of an excited diketone.

Finally, it is also important to know that several
other pathways of singlet oxygen formation may be
observed in addition to the energy-transfer quenching
of S; and T, states. In the early 1950s, Evans®’® and
Munck and Scott®”® reported that numerous organic
molecules S (including alcohols, amines, aromatic
hydrocarbons, and thus many common solvents) form
ground-state complexes with O»(®%;7), which are
characterized by an absorption band that disappears
when O, is removed from the solution. Tsubomura
and Mulliken3®° found a strong linear correlation
between the maximum wavenumber of this band and
the ionization potential of S(Sp). Thus, these ground-
state complexes possess a certain charge-transfer
character and may be caracterized as 3(S°*0,%").
Irradiation of the band leads to formation of an
excited CT complex 3(S°t0,°7)*, which was shown by
Scurlock and Ogilby to be a precursor of O,(*A).381:382
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Quantum yields QXT of O,(*A) formation upon CT
band excitation are rather high, even for alkanes,
e.g., 0.12 for decalin and 0.22 for cyclohexane.38? Since
in the case of alkanes no low-lying excited states
exist, which could sensitize O,(*Ay), it was assumed
that the reaction sequence 3(S°T0,°7)* — 1(S*TO°)*
— 1(S(S0)tA) — S(So) + O2(*Ay) is operative. Kristian-
sen et al.®¥” demonstrated that, for the excited CT
complex of O,(3%,7) with 1-methylnaphthalene (MN),
dissociation forming radicals cannot compete with
fast deactivation to 13(S(T1)3Z), which was suggested
to be the only precursor of O,(*Ag) in that system in
cyclohexane. However, in acetonitrile, a significant
decrease in the efficiency of O,(*Ay) formation was
observed, and it was proposed that, in a polar solvent,
direct coupling of the excited CT state to the ground-
state surface of 3(S(So)3X) may increase, providing a
deactivation channel that will compete with O,(*A)
formation.3%”

Picosecond laser flash experiments on MN by
Logunov and Rodgers yielded results which are
consistent with the findings of Kristiansen et al. in
cyclohexane.38 It was concluded that, in the deacti-
vation of the 3(S°t0,°7)* complex, formation of T;-
excited MN and O,(3%,") competes with ic to the
ground-state 3(S°70,°") complex. The first reaction
should dominate in cyclohexane, whereas both de-
activation paths contribute in equal amounts in
acetonitrile, thus explaining the reduced quantum
yield of O,(*Ag) formation.38

Quantum yields of O,(*Ay) formation of upon exci-
tation of the CT band of l-ethylnaphthalene (EN)
were determined by McGarvey et al.®8* in picosecond
absorption experiments. Q%' values of 0.78 (cyclo-
hexane) and 0.36 (acetonitrile) were obtained, which
are significantly larger than the quantum yields Qa
= Q1S4 of Oz(*Ay) production, 0.69 (cyclohexane) and
0.20 (acetonitrile), which are expected on the basis
of the known values of S, and the measured triplet
guantum yields Qr upon 3(S°+0,°7)* excitation. Thus,
at least in acetonitrile, more O,(*Ay) is produced from
the 3(S°70,°7)* state than can be accounted for from
the amount of EN triplet state produced. To explain
this result, it was suggested that the energy of the
3(S9+0,97)* excited CT state should be high enough
to deactivate partially via a doubly excited 3(S(T1)'A)
complex, which dissociates under formation of T;-
excited EN and O3(*Ay).38* These studies consistently
demonstrate that irradiation of the O, CT bands of
saturated or unsaturated organic molecules also
produces O,(*Aq) in considerable yields.337.381-384

A. Oxygen Quenching of Excited Triplet States

1. Parameters Influencing the Generation of Singlet
Oxygen

a. Influence of the Triplet-State Energy. When
photosensitized formation of singlet oxygen occurs
upon energy transfer from an excited triplet state of
energy E+, theory predicts a dependence of quenching
rate constants on the excess energy AE and thus on
Er. In the first theoretical work on this subject,
Kawaoka et al.®® proposed eq 64, where k;. repre-
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ki, = (47°/h)p(AE)F(AE)p? (64)

sents the rate constants for the ic from the initially
formed, electronically excited sensitizer—oxygen com-
plexes 3(T,%) with excitation energy Et to complexes
H(SeY), 1(SotA), and 3(Se%Y), with excitation energies
Es, Ea, and zero, respectively, which dissociate finally
to form the ground-state sensitizer So and O,(*%,"),
O2(*Ag), and O2(3%4"), respectively. The corresponding
excess energies which have to be dissipated are AE
= Er — E5, Er — Ea, and Er. ki is expressed as a
function of the electronic coupling matrix element
between initial and final states, 5, and of the Franck—
Condon factors, F(AE), and the density of final states,
p(AE) which both depend on AE. Because the Franck—
Condon factor for O, becomes exceedingly small if the
initial and final vibrational states of the O, molecule
differ by more than a few quanta, it can be assumed
that most of the vibrational energy goes into the
organic molecule.®¥ This means that variations in ki,
will be principally determined by variations in the
Franck—Condon weighted density of states factor,
F'(AE) = p(AE)F(AE), of the sensitizer, which, as
shown by Siebrand, decreases strongly with increas-
ing excess energy for aromatic hydrocarbons.386-388
Hence, the T;-state quenching rate constants should
decrease with increasing E+.3%% Corroborative experi-
mental results came only a few years later, from the
works of Patterson et al.?® and Gijzeman et al.,3%
who observed inverse correlations of kY with Er
during investigations of a large number of aromatic
hydrocarbons. Twenty years later, Bodesheim et al.3%
presented the first systematic study of the excess
energy dependence of the rate constants k-, ki*,
and k3 for formation of O,(1Z,+), 02(*Ag), and 0(3Z")
during O, quenching of the T, states of aromatic
compounds. These workers correlated multiplicity-
normalized values of log(k/m) (i.e., using ki, ki*,
and k3*/3) with AE. Figure 24 shows the corre-
sponding plot for the 11 mx* triplet sensitizers
investigated.

From the common dependence of all Iog(k?/m)
values in the AE < 220 kJ mol~?! region, it was
concluded that (i) the matrix elements (5) for ic of
excited singlet and triplet 13(T;3%) complexes of all
compounds are the same, and (ii) there must be a
fully established equilibrium between the singlet and
triplet complexes. The empirical curve of Figure 24,
describing the experimental data, should then di-
rectly reflect the excess energy dependence of the rate
constants of ic of 3(T13%) complexes.3¢? This curve is
given by the polynomial depicted in eq 65, which

log(kkz/m) = 9.05 + (9 x 10 °)AE —
(1.15 x 10" 9)AE? + (1.15 x 10 )AE® +
(9.1 x 10 *)AE* (65)

applies to binary complexes of O,(3Z;") and T (mwa*)-
excited aromatic molecules with high oxidation po-
tentials in CCl, solution, where CT-assisted quench-
ing of T, by O, is negligible if Eq exceeds ca. 1.8 V
vs SCE®%? (see section IV.A.1.b for a discussion of
charge-transfer interactions). Figure 24 also displays
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Figure 24. Dependence of multiplicity-normalized rate
constants k?/m for photosensitized formation of O, prod-
uct state P [i.e., Ox(*Z5"), O2(*Aq), or O,(3%;7)] on the
corresponding excess energy, AE, for a series aromatic
compounds in CCly. The solid line is given by eq 65,362 and
the dotted line corresponds to Siebrand's energy gap law.38
Reprinted with permission from Bodesheim, M.; Schutz,
M.; Schmidt, R. Chem. Phys. Lett. 1994, 221, 7-14.
Copyright 1994 Elsevier Science.

the function log(F'(AE)) evaluated by Siebrand.3®
This function strongly declines with AE, since it
corresponds to the ic between deep potential minima
of strongly bound aromatic molecules, in contrast to
the broad experimental curve, which is related to ic
occurring from shallow minima of very weakly bound
13(T13%) complexes.363

Recently, Abdel-Shafi et al.®®® also correlated
Iog(k?/m) data for a series of Ru complexes with AE.
Values for log(ki) and log(k}") were estimated to
fall on a curve similar to eq 65, while values of
log(k3*/3) were measured to be significantly larger.
The same authors also measured k¥* and the sum
(k3= + k3*) for a large number of aromatic hydrocar-
bons in solvents where distinction between O,(*Z,")
and O2(*Ay) is currently not possible (due to extremely
fast deactivation of O,(*Z;*); see section 111.B.3.c).
Similarly to the previous works, they also proposed
correlations of k¥ with Er, and of (k7™ + ki) with AE
= Et — 157 kJ mol~! in those cases where O,(*Z;")
formation is possible.326391 The lowest (ki* + ki)
values determined for aromatic hydrocarbons in
cyclohexane solution were correlated with the em-
pirical curve of eq 66, with F = 2.5 or 4.3 s%,

(K= + k) =
F x 1011(10— 0.014(E1—157) + 10—0.014(E-|——94)) (66)

respectively,3?6391 representing the excess energy
relation for rate constants of singlet oxygen formation
without CT assistance. This energy dependence is
also less steep than expected from Siebrand’s theory.

b. Influence of the Oxidation Potential. When
the sensitizer is an easily oxidizable molecule, CT
interactions with O, strongly influence the rate and
efficiency of singlet oxygen formation. The first
experimental evidence for such behavior came from
the 1977 study reported by Garner and Wilkinson,342
who noted clear deviations from Gijzeman’s inverse

dependence of k$ on Er. Instead, they reported an
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increase of k¢ with Er for compounds with high
triplet energies (Et > 240 kJ mol™!) and attributed
this behavior to an enhancement of the rate of
guenching by the presence of triplet CT states lying
nearby T;. Later studies correlated singlet oxygen
formation parameters with sensitizer E, or with the
free energy AGcer for formation of an ion pair, which
is calculated by the Rehm—Weller equation, AGcer
= F(Eox — Ered) — Eexc + C, as introduced in section
I11.B.4.a. Here, the excitation energy is the sensi-
tizer triplet energy (Eexc = Ev), and thus, an increase
in E1 will also result in an increase of the oxidizabil-
ity of the excited complexes; i.e., k? values are
expected to increase with increasing Er, in contrast
to regular energy transfer, as described above. Cebul
et al.3* first noted a dependence of gas-phase O,
guenching rate constants for several ketone triplet
states on redox properties, and Chattopadhyay et

al.3% first correlated liquid-phase k9 data for a
series of benzophenone derivatives with Hammett o™
parameters. Several authors also reported the de-
pendence of O,(*Ay) formation efficiencies (Sa) on
redox properties. Smith determined S, for several
aromatic hydrocarbons with strongly varying Er and
found values decreasing from 1.0 for anthracene to
0.25 for triphenylene.®*® Consideration of the corre-
sponding oxidation potentials demonstrated that S,
becomes distinctly smaller with decreasing AGcer. It
was concluded that this results from a deactivation
pathway proceeding through CT complex states.
Exactly the opposite behavior (i.e., a decrease of Sx
with increasing Eqx) was reported a few years later
by McLean and Truscott.®** However, molecules with
strongly varying excited-state properties were inves-
tigated in this study, and other parameters besides
Eox may have influenced Sa. The results of Smith
were clearly corroborated by a systematic investiga-
tion by McGarvey et al.,’%* who used a series of
naphthalene derivatives, where a change in substitu-
ent leads to strong variations in E., while all other
relevant parameters (including Et) remain nearly
constant. It was found that an increase in Eq results
in a systematic increase in S, and in a decrease in
k?; i.e., singlet oxygen formation becomes faster but
less efficient with decreasing AGcer. Similar results
were obtained with derivatives of bipheny|350:366:367
and fluorene,?% amines,?*® Ru complexes,36397 and
benzophenone derivatives,®% where Et also remains
almost constant upon introduction of E-modifying
substituents. These results were confirmed in non-
polar as well as in polar solvents, as is illustrated in
Figure 25 by the inverse correlation of the overall
efficiencies S, with the relative overall quenching
rate constants k{/kqir, determined for a series of
biphenyl derivatives in cyclohexane, benzene, and
acetonitrile by Wilkinson and Abdel-Shafi.366367 Ad-
ditionally, these investigations demonstrated that the
dependence of k? on AGcer is much weaker than
expected for a complete electron transfer; thus, it was
concluded that the rate-determining step features
complexes bearing partial CT character. However,
the correlation for benzophenone derivatives differs
strongly from that for other aromatic hydrocarbons3®®
(as a consequence of their nz* T;-state configuration;
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Figure 25. Dependence of the efficiency of Ox(*Ag) produc-
tion, S,, on the relative rate constant for quenching of
triplet state by oxygen, k?/kdiﬁ, for substituted biphenyls
in acetonitrile (O), benzene (O), and cyclohexane (a).

Reprinted with permission from ref 367. Copyright 1999
American Chemical Society.
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Figure 26. Dependence of Iog(k$/m) for a series of za*
triplet-excited aromatic compounds on AE. The solid line
is given by eq 65. Solid symbols correspond to a series of
naphthalene derivatives, with strongly varying oxidation
potentials. Reprinted with permission from ref 362. Copy-
right 2001 American Chemical Society.

see section 1V.A.3), and Ru complexes also display a
modified behavior 390399

Combining O,(*Ay) efficiency and k$ determina-
tions, McGarvey et al.®%* also showed that the oxida-
tion potential has a stronger effect on the triplet
channel than on the singlet channel. This was
confirmed by Grewer and Brauer,*® who used a
broader range of aromatic hydrocarbons, and more
recently by Darmanyan et al.;*®® who found an
excellent common correlation for a large set of
log(k3¥) values with AGcer but a less steep and also
less accurate correlation for log(ki> + k%) of the
same compounds. Further confirmation of this be-
havior has also come from the recent O,(*=4%) ef-
ficiency determinations. In Figure 26, the E-
dependent Iog(k?/m) data for a series of naphthalene
derivatives®®? are superimposed on the previously
described AE-dependent log(k?/m) data.®®3 At con-
stant Er, the multiplicity-normalized rate constants
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for formation of each O, product state increase with
decreasing E., and the variation is clearly the most
prominent in the triplet channel, while it is less
important for O,(*A) formation and even smaller for
formation of O,(*Z3"). This graduation was clearly
reproduced with a series of biphenyl derivatives,3>°
and also a series of fluorene derivatives,3® but only
a weak graduation was found with nz*-excited ben-
zophenones.3%

No E.x dependence was observed for a series of
anthracene derivatives in cyclohexane.®® In this case,
Sa = 1 and k9 = Ygkqirr was found for all derivatives,
despite a large variation in E. This indicates that
the particularly low triplet energies (Et ~ 172 kJ
mol~1; values for all other investigated sensitizer
series are at least 70 kJ mol! higher) of these
compounds suppress efficient CT-induced quenching
in this nonpolar solvent. However, the sole indication
for a CT mechanism with anthracenes was given in
the very polar solvent acetonitrile, where S, = 0.33
was found for the most easily oxidizable compound
in this series, 9-methoxyanthracene.®3* These results
may thus indicate that energy transfer and charge
transfer can be simultaneously operative. This is also
strongly suggested by the results displayed in Figure
26. The fact that the lowest Iog(k?/m) values (i.e., for
sensitizers with the highest oxidation potentials and
negligible CT interactions) fall on the previously
determined curve of the AE dependence for aromatic
hydrocarbons was explained by a common depend-
ence of k?/m on both AE and AGceT; i.e., all three
KZ/m values can be considered as a sum of a AE-
dependent contribution kic/m and a AGcer-depend-
ent contribution ki-/m (eqs 67—69).362

0 = I+ K 7
G = K+ (68
=13+ K (69

Abdel-Shafi et al.3263%! recently successfully applied
this additivity assumption. Using the excess energy
relation 66 for singlet oxygen formation without CT
assistance, they calculated the corresponding CT
contributions, named ™k ™fy/K—qifr, from the overall
rate constants of singlet oxygen formation for 17
naphthalene derivatives of widely varying Eo«. Figure
27 shows plots of relative rate constants ™kt ™fp/K_gift
of CT-induced singlet (m = 1) and triplet oxygen (m
= 3) formation versus AGcer. Since the slopes ob-
tained from the plots for both the singlet and triplet
channels are about the same, it was concluded that
the partial charge transfers of the singlet and triplet
exciplexes are the same.

Schmidt et al.?*2 used k& ./m values, calculated by
using eq 65, to estimate the AGcer-dependent con-
tribution ki,/m for formation of each product state.
Linear correlations of Iog(kET/m) with AGcer re-
sulted. It was found that, in each series of bi-
phenyls,**® naphthalenes,®? and fluorenes,*®® the
correlations of log(ksy), log(kzy), and log(k23/3) with
AGcer are parallels, differing by systematic con-
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Figure 27. Plots showing the dependence on the free
energy change AGcer of log(3kr 3fp/K_qirr) (M) and log(*kr fy/
k_ditr) (O) for charge-transfer-induced formation of ground-
state and singlet oxygen, respectively, during O, quenching
of 17 triplet-excited naphthalene derivatives in acetonitrile.
From ref 391. Reproduced with permission from The Royal
Society of Chemistry, on behalf of the PCCP Owner
Societies.

stants, log(c®/m) (with ¢**/1 = 0.67, ¢'#/1 = 0.33, and
c3%/3 = 1.00 for formation of O(*=4%), O(*=4*), and
02(3247), respectively; see also section 1V.A.2 for the
physical meaning of these constants). However, for
each series, small but significantly different inter-
cepts ¢; and slopes c; were found. This behavior,
described by eq 70, could be the consequence of the

log(ke/m) = log(c”/m) + ¢; + ¢,AGeer  (70)

different structure of the biphenyls, naphthalenes,
and fluorenes. For example, it was suggested that
interaction of biphenyl derivatives with O, occurs
with only one of the aromatic rings, while in the case
of naphthalenes, electronic delocalization occurs from
the adjacent ring.?%

However, for aromatic molecules, the dependence

of kf/m on the molecular structure seems to be
unimportant compared with the influence of triplet
energy and oxidation potential.*®* This is demon-
strated in Figure 28, where 127 multiplicity-normal-
ized rate constants for formation of O,(1Z4"), O2(*Ag),
and O,(®%,") during O quenching of T; of 45 sensitiz-
ers of very different structure, E+ and Eo (including
porphyrins and metalloporphyrins, fullerenes, naph-
thalenes, biphenyls, fluorenes, z* ketones, and other
homocyclic and heterocyclic aromatic hydrocarbons),
are correlated with one common dependence on AE
and AGcer. The data are well described by the surface
of Figure 28, which was calculated by eqgs 38, 65, and
67—70 using ¢; = 7.65 and ¢, = 0.23 mol kJ*. This
demonstrates clearly that E+ and E. are by far the
most important parameters determining ki*, k3",
and k¥*. Note that for clarity reasons, eq 70 was
approximated using c?/m = 1 for formation of all
three O, product states. Equation 70 leads to three
distinct but closely lying surfaces and describes the
data better than represented in Figure 28. It has
been suggested that the equations given above can
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Figure 28. Singlet oxygen photosensitization from zx*
triplet-excited aromatic compounds in CCl, can be gener-
ally described by a dependence of multiplicity-normalized

rate constants k?/m for formation of O,(1%y™) (yellow
circles), O(*Ag) (green triangles), and O,(3Z;") (red squares)
on the excess energy AE for formation of the respective O,
product state P and the free energy AGcgr for formation
of an ion pair. The surface displayed in this figure is
predicted by the model described in sections IV.A.1.b and
IV.A.2, where the overall rate constant for formation of all
three O, product states is considered as the sum of a non-
charge-transfer contribution kz/m and a charge-transfer
contribution ki/m, i.e., Ki/m = ki/m + ki /m. The
corresponding empirical relationships, Iog(kZE/m) = 9.05
+ (9 x 103)AE — (1.15 x 1074AE? + (1.15 x 107 ")AE® +
(9.1 x 10"11)AE4, and log(ke/m) = 7.65 — 0.23AGcer, can
be used to estimate the rate constants and efficiencies of
formation of O,(Z4"), Ox(*A,), and O,(3Zy™) from a mz*-
excited sensitizer in this medium. Reprinted with permis-
sion from ref 401. Copyright 2003 American Chemical
Society.

be used to estimate ki*, ki*, k3%, and S, [=(k}* +
KNIk + k3 + k3] values for any zz* sensitizer
in CC|4.401

c. Steric and Structural Effects. Few studies
have been concerned with the influence of the mo-
lecular structure of a compound on its singlet oxygen
photosensitization ability, and in most cases, only
relatively minor effects have been noted.

Pfeil®2 first attributed differences in rate constants
for oxygen quenching of triplet-excited Cr complexes
to steric effects, and, a few years later, Demas et al 343
also discussed k9 values for deactivation of several
other excited metal complexes in this context. How-
ever, these authors found no changes in k$ upon
introduction of bulky substituents. Instead, they
noted lower k9 values for some Ir complexes com-
pared with complexes of Ru and Os, a behavior which
they attributed to the larger size of the Ir complexes,
leading to greater separation of the charge center and
the solvation sphere from each other.®** However,
more recent studies also reported ligand effects for
0O, quenching of excited Ru complexes in water*® and
acetonitrile.290:397.3%9 Apdel-Shafi et al.3*° related a
decrease in S, on going from monosubstituted ligands
to trisubstituted ligands to steric effects, and devia-
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tions of k9 from a AGcer dependence were attrib-
uted to the structure of certain complexes.®®” Xu et
al.*%* recently found that the rate constants for
oxygen quenching of excited Ru complexes bound to
polymeric cyclodextrins decrease when the bulk of the
polymer increases, and they suggested that the
complexes can be “shielded” from O, quenching.
Steric effects were suggested by Darmanyan et al.353
for singlet oxygen formation from triplet-excited
amines. However, this suggestion was based solely
on the k$ value for triphenylamine, which was
found to be lower than those for several other amines
of similar AGcer.

Benson and Geacintov*® found deuteration effects
on the O, quenching rate constants for the T, states
of several aromatic hydrocarbons dissolved in a solid
polystyrene matrix, and they explained the lower
values found for the deuterated sensitizers by lower
Franck—Condon factors. However, no deuteration
effects were observed in fluid solution.*®® Heavy
atoms may also influence the interaction of O, with
organic compounds. For example, Darmanyan and
Foote?®” correlated S, values for a series of ns*-
excited halogenated acetone derivatives with the
square of the spin—orbit coupling factor of the
halogen atom. However, no dependence on heavy
atoms was found for zz*-excited compounds.4°7

Interesting observations have been made with
fullerene derivatives. Anderson et al.*% first showed
that functionalization of the fullerene core diminishes
its singlet oxygen quantum yield, and Hamano et
al.*® noted a decrease of Qx with the number of
addends. However, Prat et al.*!° recently demon-
strated that this behavior is not the consequence of
a modified interaction with O, but rather it is due
to a decrease in the fullerene’s triplet quantum yield.
Sa values were found to be unity for a series of
fullerene derivatives bearing one to six addends.

d. Influence of the Electronic Configuration.
The efficiencies of singlet oxygen generation from
wa*-excited triplet states of aromatic hydrocarbons
are generally close to unity (Sax ~ 0.8—1.0), unless
their triplet state is very high or oxidation potential
is very low. This is also observed with wz*-excited
aromatic ketones, which are commonly used as
reference sensitizers because of their high singlet
oxygen yields in many media.?*3%" In sharp contrast
to this behavior, however, S, values for nz*-excited
ketones are found to range from 0.3 to 0.5, despite
their often very high oxidation potentials. The dif-
ferences between nz*- and w*-excited ketones are
very marked and general, and also easy to observe,
and Darmanyan and Foote*!! even proposed using Sa
as a criterion to define the nature of a T, state of an
aromatic ketone. However, these differences seem to
be limited to monoketones. Several studies showed
that di- and particularly triketones can be highly
efficient singlet oxygen sensitizers.377412413 Eyen
larger values of S,, 0.7 and 0.96, were recently
reported for two structurally related azoalkanes with
nz* triplet states.*4

In the very first study dedicated to O,(*Ay) ef-
ficiency determinations, Gorman et al.3%* first noted
that nz*-excited benzophenone is a less efficient
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sensitizer than most aromatic hydrocarbons. Chatto-
padhyay et al.3°? also reported relatively inefficient
singlet oxygen production from nz*-excited deriva-
tives of benzophenone and acetophenone, and Red-
mond and Braslavsky*!® attributed low S, values for
a series of naz* ketones to the high polarizability of
these compounds. Darmanyan and Foote compared
the solvent dependence of singlet oxygen production
from nz* and zr* triplets,*'® and they also noted that
S values for a series of na* triplets are influenced
by the introduction of heavy atoms, while those for
ar* triplets are not.4%” It was suggested that both
Franck—Condon factors and electronic matrix ele-
ments are more favorable for deactivation of nz*-
excited ketones than for those involving zz* trip-
lets.*97 In the first study on the AE dependence of
the multiplicity-normalized rate constants of for-
mation of O,(*Z™), O2(*Ag), and O,(3%,~), Bodesheim
et al.®3 observed that ki* values for formation of
O2(*Ag) from na*-excited ketones deviate significantly
from the general dependence of Iog(k?/m) on AE for
ar* triplets. Wang and Ogilby#'” determined the
efficiency ratios a/S, for a series of acetophenone and
benzophenone derivatives and noted that these are
larger for zzw* triplets than for nz* triplets. The
largest values were found for those derivatives with
the lowest triplet energies, and it was also noted that
the influence of the sensitizer ionization potential
(i.e., charge-transfer interactions) is only weak.**” The
reason for the different behavior of nz* triplets in
the sensitization of singlet oxygen remained an open
guestion until a systematic study performed by
Mehrdad et al. appeared, in which rate constants
k3=, k3%, and k3* were determined as a function of
Eox for a series of T;(nz*) benzophenone sensitizers
of almost constant E+.3° This is discussed in section
IV.A.3.

e. Influence of Solvent Polarity. Many investi-
gations on oxygen quenching of excited triplet states
have been carried out in several solvents with vary-
ing solvatochromic properties, and it has been largely
noted that solvent polarity has a major impact on all
singlet oxygen formation parameters. Although no
correlations with complexation energy relationships
(such as eq 44) have been performed, it has been
shown that, for most compounds, an increase in
solvent polarity results in an increase of the T;-state
guenching rate constant, and in a decrease in the
guantum yield and efficiency Sa of singlet oxygen
formation. For example, this behavior has been
clearly established in the cases of chrysene,340
1,3,5-triphenylbenzene,®®® derivatives of naphtha-
lene,1993653%8 piphenyl,2%03%7 and anthracene,334418
ruthenium complexes,*3419420  and tetraphenyl-
porphyrin zinc.4?!

However, the solvent dependence is less obvious
for aromatic ketones. For both nz*-excited benzo-
phenone and sr*-excited duroquinone, Darmanyan
and Foote*'® did not find any noticeable dependence
of k? or Sx on solvent polarity. Instead, they ob-
served an increase of S, in alcohols, which they
attributed to the formation of hydrogen bonds.*16
Bendig et al.3"® also reported a constant S, value of
0.29 for singlet oxygen formation from N-methyl-
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acridone in a range of solvents. However, in a more
recent study on O,(*Ag) formation from a series of
nr*-excited benzophenone derivatives, it was found

that all S, values decrease slightly, and all k?
values increase on going from carbon tetrachloride
to the more polar solvent dichloromethane.?%!

Several authors have noted that singlet oxygen
formation from aromatic carboxylic acids is influ-
enced by the pH. It was shown that deprotonation
leads to a decrease in the singlet oxygen yield,*?2423
and in the case of hypericin,*?® this decrease could
be correlated with a sigmoidal curve, indicating a pK,
value of 9.9 for this compound. However, it was not
specified whether this decrease is due to a decrease
in Qr or Sa. In the case of (tetra-tert-butylphthalo-
cyaninato)zinc, Beeby et al.*?* noted a significant
decrease of S, with increasing protonation. It was
suggested that, in this specific case, protonation may
lower the sensitizer triplet-state energy below the 94
kJ mol~* required for O,(*A,) formation.

f. Influence of Oligomerization, Aggregation,
and Excimer Formation. Singlet oxygen yields
may be significantly diminished by the association
of sensitizer molecules, either as excited dimers
(excimers), ground-state complexes, or covalently
bound oligomers. For example, QA values for naph-
thalene and pyrene, which form excimers upon
excitation in concentrated solutions, reportedly de-
crease with increasing sensitizer concentration in
methanol,*?®> hexane,*?> and benzene,*?% while they
are constant for phenanthrene,*?®> which does not
form excimers. Shold*?® attributed this behavior to
the formation of the monomer T, state by dissociation
of the excimer T, state, and Marsh and Stevens?*?®
proposed that the triplet state of the pyrene excimer
does not sensitize the production of singlet oxygen
at all. Darmanyan et al.*?” found that S, decreases
with the degree of electron transfer in the exciplexes,
and Levin et al.?*¢ observed that oxygen-quenching
rate constants of several excimers are higher than
those of the corresponding monomers. Similar obser-
vations were also made by Darmanyan et al.,*?” who
attributed the higher rate constants to the lower
triplet energies of the excimers.

Tanielian et al. reported sensitizer-concentration-
independent Q, values for hematoporphyrin*?® and
hematoporphyrin derivative*?® in methanol, and a
significant decrease of Qa with increasing concentra-
tion of these compounds in water, which they at-
tributed to the formation of ground-state dimers in
this solvent.#?842% Similar results were recently re-
ported by Borisov et al.*3° and by Dairou et al.,**' who
determined dimerization constants and singlet oxy-
gen yields for disulfonated deuterioporphyrin and its
esters in D,O and methanol. On the basis of Qr
estimations, Tanielian et al.*?® suggested that the
decrease of Q, is at least partially due to a decrease
in Sa. Aggregation of sensitizer ground states was
also proposed to explain the solvent dependence of
Qa for (4-sulfonatophenyl)porphyrin, zinc copropor-
phyrin, and pheophorbides.*1®

Maree and Nyokong*®? investigated singlet oxygen
formation from covalently linked silicon octaphenoxy-
phthalocyanines in dimethyl sulfoxide and found an
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Figure 29. Arrhenius plots for bimolecular rate constants

k? of O, quenching of triplet benzophenone (Bp, A), triplet
p-aminoacetophenone (pAAc, O), triplet p-methoxyaceto-
phenone (pMAc, @), and singlet-excited pyrene (P, 4A) in
toluene solution. Reprinted with permission from ref 351.
Copyright 1993 American Chemical Society.

increase of QA on going from one to five phthalo-
cyanine units but a strongly decreased efficiency for
the oligomer containing nine rings. Pelliccioli et al.?%*
measured triplet-state and singlet oxygen yields for
germanium and tin phthalocyanine monomers, and
u-oxo-bridged dimers thereof, in toluene. Interest-
ingly, they found S, values to be near unity for the
monomers but significantly lower for the dimers. The
authors explained this behavior by a lower triplet
energy for the dimers, resulting in reversible energy
transfer. This was also corroborated by biexponential
transient absorbance decay signals for the excited
dimers.?54

g. Influence of Temperature and Pressure.
Cebul et al.3* first measured the temperature de-
pendence of the rate constant for oxygen quenching
of the triplet states of several ketones in the gas
phase. In the temperature region of 260—360 K, they
found a linear increase of In(k?) with 1/T. The slopes
of Arrhenius plots were found to be almost identical
for several ketones, and an activation energy E, of
ca. —7.5 kJ mol~! was obtained. Significant differ-
ences, however, were found for the pre-exponential
factors. In toluene solution, McLean and Rodgers**?
observed a similar behavior for O, quenching of
triplet benzophenone in the high-temperature region.
However, the corresponding Arrhenius plot exhibits
a turnover point at T = 300 K, and below this
temperature, In(k?) decreases with decreasing tem-
perature. This behavior was discussed in terms of a
switch from pre-equilibrium to diffusion control, in
analogy to the interpretation of the temperature
dependence of rate constants of O,(*Aq) deactivation
by several strong CT quenchers (see Figure 17).1%7
Their observations are represented in Figure 29,
together with the respective data for two aceto-
phenones and for O, quenching of the S; state of
pyrene, which serves as a standard for diffusion
control.3! Note also that, in the low-temperature
region, k9 for p-aminoacetophenone becomes larger
than 4/gkdiff.

Interesting observations were also made in tem-
perature-dependent studies of O, quenching of triplet
naphthalene in several solvents. For this compound,
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Figure 30. Temperature dependence of the efficiency Sa
for singlet oxygen formation during oxygen quenching of
the triplet states of chrysene (®), benzoylbiphenyl (O), and
phenalenone (<) in air-saturated toluene. Reprinted with
permission from ref 349. Copyright 1993 American Chemi-
cal Society.

E. was found to be slightly positive in n-hexane and
methylcyclohexane and negative in acetone, aceto-
nitrile, and toluene.?*8 Similarly to the studies carried
out on O,(*A,) deactivation, negative activation ener-
gies were explained by the formation of exciplexes.
Smith#3** also noted that the activation energy for O,
guenching of the T, states of several anthracenes in
viscous 3-methalpentane solutions is lower than the
activation energy for viscous flow, which means that
the process is not diffusion-controlled.

Figure 30 shows the temperature dependence of
singlet oxygen formation efficiencies, S,, determined
by Grewer and Brauer3* in toluene. Interestingly, a
different behavior is found for chrysene and for two
ketones. In the former case, S increases with
increasing temperature, while the ketones’ efficien-
cies decrease with increasing temperature.

Okamoto et al.347435436 investigated the pressure
dependence of singlet oxygen formation from an-
thracene derivatives and pyrene in several solvents.
These studies demonstrated that k? decreases with
increasing pressure (see Figure 31b).

However, the dependence is much weaker than
that found for the overall rate constant k3 of S;-
state quenching by O, which is assumed to be
diffusion-controlled (see Figure 3l1a). Whereas
In(kS) correlates linearly with In() with slope —0.6
to —0.7, as a consequence of increasing solvent
viscosity, correlations of In(k?) with In(y») are non-
linear, with a much smaller slope, —0.1 at 1 bar, in
agreement with the nondiffusional character of T;-
state quenching by O, at room temperature and
atmospheric pressure. These observations are com-
mon to the quenching of anthracene derivatives.3473%2
Finally, singlet oxygen yields for the anthracenes
were also determined in several solvents, and it was
found that Q, and S, are independent of pressure
over the whole pressure range (0.1—-400 MPa) in all
investigated solvents.*®®> However, it remains unclear
whether this behavior is general, since anthracene
derivatives exhibit a rather uncommon insensitivity
to variations in Sx due to their low triplet energies.
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Figure 31. Pressure dependence of the rate constants k?
and kcs‘)- for oxygen quenching of the T; and S; states of
9-acetylanthracene in five solvents. Solid lines were drawn
by assuming that In(k®) = A + BP + CP2 (i = S or T).
Reprinted with permission from ref 435. Copyright 1998
American Chemical Society.

h. Influence of Magnetic Fields. Geacintov and
Swenberg*¥ first investigated the possibility of mag-
netic field effects on the deactivation of triplet states
of aromatic hydrocarbons by O,. On the basis of
theoretical considerations, they predicted a negative

effect of magnetic field on k? if the splitting among
the singlet, triplet, and quintet complexes due to CT
interactions is negligible compared to the spin—spin
interaction, and no effect if the CT-induced splitting
is large. Their own data, and also later experimental
results, were in support of the latter hypothesis.
Indeed, no magnetic field effect on the rate constants
was observed for oxygen quenching of the T, states
of chrysene, a,h-dibenzanthracene, and coronene
absorbed on a polystyrene matrix,*®” and also of
chrysene and acridine in benzene, acetonitrile, and
amorphous polystyrene.*® In contrast, however, Ta-
chikawa and Bard**® found that magnetic field
strength has a noticeable influence on the rate
constant for oxygen quenching of delayed fluores-
cence of anthracene and pyrene in N,N-dimethyl-
formamide but not in acetonitrile.

2. Mechanism of Oxygen Quenching of srzt* Triplet
States

It was shown in the previous paragraphs that the
strongest effects on the quenching of T, states by O,
and the corresponding efficiency of singlet oxygen
formation are caused by variations of the oxidation
potential and triplet-state energy of the sensitizer.
Furthermore, the polarity of the solvent can also
distinctly influence these processes. Thus, it is not
surprising that the analysis of these dependences led
to a quite detailed understanding of the events
competing generally in the oxygen quenching of
excited swzr* triplet states.
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Scheme 3. Mechanism of Singlet Oxygen (*A)
Sensitization during Quenching of Triplet (Ty)
States by Ground-State Oxygen (3%), as Proposed
by Wilkinson et al. after Examining Sensitizer
Oxidation Potential and Solvent Dependence of
Rate Constants and Efficiencies of O,(*Ag)
Formation for Several Series of Organic Molecules
at Constant Triplet Energy?
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a This mechanism extends Scheme 2 by incorporating formation
of charge-transfer (1C, 3C) and precursor (P, 3P) complexes, in
addition to encounter complexes (*E, 3E, 5E).

An important extension of the kinetic Scheme 2
originally proposed by Gijzeman et al.**° was formu-
lated by Wilkinson and co-workers. It rests on the
analysis of rate constants of overall singlet oxygen
(02(*=¢™) + O2(*Ay)) and of triplet oxygen formation,
determined for numerous sensitizers of widely vary-
ing Eox and E+ in solvents of different polarity.

Wilkinson's Scheme 3 modifies Scheme 2 by in-
cluding precursor complexes and CT complexes, and
the possibility of isc between the singlet and trip-
let quenching channels, as proposed initially by
Garner and Wilkinson,3?2 to account for k9 values
higher than kqiw/9 reported for several sys-
tems.200,333,342,349,366,367,391 | n competition with the CT-
assisted quenching with and without energy transfer,
the formation of singlet oxygen via a non-charge-
transfer (nCT) deactivation channel without CT-
assisted energy transfer (i.e., including the step
labeled k4 in Scheme 3) was assumed.366:367 13E and
13C are used to represent the encounter com-
plexes 3(T;%%) and the charge-transfer complexes
L3(M%t0,%7), where M stands for the sensitizer mol-
ecule and 3P represent the precursor/encounter
complexes %(So'A) and 3(Sp%), respectively.®%t Accord-
ing to Scheme 3, the efficiency of singlet oxygen
generation from the triplet state would be 1.0 if only
the singlet channel were involved and 0.25 if the
singlet and the triplet channels were both involved
equally. In the absence of isc between the 8E
complexes and/or the 13C complexes, rate constants
of overall singlet oxygen and ground-state oxygen
formation would be expected to be <kgi#/9 and <Kgis/
3, respectively.

The importance of CT interactions during O
guenching of triplet states became most apparent
from results in which an aromatic hydrocarbon and
a range of its substituents were studied.362364-367 |n
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these cases, changes in Er are negligible, allowing
any dependence on Egx to be determined. For ex-

ample, bimolecular rate constants k? of O, quench-
ing and the efficiencies S, of singlet oxygen formation
were reported by Wilkinson et al.®¢:3¢7 for a range of
substituted biphenyl triplet states in acetonitrile,
benzene, and cyclohexane, where only E. of the
biphenyl derivatives varies while Et is approximately
constant. Values of k? increase as E,y decreases and
increase as the solvent polarity increases, whereas
the values of S, increase with Eqx and decrease with
increasing solvent polarity. The inverse correlation
of S, with k¥ is shown in Figure 25367

According to Wilkinson, these results, interpreted
using Scheme 3, suggest that the triplet channel
operates only when CT is favorable. Actually, very
good linear correlations are found if the rate con-
stants of ground-state oxygen formation are plotted
on a logarithmic scale versus the change in free
energy AGcer for complete electron transfer from the
Ti-excited sensitizer to O,, for naphthalene and
biphenyl sensitizers.35-367 Similar results in support
of Scheme 3 were presented by Grewer and Brauer,
who investigated the T;-state quenching of aromatic
hydrocarbons and ketones by 0,.4°° Further cor-
roboration came also from the work of Darmanyan
et al.,®> who obtained, on the basis of Scheme 3, an
excellent correlation of the logarithms of the rate
constants of ground-state oxygen formation with
AGcer for a much broader variation of zz* triplet
sensitizers of widely varying E.x and Et. However,
the corresponding correlations for the rate constant
of overall singlet oxygen formation were much weaker
and more scattered, and it was realized that this is
the consequence of the important contribution of
singlet oxygen formation via the nCT deactivation
channel, labeled 'k, in Scheme 3.353366.367.400 Thys,
formation of O,(*Ag) occurs with CT interactions via
1C and without CT interactions with rate constant
ka via the precursor complex Y(So*A), circumventing
I1C. Since the latter process was assumed to depend
on the excess of electronic energy which needs to be
dissipated, the energy gap relation 66 was derived
by Wilkinson and co-workers for k, = ki~ + k3%, i.e.,
for formation of O,(*Ag) in the nCT path.326:3%1 Using
eq 66, Abdel-Shafi and Wilkinson calculated, from the
rate constants of singlet and ground-state oxygen
formation, corresponding multiplicity-normalized rela-
tive rate constants Mkt Mf,/k_qirr Of singlet (m = 1) and
triplet oxygen (m = 3) formation via the CT path for
17 naphthalene derivatives of widely varying E.x and
moderately differing E+.3%* The plot of log("ks ™f,/
K_qifr) versus AGcer is shown in Figure 27. Two almost
parallel correlations with slope —0.022 mol kJ~* were
obtained, which can be compared with an expected
slope of —0.178 mol kJ~* for endergonic reactions
involving complete electron transfer. The indications
are that quenching is via singlet and triplet CT
complexes with only partial charge-transfer charac-
ter.

The ratio of experimental and expected slope was
interpreted as representing the fraction of electron
transfer which exists in the transition state, 12.5%
and 17% for the naphthalenes in acetonitrile and
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cyclohexane, respectively.® Interestingly, the same
CT character of the transition state was estimated
by the same procedure with a series of biphenyl
derivatives, giving 12.5%, 14.5%, and 17% in aceto-
nitrile, benzene, and cyclohexane.3¢” Since parallel
correlations were found (see Figure 27), these CT
estimates should be valid for CT-assisted formation
of both O,(*Ag) and O,(3%47). Thus, it has been shown
that the inclusion of the nCT path, leading directly
to O,(*Ay), to both CT paths of Scheme 3 allows the
guantitative reproduction of the experimental results
with respect to the AGcer dependence of the O,(*Ag)
and O,(3%Zy") formation in the quenching of Ti(wn*)
states by 02.325,326,366,367

Abdel-Shafi and Wilkinson suggested that the
unexpected shift of the multiplicity-normalized data
for formation of O,(*Ag) in Figure 27 to larger values,
compared with the corresponding data for O,(3%;")
formation, could point to the occurrence of some isc
from the triplet to the singlet channel.®! In fact, the
extent of isc between the singlet and triplet channels
of Scheme 3 via °E complexes and/or *3C complexes
is still an open question. Using a simpler kinetic
scheme without participation of °E complexes, it was
previously reported that any rate constants of for-
ward and backward isc between 3C complexes of
<10 s71 (acetonitrile) and even of <10 s~ (cyclo-
hexane) gives good fits to the data,®%%3¢7 and in
deriving the kinetic equations corresponding to the
complete Scheme 3, it was argued that isc between
13E complexes could be neglected.325:326:391

It has to be noted that the wide range of experi-
mental data on the quenching of zz* triplet states
by O,, elaborated by numerous scientists in the past
three decades, is successfully described by the Kinetic
scheme developed by Wilkinson and co-workers. The
Kinetic equations corresponding to Scheme 3 clearly
demonstrate the principles of the mechanism, i.e., the
competition of non-charge-transfer (nCT) and partial
charge-transfer (pCT) deactivation paths.

The introduction of new techniques, allowing the
separate determination of the rate constants of
02(12™), O2(tAg), and O2(3Z,™) formation in T,-state
quenching by O,, opened the door to additional
valuable information. On the basis of Wilkinson's
Scheme 3, and the analysis of the Er and Eg
dependences of the rate constants ki*, ki*, and k3
determined for a large number of sensitizers with a
broad variation of Eq and Et in the nonpolar solvent
CCly, Schmidt and co-workers recently developed the
modified kinetic Scheme 4.350:362.363.395401 The first step
in Scheme 4 describes the formation of encounter
complexes 135(T3%), with rate constant kg, Which
either dissociate back to T; and O,(3%,"), with rate
constant k_gisr, Or deactivate to yield Sp and O,(*=4"),
02(*Ag), or O,(3%47), with overall rate constant Kp.
Thus, kp = ki~ + ki* + k3* holds true. Formation of
02(*=™), O2(*Ag), and O2(3Z4™) occurs via two different
deactivation channels. The primarily formed encoun-
ter complexes 3(T,3X) are deactivated by ic to lower
complex states of the same multiplicity, i.e., }(T:3%)
- 1(5012), 1(T132) - 1(801A), and 3(T132) - 3(3032),
which finally dissociate to the respective products.
Since the excess energies AE have to be released as
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heat, the rate constants of ic should depend on AE
via an energy gap relation. This was actually found
in the investigation of a series of sensitizers with
widely varying triplet energy Er (see Figure 24),
where multiplicity-normalized values Iog(k?/m) (i.e.,
ki, k3%, and k3*/3) are correlated with AE.363 The
common excess energy dependence of Iog(k?/m) for
AE < 220 kJ mol~t was interpreted as a consequence
of a fully established spin-statistical equilibrium
between isoenergetic singlet- and triplet-excited com-
plexes ¥(T;3%) and 3(T;%3).

The empirical polynomial 65, describing the data
shown in Figure 24, was considered to represent the
energy gap law for the ic of %3(T;3X) complexes
without CT stabilization. This was concluded from
the variation of Iog(kﬁ/m) data from a series of
naphthalenes of widely varying Eqx but almost con-
stant E+,%%? which is shown in Figure 26. The smallest
values of log(k?/m) of the naphthalenes correspond,
in each case, to the derivatives with the largest
values of E., for which CT interactions are minimal.
Since these data are in the range of the empirical
curve, it is clear that this curve is a good approxima-
tion to the energy gap law for the ic in the absence
of CT interactions, i.e., for nCT complexes.

The naphthalene Iog(k?/m) data strongly increase
with decreasing Eq, indicating that increasing CT
interactions lead to larger values of ki*, ki*, and
k3*/3. Thus, Figure 26 impressively illustrates that
two mechanisms operate in the quenching of zx*
triplet states by O,, both leading to the formation of
02(*=¢"), O2(*Ag), and O,(3%47). The first is controlled
via an energy gap law, and the second is controlled
by the variation of CT interactions, which can be
guantified by AGcer. The first depends on the varia-
tion of AE and occurs with rate constants Kyz, Kig,
and k3Z via excited encounter complexes, the second
depends on the strength of CT interactions and
operates with rate constants k&, kX3, and kX
via exciplexes with partial CT character (see Scheme
4).

Assuming that k- and k2, add up to k¥, and that
the excess energy dependence of kiE can be calcu-
lated from the energy gap relation, rate constants
ki, could be calculated for each sensitizer from
values of Et and eqs 65 and 67—69.%62 These conclu-
sions were confirmed in further investigations that
included homologous series of biphenyls and fluo-
renes.3%0:3%5401 Ejgure 32 displays the rate con-
stants of the pCT channel obtained for a series of
biphenyls in a plot of log(kZ;/m) versus AGcgr.?°
Strong linear correlations were obtained. The fit
function log(k33/3) = ¢1 + C2AGeer, with ¢; = 7.45
and slope c; = —0.033 mol kJ™!, describes the
experimental data. Although scattering, the values
of log(ksy) and log(kXy) are not very far from the
straight line in Figure 32. Actually, it was shown that
the linear fit of log(ks + k&) to log(k2>/3) results in
the slope 1.0 + 0.15s and intercept 0.1 &+ 0.4, indicating
the ratio 3:1 between the triplet and singlet pCT
deactivation channels, which exactly matches the
spin-statistical ratio. Furthermore, it was found that
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Scheme 4. Mechanism of Formation of O,(1X4"), O2(*Ag), and O,(3Xy~) during Oxygen Quenching of Triplet
States, as Proposed by Schmidt et al. after Investigating Sensitizer Triplet Energy and Oxidation Potential

Dependence of Rate Constants and Efficiencies of O,(*X4"), 02(*Ag), and O,(3X4") Formation for Several
Series of Organic Compounds in CCl,2
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Figure 32. Plot showing the dependence of Iog(kET/m) of
multiplicity-normalized rate constants for charge-transfer-
induced formation of O, product state P on the change in
free energy AGcet for complete electron transfer from T;-
excited biphenyls to O,. Straight line with slope —0.033
kJ~1 mol and intercept 7.45 results from the linear fit to

the log(k22/3) data. Reprinted with permission from ref
350. Copyright 2001 American Chemical Society.

the values of kg are, on average, about 2-fold larger
than k5.3

The results obtained with three homologous series
of sensitizers agree in three important and partially
new findings:350:3623% (i) a common energy gap law
exists for the ic of NCT complexes, which is given in
good approximation by eq 65; (ii) the strength of CT
interactions is the same in the singlet and triplet pCT
deactivation channel, a conclusion which was also
derived by Abdel-Shafi and Wilkinson in the analysis
of their results, on which Scheme 3 is based;*** and
(iii) the statistical weights of formation of O,(*Z,"),
02(*Ag), and O,(3%4") in the pCT deactivation channel
are ¢ = 0.67, ¢** = 0.33, and ¢** = 3, in agreement
with the graduation k2/3 > kz& > k& for a given
sensitizer.

This experimentally found graduation has impor-

tant implications. Considering the corresponding

excess energies, the different graduation kgy > k&y

> k¥/3 was expected if the ic of pCT exciplexes
13(T1%2) to pCT complexes (Se'Z), 1(SotA), and 3(Se3X)
would be rate-determining, as is the case with the
nCT complexes. Since the graduation according to the
excess energies is not valid, it was concluded that ic
of pCT complexes (T;3Z) and 3(T;3%) must be much
faster than isc between 3(T;3%) pCT complexes and
that formation of 13(T;3%) pCT complexes from 13(T;3)
nCT complexes should be the slowest and thus the
rate-determining process.

The rate-determining reaction from encounter com-
plexes to exciplexes also explains very easily the ratio
(k& + kZ)/KkE = 1/3. Since the Y(T:3%) and 3(T:3)
pCT exciplexes are formed in a parallel way from
13(T132) nCT complexes, which are in a fully estab-
lished fast isc equilibrium, the spin-statistical weight
ratio of 1/3 is simply transferred. It was actually
unexpected that a fast isc equilibrium should exist
for L3(T3X) nCT complexes but not for 13(T;3%)
exciplexes. However, on the basis of the assumptions
that the vector of the magnetic moment of the triplet
O, molecule is rigidly coupled to the molecular axis,
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and that spin flips in 13(T;3X) complexes are brought
about by rotation of the small O, molecule with
respect to the large triplet sensitizer, Mehrdad et
al.’% suggested that a fast isc equilibrium could well
be established for 13(T;3) encounter complexes, since
the rotational time is more than 1 order of magnitude
smaller than the estimated lifetime of the encounter
complex, 7e = 2 x 107! s. Such an isc mechanism
would be slower for %3(T;3%) pCT complexes because
non-negligible binding interactions reduce the mobil-
ity of the O, moiety in the exciplex.

Thus, the analysis of the data from three series of
m* triplet sensitizers resulted in a consistent pic-
ture, which is described by the kinetic Scheme 4. It
has to be noted that, in the papers by Schmidt and
co-workers,350:362,:395398,401 yalyes of AGcer were cal-
culated by using eq 38 with C = 0, which is not
realistic for absolute data in the nonpolar solvent
CCly but is justified if results determined in only one
solvent are compared on a relative AGcer scale. The
additional information obtained in the analysis of a
large ki*, ki*, and k3* data set led to the evolution
from Scheme 3 to Scheme 4. Hereby, two principal
extensions have been made:363:39401 (i) a common
energy gap law describing the excess energy depend-
ence of O,(1Z™), Oz(*Ag), and O,(3%y™) formation in
the nCT deactivation channel was found for aromatic
zzr* triplet sensitizers, and (ii) the question concern-
ing the isc between singlet and triplet deactivation
channels seems to be answered, at least for the
solvent CCl,. A fast isc equilibrium exists for %3(T,3%)
encounter complexes (= *°E) but not for 13(T;3%)
exciplexes (= 12C).

Scheme 4 appears to give a realistic picture of the
processes competing in Ti-state quenching by O,. For
the first time, rate constants of O,(*=4%), O2(*Ay), and
0,(3%4") formation in CCl, could be described as a
function of both AE and AGcer (see Figure 28).41 The
simulation of the experimental data by the surface
calculated by eqs 39, 65, and 67—70 is surprisingly
good if the broad structural variety of sensitizers is
taken into account. It is true that the deviations of
experimental from calculated data are in part larger
than the experimental uncertainties, but Schweitzer
et al. attributed these differences to the general
neglect of the electrostatic interaction energy C in
eq 38, which depends on the molecular structure of
the sensitizer (see eq 39). Thus, Figure 28 demon-
strates clearly that Et and E. are, by far, the most
important parameters determining ki, k3%, and k3.
The nCT path dominates for sensitizers with AGcger
> 50 kJ mol~4, i.e., on the left-hand side of the surface
of Figure 28. These sensitizers are characterized by
rather small overall rate constants k% < 3 x 10° M1
s~t and values of Sy = 0.9 if Er = 165 kJ mol~*. The
additional quenching via the pCT channel becomes
important only in the exergonic range and dominates
for sensitizers with AGcer < —25 kJ mol ™1, i.e., on
the right border of the calculated surface. As soon
as the pCT channel participates, rate constants k?
strongly increase and values of S, decrease, whereby
Sa = 0.25 should hold true as long as the sensitizer
is still photochemically stable.
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permission from ref 398. Copyright 2002 American Chemi-

cal Society.

3. Mechanism of Oxygen Quenching of nz* Triplet States

A deeper insight into this puzzling problem was
achieved in a systematic study conducted by Mehrdad
et al. on a series of T;(nz*) benzophenone sensitizers
of almost constant Et by determining rate constants
ki, k3%, and k3* as a function of Ew.3% These data
were analyzed by considering data determined previ-
ously for T1(r*) sensitizers of very different E+ and
Eox, including the structurally related biphenyls. It
was found that quenching proceeds for both T;(nz*)
and T1(zr™) sensitizers via nCT and pCT deactivation
channels, each capable of producing O,(*2,*), O2(*Ay),
and O,(3%,"). However, very different energy gap
relations determine the deactivation of T,(wz*) and
Ti(nzr*) sensitizers in the nCT channel, whereby the
AE dependence of the corresponding rate constants
is much weaker for the Ti(nz*) ketones. This is
demonstrated in Figure 33, which displays the ben-
zophenone data in addition to the results obtained
previously by Schmidt et al. for a series of Ti(z7*)
sensitizers of widely varying Et in the AE < 220 kJ
mol~! range.

The Iog(k-FF/m) data for the benzophenones in-
crease with decreasing oxidation potential at almost
constant excess energy, as was already observed with
Ti(wr*) sensitizers; however, there are several sig-
nificant differences: (i) despite the large variation
of Eox by 0.87 V for the benzophenones, compared
with only 0.71 V for the biphenyls (not shown in
Figure 33), much smaller variations of log(k3),
log(k}*), and log(k3*/3) with Eox of, at maximum, 1
order of magnitude were noted with the benzo-
phenones when compared with the 2.5 orders of
magnitude with the biphenyls; (ii) log(k>), log(k:"),
and log(k3*/3) are of similar magnitude for each BP
sensitizer; (iii) the Iog(k?/m) data for the benzo-
phenones with the highest E, for which only very
small CT interactions can take place (i.e., the small-
est values in each series), are far from the empirical
curve f(AE) found for Ti(z*) sensitizers.

These surprisingly different results were explained
by the different electronic and, in consequence,
sterical structure of the intermediate 13(T;%%) com-
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13(T, (nn*)?z) 13(T, (nn*)3%)
Figure 34. Structures of 13(Ty(n7*)3%) and 13(T1(nz*)3X)
complexes for biphenyl and benzophenone, respectively.

Reprinted with permission from ref 398. Copyright 2002
American Chemical Society.

plexes (see Figure 34). It was shown that there is
sufficent evidence that supra-supra structures, where
the oxygen atoms of O, interact with two opposite
carbon atoms of an aromatic ring, correspond to
(Ty(")3E) and (So(?)'A) complexes of biphenyls.
Since the O—O0O bond distance varies only slightly
between 1.207 (3%), 1.216 (*A), and 1.227 C (12), and
since only small changes in bond lengths take place
in the #z* — 72 deactivation of the aromatic moiety,
correspondingly small structural changes could be
expected for the ic of supra-supra 3(Ti(mn*)3X)
complexes. This should explain why the empirical
energy gap law (eq 65) found for T,(wz*) sensitizers
is still comparatively steep.

However, the situation is quite different for
(T1(nz*)3%) complexes. The excitation energy of
Ti(nz*)-excited benzophenones is localized on the
carbonyl group. Therefore, a four-center structure,
where O, is in parallel arrangement with the CO
group, is much more probable for (T{(n7")3Z) com-
plexes than a supra-supra structure, as was shown
by Schweitzer et al.?°! Large structural changes could
be expected for the ic of four-center 3(Ti(nz*)3X)
complexes, since it is known that significant changes
in the lengths of all three bonds of the car-
bonyl carbon atom of benzophenone occur during
nz* — n? de-excitation. Therefore, the deactivation
of 13(T1(nz*)3X) complexes was assumed to be quali-
tatively best described by displaced potential energy
curves of upper and lower states, which correspond
to a weaker excess energy dependence of rate con-
stants of ic.201.3%

The dependence of Iog(k?/m) on AE observed for
4-cyanobezophenone, for which minimal CT interac-
tions take place, has been taken as an approach to
the energy gap law for the ic of %3(T((nz*)3Z) com-
plexes. This function is drawn as a straight line in
Figure 33, and displays the much weaker excess

energy dependence expected. Rate constants kET
have been estimated which are much less dependent
on AGcer than was found for Ti(wz*) sensitzers,
pointing to significantly weaker CT interactions in
L3(Ty(nz*)3T) pCT complexes.398

Thus, the different electronic configuration nz*
versus zwr* leads to different sterical structures of
13(T,3%) complexes: a reduced four-center structure
of 13(T(n7*)3X) complexes and an extended supra-
supra structure of L3(Ty(mz*)-3Z) complexes. It is
suggested that these differences cause the complex
deactivation to vary strongly in both the nCT and
pCT channels. Because of the large structural changes
accompanying the ic of %3(Ty(nz*)3%) complexes, a
weak AE dependence results for the energy gap law
determining the deactivation of 3(T;(nz*)3Z) nCT
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complexes. Furthermore, since the substituents used
to shift the oxidation potential of benzophenone are
bound to the aromatic rings, but not to the excited
carbonyl group, much weaker CT interactions may
result for the deactivation of 3(Ty(nz*)3%) pCT
complexes due to this electronic decoupling.3%8

B. Oxygen Quenching of Excited Singlet States

In the 1930s, Kautsky observed the strong quench-
ing by O, of the fluorescence and phosphorescence
of many dyestuffs, and of biologically important
compounds such as chlorophylls, porphyrins, and
carotenoids.?867289 He showed that these processes
yield a metastable excited form of O,, which he
suggested to be O,(*Ag).28 This very important find-
ing was made in qualitative studies which, however,
did not allow more detailed investigation of the
guenching mechanisms.

1. Rate Constants of S;-State Quenching

Quantitative studies of the fluorescence quenching
have been performed only since the mid-1950s. It was
realized that, besides O,, other paramagnetic gases,
such as NO, are also very efficient quenchers of the
fluorescence of aromatic molecules. The early inves-
tigations were performed in gas and solution phases
by measuring the fluorescence intensities F° and F
in the absence and in the presence of an added
quencher Q in stationary experiments. The Stern—

Volmer constant Ksy = kgrs was obtained by using
eq 71 and was used as a relative measure of the
guenching rate.

FoF =1+ k3r¢[Q] (72)

When the S;-state lifetime 7s was known, either
by direct measurement or by determination of the
fluorescence quantum yield and calculation of the
corresponding radiative rate constant of the emitting
molecule from its absorption spectrum, the absolute
guenching rate constants kg became accessible.

a. Collision- or Diffusion-Controlled Limit.
Gas-phase fluorescence experiments conducted by
Bowen with anthracene, 9-phenylanthracene, and
9,10-diphenylanthracene (DPA) resulted in very simi-
lar Stern—Volmer constants for self-quenching and
for quenching by O, and NO.2%* Using the gas kinetic
rate constant for binary collisions from eq 34 and
estimated values of s, it was concluded that the
magnitude of kg is consistent with a quenching
probability of pg &~ 1/3 per collision.

Almost identical Stern—Volmer constants were
obtained by Stevens for the self-quenching and the
quenching by O, and NO of the fluorescence of
anthracene, 9-phenylanthracene, and DPA in the gas
phase.?®> However, Stevens assumed the quenching
process to be collision-controlled. He argued that if
quenching by O, and NO is to be interpreted as a
spin—orbit coupling due to the influence of their
magnetic fields, then O, should be a more efficient
guencher than NO, since its effective magnetic mo-
ment of uer = 2.83 up is larger than per = 1.92 ug of
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NO, with ug being Bohr’'s magneton. Since both gases
are, however, equally efficient quenchers, and also
similar to the unexcited hydrocarbon in the self-
guenching reaction, Stevens suggested that quench-
ing takes place on every collision, i.e., po = 1.2%

Ware and Cunningham made the first time-
resolved measurement of the fluorescence lifetime of
anthracene in the gas phase more than 10 years
later.?®® With their result of ts = 5.7 ns, they were
able to remove the uncertainties of the previous
interpretations with respect to the quenching prob-
ability po. Using literature data on Ksy, they calcu-
lated k? = 1.8 x 10 M1 s~ for O, at 570 K and kg
=2.0 x 10** M~1s7* for NO at 550 K. The comparison
with the gas kinetic rate constant from eq 34 resulted
in po = 0.30 for O, and pg = 0.34 for NO. Thus,
fluorescence quenching occurs for both paramagnetic
gases, on average, only on every third collision.?%°

In the liquid phase, the cage effect leads to re-
peated collisions between adjacent molecules. There-
fore, if a bimolecular reaction between two solute
molecules is efficient enough to require no more than
a few collisions, then the rate will depend not on the
total number of collisions, but on the number of
encounters consisting of sets of repeated collisions.?®*
The limiting rate is then set by eq 72.

Kqirr = 8RT/(37) (72)

Bowen investigated the fluorescence quenching by
O; in solution to test this hypothesis. Experiments
were carried out at room temperature with perylene,
coronene, and several substituted anthracene deriva-
tives and yielded rate constants for fluorescence
quenching of (2.7—4.0) x 10'° M~! s7! in benzene,
(2.3-5.9) x 101 M~*s71in CHCI;, and (1.1-3.1) x
10%° M1 571 in kerosene.?® These values of kg are,
on average, about 4-fold larger than kg calculated
for the three solvents by using eq 72, whereas the
likewise-determined self-quenching rate constants
approximately agree with kgis. This led Bowen to the
conclusion that the O, molecule diffuses faster in
liguids than estimated by using eq 72.2%

Rate constants of the S;-state quenching by O,
were determined by Ware in fluorescence lifetime
measurements for anthracene, 9,10-dichloroanthra-
cene, DPA, and perylene in 11 different solvents.?®”
Very similar results were obtained for the different
hydrocarbons, and kQ was found to decrease with
increasing solvent viscosity. Only 9,10-dichloro-
anthracene gave rate constants that were a factor of
~0.6 smaller than the average value of the other
hydrocarbons. It was suggested that this may be due
to a lower probability of quenching once an encounter
has taken place. Again, the experimental values of
k$ were much larger than the values of kg calcu-
lated by using the simple eq 72. Therefore, Ware also
measured the diffusion coefficient Do of O, in seven
solvents of widely varying viscosity. Using literature
diffusion coefficients Dy of hydrocarbons, and assum-
ing the corresponding molecular radii to be ry =4 A
and ro = 2 A, he calculated values of kg from eq 40
[Kait = 4aNa(Dny + Do)(ru + ro)] which are in
satisfactory agreement with the kS data. Thus, it
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was shown that 3 x 10 M1 s7! is the diffusion-
controlled limit for rate constants of reactions with
O, in common organic solvents at room temperature
and that the deviations from eq 72 are caused by the
high mobility of the small O, molecule.?®’

Berlman and Walter measured lifetimes 7s and
ratios F%F for oxygen-free and air-saturated solu-
tions of a variety of fluorescers in cyclohexane and
found a good linear correlation of F°F with 7g
according to eq 71.2% From the slope k$[O:], they
determined a general value of k§ = 2.3 x 101° M1
s 1in cyclohexane solution. Therefore, they suggested
that S;-state quenching by O; in solution is generally
diffusion-controlled; i.e., every encounter between an
Si-excited molecule and O, leads to quenching. Actu-
ally, the results reported by Patterson et al. also
seemed to confirm these conclusions.38?

Much later, Okamoto and co-workers investigated
the pressure dependence of kg for several aromatic
hydrocarbons with nearly or completely diffusion-
controlled S;-state quenching in alkane sol-
vents. 347352435436 Interestingly, positive activation
volumes AVqps* = 12—14 mL mol~! were obtained,
which are only about half the values expected from
the pressure dependence of the solvent viscosity
according to eq 72. Plots of In(kQ) versus In(;) were
linear with a slope of —0.7 £ 0.1, instead of the slope
of —1 expected according to eq 72.3524%6 |t was noticed
that these unusual effects for common diffusion-
controlled reactions are often found in processes
involving small molecules. Actually, it was previously
found by Ware that the values of kg calculated
according to eq 72 vary much stronger than the
experimentally determined diffusion-controlled rate
constants of the fluorescence quenching by 0,.2%7
Equation 40 predicts a strong viscosity effect on Kgiss.
However, the deviation is less. Apparently, the
decelerating effect of increasing viscosity is smaller
for small molecules such as O,, which can slip easily
through solvent molecules, than for solute molecules
of ordinary size.

b. Rate Constants below Diffusion Control.
Doubts about the general validity of the diffusion-
controlled oxygen quenching were brought up early
by several groups. Stevens and Algar determined rate
constants of fluorescence quenching for a series of
aromatic hydrocarbons in benzene. The values of kg
decreased from 3.6 x 10'° (DPA) to 1.2 x 10 M™!
s™! (rubrene). They interpreted this small but sig-
nificant variation of kg in terms of a non-diffusion-
limited quenching process.3%

In the investigation of the fluorescence proper-
ties of fluoranthene and several of its derivatives,
Berlman et al. noted an unusual immunity of these
compounds to fluorescence quenching by O,. Rate
constants k§ up to 7-fold smaller than kg can be
calculated from their results.3

In the following years, a large number of articles
reported rate constants smaller than kg for oxygen
guenching of Si(mr*)-excited states in nonpolar as
We“ as in p0|ar SO|Vents_226,3067309,325,326,3337335,337,347,352
For some acridinium cations, Kikuchi determined
kS values which are 2 orders of magnitude smaller
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than kqif.3%” Thus, kg may vary over a rather wide
range. However, it has to be noted that, for the
majority of investigated molecules with zz* con-
figuration, fluorescence quenching is diffusion-
controlled.

Very little has been published on O, quenching of
Si(nzt*) states. Ware reported the very small value
of k¥ = 7.6 x 10" M~! s for hexafluoroacetone in
the gas phase.*! Measurements made by Scaiano and
Nau in nonpolar solvents yielded kg = (1.7-2.7) x
10° M1 st for several S;(nz*)-excited alkanones*!3
and k§ = 8 x 10° M~ s for two S;(nz*)-excited
azoalkanes.** These solution rate constants are all
much smaller than Kgjs.

c. Influence of the lonization Potential. Of
course, it is interesting to know which parameters
influence the rate constant kg. Since, in principle,
the seven processes 50—56 could contribute to the
guenching of S; by O,, the situation is much more
complex than in the case of T;-state quenching by
O.. Nonetheless, Brewer found already early that the
ionization potential (1P) of the excited molecule can
have an important effect on the magnitude of kg.3%%
He determined values of k2 for a series of benzene
derivatives with electron-donating or -withdrawing
substituents in the gas phase and noted a decrease
of kQ from 2.5 x 10! to 6.6 x 10%° M1 s~ on going
from tert-butylbenzene to difluorobenzene. Iog(kg)
correlates linearly with IP. It was argued that the
data tend to support a contact CT mechanism of
fluorescence quenching by O,.

These results were corroborated by Brown and
Phillips in an extensive gas-phase study on the
fluorescence quenching by O, of 37 benzene deriva-
tives.% It was found that, for IP < 9.0 eV, there is
little variation in k2, with an average value of 2.2 x
10%* M1 s71, Above this threshold, log(k2) begins to
decrease with increasing IP. It was suggested that
the deactivating step leads to formation of a CT-
stabilized complex, 3(M°t0,"), which, for molecules
of IP < 9.0 eV, is sufficiently long-lived to undergo
complete quenching. With increasing IP, the stabi-
lization becomes weaker, and complex dissociation
becomes more important than quenching.3®

The strength of CT interactions is, of course, also
important for the magnitude of kQ in solution. This
has been realized in experiments with S;-excited
molecules with high oxidation potentials, which often
result in particularly small quenching rate constants,
such as those obtained in the investigations with
series of cyanoanthracene derivatives by Schoof et
al.?% and the groups of Kikuchi,?®” Brauer,308309
Wilkinson,333:334 and Ogilby,¥” with acridinium cat-
ions by Kikuchi et al.,3” and with several heterocyclic
aromatic cations by Brauer and co-workers.33°

Okamoto’'s group investigated the pressure de-
pendence of kQ of anthracene derivatives bearing
electron-withdrawing chlorine or cyano substituents
in the 9- or 9,10-position.3*"352 Very different pressure
effects were observed, compared with those observed
for the anthracene derivatives with electron-donating
methyl or methoxy substituents. Zero or even nega-
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tive values of AV, Were obtained. Plots of In(kQ)
versus In(r) were nonlinear with small slopes, or even
convex curved in the low-viscosity range, which is in
accordance with the nondiffusional character of the
guenching of the anthracenes with high oxidation
potentials at low pressures, approaching diffusion
control only in the high-pressure region because of
the strong increase of viscosity.

2. Products of S;-State Quenching

a. T;-State Formation by O,-Enhanced Inter-
system Crossing. The early studies on fluorescence
guenching did not provide much information on the
electronic states involved in the S;-state quenching
process.294:295.297-299.301 |t was assumed that the sen-
sitizer singlet ground-state Sy should be the product
state. However, while discussing the unusual im-
munity of the fluoranthene compounds to fluores-
cence quenching by O,, Berlman et al.3% first pro-
posed the energy-transfer step 52,

S; +0,(°%,) — T, + 0,('A)) (52)
as the principal path of effective S;-state quenching.
This process cannot operate in the case of the
fluoranthenes, for which the S;—T; energy gap AEst
is smaller than the O,(*Aq) excitation energy of 94
kJ mol~%, thus explaining the unusually small values
of k.

Quantitative kinetic investigations of the photo-
oxygenation reaction of aromatic hydrocarbons can
yield information on the product states of S;-state
quenching. It was found that the quenching of
electronically excited states of sensitizers by O, leads
to formation of O,(*Ag), which reacts very rapidly with
suitable substrates such as anthracene or tetracene
derivatives in solution.**° By conducting a kinetic
analysis of combined measurements of the depend-
ence of the photo-oxygenation quantum yield Qpo on
substrate and O, concentration, and of the O, con-
centration dependence of the sensitizer fluorescence
lifetime, Stevens and Algar first demonstrated that
the T, state is formed in the fluorescence quenching
of tetracene by 0,.44

Morikawa and Cvetanovic arrived at the same
conclusion when they studied the quenching by O,
of the fluorescence of benzene in the presence of
varying amounts of cis-2-butene in the gas phase.3!4
In this ternary system, cis-2-butene is photochemi-
cally transformed to trans-2-butene after being ex-
cited to T1 by TT energy transfer from the benzene
triplet state. This triplet-sensitized cis—trans isomer-
ization was measured at different concentrations of
O, and cis-2-butene. The fluorescence of benzene was
strongly quenched by O,, with k@ = 1.3 x 10! M1
s, without noticeably decreasmg the concentration
of the benzene triplet state, although the benzene S;
state is the precursor of T;. Thus, it was concluded
that the efficiency f ¢ of Ty-state formation in the
fluorescence quenching of benzene by O is unity.34

The finding that f¢ = 1 seems to hold true in
almost all cases of fluorescence quenching by O, in
nonpolar solution. Unity efficiency of T;-state forma-
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tion was determined by Darmanyan for rubrene in
toluene,® by Potashnik et al. for seven arenes in
toluene,®'® by Kikuchi for pyrene and fluoranthene
in cyclohexane,3*® and by Wilkinson and co-workers
for five anthracene derivatives and 11 aromatic
hydrocarbons in cyclohexane.3?6333 Very few excep-
tions have been reported (see section 1V.B.2.c).

b. 0,(*Agy) Formation by O,-Enhanced Inter-
system Crossing. Livingston and Rao noted, in an
early investigation of the photo-oxygenations of DPA
and anthracene, that the fluorescent state as well as
the triplet state of the hydrocarbon can react with
O, to form an intermediate—later identified as
0O2(*Ag)—which leads to the formation of an endo-
peroxide.?®® For strong fluorescers, such as DPA, it
is S;-state quenching, for weak fluorescers, such as
anthracene, it is T;-state quenching. However, this
conclusion does not necessarily establish that quench-
ing of the S, state of DPA is a direct source of O,(*Ay),
since fluorescence quenching leads to formation of the
T, state, which is subsequently quenched by O, under
formation of O(*A).

Stevens and Algar studied the kinetics of the photo-
oxygenation of several aromatic compounds to elu-
dicate which quenching processes actually yield
O,(*Ag).302303311.312441 Thejr kinetic analysis consid-
ered fluorescence, isc S; — Ti, which occurs in the
absence of O, with quantum yield Q‘%, and ic S; —
So, wWhich altogether contribute with overall rate
constant kS to monomolecular deactivation of S;, as
well as the bimolecular steps 51 and 52.

Since it was later realized that, in some cases,
process 54 may also be important,?26:315325.334 jt js also
repeated here. The overall rate constant of S;-state
quenching by O; is k@ = kst + ksa + Kss.

S, + 0,5, ) =T+ 0,C5,) (51)
S, + 0,5, ) =T, + 0,('Ay) (52)
S, + 0,5, ) =Sy + 0,05, ) (54)
ps?, f5, and f{ denote the fractions of S; quenched

by Oz, of S; quenched by O; leading to O,(*A,), and
of S; quenched by O; leading to T,, and are defined
as pg? = k[O]/(kS + kI[O2]), f 5 = ksa/kg, and f{ =
(ksa + kST)/kS. The triplet state is deactivated by isc
T1 — So with rate constant k2 and by the bimolecu-
lar processes 58 and 59,

T, + 0,(°5, ) 5, + 0,(*Ay) (58)

T, + 0,(°%, ) — 5, + 0,(°%,) (59)

with rate constant k = kra + ks, where step 58
describes the overall O,(*Ag) formation in T;-state
quenching by O,, which occurs with efficiency Sy =
kra/k®, and p$2 = k[O]/(KD + kQ[Oz]) denotes the
fraction of T, quenched by Os,. pT2 = 1 is frequently
assumed for (mz*) triplet states in air-saturated
solution. The overall quantum yield of Oz(*Ag) forma-
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tion is thus given by eq 73. The first term of eq 73
Qu=ps*fs+psifsSy+Qr(1—psIS,  (73)

represents the contribution to the quantum yield,
which originates from S;-state quenching according
to eq 52; the second and third terms represent the
contributions resulting from T;-state quenching via
processes 51 and 58. The fractions pgz =(F°—F)/FO
and (1 — pS?) = F/F ° are obtained from the ratio F %
F of the fluorescence intensities in the absence and
in the presence of O, via the Stern—Volmer relation
71. Thus, one can derive eq 74, which gives a deeper
insight into the complex processes leading to O,(*Ag)
sensitization. Since at that time no direct spectro-

QAFF) = Q¥S, + (F§ + FISVI(FUF) — 1] (74)

scopic measurements of singlet oxygen in solution
were possible, Stevens and Algar measured photo-
oxygenation quantum yields Qpo, which are related
to Q, via the reaction efficiency fr = [A]/{ (Kcta) ™t +
[A]}, where 7, and k. denote the singlet oxygen
lifetime and the rate constant for its chemical reac-
tion with the substrate A. They evaluated Qpo(F %/F)
data, which are relative values of QA(F%F) (see egs
74 and 75).3%2

Qpo(F/F) = f{ QYIS + (5 + T {SLI(F/F) — 11}
(75)

Stevens and Algar investigated the self-sensitized
(sensitizer = substrate) photo-oxygenation of 9,10-
dimethylanthracene, 9,10-dimethyl-1,2-benzanthra-
cene, tetracene, and rubrene in benzene as a function
of dissolved O, concentration. Plotting their results
of Qpo(F%F) versus (F%/F) — 1 resulted in linear
correlations, as expected from eq 75. The intercept/
slope ratios yielded values of QISA/(f5 + fISa).
Their discussion led to the conclusion that O,(*Ay) is
produced solely by O, quenching of the aromatic
hydrocarbon triplet state, i.e., reaction 58, which is
a yield-limiting process at very low O, concentra-
tions.3%? Further photo-oxygenation studies by Stevens
and Algar, using other aromatic hydrocarbons as
sensitizers, seemed to support these conclu-
Sions_311,312,44l

Parmenter and Rau estimated that smaller Franck—
Condon factors, and hence smaller rate constants of
fluorescence quenching, should result for molecules
for which AEsr is insufficient for O,(*Ag) excitation.42
However, their measurements of k2 values for a
series of aromatic hydrocarbons in cyclohexane showed
that kg ~ Kgifr, irrespective of whether AEst is larger
or smaller than the O,(*Ay) excitation energy. It was
suggested that the energy-transfer process 52 could
be excluded for fluorescence quenching of aromatic
hydrocarbons, in agreement with the conclusions of
Stevens and Algar.

Brauer und Wagener, however, arrived at very
different conclusions in their 1975 investigation of
the self-sensitized photo-oxygenation of rubrene in
six different solvents.?” Values of Qpo were deter-
mined over a wide range of rubrene and O, concen-
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Figure 35. Dependence of Q, on 1 — (F/F9% for the
sensitization of O,(*Ag) by rubrene in CHCIls. Reprinted
with permission from ref 317. Copyright 1975 Deutsche
Bunsen-Gesellschaft.

trations. Their experiments allowed the separate
determinations of Qpo(F %F) and fr. Linear correla-
tions of Qpo(F °/F) versus (F°F) — 1 resulted for each
solvent. The slopes fR(fé + f;SA) varied from 0.30
for benzene to 1.46 for CCl, as solvent. Division by
the corresponding reaction efficiencies fr yielded
values of f5 + fiSx = 1.6 (toluene), 1.7 (benzene),
2.1 (CHCla), 1.7 (CeH3C|3), 1.9 (CC|4), and 2.1 (CSZ)
Since f§, f¢, and S, cannot be larger than 1, this
result clearly indicates that, for rubrene, both proc-
esses 52 and 58 contribute to O,(*Ay) formation, with
efficiencies near or equal to unity.3’

The fluorescence quantum yield of rubrene is very
large and amounts to Q,‘l = 0.92 in CHCI; in the
absence of O,. By inserting fg = 1 and the reason-
able approximation Q% = 1 — Q% in eq 75, Brauer
derived eq 76, which predicts a linear correlation
between Qa = Qpol/fr and 1 — (F/F %) with the limiting
value of Q% = f 5 + Sa for FIF°=0, i.e., for [O;] — o.

Qx=QIS, + (f§ + QESIL — (FIF)] (76)

Figure 35 shows the excellent linear plot obtained
with the CHCI; data, with the intercept for Q} = 2
at 1 — (F/F% = 1. Thus, Brauer and Wagner first
demonstrated that both the T state and O,(*Ag) may
be formed during the fluorescence quenching by O,
and that the maximum value of Q, is 2.317 This
important result was confirmed by both authors in
the subsequent investigation of the self-sensitized
photo-oxygenation of heterocoerdianthrone.®® For
this likewise highly fluorescent compound, fé + Sa
= 2 was found.

Interestingly, a little later, Stevens and Ors®° used
the Qpo data reported by Stevens and Algar for 9,10-
dimethylanthracene, 9,10-dimethyl-1,2-benzanthra-
cene, tetracene, and rubrene,?®? and newly deter-
mined reaction efficiencies fg, to re-evaluate their
previous data following the lines of Brauer and
Wagener. This led to f5 + S, ~ 2 for rubrene and
9,10-dimethylanthracene in benzene, thus confirming
the result of Brauer and Wagener.31°

Merkel and Herkstroeter studied the rubrene-
sensitized photo-oxygenation of DPBF and obtained
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f& + Sy, = 1.2 in benzene.** However, Wu and
Trozollo repeated this experiment and determined
values of f 5 + S, & 1.5 in a series of solvents.32° The
deviating result obtained by Merkel and Herkstroeter
was explained by insufficient experimental condi-
tions. Further photo-oxygenation studies by Wu and
Trozollo yielded values of Qpo > 1 for a larger number
of aromatic hydrocarbons, indicating that O,(*Ag) can
be directly produced in the fluorescence quenching
by O,. The photo-oxygenation technique was also
used by Brauer et al.®?* and Usui et al.??8 to deter-
mine, for a larger number of aromatic compounds, 1
<fs+Sy=<2

In a very fine work, Darmanyan demonstrated, by
the combination of TT absorption and bleaching
measurements, that for rubrene fg + Sy = 2 in
benzene.®?® Spectroscopic techniques were used by
Gurinovich and Salokhiddinov, who determined quan-
tum yields of Oy(*Ay) formation for aromatic mol-
ecules directly via the a — X emission at 1275 nm.3?”
They found values of Qx < 1 for AEst < 94 kJ mol 1,
and values of Q, approaching the limit of 2 at high
0O, concentrations for AEst > 94 kJ mol~1.327 Do-
browolski et al.,®3! Kanner and Foote,?3? and Ogilby
et al.®¥” used chemical techniques and emission
spectroscopy to determine the value of QY for 9,10-
dicyanoanthracene and obtained values between 1.5
and 2 in benzene, cyclohexane, and acetonitrile. Thus,
the results of the different investigations agree in the
finding that O,(*Ay) formation in the fluorescence
quenching by O, may be a very important process,
particularly for highly fluorescent molecules.

The condition AEst > Ex = 94 kJ mol~? is impera-
tive but not sufficient for efficiencies f§ ~ 1. This
was first noted by Stevens and Ors, whose re-
evaluation of previous Qpo data led to f § + Sy = 1.0
and 1.2 for 9,10-dimethyl-1,2-benzanthracene and
tetracene in benzene, respectively.?™® For both com-
pounds, AEst > 94 kJ mol~! holds true. However,
their large isc quantum vyields of 0.64 and 0.68
indicate that upper excited triplet states T,, (n = 2)
lie below S; in both cases. Therefore, the deactivation
process 53, leading to the triplet manifold, could take

S; +0,(%%,) — T, + 0,°%,) (53)

place with subsequent very rapid ic T, — T;, without
producing O,(*Ag). This assumption was confirmed
by Brauer et al.,32* who found fg + S, < 1 for four
aromatic compounds with AEst > Exand S; > T in
toluene, and by Usui et al., who determined f 5 + S,
< 1 for five aromatic hydrocarbons with AEst > Ex
and S; > T, in cyclohexane.3?® Thus, it appears that
f§ ~ 0, if AEst > Ex and S; > T, hold true.

c. Sp-State Formation by O,-Enhanced Inter-
nal Conversion. Process 54, O,-enhanced ic S; —
So, is spin-allowed but is expected to be negligible
due to the large S;—S, energy gap, which should lead
to small corresponding rate constants. However,

S; + 0,(°%,) — S+ 0,(°%,) (54)

Darmanyan first reported in 1982 that quenching of
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the fluorescence of DPA by O, leads to formation of
So and O,(3%y") in toluene.®?® Using TT absorption
and fluorescence spectroscopy, he showed clearly that
the sum Qf + Qr of fluorescence and isc quantum
yields decreases significantly below unity with in-
creasing [O,]. However, he also showed that O,(*Ay)
is still formed by the energy-transfer process 52. This
was verified by combined TT absorption and bleach-
ing experiments with rubrene as substrate. The
guantitative evaluation demonstrated that the ratio
of bleached rubrene molecules to triplet-excited DPA
molecules formed amounts to 2.1; i.e., each S;-excited
DPA molecule which reacts with O, to yield T,
generates two O,(*Ag) molecules.3® Temperature-
dependent investigations led to the conclusion that
the O,-enhanced ic of DPA occurs via a twist of the
phenyl substituents under formation of sterically
hindered conformers.32°

Drews et al. investigated the peculiar behavior of
DPA with respect to fluorescence quenching by self-
sensitized photo-oxygenation techniques.33° They de-
termined Qpo as a function of the DPA and oxygen
concentrations in toluene and modified the kinetic
scheme by allowing for the enhanced ic process 54,
which, according to Darmanyan, contributes with an
efficiency of 0.67 to quenching of S;-excited DPA by
0,.32° This evaluation confirmed the result reported
by Darmanyan. If enhanced ic was neglected, the
wrong result fAS + S, = 0.8 would have been
calculated, similar to the result f§ + S, = 1.0
reported by Stevens and Mills, who did not consider
enhanced ic.23 This example also demonstrates that
photo-oxygenation measurements can easily lead to
wrong conclusions if inappropriate kinetic models are
used.

DPA is a rather peculiar case. Analogous Oo-
enhanced ic was reported by Brauer’s group only for
meso-diphenyl-substituted acenes, such as 1,4-di-
methoxy-9,10-diphenylanthracene or meso-diphenyl-
helianthrene.3?* However, a more general mechanism
of O,-enhanced ic, which is independent of twistable
phenyl substituents, was discovered by Ottolenghi’s
group.315316 potashnik et al. measured triplet quan-
tum yields by TT absorption in the absence and in
the presence of O, for seven arenes in toluene and in
acetonitrile.3!s The triplet yield f ¢ for the quenching
of the S; state by O, was determined to be unity in
the limits of uncertainty for all arenes investigated
in toluene, whereas in acetonitrile all values of
were found to be significantly smaller, with the
lowest values of 0.60 (pyrene) and 0.55 (phenan-
threne). It was suggested that these observations
indicate the involvement of CT interactions between
Si-excited hydrocarbon and O, in the quenching
process.3%®

These conclusions were confirmed by studies re-
ported by Sato et al., who determined values of fg
decreasing from 1.0 to 0.36 for nine aromatic com-
pounds with strongly decreasing oxidation potential
in acetonitrile,??® and by Wilkinson and co-workers,
who measured values of f { between 1.0 and 0.49 for
nine anthracene derivatives and 12 aromatic hydro-
carbons in acetonitrile.325:334
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Fluorescence quenching by O, even may lead to
electron transfer. Richards et al. observed the spec-
trum of pyrene cations after intense laser pulse
excitation in alcoholic solutions of pyrene.33 How-
ever, these ions were shown to be the product of a
biphotonic process. Actually, the efficiency of free
radical ion pair (RIP) generation is very low or zero
in the fluorescence quenching, even if AGcer ~ —100
kJ mol~1. Sato et al. first detected RIP generation in
fluorescence quenching by 0,.2%6 They obtained cor-
responding signals only with 2,6-dimethoxynaphtha-
lene in acetonitrile, and the quantum yield of mono-
photonic RIP formation amounted to only 0.003,
although the process is extremely exergonic, with
AGcer = —140 kJ mol~t. Consequently, fluorescence
guenching was still thought to be induced by exciplex
formation or CT interactions, as long as AGcer =
—140 kJ mol~1.2%6 It was concluded that the small
molecular size of O, leads to extremely high solvent
reorganization energies for long-distance electron
transfer from an aromatic molecule to O,. For this
reason, long-distance electron transfer cannot com-
pete with exciplex formation in the fluorescence
quenching by O..

3. Mechanism of Oxygen Quenching of Excited Singlet
States

Since, below the S; state, at least one and often
two excited triplet states exist, S;-state quenching
by O, is more complex than quenching of T;. Fur-
thermore, fluorescence quenching is, for most mol-
ecules, a diffusion-controlled process under ambient
conditions, obscuring the variation of the actual
deactivation rate constants and their dependences on
molecular parameters. This is why quantitative
analysis of the oxygen quenching of the S; state is
much more complex than in the case of the T, state.

However, in the past decade, further signifi-
cant progress has been made toward the under-
standing of the different competing deactivation
processes by the works of the groups of Kikuchi,?26:397
Brauer,308:309.335 gnd Wilkinson.325:326:333.334 Scheme 5
displays the four ic processes 51—54, which have been
identified to be the most important. The different
routes of ic lead from the initially formed excited

Scheme 5. The Most Important Deactivation
Processes of the Excited Complex 3(S;3X)2
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apProcesses 51—54 lead by ic to the triplet complexes 3(T133),
3(T11A), 3(T233), and 1(Se3%), which decay by fast dissociation to
the respective components. For details, see text.
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complex 3(S;%%) to the product complexes 3(T;3%),
3(T11A), 3(T23%), and 3(S¢%Y), which further dissociate
to the respective components.

Kikuchi et al. investigated the fluorescence quench-
ing by O, of five acridinium cations in acetonitrile,
which all fulfill the energetic conditions T, > S; and
AEst < Ea.%% Therefore, the isolated reaction 51,
enhanced isc without O,(*Ay) formation with rate
constant kst, which occurs as spin-allowed ic from
complex 3(S;%) to complex 3(T.3Z), could be studied
separately. Values of k@ = (1.0-3.5) x 108 M1 s1
were determined for four of the ions, for which AEst
~ 85 kJ mol~! and the change in free energy for full
electron transfer to O, is AGcer ~ 35 kJ mol™2.
Therefore, only very small rate constants of kg 2
x 108 M~1 s71 result in the absence of strong CT
interactions and energy transfer. For the fifth acri-
dinum cation, for which AGcer = —75 kJ mol~1 was
calculated, the much larger rate constant k§ = 2.2 x
10° M~ s~! was measured. Thus, the increase of CT
interactions enhances the rate constant kst of 3(S;%%)
— 3(T,%%) deactivation, similarly to the ic 3(T.3%) —
3(Se32) in the T;-state quenching by O,.

Four anthracene derivatives with one to four cyano
substituents were studied by Kikuchi et al.??6 For
these compounds, T, > S; and AEst > E4 hold true.30”
Reaction 52, enhanced isc with O,(*Ay) formation,
should be dominant, because of the small amount of
excitation energy which has to be dissipated, al-
though reaction 51 also may take place. In aceto-
nitrile, the value of kQ decreases from 1.6 x 10 (9-
cyanoanthracene) to 5.3 x 10° M s™! (2,6,9,10-
tetracyanoanthracene, TCA), with AGcer increasing
from —51 to 24 kJ mol~1. Again, an increase of the
rate constant with increasing CT interaction has to

be noted. Comparison of rate constants kg for acri-
dinium cations and TCA of approximately the same
value of AGcer shows that the overall quenching rate
constant of TCA is about 20-fold larger. Thus, it was
clearly shown that, in the absence of strong CT
interactions, the rate constant ks, of process 52,
3(S1%2) — 3¥(T,*A) with subsequent dissociation to T,
and O(*Ay), is about 1 order of magnitude larger than
kst of process 51, 3(S;%%) — 3(T13%), in accordance with
the much smaller excess energy which has to be
dissipated. The same series of cyanoanthracenes was
studied by Kikuchi et al. in benzene. The values of
kg decreased, on average, by a factor of 2. Thus, only
a small solvent effect was found.3%”

Wirp et al. investigated the oxygen quenching of
the fluorescence of eight 9-cyanoanthracene deriva-
tives bearing different substituents in the 10-position
and of several other anthracenes substituted with
electron-donating groups in the 9,10-positions, for
which T, > S; and AEst > Ex also hold true, in
acetonitrile.®® With decreasing AGcer, they found
values of kg increasing from 4.3 x 10° M1 s~ (9,10-
dicyanoanthracene, DCA) to almost diffusion-
controlled values of 3.4 x 109 M~! s~1. Additional
information was obtained from the efficiencies f 5 of
02(*Aq) formation, which decrease in the same series
from 1.0 (DCA) to 0.15 (9,10-diethoxyanthracene). It
was noted that, to a first approximation, an inverse
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relationship exists between k3 and f g, similarly to
the empirical inverse relation between k$ and S,
found in the T;-state quenching by O, (see Figure 25).
Since only reactions 51 and 52 can compete and only
reaction 52 produces O,(*A,), the separation of the
corresponding rate constants by calculation of kgz =
(1 — f5kQ and ki* = f kg was obvious. Figure 36
displays the dependences of log(k3Y) (reaction 51, O)
and log(ks") (reaction 52, ®) on the change in free
energy AGcer. Only the log(k¥) data show a clear
dependence on AGcer. Thus, it appears that process
52 is not CT-assisted, whereas process 51 is, where
the latter result is in qualitative agreement with the
finding reported by Kikuchi (vide supra). However,
the values of k3~ obtained with the anthracenes are
much larger than the value of kst determined with
the acridinium cation in the highly exergonic region.
Since the charge of the S;-excited species should have
no influence on the quenching by the uncharged O,,
either the comparison between both classes of com-
pounds is impossible for some unknown reason, or
both processes 51 and 52 have nCT and pCT contri-
butions, as was found for processes 3(T;3Z) — 3(So%Y)
and Y(T.3%) — (So'A) competing in the T;-state
qguenching by O,. The simple separation of the rate
constants, which rests on the assumption that the
doubly excited complex 3(T;1A) formed in reaction 52
decays completely under formation of O,(*Ag) and Ti-
excited sensitizer, would then be misleading. Thus,
the question of whether process 52 could also be CT-
assisted still seems to be open. The rate constants of
fluorescence quenching were also measured for these
anthracene derivatives in acetonitrile. Only a very
small increase of k§ by a factor of ~2 was found.
Wilkinson et al. studied the fluorescence quenching
by O, of a series of 9- and 9,10-substituted an-
thracene derivatives in cyclohexane.33® Rate con-
stants k@ varying from 4.7 x 10° (DCA\) to diffusion-
controlled values and values of f é ranging from 1 to

0 were reported. Previously, Usui et al. had clearly

demonstrated that the magnitude of fé depends
markedly on the position of T, relative to S;.3%8 For
many 9- and 9,10-substituted anthracene derivatives,
T, lies close above S;. This leads to temperature-
dependent fluorescence quantum yields, which are
explained by the activation-controlled isc S; — To,
leading to radiationless deactivation in the triplet
manifold, where the activation energy Eis is inter-
preted as the energy difference between T, and S;.
Wilkinson et al. examined whether the strong varia-
tion of fé could be explained by the competition of
processes 52 and 53, i.e., ic 3(S:3%) — 3(T.!A) and a
slightly endothermic ic 3(S;3%) — 3(T2%Z) (Scheme 5).
Since f ¢ = 1 was found for all investigated deriva-
tives, f 5 = ksa/(ksa + kst) holds true. Assuming kst
= A exp(—Eis/(RT)), they derived eq 77.

fs=ksa{ksy + AeXp(—Ei/(RT)}  (77)

Figure 37 shows the dependence of f é on Eis.. The
calculated sigmoidal curve describing the experimen-
tal data is a fit using eq 77 and the known values of
Eisc.2% The slightly endothermic ic 3(S;3%) — 3(T,%%)
appears to reduce fé to values below 0.05 for Ejsc <
10 kJ mol~* for these systems in cyclohexane. The
inset of Figure 37 displays the linear correlation of
In(l/fé — 1) with Ejs. This equivalent representa-
tion yields a slope of —1/(RT) = —0.41 mol kJ™1, as
expected from eq 77 at room temperature. Wilkinson
et al. concluded from these results that, once the
complex 3(T,%%) is formed, very fast subsequent
dissociation occurs, yielding O,(3%,™) and the T, state
of the anthracene derivative, which then dissipates
excess energy by ic T, — T, without forming O,(*Ay).
These important results indicate that the quenching
process 53 via 3(T,3%) becomes dominant for mol-
ecules for which T lies below S;, i.e., when process
53 becomes exothermic.
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The fluorescence quenching by O, of a series of
aromatic compounds with strongly varying values of
AGcet Was investigated by Sato et al. in acetonitrile.
Only for 2,6-dimethoxynaphthalene (AGcer = —140
kJ mol~1) was RIP formation observed.??6 Comparing
the fluorescence quenching of aromatic fluorescers by
aromatic donors, by SCN~, and by O,, Kikuchi’s
group found that the switchover in the mechanisms
from exciplex quenching to electron-transfer quench-
ing occurs for aromatic quenchers at AGcer = —40
kJ mol~1, for SCN™ at AGcer = —105 kJ mol~t, and
for Oy at AGcer < —140 kJ mol~1.226444 |t was shown
that this shift depends on the molecular size of the
guencher, which tremendously influences the solvent
reorganization energy, estimated to be about 60 kJ
mol~! for SCN~ but as much as 260 kJ mol~! for
0,.226444 Thus, it is the small size of the O, molecule
and the correspondingly extremely high solvent
reorganization energy which prevents effective RIP
formation in the oxygen quenching of the fluorescence
of aromatic compounds, even in the highly exergonic
range.

Sato et al. measured rate constants k? and ef-
ficiencies fg of T,-state formation in the quenching
of S; states by 0,.2? They observed a strong decrease
of f& from 1.0 (AGcer = —24 kJ mol™?) to a mini-
mum value of 0.36 (AGcer = —114 kJ mol™?1). This
decrease can be attributed to strong CT interactions
in the intermediately formed exciplex, 3(S:3%), which
open the door to deactivation process 54, ic 3(S:3%) —
3(Se%), leading directly to the ground-state surface
without O,(*A,) formation, i.e., with f § = 0. Thus, in
the exergonic range (AGcer < —30 kJ mol™?! in
acetonitrile), process 54 begins to compete with
reaction 51—53, contributing to an increase of kg
and a reduction of f§.

Schweitzer and Schmidt

The S;—T; and S;—T, energy gaps determine the
possible competition of reactions 51—53. Together
with the strength of CT interactions in the excited
3(S:%Y) complex, quantified by AGcer, which also
determines the contribution of process 54, they finally
determine the values of kg, f{, and f §.

The following rough rules could be established.
Reaction 51 takes place for every fluorescer, with 2
x 108 < kst < 2 x 10° Mt s71, where the upper limit
could be 1 order of magnitude higher according to the
results of Wirp et al.?®® The rate constant kst in-
creases with decreasing AGcer. Reaction 52 demands
AEst > E, and contributes with f§ =1 and 5 x 10°
< ksa = 2 x 101 M1 572 to kQ, and it is still open
whether ksp also depends on AGcer. Reaction 53
demands the T, state to be nearby or below S; and is
rather fast, with kst < kgirr, without producing Oz(*Ay).
Reaction 54 becomes competitive for AGcer < —30
kJ mol~! and takes place with fg = 0 and rate
constant kso approaching kgisr in the strongly exer-
gonic range.

Further extended investigations of fluorescence
guenching by O, were performed by the groups of
Brauer3%335 and Wilkinson325326.334 gnd can be suc-
cessfully analyzed by applying the above-mentioned
rules. Grewer et al. determined rate constants for 15
aromatic compounds in toluene and observed a
decrease of k@ with increasing AGcer, from 3.5 x
10 to 0.4 x 10'°M~1 s71. The corresponding efficien-
cies fé are substantially larger than zero only in
those cases where AEst > Ea, where AGcer 2 0, and
where T, > S; holds true.3® From temperature-
dependent measurements of k2, it could be shown
that quenching of DCA fluorescence is activationless
in the high-temperature region. Wirp et al. measured
values of k@ and f§ for seven protonated aromatic
compounds and four acridicinium cations in aceto-
nitrile.3% Rate constants varied between 3.0 x 108
and 2.9 x 10 M~! s, The results indicated that
fluorescence quenching could be described as a com-
petition between processes 52 and 53. kg showed, to
a first approximation, a correlation with the S;—T,
energy gap.

Olea and Wilkinson investigated the fluorescence
guenching of nine anthracene derivatives in aceto-
nitrile.33 With the exception of 9-cyanoanthracene
and DCA, all values of kg were found to be almost or
completely diffusion-controlled. Efficiencies fé were
found to be smaller than those in cyclohexane and
varied between 0 and 0.5. Efficiencies f § of T;-state
formation in the S;-state quenching by O, were
determined for four derivatives to be between 0.57
and 0.53. Thus, the contribution of process 54, which
operates for these compounds in acetonitrile but not
in cyclohexane, leads to an increase of k3 and a
decrease of f 5. Abdel-Shafi et al. studied the oxygen
guenching of the fluorescence of a large number of
aromatic hydrocarbons in acetonitrile and in cyclo-
hexane.325326 Since values of kg, f 5, and f { had been
determined, a detailed analysis could be performed.
Quenching by energy transfer and by CT-assisted
pathways was shown to operate.
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Thus, an extensive database on the fluorescence
quenching by O, has been elaborated, and can be well
explained, although discrepancies between some of
the data still exist. However, discrepancies are hard
to avoid, particularly in the measurement of f4,
which is rather indirect. All these data are consistent
with the finding that fluorescence quenching by O,
is dominated by the competition of processes 51—54,
whereby energy gap rules and CT interactions direct
the different deactivation routes, similar to the case
of T;-state quenching by oxygen.

V. Detection of Singlet Oxygen

The first time-resolved detection of O,(*Ay) singlet
oxygen in solution was achieved by Krasnovsky in
1976,54 using the a — X phosphorescence at 1270 nm.
Since then, the method has become the standard
technique for investigations of singlet oxygen photo-
chemistry, and especially for determination of O,(*A)
formation vyields, lifetimes, and deactivation rate
constants. Excellent introductions to these techniques
can be found in a recent review by Krasnovsky**® and
in a recent volume of Methods in Enzymology.**6 Rate
constants for O,(*A,) formation are commonly deter-
mined from the decay of the sensitizer-excited state,
but in a carefully built setup, these data can also be
obtained from the rise of the a — X lumines-
cence.'2447 Several methods for detection of O,(*Z4")
are also well established. These include time-resolved
measurements of the b — X phosphorescence® and
b — a fluorescence of O,(1%,"),8"15! and the b — a
absorption of O,(*Ag).##8 Ogilby and co-workers
recently reviewed the techniques used in their labo-
ratory for O,(*=,*) detection.5!

Due to the outstanding importance of singlet
oxygen in numerous photobiological processes, it is
expected that a great deal of future research will be
devoted to O,(*Ay) detection in biological environ-
ments. However, the currently used technology has
important limitations which need to be overcome in
order to make quantitative studies in these compli-
cated and strongly deactivating media. During the
past 20 years, the 1270 nm singlet oxygen lumines-
cence has been detected mainly with cryogenic ger-
manium diodes, the sensitivity of which is often
insufficient to provide quantitative information, even
in aqueous media, where the O,(*Ay) lifetime is 3.1
x 1076 s,

Difference techniques have recently been employed
to improve the sensitivity with semiconductor detec-
tors. For example, Kakinuma and co-workers used a
dual charge-integrating amplifier coupled to two
InGaAs/InP pin photodiodes for the investigation of
enzyme-catalyzed production of O,(*Ag) in agueous
solution under physiological conditions. This setup
enabled the simultaneous measurement of the emis-
sions of sample and background, yielding the signal
as the difference.**® Réder and co-workers used time-
resolved emission experiments for the detection of
singlet oxygen luminescence in red-cell ghost suspen-
sions.** Careful selection of the sensitizer, optimiza-
tion of the detection system, use of D,O as solvent
and sodium azide as quencher, and variation of the
O, concentration were necessary to separate from the
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strong background emission a small signal which was
interpreted to be emission of O2(*Ag) originating from
within ghost membranes.

Probably one of the most important advances has
been made with the recent introduction of near-
infrared photomultipliers, whose sensitivity in the
1270 nm region was reported to be about an order of
magnitude larger than that of Ge diodes.® Using this
device, Wilson and co-workers recently made the first
determination of O,(*Ay) lifetime in vivo, during
photodynamic therapy in the skin and liver of a rat.®
Values of about 40 ns were reported. This result was
obtained in well-thought-out experiments comparing
the findings with homogeneos H,O solutions, with
suspensions of leukemia cells in H,O, and finally with
the living animal. Baumler and co-workers measured,
with this photomultiplier, the dynamics of the triplet-
state deactivation of 8-methoxypsoralen in D,0O via
singlet oxygen emission under particularly unfavor-
able conditions in air-saturated solution where Qu <
0.02.%%° For the in vivo situation inside the skin, they
obtained an estimate of QA < 0.005. Using the same
technique, Baumler and co-workers also studied very
recently the chemically pure hydrophobic PDT sen-
sitizer 9-acetoxy-2,7,12,17-tetrakis(methoxyethyl)por-
phycene in deuterated ethanol.*5!

Obviously, biological media are highly heteroge-
neous, and the O,(*A,) lifetime determined is prob-
ably an average over a multitude of very different
deactivation processes. Therefore, more detailed in-
sight into the photobiology of singlet oxygen would
be expected from spatially resolved spectroscopy. The
first step in this direction was recently taken by
Andersen and Ogilby,> who measured the lifetime of
O2(*Ag) in polystyrene in a transmission microscope,
using the b < a absorption of O, at 1930 nm. The
time resolution of their first measurements was ~160
ns, which is still insufficient for biological samples,
but the lifetime of 40 ns reported by Wilson and co-
workers® seems to be within reach. Unfortunately,
the spatial resolution available with this tool was still
limited to a spot size of ~150 um.5 In a very recent
separate effort, Ogilby and co-workers used the a —
X phosphorescence at 1270 nm for O,(*Aq) detection.
They reported that singlet oxygen can be detected
upon irradiation of phase-separated toluene/water
mixtures that contain a photosensitizer, and that
singlet oxygen images of these heterogeneous samples
can be constructed with 2.5 um spatial resolution
with the new setup (see Figure 38).4%2 For the a — X
transition at 1272 nm, a lateral resolution of 2.5 um
is close to the diffraction limit, which, depending on
the numerical aperture of the optics used, is ~1.5—
2.0 um. An even better spatial resolution should be
possible with two-photon nonlinear excitation of a
sensitizer.*%?

Although these new technologies look extremely
promising, both time-resolved and spatially resolved
methods suffer from weak signals, and quantitative
detection of very small amounts of O,(*Ay) is currently
not possible in any medium. Two different ap-
proaches have been proposed to make such observa-
tions. Both rely on the introduction of fluorescent
probes, which are either (i) nonfluorescent molecules
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Figure 38. Images of a “V”-shaped water channel between two toluene domains. The bottom panel shows a transmission-
based image of the sample recorded in the visible region of the spectrum. The middle and top panels show images of this
same sample constructed using the a — X phosphorescence of singlet oxygen detected by the InGaAs array (only a portion
of the data recorded by the array is shown). The singlet oxygen signal originates from continuous excitation of
tetraphenylporphyrin in the toluene domains, whereas the “V”-shaped domain in the center is void of singlet oxygen. The
colors chosen for the singlet oxygen images are arbitrary and reflect the intensity scale used. Reprinted with permission

from ref 452. Copyright 2002 American Chemical Society.

that become fluorescent after reaction with singlet
oxygen or (ii) molecules that fluoresce strongly upon
energy transfer from singlet oxygen.

The first group of molecules are fluorescein deriva-
tives in which the benzoic acid moiety is replaced by
9,10-diphenyl- or 9,10-dimethyl-substituted anthra-
cene-2-carboxylic acid (ACA).%? This modification
leads to a strong decrease of the fluorescence quan-
tum yield to values below 0.01, caused by electron
transfer from the ACA moiety to the xanthene
fluorophore. However, the endoperoxide obtained
upon addition of O,(*Ag) to the ACA moiety in the
9,10-position has a fluorescence yield on the order of
0.5—0.9 in many cases. The reaction with O,(*Ay) is
relatively fast and highly selective, and leads to a
stable product; thus, the method is ideal for quanti-
tative investigations in aqueous and biological media.
However, it cannot be used at low pH, where the
peroxides are nonfluorescent, and it is obviously
limited to steady-state investigations.

The second group of compounds are phthalo-
cyanines, naphthalocyanines, and porphyrazines,
which exhibit strong delayed fluorescence upon en-
ergy transfer from two O,(*Ay) molecules.®* The
luminescence is emitted in the visible (~700 nm)
region, and its quantum yield exceeds that of the a

— X phosphorescence of O,(*Ag) by 2—4 orders of
magnitude. The signal is easily detected in laser-
pulsed time-resolved studies; thus, the method may
be very useful for singlet oxygen measurements in
numerous systems. However, all of these molecules
also sensitize the formation of O,(*Ag), which may be
an advantage or a disadvantage.

VI. Applications

The large number of theoretical and experimental
studies of the radiative and radiationless deactivation
of O2(*Ag) and O,(*=Z4™) and of the photosensitization
of singlet oxygen discussed in this review has led to
a detailed understanding of many of the complex
processes constituting singlet oxygen photophysics.
This knowledge is very valuable not only with respect
to mechanistic interpretations, but also for many
practical applications. In the following, the most
important practical consequences of these findings
will be discussed.

A. Estimation of the a — X Radiative Rate
Constant in Different Environments

We have seen in section V that, in many systems,
the observation of singlet oxygen is limited by poor
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Table 8. Rate Constants of the a — X Radiative Transition?

solvent Ka-x, s71 Ky, M71s7t solvent Ka-x, 71 Koy, M71s7t
water 0.209 0.0038 2-ethylnaphthalene 2.03 0.319
water-d, 0.206 0.0038 diphenyl sulfide 2.66 0.442
methanol 0.390 0.0159 formic acid 0.25 0.0094
carbon disulfide 3.14 0.189 dibromomethane 0.80 0.056
1,1,1-trifluoroethanol 0.331 0.0241 propionic acid 0.79 0.059
acetone 0.543 0.040 1,2-dichloroethane 0.75 0.059
chloroform 0.962 0.077 acetic anhydride 0.53 0.050
benzene 1.50 0.133 n-pentane 0.47 0.054
carbon tetrachloride 1.17 0.113 toluene-ds 1.47 0.156
tetrachloroethylene 1.89 0.193 anisole 1.80 0.196
iodobenzene 2.61 0.291 n-hexane 0.60 0.078
perchlorobutadiene 1.85 0.290 p-xylene 1.70 0.208
acetonitrile 0.45 0.0234 p-chloroanisole 2.20 0.270
ethanol-d 0.35 0.0203 p-bromoanisole 1.90 0.238
dichloromethane 0.75 0.048 1,3-dimethoxybenzene 1.90 0.249
2-propanol 0.47 0.036 1,2,4-trimethylbenzene 2.00 0.270
tetrahydrofuran 0.62 0.050 mesitylene 1.72 0.239
1,4-dioxane 0.56 0.047 diphenyl ether 2.00 0.317
diiodomethane 3.04 0.245 benzene-ds 1.335 0.118
fluorobenzene 1.28 0.120 1,2-dibromotetrafluoroethane 1.395 0.168
1-iodopropane 1.44 0.140 bromobenzene-ds 2.07 0.218
chlorobenzene 1.68 0.171 perfluorobenzene 0.51 0.059
toluene 1.44 0.153 chloropentafluorobenzene 0.885 0.109
cyclohexane 0.66 0.071 bromopentafluorobenzene 1.245 0.155
benzonitrile 1.80 0.184 iodopentafluorobenzene 1.23 0.164
bromobenzene 1.97 0.206 perfluorohexyl iodide 1.41 0.305
trifluorotoluene 1.14 0.139 ethanol 0.55 0.032
1,3-dibromobenzene 2.72 0.328 1-propanol 0.53 0.040
n-heptane 0.66 0.097 N,N'-dimethylformamide 0.63 0.049
1-methylnaphthalene 2.96 0.420 diethyl ether 0.615 0.064
1-bromonaphthalene 3.11 0.432 1-butanol 0.465 0.043
2-butanol 0.57 0.053

a Data compiled by Hild and Schmidt.8

signals of O,(*Ag) phosphorescence. The quality of the
time-resolved signal is directly related to the a — X
radiative rate constant, which exhibits an unusually
strong dependence on the medium. The mechanistic
studies presented above have established these rate
constants for many solvents and provide a very
valuable tool for estimation of k,—x data in a multi-
tude of environments.

1. Liquid Phase

It is shown in section 111.B.1.a that the probability
of the a — X phosphorescence of Oy(*Aq) is tre-
mendously enhanced in binary collisions. The corre-
sponding second-order rate constants k;_, increase
strongly with the molecular polarizability of the
collision partner. For pure solvents, the first-order
rate constant k,-x is the product of ki_, and the
solvent molarity [S]. Reliable literature data for k,—x
for 63 pure liquids ranging from 0.21 (H.0) to 3.1
s71 (CS,) were compiled by Hild and Schmidt and are
listed in Table 8.5 This data set can also be used to
calculate ky—x for homogeneous solvent mixtures by
using eq 78, where [i] represents the molar concen-
tration of the component i of the system, and k;_y;
represents the respective second-order rate constant.

Kax = zk;—x,i[i] (78)

It was shown by Schmidt et al.®° that eq 78 is valid
for ideal mixtures as well as for strongly nonideal
systems with large excess volumes AV However,

in the latter case, it is recommended to consider the
values of AVe in the calculation of the actual
concentrations of the mixture components to obtain
accurate results. If this is not done, then small
deviations have to be taken into account. For ex-
ample, for the strongly nonideal system water/ace-
tone, the maximum deviation of the calculated value
of ka—x amounts to only —3.7% if AV is ignored.

2. Gas Phase

Badger et al. observed that the molecular absorp-
tion coefficient of the continuous a — X band in-
creases linearly with pressure.?® The second-order
rate constant of a < X absorption with O; as collision
partner was determined to be ki_y = 2.4 x 1072 M~*
s~1, which agrees in the limits of mutual uncertainty
with k_y = 2.0 x 1072 M~* s7* measured by Fink
and co-workers in gas-phase a — X emission experi-
ments.5°5! Since the same mechanism operates in gas
and liquid phases, eq 78 can also be used to calculate
radiative rate constants k,—x of the a — X emission
in gases or vapors consisting of one or more compo-
nents.

3. Microheterogeneous Systems

Equation 78 fails for micellar systems since Ox(*A)
concentrations and radiative lifetimes differ in the
different microphases. The O,(*Ay) concentration
differences between the interior organic and the
exterior aqueous phases can be quantified by the
equilibrium constant Keq = [O2(*Ag)lint/[O2(*Ag)]ext,
which is equal to the ratio of the corresponding O,
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solubilities, as shown by Lee and Rodgers.8? Their
pseudophase model also considers the volume frac-
tions f,, and 1 — f,, of the micellar and the aqueous
phases, in which deactivation occurs with rate con-
stants Kgint and Kqext. The observable overall rate
constant kg is then given by eq 19.82

_ Keq 1:mkd,int + (1 - fm)kd,ext
d Keg fin = (1 = f1)

(19)

It was shown by Martinez et al.®' that eq 19,
originally derived for the radiationless deactivation
of O2(*Ag), quantitatively reproduces the experimen-
tal ko—xm data measured in microheterogeneous
systems if the values of ky are replaced by the values
of ka—x corresponding to the respective microphases.

B. Estimation of the Contribution of e-v, CT,
EET, and Chemical Pathways to O,(*A4) and
O,(*X4™) Deactivation

Mechanistic studies of singlet oxygen photochem-
istry and photophysics require a clear distinction
between the different pathways contributing to the
deactivation of to O,(*Ag) and O,(*Z4"). We have seen
in section 111 that, in the case of O,(*Ay), five main
processes may compete in a given situation. These
are, in the order of increasing rate constants, (i)
radiative processes, (ii) electronic-to-vibrational de-
activation (e—v), (iii) charge-transfer quenching (CT)
and chemical reactions (CR) (both often of compa-
rable magnitude), and (iv) electronic energy transfer
(EET). The information presented in this review
allows us to establish simple strategies for the
evaluation of the quenching mechanism in a given
situation, and for the estimation of the contributions
of individual pathways, on the basis of simple ex-
perimental data such as quenching rate constants.

If we consider the magnitude of the rate constants
for radiative deactivation presented above, it is clear
that the efficiency of this process is largely negligible
whenever nonradiative processes are observed (i.e.,
in solution, in the solid phase, and in the heteroge-
neous gas phase). The second mechanism, deactiva-
tion by e—v energy transfer, generally needs to be
taken into account if rate constants of other moder-
ately fast deactivation mechanisms are of interest.
Thus, our starting point for the assessment of the
mechanism of singlet oxygen deactivation will be the
estimation of the bimolecular rate constant ké for
e—V deactivation, which, according to eq 26 (intro-
duced in section 111.B.3.a), is simply given by the sum
of the rate constants ky, for e—v deactivation by
each individual terminal X—Y bond of the quencher
molecule (Nxy is the number of terminal X—Y bonds
per quencher molecule). Table 9 lists all kﬁY values
determined to date.

ké = ngvkﬁv (26)

In general, any experimental quenching rate con-
stant exceeding the value estimated according to eq
26 can be attributed to an additional deactivation
pathway competing with e—v quenching. Among the

Schweitzer and Schmidt

Table 9. Rate Constants ki, and k%, of Quenching of
0,(*Ag) and O,(*Xg") by Bonds XY in the Liquid
Phase?

X—=Y KRy, M1 s71 Ky, Mgt
O—H 2900° 1.5 x 10°
N—H 1530° 4.7 x 108
C—Ha® 494¢ 1.1 x 108
C—H 309¢ 1.0 x 108
0-D 132 2.7 x 108
C—Du¢ 21.7¢ 5.3 x 107
c-—D 10.4° 3.3 x 107
c=s 0.351¢ 1.6 x 10¢
C—Fad 0.625¢ 1.5 x 106
C—F 0.049¢ 5.6 x 10°
c—cl 0.181° 1.6 x 10°

a2 Numbers without citation are average values evaluated
in ref 153, b k3, considering 7, = 3.1 us in H,0.12* ¢ Refer-
ence 122. 4 Terminal atom bound to aromatic ring. ¢ Reference
57.

three possible mechanisms, CT and CR may compete
in any situation, whereas EET is possible only for
guenchers with low triplet energies (i.e., Er < 94 kJ
mol1).

The following criteria can be used to distinguish
among the three possibilities: (i) Experimental
quenching rate constants k3 > 5 x 10° M1 s™1 are
indicative (but not demonstrative) of an EET mech-
anism, especially if the quencher has a high oxidation
potential. To establish this mechanism in an un-
equivocal way, determination of the quencher triplet
energy or time-resolved measurement of quencher
triplet—triplet absorption is required. If EET takes
place, then e—v, CT, and chemical processes are
negligible in most cases. (ii) Chemical reactions of
02(*Aq) generally lead to formation of peroxides or
hydroperoxides, which can be quantified by following
product formation or by measuring O, consumption,
if measurements are carried out in homogeneous
systems, where competing free radical reactions can
be excluded. In this case, it is important to consider
that peroxides are often unstable and may decompose
under experimental conditions. In general, chemical
reactions of a quencher with O,(*A4) can be qualita-
tively identified if the quencher consumption is
efficiently reduced by the addition of strong quench-
ers of Oy(*Aq), such as sodium azide (ké ~ 4 x 108
M~ s71in H,0) or 2,3-dimethyl-2-butene (kg ~ 1 x
10% Mt s71in organic solvents). (iii) Any contribution
in excess of the rate constant for e—v deactivation
that cannot be explained by EET or CR is generally
attributed to charge-transfer-induced physical quench-
ing. This treatment was successfully applied to a
series of benzene,88 naphthalene,'®® biphenyl,?°° and
benzophenone derivatives.?®t A rough qualitative
estimate of the rate constant for CT deactivation may
also be obtained from Figure 14, where the free
energy for electron transfer is obtained from the
Rehm—Weller equation (see section 111.B.4.a).

We may proceed analogously to evaluate the mech-
anism of O,(*X4*) deactivation. Scurlock et al.?42 and
Bodesheim and Schmidt?*® showed that the rate

constants k, for e—v deactivation of O,(Z,*) by an
individual X—Y bond (see Table 9) can be used
analogously to estimate rate constant for the overall
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e—v deactivation of O,(*2;*) by a given quencher,
according to eq 26. The chemistry of O,(*=4%) has not
yet been discovered, despite significant efforts.?42243
Thus, any experimental value exceeding the rate
constant for e—v quenching can be attributed to
charge transfer, unless the quencher Er is lower than
157 kJ mol~2. In the latter case, EET and diffusion-
controlled quenching is expected. e—v and CT deac-
tivation leads to quantitative formation of O,(*Ag) and
the quencher ground state, whereas EET leads to
formation of O,(3%,~) and the quencher triplet state,
which sensitizes O,(*Aq) again.?5°

C. Estimation of O,(*Ag) and O,(*X,*) Lifetimes
in Different Environments

1. Liquid Phase

From the investigations reported by Darmanyan
et al. and Schweitzer et al., it can be concluded that
molecules with ionization potential IP 2 8.8 eV or
oxidation potential Exx 2 1.9 V vs SCE in CH3CN
quench O(*Ag) mainly by e—v energy transfer,188199-201
For these molecules, ké can be calculated simply by
using eq 26 and the ki, data shown in Table 9. For
mixtures of liquids consisting of such molecules i, the
lifetime 75 of O,(*Ag) can be estimated by using eq
79, where [i] is the molar concentration of the
component i.

74 = (kS (79)

This procedure works rather well for pure solvents
and for homogeneous liquid mixtures of several
components i. Limitations exist for CS, and per-
halogenated solvents, in which 7, is additionally
reduced by quenching of Ox(*Ag) by O, (see Table
4).57:126 Furthermore, it should be considered that the
values of k%, were derived for freely accessible X—Y
bonds. Therefore, deviations to smaller values result
for calcuated 7, data if a strongly deactivating X—Y
bond such as O—H is sterically hindered. This is
illustrated by the 7, data (experimental, calculated)
for butanol isomers: 1-butanol, 17.5, 16.1 us; 2-
butanol, 19.7, 16.1 us; 2-methyl-1-propanol, 21.1, 16.2
us; and 2-methyl-2-propanol, 30.8, 16.8 us. The
lifetime of Ox(*24"), 75, can be estimated analogously
via rate constants ké, which are accessible from the
ky, data listed in Table 9. With the exception of
perhalogenated solvents and CS;, very small values
of s < 1 ns are generally obtained.

2. Polymers

Since the ubiquitous O is also present in polymers,
0,(*Ay) can be formed in this medium by photo-
sensitization.*>® Clough et al. demonstrated that
values of 7, in homogeneous polymers at tempera-
tures above the glass temperature T, are practically
equal to values of 7, in liquid solutions consisting of
analogous molecular structures. In silicone rubber,
7o = 50 us was measured, and in a low-molecular-
weight siloxane liquid, 7o = 51 us was obtained.*>*
For poly(methyl methacrylate) and polystyrene (PS),
7a was found to be in agreement with the lifetimes
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in liquid methyl propionate (ra = 38 us) and ethyl
benzene (ta = 28 us) at T = T4.4° Below the glass
temperature, diffusion is strongly restricted, leading
to a drastic increase of the triplet-state lifetime of
the sensitizer. Since the triplet is the precursor of
02(*Ag), the apparent decay time of O,(*Ay) becomes
equal to the triplet lifetime, z1. However, besides 7r,
deconvolution of the slowly decaying O(*Ag) emission
signal also yields the intrinsic lifetime 75, which was
found to be in accordance with 7, measured at T >
T4 and with 7, measured in analogous liquid-phase
systems. Furthermore, irradiating the polymer—0O,
CT band of PS instantaneously produces O(*Ag), the
lifetime of which was shown to be identical to that
observed in ethyl benzene, even at T < T4.%%¢ Thus,
the value of 7, is limited by the e—v deactivation of
O,(*Ag) by the directly neighboring polymer units.
Therefore, lifetimes 7, can also be estimated for
polymers by the above-described procedure.*>” These
conclusions also hold true for O,(*Z*). In this case,
7s can be estimated from the ki, data shown in
Table 7. Generally, very small values of 7z < 1 ns
result for common polymers.

3. Gas Phase

The major components of air are N, O,, and Ar,
with 78, 21, and 1 vol %, respectively. The corre-
sponding rate constants ké are 84,1 1020,% and 5
M-1 571203 k& = 5800 M~! s ! was determined for
H,0.% Thus, only N, and O, and in case of humidity
also H,0, contribute to O,(*A,) deactivation in air.
The concentration of H,O depends on its tempera-
ture-dependent vapor pressure, which amounts to
0.031 bar at 298 K. Using these numbers, 75 is
calculated to be 86 or 54 ms for air of 0% or 100%
relative humidity, respectively, at 1 bar and 298 K.
If further polyatomic molecules with IP = 8.8 eV or
Eox 2 1.9 V vs SCE contribute to quenching in the
gas phase, their rate constants k4 can be estimated
from the data shown in Table 9 and eq 26 to provide
a basis for the estimation of 7, by eq 79. The values
of ké decrease strongly in the series of quenchers
H,0, N, and O, from 2.9 x 10° to 1.3 x 10 and 2.4
x 10* Mt 571,102 Since H,O is the most important
quencher of O,(*%4%), 7= strongly depends on the
humidity. For absolutely dry air of 1 bar pressure at
298 K, ty is estimated to be 24 us. s decreases to 2.4
us and to only 270 ns at 10% and 100% relative
humidity, respectively. Rate constants ké for other
polyatomic quenchers of O,(Z4") and corresponding
gas-phase lifetimes s can be evaluated from the data
shown in Table 9 and eqs 26 and 79.

4. Microheterogeneous Systems

The above procedure fails in nonhomogeneous
systems due to the different concentrations and
lifetimes of O,(*Ay) in the different microphases. For
this case, Lee and Rodgers derived eq 19, already
mentioned in section VI.A.3.82 Equation 19 quanti-
tatively reproduces the first-order rate constant of
overall O,(*Aq) decay.?182 The model was extended by
Lee and Rodgers to include the effect of added
quenchers of O,(*Ag).4® Aubry and Bouttemy modi-
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fied and applied this model to quantitatively describe
the decay of O,(*Aq), which was chemically generated
in the aqueous phase of microemulsions consisting
of dichloromethane, 1-butanol, sodium dodecyl sul-
fate, and H,0.4*°® Montenegro et al.?%° successfully
used the modified model to study the influence of the
medium’s heterogeneity on the rate constants of
physical and chemical quenching of O,(*Aq) by seven
natural and three synthetic carotenoids in reverse
micelle systems of hexane, sodium bis(2-ethylhexyl)
sulfosuccinate, and H,O, where singlet oxygen was
generated by photosensitization inside the water
pools of the reverse micelles. Thus, in microhetero-
geneous solutions, O,(*A4) decays monoexponentially;
however, the decay constant is not determined by the
average composition of the liquid, but rather it is
given as a weighted average of the single-phase decay
constants Kgint and Kqext, according to eq 19. This
model holds as long as the microdroplets are small
enough to allow for the fast O,(*Aq) equilibrium. If
the droplets become too large, a biexponential decay
with rate constants Kgint and Kqext Will result if O,(*Ag)
is produced in the interior of both phases. The
limiting droplet diameters are estimated via the
corresponding diffusion lengths (see section VI.G) to
amount to ~0.5 and 0.2 um, respectively, for hydro-
carbon and water droplets.

5. Zeolite Systems

Very recently, Pace and Clennan determined an
upper limit of the Oy(*A) lifetime in the interior of
the supercages of zeolite Y suspended in organic
liquids.*° By investigation of the photo-oxygenation
kinetics of 2-methyl-2-heptene adsorbed into zeolite
Y in either hexane or perfluorohexane, a zeolite-
leveled upper limit of 7o < 7.5 us was established.
This very small value, which is only about twice the
lifetime value in H,O, was attributed to significant
charge-transfer quenching of O,(*Ay) due to the
aluminum tetrahedral AlO,~ framework. Using a
very conservative estimate of the intrazeolite O;
diffusion coefficient, the authors estimated that
0,(*Ag) could migrate approximately 370 A within its
lifetime. This implies that O,(*Ag) can sample many
of more than 5000 zeolite supercages surrounding the
locus of its generation.6°

D. Estimation of a — X Emission Quantum
Yields

The emission quantum yield of O,(*A,) in a given
situation can easily be estimated by using eq 80,

Qa—x = Ka—xTa (80)

where the values of k,—x and 7, for the corresponding
medium may be estimated according to the proce-
dures described above. For example, the following
values of Q,—x were calculated for three neat liquids
from the data given in Tables 4, 5, and 8 (solvent,
Ka-x, Ta): 6.5 x 1077 (H0, 0.21 s7%, 3.1 us), 4.5 x
1075 (CeHs, 1.5 571, 30 us), and 7 x 1072 (air-saturated
CCly, 1.2 s71, 59 ms). These data illustrate the
tremendeous variation, by about 5 orders of magni-
tude, and the smallness of Qa-x in the liquid phase.

Schweitzer and Schmidt

The presence of quenchers of O,(*Ag) further reduces
7a and thus Q,-x. This leads to particularly small
values of the emission quantum yield in biological
tissues. Very recently, Wilson and co-workers® esti-
mated values of 7, to be between 0.03 and 0.18 us in
skin and liver of living rats. These results rest on
measurements of the a — X emission intensity, and
the large uncertainty in 7, depends mainly on the
assumed value of k,—x. The upper limiting value was
obtained by using the value of k,—x for H,O. 74 = 0.05
us is obtained for both tissues, with an estimated
value of ka_x = 0.65 s71.6 This estimate is close to
ka—x = 0.8 s71, which was obtained experimentally
and by calculation on the basis of eq 19 by Martinez
et al. for microemulsions consisting of 69 wt %
cyclohexane, 16% 1-butanol, 7% H,0, and 8% surf-
actant (sodium dodecyl sulfate, cetyltrimethylammo-
nium chloride, or Triton X-100).8 Assuming this
number to be representative for the radiative rate of
O2(*Ag) in cells, 7o = 0.04 us is obtained for the
investigated tissues. Hence, these considerations
point rather to the lower limit of the results reported
by Wilson. They also allow for calculation of Qa-x ~
3 x 1078, This tiny number also explains why O,(*Ag)
emission experiments in living tissue are so difficult.

E. e—v Deactivation of Isoelectronic Molecules

Diatomic molecules consisting of group VI-VI
atoms, or group V—VII atoms, such as SO or NF, are
isoelectronic with O, and have a 3=~ ground state and
two low-lying *A and Xt excited states. The bi-
molecular deactivation of the excited singlet states
of such molecules was investigated in the gas
phase.*617463 It was found that the lifetime of the
metastable A, state is limited mostly by the chem-
ical process. However, the much shorter living ="
excited states are deactivated by fast physical proc-
esses. It was shown by Schmidt'®%1%¢ and by Setzer’s
group®®’~1%9 that the e—v energy-transfer model orig-
inally developed for O,(!Z4") and Oy(*Ag) can be
applied for the bimolecular quenching of the 1=*
excited state of SO, SeO, NF, PF, NCI, and PCI,
proving the more general validity of this semi-
empirical model. This is discussed in detail in the
context of e—v energy transfer in section 111.B.3.d and
111.B.3.e.

F. Optimization of Singlet Oxygen Sensitizers

We have seen in section 1V that the highest singlet
oxygen yields are obtained when O(*Ag) can be
formed during O, quenching of both S; and T;. In
these cases, Qa can be, under particular conditions,
as high as 2; i.e., two molecules of O,(*Ag) are formed
per photon absorbed. However, this ideal situation
is rare, since both quenching processes compete with
both intra- and intermolecular pathways.

The efficiency of O,(*Ay) formation during O,
guenching of S; approaches 2 when five conditions
are simultaneously met: (i) the energy gap between
S; and T; exceeds 94 kJ mol~?, (ii) no second triplet
state lies below S;, (iii) the O, quenching process
leads to quantitative formation of the T, state, (iv)
the S, state is quantitatively quenched by O,, and
(v) the subsequent quenching of T, leads to quantita-
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tive formation of singlet oxygen. Unfortunately,
conditions (iii) and (iv) almost exclude each other.
Efficient fluorescence quenching with diffusion-
controlled rate constant k2 is obtained only for
sensitizers with moderate to strong CT interactions,
which reduce the efficiency of the T;-state population
during quenching. However, sensitizers with negli-
gible CT interactions are distinguished by values kg
< Kgifr. AS @ consequence, the limiting quantum yield
of 2 is only obtained in nonpolar solvents at very high
O, partial pressures. This is well illustrated in the
case of 9,10-dicyanoanthracene (DCA), for which
guantum yields of O,(*A) formation at extrapolated
infinite oxygen concentration of 1.5 < Q} < 2.0 were
reported.309:331-334337 Equation 76, derived by Brauer
for strong fluorescers for which the approximation
Q} + Q2 =1 holds true, allows the estimation of the
0O, concentration dependence of Q, via the ratio F%/
F =1 + k3r5[O;] if values of QJ, f5, and S, are
known.

Qx=QIS, + (fs + QESyIL — (FIF)] (76)

From data reported by Olea and Wilkinson for DCA
in acetonitrile (k = 4.4 x 10° M1 s7%, 75 = 15.2 ns,
[0,] = 0.0019 M (air saturation), Q} = 0.003, f§ =
0.53, and S, = 1),%% values of Qs = 0.17, 0.58, and
1.41 result for air-saturated (p = 1 bar), O,-saturated
(p = 1 bar), and O;-saturated (p = 20 bar) solutions,

respectively, and finally Q} = 1.53. The respective
data in cyclohexane33 yield for Q4 the values 0.22,
0.72, and 1.83 with the respective graduation in [O],
and Q} = 2.0. Thus, it is true that these compounds
may be very efficient sensitizers of O,(*Ay), but it has
to be noted that the advantage is obtained only at
high O, partial pressures, where the danger of
combustion increases with hydrocarbon solvents.

Under common conditions, i.e., in air-saturated
solution, sensitization via triplet states is the most
effective method of O,(*A4) formation. The five neces-
sary conditions listed here apply for optimum triplet
sensitization approaching the maximum vyield of
unity: (i) The sensitizer triplet energy must be larger
than 94 kJ mol~* (optimally larger than 157 kJ mol 1,
to allow for competitive formation of O,(*Z4™)). (ii) The
triplet state is quantitatively formed, i.e., via intra-
molecular isc or, in particular cases, by energy
transfer from a higher-lying triplet. (iii) The triplet
state is quantitatively quenched by O,. This is
commonly observed for most swz*-excited triplets,
where almost complete quenching occurs at [O,] ~ 2
x 107* M (unless other quenchers are present at very
high concentration), as opposed to nsz*-excited trip-
lets, which often react chemically. (iv) Franck—
Condon factors are favorable for energy transfer and
unfavorable for enhanced internal conversion. This
is observed for all zr*-excited aromatic hydrocarbons,
as opposed to nz*-excited ketones. (v) Charge-
transfer interactions are negligible. This is favored
in nonpolar solvents and by high sensitizer oxidation
potentials and low triplet energies. For example, we
have seen in section IV.A.1.b that, in CCl, solution,
CT interactions are negligible if AGcer = F(Eox — Ereq)
— Er exceeds 50 kJ mol .
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Relation 65 allows the calculation of the rate
constants kg, kxz, and ki for O5(1Z4%), 02(*Ag), and
02(3%4") formation in the quenching of T,(wn*) states
by O in the absence of CT interactions. If the triplet-

log(kg/m) = 9.05 + (9 x 10 %)AE —
(1.15 x 10 %)AE? + (1.15 x 10 )AE> +
(9.1 x 10 *Y)AE* (65)

state energy exceeds the O,(*Z,") excitation energy,
there are two paths leading to singlet oxygen, result-
ing in high efficiencies Sx = (kiz + Ki2)/(Kxe + Kix +
kZEE) of singlet oxygen formation, which are calcu-
lated by using eq 65 to be in the range 0.91 < S, =<
0.995 for a 168 < Et < 255 kJ mol~! variation.

It is interesting to note that, for the sensitizer
phenalenone (Qr = 1.0, Er = 186 kJ mol1),8464 S,
= 0.96 is calculated, in agreement with the experi-
mental result S, = 0.97.83357 CT interactions are,
indeed, very small for phenalenone, as is indicated
by the large positive value AGcer = 78 kJ mol™?
determined recently.*%* Actually, phenalenone could
be established as a universal singlet oxygen reference
sensitizer, since no solvent dependence of Q, was
observed. Values 0.94 < Qx < 1 were determined with
high certainty in 13 solvents of very different physical
properties, ranging from cyclohexane to H,O.82 The
solubility of phenanlenone is only moderate in water.
Therefore, Nonell et al. proposed the more soluble
phenalenone-2-sulfonic acid, with Q, = 1.03 £ 0.10,
as the reference in water.*6°

The solvent independence of S, for phenalenone
indicates that changes in the polarity of the environ-
ment seem not to influence the deactivation in the
absence of CT interactions. Thus, generally high
efficiencies of Sy 2 0.9 could be expected for mz*
triplet sensitizers with both E1 = 165 kJ mol~* and
AGcer = 50 kJ mol~t. These sensitizers are charac-
terized by rather small overall rate constants kJ, < 3
x 10° Mt s L

In addition to photophysical and electrochemical
properties, it is also important that no aggregation
of ground-state sensitizer molecules occurs, and that
no formation of exciplexes occurs. We have seen in
section IV.A.1.f that such interactions can reduce
both the triplet yield and Sa. In these cases, the
singlet oxygen yield decreases with increasing sen-
sitizer concentration.

It is also interesting to note that all conditions
which favor the formation of O,(*Ag) during O
quenching of T, also favor that of O,(*=¢"), if it is
energetically feasible.

To obtain a maximum amount of observable or
utilizable singlet oxygen, it is also important to
minimize its deactivation by the sensitizer. Quench-
ing of O,(Z4*) is an entirely physical process, which
leads to quantitative formation of O,(*Ay); thus, it can
be disregarded in most cases. Deactivation of O,(*Ag)
by the sensitizer, in contrast, can be both chemical
(i.e., leading to modifications in the sensitizer, which,
in most cases, reduce its O(*Aq) sensitization ability)
and physical (i.e., leading to formation of the sensi-
tizer ground state and O»(3%,")). Chemical reactions
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occur mainly with electron-rich aromatic rings, dienes,
or double bonds, and with amines and sulfides.
Significant physical quenching can occur (i) via
diffusion-controlled EET, if the sensitizer triplet
energy is only a few kJ mol~! higher than 94 kJ
mol~1, or (ii) via CT, if the sensitizer oxidation
potential is sufficiently low. Thus, a high sensitizer
oxidation potential favors singlet oxygen formation
both by increasing its efficiency of production and by
minimizing its physical and chemical deactivation.

In recent years, much emphasis has been put on
the development of singlet oxygen sensitizers for
biological and medical applications, and especially for
the photodynamic therapy (PDT) of cancer. In addi-
tion to the requirements described above, PDT sen-
sitizers need to fulfill several other demands: (i)
absorption in the deep red region, preferably above
700 nm, where absorption by biological tissues is
minimal, (ii) high extinction coefficients, (iii) fluores-
cence for tumor detection, (iv) negligible toxicity, and
(v) selective retention in the tumor tissue.

The desired long wavelength of the absorption
maximum corresponds with low-lying excited singlet
and triplet states, which prevent sensitization of
02(*Ag) via fluorescence quenching and also triplet
sensitization of O,(*Z4"). Since only Oy(*Ay) can be

produced besides ground-state oxygen, smaller ef-

ficiencies Sy = kia/(ki2 + kiz) of singlet oxygen

formation result. For example, using eq 65, a varia-
tion of 0.43 < S, < 0.76 is estimated when varying
E+ from 110 to 150 kJ mol~? for formation of O,(*Aq)
in the absence of charge-transfer interactions. Inter-
estingly, for sensitizers with triplet energies of 150
kJ mol~?, the condition AGcer = 50 kJ mol ™2, required
to prevent CT during O, quenching of Ty, is fulfilled
as long as Eox > 1.1 V vs SCE. Oxidation potentials
for commonly used PDT sensitizers such as por-
phyrins are often close to this value, and thus, many
of them may be optimized by introducing electron-
withdrawing substituents on their aromatic rings.
Additionally, it should be noted that biological tissues
are significantly more polar than CCl, (for which eq
65 was established), and thus, variations ensuing
from CT interactions may be even more important
than those obtained according to this estimation.

G. Estimation of Singlet Oxygen Diffusion
Lengths

The average value of the square of distance d which
an O, molecule travels during time t depends on its
diffusion coefficient Do according to d? = 6Dot.*%¢ This
expression could be used to estimate how far O,(*A)
can move from the place of its creation until it is
qguenched or reacts. With Do = 0.232 cm? s for O,
gas at 298 K,*” and 7, = 54 ms for air of 100%
relative humidity at 298 K and 1 bar, the diffusion
length of O(tAy) is estimated to be 2.7 mm. The
values of Do appear to vary not too much in organic
solvents:*%8 3.7 x 1075 (CCly, 299 K), 5.31 x 10°°
(cyclohexane, 303 K), and 2.64 x 105 cm? s!
(C2HsOH, 303 K). Since 7, varies in this series of air-
saturated solvents from 59 ms to 23 us and 15.3 us
(Tables 4 and 5), the corresponding diffusion lengths
of O,(*A,) are estimated to be 36, 0.9, and 0.5 um.
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Thus, on a molecular scale, O,(*Ag) can effect chemi-
cal reactions still far from the place of its creation.
However, with Do = 1.4 x 107°cm? s™* given by Moan
for cells,*®® and the very short lifetime 7, = 0.04 us,
which was recently measured by Wilson’s group® in
PDT experiments with skin and liver of living rats,
inside cells only a rather small diffusion length of 20
nm results.

VII. Conclusion

Despite the very academic approach of the studies
presented in this review, it is clear that the most
important interest in singlet oxygen is due to the fact
that its photochemistry and photophysics affect our
lives in a continuous and rather significant way.
Every photon of light absorbed in the presence of
molecular oxygen may provoke O,(*Ag)-mediated
alterations, leading to degradation or aging. To
achieve efficient protection from the detrimental
effects of singlet oxygen photochemistry, but also to
maximize the effect of its numerous applications, it
is essential to understand the mechanisms governing
its formation and deactivation. The present review
provides information allowing the comprehension
and, in many cases, even the quantitative prediction
of O2(*Aq) and Ox(*=4*) generation and deactivation
parameters, especially during photophysical interac-
tions with organic molecules.

However, while most processes in simple chemical
or physical systems are well understood, the actual
mechanisms of its biological activity remain to be
entirely established. For example, the estimated
diffusion length of 20 nm in vivo indicates that
0O2(*Ag) does not necessarily react with the biological
unit that is responsible for its generation, and that
many further studies will be required to completely
understand singlet oxygen photochemistry in vivo.
Several techniques were recently developed with the
aim of observing O,(*Ay) in biological situations, and
the perspective for mechanistic studies in vivo seems
to be better than ever. New observations and new
interpretations have to be expected, and most prob-
ably, new mechanistic approaches will be required.
However, it is also clear that most observations will
be understood on the basis of the mechanisms
established using simple systems, and thus, any
study of singlet oxygen in heterogeneous systems will
require an excellent comprehension of the individual
mechanisms of generation and deactivation of O,(*Ay)
and O,(1=¢™).
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