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An historical account of the discovery of singlet oxygen is given, its physicochemical properties are discussed, and
existing methods of preparation and detection are reviewed. 171 references.
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I. INTRODUCTION

15 years ago singlet oxygen was either unknown to most
chemists or treated as a spectroscopic state of theoretical
interest in the physics of the upper atmosphere. In recent
years, however, singlet oxygen has come to the notice of a
wide range of researchers. It was shown to have a high
reactivity towards many organic compounds, to play an impor-
tant role in the chemistry of atmospheric pollution, to be
involved in the degradation of organic materials by light
and oxygen, to take part in the life processes of plants and
animals, to behave as a carcinogen, etc.

The first papers dealing specifically with singlet oxygen
appeared in the mid-1960's, and by the year 1970 the number
of such publications was over 100. According to Kasha and
Khan' all our views on the participation of molecular oxygen
in various chemical and biological systems must now be
reconsidered from the standpoint of our new understanding
of singlet molecular oxygen. In the Soviet literature very
little has been published so far on singlet molecular oxygen.
In 1965 Arbuzov referred to singlet oxygen in a review? of
the oxidation of organic compounds, and a more recent
review® mentions the quenching of singlet oxygen in.the con-

text of the resistance to photo-oxidation of organic compounds.

The foreign literature contains a number of reviews dealing
with various aspects of the singlet molecular oxygen prob-
lem™~*5, In the present review we shall discuss the nature
of singlet oxygen and the methods by which it can be pre-
pared and detected.

In Fig.1 the ground state of the oxygen molecule is shown
as an energy level diagram®®¢, illustrating the formation of
molecular orbitals (MO) following the close approach of two
oxygen atoms. Each oxygen atom has eight electrons.

Four of these remain in o(1s) and o*(1s) orbitals, while the
next four move into o(2s) and o*(2s) orbitals. The next six
electrons move into three bonding MO: o(2pyx), 1T(2py), and
m(2pz). The last pair of electrons can be accommodated
either on one of the m* orbitals (if the electrons have
opposite spins) or on two MO [7*(2py) and m*(2pz)] if the
spins are parallel. The latter variant is energetically pre~
ferred, because of the large repulsion energy between two
electrons in the same orbital: the two electrons are further
apart when in different orbitals, and their mutual repulsion is
less marked. This preferred electronic configuration is
illustrated in Fig.1.

This state of the oxygen molecule is known as the triplet
sigma-state (32). The higher-energy configuration, in
which the last two electrons are located in the same m*(2py)
orbital, is shown in Fig.2. It corresponds to the lower
excited state of the oxygen molecule, which is a singlet state
because the electrons are paired. This state of the oxygen
molecule is denoted as A and lies 22.5 kecal mole™ above the
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%; ground state (Table 1). This energy level was obtained
by emission spectroscopy’’, the A » ’C transition correspond-
ing to a wavelength of 1269 nm (0.9772 eV). The next
excited state of the oxygen molecule is 37.5 kcal mole™ above
the ground state!’ and has the electronic configuration shown
in Fig.3: it is denoted by the symbol . It differs from
the % state in that the last two electrons in the m* orbitals
have antiparallel spins in the I state. In terms of group
theory and of the theory of symmetry properties these three
states of the oxygen molecules can be described as g, 'Ag,
and 125 respectively. Some of the characteristics of these
three states are listed in Table 1.
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Figure 1. Normal (or triplet) O,( 32;;).

The photochemical reactions of organic compounds with
molecular oxygen were studied in detail in the first half of the
present century. Some of these reactions are of the utmost
importance in biological terms. For example, it was shown
that some endoperoxides can regenerate an oxygen molecule
when heated. Thus red rubrene gives a colourless peroxide
when exposed to light in the air, but on being heated it
becomes red again and begins to fluoresce!®. The formal
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analogy between this type of reaction and the reversible
absorption of oxygen by hemoglobin is evident.

6'( 2p)
‘ O
T (2@) x(2p,)

Figure 2.  Singlet 0,('4g).

Table 1. Lowest electronic states of an oxygen molecule,
and their properties®.

Life time, s Relative Position of Equibrium
Electronic state - energy, the 0.0 band, |internuclear
vacuum solution kcalmolet | A, nm distance, A

12; 7 {0-1 37.51 762.14 1.227

‘A, 2700 10~5 22.53 1268.7 1.216

'E; = o 0 — 1.207

*
o'( Zgr)
: ®
* *
% (Zpy) «*(2g)
Figure 3. Singlet 0,( 125).

The classical work of Kautsky!® in the 1930's demonstrated
that photo-excitation of a sensitiser in the presence of oxygen
can cause oxidation of an organic molecule physically removed
from the sensitiser. He concluded that the light energy
absorbed by the sensitiser (dye) is transferred to the oxy-
gen (by fluorescence quenching of the dye) which is thus
converted from its ground triplet state into one of the excited
singlet states (A or !'L). The singlet oxygen then attacks
the organic molecule, giving the oxidation product!®. Thus
Kautsky's mechanism can be summarised as

sB1s
1§ - 3§
384 20y — S+ 10,4
10,4+ A - AO, . (1)

Direct energy transfer from the sensitising dye to the organic
molecule can be excluded, because the absorption bands of
many organic molecules lie at wavelengths shorter than those
of the dyes used as sensitisers, and therefore the energy of
the excited dye molecules is insufficient to raise these
acceptors into their excited states!*.

In the 1940's Terenin generalised Kautsky's model by
pointing out that the total electron spin is conserved in this
process. He described the energy transfer process as
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SIHI[114 O [ [1] = SINIL 1+ 0[N ]

where the symbol ~ denotes an excess of vibrational energy.

However, Kautsky's mechanism was not accepted by most
of the leading foreign workers, and for many years singlet
oxygen remained of interest only to astrophysicists and to
specialist gas kineticists. However, the situation changed in
1960 when Seliger?? discovered a red luminescent emission on
mixing H,0, and HCIO. The spectrum of this radiation,
which had been first reported by Mallet 33 years previously®,
was found to consist of a narrow band at 634 nm.

Khan and Kasha2?*?% confirmed Seliger's results and
observed an additional band at 703 nm. The separation of
these two bands (1567 cm™) agrees within experimental error
with the vibrational frequency of molecular oxygen in the
ground state (1580 cm™); furthermore, the O—O bond in the
hydrogen peroxide molecule was shown to remain undisturbed
by the reaction

H,0,+ HCIO — O,+ HCl+ H;0 . (2)

On these grounds the authors ascribed?*?® this radiation to
an excited state of molecular oxygen. Though this assign-
ment was later shown?® to be only partly correct (see below),
Khan and Kasha had correctly associated the luminescence
with metastable, excited, singlet oxygen. Following this
assignment, Kautsky's hypothesis was more widely accepted.

The same two bands were observed®® in the radiation from
a stream of gaseous oxygen exposed to an electric discharge.
The chemiluminescence of the H,0,~HCIO system was
re-examined, and in addition to the bands at 634 and 703 nm
a new, weak band was discovered at 762 nm, corresponding
to the transition 0,(z) ~ 0,(°L), as well as a stong band at
1270 nm, corresponding to the transition 0,(*A) + 0,(3£). %’
Obviously, the bands at 634 and 703 nm must have the same
origin whether the luminescence is produced in solution or in
a gas discharge.

It has been suggested'®?® that the bands at 634 and 703 nm
are produced by a dimer consisting of two excited 0,(A)
molecules, which are deactivated simultaneously and emit
a single quantum of energy:

205 (*A) — 205 (35) + hv . (3)

This transition produces radiation at 634 nm if both mole-
cules of the product are in the vibrational ground state: if
one of the product molecules is in the first vibrational level
the radiation will be at 703 nm.

The hypothesis of simultaneous electronic transitions was
not novel. The absorption bands at 634 and 580 nm in liquid
oxygen, which are responsible for its blue colour, had pre-
viously been assigned to double transitions of the same type,
in which the absorption of one photon causes the simultane-
ous transfer into excited states of two electrons in two differ-
ent molecules?®2%;

20, (°2) + kv 2 20, (*4)

Thus, the hypothesis put foward by Arnold and coworkers?®
is consistent with earlier reports. The band at 634 nm is
convenient for monitoring the concentration of 0,(!A) singlet
oxygen, because its intensity is proportional to the square of
the concentration of 0,(%A) (thus confirming the validity of
the hypothesis). In addition to the double transition (3),
the following transitions have also been proposed®?®:

20, (1) —~ 20, (*2) + Av

an»nm+ hv3l1 nm

205 ('A'Z) — 205 (*Z) + AV 405 1m @

All these dimers are assumed to be simple collisional complexes.
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Thus singlet oxygen was rediscovered in the reaction
between H,0, and HCIO and in a stream of oxygen exposed to
an electric discharge. It was later found®® that the oxidation
products of organic molecules exposed to the H,0,—NaOCl
system are identical to those obtained by the sensitised oxida-
tion of the same acceptors. Excited oxygen molecules gener-
ated in a discharge upstream from the organic solution have
been shown?®! to react with various substituted anthracenes
and alkenes to give oxidation products identical to those of
the sensitised photo-oxidation of the same acceptors. These
comparisons led to the conclusion that singlet oxygen is the
reactive intermediate in sensitised photo-oxidation reactions,
as originally suggested by Kautsky.

In a later variant of Kautsky's experiment the sensitiser
and the oxygen acceptor were placed on opposite sides of a
stearic acid film*%%. In spite of the 500 A separation
between the sensitiser molecules and the acceptor, sensitised
photo-oxidation took place as a result of diffusion of the
singlet oxygen molecules through the film.

Thus Kautsky's mechanism is now universally accepted.

On the other hand, up to the mid-1960's the Terenin—Schenck
mechanism (called the Schenck mechanism in the foreign liter-
ature) was more widely used. Terenin?%%* and (later)
Schenk?®® proposed the following scheme for dye-sensitised
photo-oxidation reactions

sBss
13._,35
IS4 30, - [S ... O
[S... Osl+ A — S+ AO,

where the metastable [S...0,] complex is the reactive inter-
mediate which transfers oxygen to the acceptor A.

Following the demonstration®’’3! that singlet oxygen is the
active intermediate in many sensitised photo-oxidations,
interest in the Terenin—Schenck mechanism began to wane,
but there was still no proof that a long-lived complex (as
postulated in that mechanism) was not formed as a precursor
of the free, singlet molecular oxygen. This important prob-
lem has been finally resolved by comparing the effectiveness
of oxygen quenching of the fluorescence of pyrene excimers
under low- and high-intensity irradiation respectively (using
light from a nitrogen laser®®). Under high irradiation inten-
sity each oxygen molecule can produce 200 excited pyrene
excimers, the fluorescence quenching being comparable
(~91%) with the quenching observed at very much lower
irradiation intensities (93%). In order to explain this effect
we have to assume that each O, molecule has sufficient
mobility to quench ~100—200 pyrene molecules, and therefore
that the life time of the pyrene—oxygen complex is less than
2x1071% 5. These experiments exclude the possibility of com-
plex formation between an excited pyrene molecule and oxy-
gen, and they also exclude the existence of any excited for-
mation (including oxygen) having a life time greater than
2x107° s.

A theoretical study of the energies of different states of
the (S...0,) complex has shown***” that though the (S + %0,)
complex corresponds to a weak minimum (£300 cm™)
this state has a very short life time (<107°s due to
its fast relaxation into lower-lying dissociative states of the
complex: [S...0,('A)} and [S...0,(2)], giving 0,(*A) or
0,(!r). Obviously, the oxide complex is too short-lived to
act as an intermediate responsible for oxygen transfer in
sensitised photo-oxidation reactions. Additional evidence
against the existence of oxide complexes was provided by
measurements®® of the decomposition kinetics of the endo-
peroxide of diphenylfuran, aimed at explaining whether oxy-
gen transfer to other oxygen acceptors A occurs by the
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direct bimolecular reaction
DPFO,+ A - AO, + DPF
or with the participation of a singlet oxygen molecule

DPFO, - DPF + 10,
10, + A~ AQ,.

In these equations DPFO, is a molecule of diphenylfuran endo-
peroxide, A is an oxygen acceptor molecule (tetramethylethy-
lene, cyclohexa-1,3-diene, or rubrene), and DPF is a molecule
of diphenylfuran. The results convincingly favour the
second mechanism (i.e. the singlet oxygen mechanism).

Il. METHODS OF PREPARATION OF SINGLET OXYGEN

Singlet oxygen can be prepared by physical or by chemical
methods. The physical methods of preparative value include
photo-sensitisation and radio-frequency discharge. Among
the chemical methods the most important are the decomposition
of hydrogen peroxide by hypochlorite or hypobromite and
the decomposition of some ozonides.

1. Formation of Singlet Oxygen in Photo-processes

a) Photo-sensitisation

Photo-sensitised oxidation occurs by the following scheme?®:

&y .

1S, + Av =+ 1S, (absorption)
k

18, = 1S, -+ av' (fluorescence)

Es & g .

1S, = 1S, (internal conversion)
k

15, =% 3§,
kg

} (intercombination conversion)
35, — 1§,

38, + 20, ke 18,4 10, of singlet oxygen)
10, by 30, (deactivation of singlet oxygen)
k . R
10, Ay, = YAOy), (formation of product)

k,
18,4 30, =5 18, 102‘ (energy transfer; formation

In these equations S,, S,, and 3S,; are the singlet ground
state, the singlet excited state, and the triplet excited state
of the sensitiser S, 'A, and (AO,), are the singlet ground
states of the organic molecule A and of the product AO,, and
%0, and '0, are the triplet state and the singlet excited state
of oxygen (°2; %, and (or) A respectively).

One of the most important conclusions from studies of dye-
sensitised photo-oxidation reactions is that singlet oxygen
molecules can be obtained by energy transfer from the
sensitiser molecules in excited triplet or singlet states®~°,
The mechanism of the energy transfer process is assumed to
involve intermediate formation of a contact pair between the
sensitiser and the oxygen molecule!**%"*? (Fig.4). Since the
ground state of the organic molecule is singlet, and that of
the oxygen is a triplet 3y state, the ground state of the con-
tact pair (or weak complex) S...0, must be triplet*’. Excita-
tion of S or of O, produces a series of excited states of the
complex: some possibilities are illustrated in Fig.4. In
addition to these states of the complex we have to consider
states involving charge transfer (CT), formed by the transfer
of an electron from S to O,. For example, for the benzene—
O, complex the charge transfer complex lies approximately
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100 keal mole™® above the ground state*’. The next lower
excited state of the contact pair is the F-state>®*, which can
transfer oxygen" and from which transitions into the three
repulsive states 3G,, X,, and X, can be expected. These

transitions give oxygen in the ground triplet state and in two

singlet states (A and !%) respectively.

£

1 3 -
§—————= —% \/—35 ["sy+0,0,)]
=};CT bcT[5*+05)
1 5 -
JS‘— —————— E}3 3 k/_ "3 F [351+ 02(329)]
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‘Iz;____fxz
Tt | 0[5+ 0,'hy]
s, = —  —%, %y "9+ 0,0°8;)]
S 0y (S...0p) R
S...09
Figure 4. Energy level diagram and potential energy

curves for the sensitiser, the oxygen, and the sensitiser—
oxygen pair.

Quenching of triplet states by oxygen. Various mecha-
nisms have been proposed to explain the oxygen quenching
of molecules in the triplet state'®"%%3  An analysis* of the
energy level diagram (Fig.4) was based on the following
processes for the quenching of molecules in the triplet state:

(a) 1(*S1+ 20;) ~ 1S4+ 0, (*Z)
(b) (381 -+ 20,) — 1S,-+ 0, (*4)
(€) 3381+ %04) — 1S, + 0, (°Z)

The first two mechanisms were first suggested by Kautsky
[see Ref.(1)], the third implies an enhancement of the inter-
combination transition in the S molecule resulting from inter-
action with the paramagnetic oxygen molecule. Although in
principle this process can be assisted by the inhomogeneous
magnetic field of the paramagnetic oxygen molecule*?, the
effect has been shown"* to be negligibly small.
a study of the quenching of molecules in the triplet state by
paramagnetic ions has shown"® that the quenching efficiency
is not correlated to the magnetic moment of the paramagnetic
ions.

Another mechanism, proposed by Weiss*?, assumes electron
transfer to the oxygen. In most cases this mechanism is
excluded by energy considerations (see Fig.4), though it is

quite probable in the case of molecules with a very low ionisa-

tion potential (amines) in a polar solvent!*.

Direct interaction between a triplet organic molecule and an

oxygen molecule in the ground state is another possible
quenching mechanism; however, it has been shown experi-

mentally that even in the case of molecules undergoing photo-

oxygenation this reaction is not involved in the quenching of
the triplet molecules®*.

Calculations"® for the aromatic hydrocarbon—oxygen contact

pair, with an intermolecular distance of ~4 A, clearly show
that the transfer of energy to triplet oxygen, leading to the

(5)

Furthermore,
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formation of 0,('L) or 0,(*A) (see Eqns.5a and 5b), should
be far more effective (100—1000-fold) than quenching in the
ground state without energy transfer (Eqn.5¢). This is
because the process involving the conversion of the smallest
amount of electronic energy into vibrational energy will be
the predominant one: on the other hand, intercombination
transitions always involve the conversion of the largest
amount of electronic excitation energy into vibrational energy.
The following unimolecular rate constants have been calcu-
lated*? for the quenching of a molecule in the triplet state

having an energy ET = 60 kcal mole™:

1F — 1X, (10'* s'; energy transfer to O, (*Z))
IF - 1X; (10" s7'; energy transfer to 0,( a)

8F — 3G, (10°s!; enhanced intercombination conversion).

The quenching of molecules in the triplet state by oxygen
has been studied in the vapour"*’—5%, the liquid®'~%*, and
the solid phase3*'%°75%, Evidence that energy transfer to
the oxygen is the basic mechanism of the oxygen quenching
of triplet molecules has been obtained also by ESR: the
quantum yield of the formation of singlet oxygen, which is
proportional to the number of triplet molecules of naphtha-
lene produced, was shown®® by this technique to be ~1.

Since 0,(%) has an excitation energy of 37.7 keal
mole™? it can be produced by using sensitisers in which the
energy of the triplet excited level is 37.7 kcal mole™}, where-
as '0,('A) can be obtained by energy transfer from any
sensitiser of energy >22.6 kcal mole™ . The ratio 0,(*2)/0,.
.(*A) has been studied"® as a function of the triplet state
energy of the sensitiser. It was found that the quenching
of molecules with a high triplet state energy (ET >50 kcal)
produces ~10 times more 0,(1%) than O,('A). This is
because a smaller amount of electronic energy is converted
into vibrational energy by the creation of a I (as com-
pared to a 'A) state. In the case of molecules having a
triplet state energy <37 kcal only A molecules can be
formed. For intermediate values of the triplet state energy
of the sensitiser molecule (50 >ET >37 kcal) the ratio
0,('1)/0,(*A) falls smoothly to zero (Fig.5)."

10 —
s
=6 02(‘7:),’

N 4
?2— *//
;i:o-f—-——-l | l

Jo 40 50 60

Er, kcal mole™?

Figure 5. 0,('I)/0,(!A) ratio against the triplet state
energy of the sensitiser.

Gollnick and coworkers?®® studied the triplet states of

various types of sensitiser (dyes, aromatic hydrocarbons,
carbonyl compounds). Electronic excitation of aromatic
hydrocarbons and dyes give *(w, %) triplets, whereas
carbonyl compounds (except naphthyl phenyl ketones®! and
fluorenone®?) give 3(n,n*) triplets. As Table 2 shows,
the triplet state energies of the sensitisers examined in that
work?® cover the range 30—85 keal mole™.
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Quenching of singlet states by oxygen (fluorescence
quenching). It has long been recognised that oxygen can
effectively quench the fluorescence of many organic mole-
cules®*~%%, but the mechanism of this effect was not under-
stood. By applying theoretical calculations to the energy
level diagram of the sensitiser—oxygen contact pair (Fig.4)
Kearns* concluded that relaxation of the excited organic
molecule into a state with charge transfer (CT), i.e.

18,4 %0, - (S++ 0;)

is the main mechanism involved in the oxygen quenching of
molecules in an excited singlet state, and that the proba-
bility of quenching directly to the ground state is very much
lower.

Table 2. Lowest triplet state energies of various photo-
sensitisers®,
Sensitiser Er, Sensitiser Er,
keal mole-! keal mole-!
Azulene 38—31 Pyrene 48.7
Anthracene 42.0 Propiophenone 7.6
Acetophenone 73.6 Rhodamine B 43
Bengal Rose 39,5—42,2 [ Tetrachlorofluorescein 42.2—44 .1
Benzaldehyde 72.0 Tetrachloro-eosin (phloxin) 39.5—42.2
Benzene 84.5 Tetracene 29.4
Benzophenone 68.5 Thioxanthone 65.5
1-Bromonaphthalene 59.0 Triphenylene 66.6
Biphenyl 85.7 Phenanthrene 62.2
Carbazole 70.1 Flavone 62.0
Xanthone 74.2 Fluorene 67.6
Methylene Blue 34 Fluorenone 53.3
Naphthalene 60.9 ‘Fluorescein 45.2—48.1
1-Naphthyl phenyl ketone 57.5 Quinoline 62.0
2-Naphthyl phenyl ketone 59.6 Eosin 43.2—46.0
Erythrosin 43.1—45.8

The importance of CT states is confirmed, for example,
by the much higher (100-fold) effectiveness of NO in quench-
ing the singlet states of hexafluoroacetone®®, since NO has a
higher electron affinity than oxygen.

The oxygen quenching of the fluorescence of aromatic
hydrocarbons is diffusion-controlled in solution as well as
in the vapour phase®®~7%,

Generation of singlet oxygen by sensitisers on a solid
substrate. A new method of photo-oxygenation, described
by Blossey and coworkers’?, relies on the generation of
singlet oxygen by a photosensitiser supported on an insoluble
polymeric substrate. The sensitiser Bengal Rose was
bonded to chloromethylated polystyrene through its carboxyl
and (or) phenolic groups. A suspension of sensitiser-
coated polymer spheres in a suitable solvent (CH,Cl,, CHCl;,
CCl,, C¢Hg, CS,, etc.) containing the organic compound was
irradiated in the presence of molecular oxygen. The photo-
oxidised product was isolated simply by filtering off the
sensitiser spheres and removing the solvent by evaporation.
From these experiments the authors concluded’® that free
singlet oxygen is formed with high efficiency by energy

transfer from the polymer—Bengal Rose system to the oxygen.

The usual problems of photo-sensitised oxydation (solubility
of the sensitiser, and its separation, bleaching, regenera-
tion, etc.) are avoided by the use of a heterogeneous
method of photo-oxygenation. The sensitiser bonded to
the polymer can be re-used without significant loss of
effectiveness. Other (related) sensitisers on a polymer
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substrate were also examined (eosin, fluorescein, chloro-
phyllin, and hematoporphyrin), but their quantum efficiency
towards the singlet oxygenation process was found to be
lower than that of Bengal Rose.

Ion-exchange resins, which form strongly bound com-
plexes with ionic sensitisers, can also be used as the solid
substrate®’. Thus, the anionic dyes Bengal Rose and eosin
have been introdued into the strongly basic Amberlite
IRA-400 anion exchange resin, and the cationic dye Methyl-
ene Blue into the strongly acidic Amberlite IRC-200 cation
exchange resin. The sensitisers supported on a resin,
like those supported on a polymer, act as effective hetero-
geneous photo-oxidation catalysts.

Following Kautsky's experiments, Nielsson and Kearns®!
developed several heterogeneous sensitisers with an absorp-
tion bond. They found that silica gel covered with Bengal
Rose or Methylene Blue, or alumina covered with pyrene,
offer the same (albeit low) photo-sensitisation efficiency
as the corresponding homogeneous systems.

Triphenylmethane dyes are reported®? to be inactive as
sensitisers in solution, but to become active when bound to
polymers or used in a solid environment.

An interesting solid-phase, thin-film photochemical singlet
oxygen generator has been described®®. It consists of a
water-cooled tube internally coated with a thin solid film
of the sensitiser (Bengal Rose), irradiated with a tungsten
lamp, and a flask coated with a film of solid rubrene, which
acts as a trap for singlet oxygen. An opaque screen
separates the tube from the flask so as to avoid self-photo-
sensitised oxidation of the rubrene. The choice of rubrene
as a trap was dictated by its high reactivity towards 'O,
coupled with total inactivity towards %0,, and also by its low
volatility. Passing a stream of dry air through the whole
system at 3 mmHg for 24 h converted 65% of the rubrene
into rubrene peroxide. The reaction was monitored spec-
troscopically (in benzene, at 494 and 530 nm). However,
the reproducibility of the results obtained with singlet
oxygen generated by this method is not high®:.

Photo-sensitised generation of singlet oxygen by near infra-
red radiation. The generation of !0, by irradiation with
near infra-red light (} <0.9 um) from a xenon lamp was
first reported by Nathan and Adelman®*, who used the follow-
ing sensitisers: 1,1’-diethyl-2,2'-tricarbocyanine iodide,
xenocyanine, and 3,3'-diethyl-9,11,15,17-dineopentylene-
thiapentacarbocyanine iodide. No singlet oxygen was
obtained when other sensitisers were used. The reactions
were carried out in dioxan and dichloroethane solutions,
using 9,10-dimethylanthracene as the acceptor (which was
converted into the 9,10-endoperoxide). The progress of
the reaction was monitored by the intensity of the
9,10-dimethylanthracene absorption bands at 245 and 265 nm,
which are not given by the endoperoxide.

b) Formation of singlet oxygen through charge transfer
complexes

This mechanism for the formation of singlet oxygen was
proposed after an investigation®¥8¢ of the reversible absorp-
tion of u.v. light (230—400 nm) by olefin—oxygen collision
complexes.

Reversible absorption by olefins and aromatic hydro-
carbons in the u.v. region, due to the presence of oxygen,
has been observed repeatedly in the liquid and the gas
phase"®**87-93  and was studied in detail in our labora-
tory®*9% (see Ref.95 for a detailed bibliography on this
effect). This work led to the firm conclusion that any
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compound able to act as an electron donor towards oxygen
(aromatic and heterocyclic hydrocarbons, alkenes, and
alkanes) can form a charge transfer complex (CTC) with
oxygen in which the hydrocarbon acts as an electron donor
and the oxygen as the acceptor. As a result, these hydro-
carbons show additional absorption in the u.v. or visible
region in the presence of oxygen, consisting of a very strong
band in the shorter-wave region and much weaker (~100
times) bands in the longer-wave region. The stronger band
is due to absorption with charge transfer (between the
hydrocarbon and the oxygen), and the weaker bands to
singlet—triplet absorption by the hydrocarbon induced by
the oxygen (which is forbidden by the selection rules under
normal conditions). The spectrum of the original hydro-
carbon is shifted towards longer wavelengths by this addi-
tional absorption.

Collisions between hydrocarbon molecules (donor, D) and
oxygen molecules (acceptor) produce weak complexes (con-
tact pairs) which have a triplet character®®:

Dy+ 0, (33) 2 %D ... O, ()}

This complex can absorb light. The result is the trans-

fer of an electron to the acceptor (oxygen) with formation

of a charge-transfer complex which can be either in the trip-
let or in the singlet state, since both D* and 07 are in
doublet states:

@D ... 0,(D)] 52 [D*— 0]
b 3D ... 0,(3) a (D — 03], .

In reaction (6a) both the ground state and the CT state are
triplet, which makes the transition allowed according to the
spin conservation rule.

10747, cm™!
T
s —®
13CT
=== 3;
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0 L 9—— Zu— —
D 0,  D..0;

Figure 6. Energy level diagram for the donor, the oxygen,
and their 1:1 contact pair.

The first excited singlet and triplet states of the donor
and of the corresponding 1:1 pairs with oxygen in the
ground state 0,(°z) are 'D,, °D,, and 3G, *¥°F respec-
tively (Fig.6). The donor molecule in the first excited
singlet state 'D, forms a CTC in the triplet state G with
oxygen in the ground state, whereas a donor molecule in the
°D, state can give quintet (°F), triplet (*F), and singlet
(*F) CTC states with oxygen in the ground state. If 1:1
pairs are formed between a triplet donor (®D,) and singlet
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oxygen in A or I states, two additional states (denoted
%H and *I) are created.

The CT state can interact with °G, obtaining its energy
from the allowed transition between the ground and the
singlet excited state of the donor. Similarly, °F can
interact with 3CT, thus borrowing energy from the CT
transition and causing enhanced S+ T absorption. It was
shown"* that the direct interaction between °F and °G states
has a much weaker influence on the intensity of the S+ T
band than the interaction between the same states through a
triplet state with charge transfer. Thus, the additional
absorption observed consists of the allowed CT band, which
borrows energy mainly from the allowed 'D,~+ D, transition
and also (to a much smaller extent) from the S+ T band,
which is strengthened by the 3CT state. If this path for
the internal conversion of energy from 3G to °F through the
5CT state is effective, the CTC in the °F state can produce
a donor in the triplet state and molecular oxygen in the
ground state:

*ED; + O, (B2)] — 3Dy + 0, (2), &

An alternative mechanism includes the conversion of 3CT
into %I and °H states, which can then dissociate to give
'0,+*D;:

(@) 3CT — 3] > 3D, + 0, (12)
(b) 3CT—32H 3D, + O, (A). (8)

Reaction (7) gives singlet molecular oxygen by energy trans-
fer from the triplet donor to the oxygen in the ground state
(Kautsky's mechanism), whereas reaction (8) produces 0,
directly.

This mechanism for the formation of singlet oxygen is
believed® to be very important in the chemistry of industrial
atmospheric pollution.

c) Direct optical excitation

Liquid oxygen (and also gaseous oxygen at high pressure)
has a series of bands in the u.v., visible, and i.r. region
of the spectrum corresponding to various transitions (see
above)®® %, The wavelength of the He—Ne laser (623.8 nm)
corresponds almost exactly to the absorption band due to
the 20,( %) » 20,(*A) transition, and Evans®® found that
irradiation of a solution of 9,10-dimethylanthracene under
a high oxygen pressure with light from a He—Ne laser causes
photo-oxygenation of the anthracene (in the absence of a
sensitiser). The quantum yield of the photo-oxidation was
only 0.13, but it could be raised to ~0.6 by using a more
reactive acceptor of singlet oxygen (1,3-diphenylisobenzo-
furan, DPBF). By using a range of different light sources
Evans®® established an approximate "action spectrum" for
photo-oxidation by light of different wavelengths, and he
showed that only light of wavelength corresponding to the
known absorption bands of oxygen is active in promoting
oxidation reactions. Though this method of generating sing-
let oxygen has little preparative value it is important in
studies of the mechanism of various reactions involving sing-
let oxygen.

d) Photolytic generation of singlet oxygen

The photolysis of ozone is another method of producing
!y and 'A oxygen in a gaseous system®®~1%;
Og +hv—>0,T'Z or *A)+O(D or °P),

From energy considerations we can establish the threshold
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wavelengths for the direct production of 0,(12) and 0,(A)
by ozone photolysis. In principle the photolysis of ozone
at A =253.7 nm can give either 0,(Z) or 0,(!A) plus an
atom of oxygen in the excited D state, but in practice only
0,(A) is obtained'®’. Formation of 0,('Z) takes place by
the following side reaction, involving energy transfer from

an excited oxygen atom to molecular oxygen in the ground
state?9:101,102,105,

0 (D) + 0;°Z) ~ O (°P) + O, (*Z).

The following reactions (which also take place in the system),

O (D) + 0, (*Z) - O, (*A) + O (°P)

03 4+ AVags,2nm—> Oy (12) +0 (ID)
are only minor sources of 0,(%A) and 0,(11).%° It has been
shown!" that 0,(13) can be obtained also by the photolysis
of molecular oxygen from the reactions

Oz + hvumm“‘ O(ID) + O(sP)
O (D) + 0, (°2) = 0, ('Z) 4- O (°P).

2. Chemical Sources of Singlet Oxygen

a) Decomposition of hydrogen peroxide

The decomposition of hydrogen peroxide according to
Eqn.(2) was used in the first definite demonstration of the
participation of singlet oxygen in sensitised photo-oxidation
reactiong®%1077109,

In the absence of organic compounds the resulting singlet
oxygen is deactivated (with chemiluminescence) to triplet
oxygen'®’”. By comparing the chemiluminescence bands
with the emission bands of gaseous oxygen in an electric
discharge and with the absorption bands of liquid oxygen
it was established that the decomposition of hydrogen perox-
ide gives a high yield of singlet oxygen moleculeg?*2%-197:198>
110-112 The chemiluminescence is produced by double
molecular transitions [see Eqns.(3) and (4)] as well as by
the single molecular transitions

0. (12) -» O, (°Z) + 4Vr50nm

O, (*4) - 0, (°Z) + Avizronm . 9

Studies of chemiluminescence?*2%:207:110 have yielded some
other interesting results. Firstly, this work showed that
the strongest band in the chemiluminescence spectrum
(703.2 nm) results from a cooperative transition involving
a pair of 0,(1A) molecules, which is explained by the gen-
eration of large amounts of excited singlet oxygen during
the decomposition of H,0,. Secondly, in solutions the
chemiluminescence band at 760 nm [for the 0,(1Z) + 0,(°L)
transition] has a rotational fine structure which suggests
that the radiation is from singlet oxygen molecules in gas
bubbles!®® rather than from dissolved oxygen. Though the
rotational structure has not been resolved in the other bands
it is assumed that the whole of the radiation comes from
oxygen molecules in the gas phase, because the life time of
singlet oxygen in solution is very much shorter than in the
gas phase (see Table 1).

The yield of singlet oxygen during the decomposition of
hydrogen peroxide is very sensitive to the nature of the
solvent''®, In methanol the yield is 70%, and high yields
are obtained also in ethanol and in a methanol—t-butanol
mixture. In other solvents miscible with water the yield is
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usually <10%.*® This effect is not understood at present.
Since photo-sensitised oxygenation is not sensitive to the
solvent it follows that the nature of the solvent can influence
the formation of singlet oxygen but not its reactions’.

b) Decomposition of ozonides

One of the most convenient methods of chemical generation
of singlet oxygen is the decomposition of the adduct of tri-
phenyl phosphite with ozone, which can be prepared at
—70 °C. When heated to —35 °C this compound gives singlét
molecular oxygen by the reaction!!*”118;

O
/
(CeHs0); P
6}

A
0 - (C;H;0), P=0+10,.

The proof of the formation of singlet oxygen by the decom-
position of this adduct rests on the observation that various
oxygen acceptors can be oxidised by it to give the same
products as the recognised reactions of singlet oxygen with
the same acceptors. Wasserman and coworkers!!® showed

by ESR spectroscopy that the decomposition of this ozonide
produces 0,('A), which could be detected in the gas phase
after being evolved from the solution. However, the pos-
sibility of complicating side reactions was later pointed out!?°,
Tetramethylethylene (TME) was found to react with triphenyl-
phosphiteozone at —60 °C, i.e. below the temperature at
which the rate of decomposition of the adduect is sufficient to
produce free oxygen in substantial amounts. Furthermore,
by comparing the reactions of this adduct with TME and

with 2,5-dimethylfuran (another effective acceptor of singlet
oxygen) we note that TME is the more effective acceptor
towards this adduct whereas in the sensitised oxidation reac-
tions the opposite is true.

This work!?® led to the conclusion that direct transfer of O,
from triphenylphosphiteozone (by an alternative mechanism)
must be possible. The mechanism yields the same products
as the reaction with free singlet oxygen, but it has a differ-
ent selectivity towards various organic compounds. The
study was extended to other alkenes'?, and direct transfer
of O, from the adduct to the acceptor was again observed.

In this sense the ozonides are very similar to the molecular
oxides of Terenin and Schenck's mechanism*:2%23%:35,

The ozonides of 4-ethyl-2,6,7-trioxa-1-phosphabicyclo-
[2,2,2]octane?? and 1-phospha-2,8,9-trioxa-adamantane®??
have also been used as sources of singlet oxygen, which they
generate at somewhat higher (and more convenient) tempera-
tures.

¢) Decomposition of endoperoxides

Various aromatic hydrocarbons (especially linear poly-
acenes) undergo sensitised photo-oxidation reactions in the
presence of oxygen to give endoperoxides which dissociate
on heating, regenerating the initial hydrocarbon and free
molecular oxygen®!2%, Theoretical considerations suggest
that the oxygen generated by the dissociation of endoperox-
ides can be in an excited singlet state!?®.

Wasserman and Scheffer!?® showed that the decomposition
of 9,10-diphenylanthracene peroxide (I) in the presence of
suitable acceptors of singlet oxygen can be used to promote
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typical singlet oxygen reactions:

Ph Ph
7 o
(N 120°¢, o
N 9 “
N
Ph Ph

(1

Similarly, singlet oxygen can be generated!?’ by heating
3,6-diphenyl-1,2,4,5-tetroxan (II):

Ph ,0—O. Ph . o

5o 10,.
' N\o—o/\y P At
Ph H

d) Decomposition of the O3 ion

The peroxide ion O, is a potential source of singlet oxygen,
since by losing an electron of the appropriate spin it can
give either molecular oxygen in the ground state or singlet
excited oxygen'*:

207 - 190, - €3

Evidence of sensitised fluorescence has been detected!?® by
adding various fluorescent dyes to a saturated solution of
potassium peroxide in dimethylsulphoxide. This was inter-
preted??® as evidence for the formation of singlet oxygen in
this system, but other chemiluminescence mechanisms cannot
be excluded, and doubts were later expressed'?® on this
conclusion.

e) Thermal preparation of singlet oxygen
Turro and coworkers'®? reported that the seven-membered
alkyne compound 3,3,6,6-tetramethyl-1-thia-4-cycloheptyne
(I1I) when heated (~90 °C) in the dark in the presence of
atmospheric oxygen yields the dione (IV) with chemilumines-
cence [Eqn.(10)]:

o, ,0
NENS NSNS
/! .\ -- 0, i; /i ‘\ -+ hv. (10)
Ng/ Ng/
) (V)

The same product is obtained by the reaction between the
compound (III) and singlet oxygen. Since atmospheric
oxygen is triplet, intercombination conversion must be taking
place at some stage during reaction (10). The authors con-
clude'?®® that a reactive intermediate (probably an ionic
acetylene—oxygen adduct) is formed during the reaction.
They suggest that the triple bond in this adduct increases
the probability of finding both the electrons from the electron
pair of the oxygen molecule on the same oxygen atom, and
hence it increases the probability of forming singlet oxygen
by the pairing of these electrons.

Free singlet oxygen is generated by the decomposition of
the acetylene—oxygen intermediate complex. In this way
the starting compound is regenerated, and therefore the
process can be classified as a catalytic thermal generation
of singlet oxygen from triplet oxygen. This process could
be very important in biological systems.
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) Other chemical sources of singlet oxygen

Peroxyacetyl nitrate (PAN), a component of smog, is easily
decomposed in the presence of bases'*:

o o]

i I
CH;COONO, + 20H™ — CHyCO™ -+ H,0 + NOj + O,

Steer and coworkers!?! studied this reaction, and detected

a weak radiation at 1270 nm during the decomposition of PAN
which they assigned to the 0,(A) »~ 0,(°z) transition. They
ascribed the high reactivity of PAN in chemical and biological
systems to its ability to generate singlet oxygen.

Some other compounds also could be of interest for the
generation of singlet oxygen. They include the monomeric
adducts of oxygen with various transition metals'®?~1%%, and
also clathrate oxygen compounds®®. It has been reported'®’
that even in oxyhemoglobin singlet oxygen is formed in the
light by a reaction photosensitised by heme:

hv
Hem—30, 7> 'Hem*—3%0, — Hem - 10,,

Although heme does not fluoresce, and hence cannot sensi-
tise the formation of 0, in the normal way, its physical
proximity to an oxygen atom in the oxyhemoglobin molecule
appears to compensate for the short life time of the excited
state!®’,

3. Electrical Discharge

In this physical method of generating singlet oxygen, dis-
covered by Noxon*®® and developed by various workers!?11%
139140 an electrodeless microwave or radio-frequency dis-
charge in a stream of oxygen in a discharge tube produces
~10% of 0,(*A). A mass spectroscopic study of this reac-
tion'*? has shown that the 0,(A) continues to exist beyond
the discharge region. A small amount of 0,(1%) is also
produced in the discharge'*?, but it rapidly relaxes to 0,(*4).
Oxygen atoms are also formed in the electric discharge, but
they can be removed by placing a film of mercuric oxide
between the discharge and the observation point**,

Ozone is another component formed in the discharge. It
can react with 0,(%) according to the equation®*®

Op (*2) 4 03 — Oy 4 Oyt O.

The oxygen atoms produced by this reaction can react with
a further molecule of ozone:

O Oy — 20,.

In the absence of ozone and other gases the de-activation
of 0,(*A) and 0,('%) occurs mainly through collisions with
the walls of the flow system!*’.

4. Incandescent Lamps as Sources of Singlet Oxygen

Khan has shown'"® that electronically excited molecular
oxygen can be generated by an ordinary tungsten filament
lamp. He found that the radiation from a tungsten filament
lamp consists of a series of distinct peaks on a continuous
background, and he noted that these peaks correspond to
emission bands which had been previously assigned to
simultaneous transitions of oxygen pairs. It is assumed
that excited oxygen molecules are formed on the tungsten
surface, and are then emitted from this surface®*’.

Spectroscopic observations'*® have led to the suggestion "
that the weak luminescence at 520—620 nm which accompanies
the chemisorption of oxygen on clean tungsten surfaces®*®
may also be due to radiation from excited oxygen molecules.
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A relationship between the weak luminescence observed!*®

at 600—800 nm during the adsorption of oxygen molecules on
various solid oxide surfaces and the formation of singlet
oxygen molecules is also possible.

I1l. METHODS OF DETECTION OF SINGLET OXYGEN

1. Gas-phase Methods

Various methods of detecting singlet oxygen in the gas

phase are discussed in recent reviews!:'2%,

a) Paramagnetic resonance

Oxygen in the A state is paramagnetic by virtue of its
orbital angular momentum, and several workers®’»11%:1507152
have observed and analysed the paramagnetic resonance
spectrum of 0,(A) in a discharge. In particular, signals
corresponding to transitions with AM =1 have been observed
for states with a full angular momentum J =2 in addition to
the normal signals for the triplet ground state of oxygen.

In this way it was shown that the concentration of 0,(A) is
10% of the total concentration of oxygen in the discharge.
The same method has been used to demonstrate the formation
of 0,('A) in the gaseous decomposition products of the tri-
phenyl phosphite—ozone adduct!'®, and the formation of
0,(*A) by energy transfer from sensitisers in the triplet
state®%152,

The EPR method is specific for the A state of oxygen,
because the I state is diamagnetic.

b) Emission spectroscopy

Optical radiation from the 0,(!A) and 0,('I) molecules can
be detected in the gas phasel?26:27:110,138,1391537157  gingije
molecular transitions occur at 1270 and 760 nm respectively
[see Eqn.(9)]. At high oxygen pressures the cooperative
(or bimolecular) radiation bands at 634 and 703 nm are
easily observed [see Eqn.(3)], as well as the weaker bands
at 381 and 478 nm [Eqn.(4)].

An important advantage of the emission spectroscopy method
is its ability to detect both 0,(*Z) and 0,(*A) over a wide
pressure range, whereas by the EPR method O,(*A) can be
detected only at pressures of several Torr. The sensitivity
of the method can be raised still further by using a reflec-
tive amplifier to detect the radiation®®®,

¢) Photo-ionisation

The ionisation potentials of singlet oxygen molecules in
1A and ! states are lower (by 1.0 and 1.6 eV respectively)
than the ionisation potential of the I ground state (12.5
eV).%® The photo-ionisation method of detecting excited
oxygen is based on this difference’®°”2¢%, The method was
used initially with monochromatic excitation!®*~?%2, but later
a large increase in sensitivity was obtained by using the
resonance lines of the inert gases to ionise excited oxygen
molecules®®®, For example, the krypton line at 1165
selectively ionises O,('%), whereas the argon resonance lines
at 1067 and 1048 & ionise both 0,('A) and 0,('I), but not
0,(%z). The method has yielded valuable information on the
rate constants of various reactions of singlet oxygen in the
gas phase.
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Though the photo-ionisation method is very sensitive,
its applications are limited, because the method is not appro-
priate to systems containing organic molecules, oxides of
nitrogen, or other compounds having an ionisation potential
lower than 11 eV.

d) Calorimetry

The isothermal calorimetric method of detecting 0,(A)
depends on the efficient deactivation of this species on a
cobalt-coated platinum wirel®11%111:184  mhe heated wire
is exposed to the gas stream, and the concentration of
excited oxygen molecules can be calculated from the quantity
of heat generated by the deactivation process. It has been
shown!®1!? that a wire coated with cobalt can deactivate more
than 95% of the O,('A) present in the gas stream. The main
disadvantage of this method is its lack of selectivity, since
0,('z), atomic oxygen, and any other species in an excited
state present in the gas can contribute to the heat evolution.

2. Methods of Detecting Singlet Oxygen in the Condensed
Phase. Effect of the Solvent on the Life Time of Singlet
Oxygen

Since the life time of singlet oxygen in the condensed phase
is approximately eight orders of magnitude [for O,(!A)] and
ten orders of magnitude [for 0,(11)] lower than in the gas
phase (see Table 1), most of the methods used to detect
singlet oxygen in the gas phase are inappropriate for solu-
tions. Chemical methods are used for solutions, but they
are not always reliable. Thus, the reaction of TME with
singlet oxygen produces the rearranged allyl hydroperoxide
(v). 657,30

. QoH
0.
e 225 </
i

The formation of this hydroperoxide is usually taken as an
indication of the presence of 0,.%’!?® However, there is
evidence that this allyl hydroperoxide is formed also when
TME reacts with oxygen in the ground state by a chain

reaction mechanism including free-radical intermediates
165,166

120,

Singlet oxygen reacts with vinyl diethers to form diox-
etanes (VI):*

OEt OEt OEt

However, the same products can be obtained from "non-
singlet" oxidation reactions!®’, and additional experiments
are needed to exclude other possible reactions. These
involve adding one or two singlet oxygen fluorescence
quenchers (for example, B-carotene, or a tertiary amine
such as 1,4-diazobicyclo[2,2,2)octane), and also a typical
inhibitor of free-radical auto-oxidation (a substituted phenol).
The role of singlet oxygen can be inferred from a comparison
of the two experiments.

Of all the reactions examined only the 1,4-cycloaddition to
conjugated dienes can be used as an unambiguous test of
the presence of singlet oxygen, since no other reagent
appears to give the same product!®s.

A new method of detecting singlet oxygen in solutions,
based on measurements of the life time of singlet oxygen in
solutions by infrared spectroscopy, was developed by Merkel
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and coworkers!®®®°  These workers found that the life

time of singlet oxygen is surprisingly very sensitive to the
nature of the solvent. They generated!®®¢? singlet oxygen
(~5x 107° M) by energy transfer from Methylene Blue triplets
excited by light pulses from a ruby laser. The singlet
oxygen was then determined spectroscopically by its reaction
with the coloured acceptor DPBF to give a colourless product.
Measurements of the bleaching rate at two different acceptor
concentrations gave the life time of the singlet oxygen and
the rate constant of the reaction. When the concentration of
DPBF was too low for this reaction to be the main deactivation
path of the 0,('A) the life time of the singlet oxygen was
calculated directly.

Table 3. Solvent dependence of the life time of 0,(1A). %%
| i Acet- Hydro-| Carbon
Heavy | Ethan- | Cyclo-| Benz- A€t |Chloro-| |
Solvent | Water | "4 l Methano\l o |nexane| ene | ©¢ |fora 5;:11;:1 ::;tl‘:ride
|
Life 2 20 7 12 17 24 26 60 200 700
time of
0x(1a),
S
Table 4. Solvent dependence of the life time of 0,(A).*"*
Benzene 1\ Bromoben-
Solvent n-Butanol t-Butanol methanol zene/meth- Pyridine Dioxan
“4:1) anol (4:1)
Life time l 19+£3 344 265 l 234 3315 3210
of 05(1a),
us

The results®®1®® pevealed no correlation between the life

time of the singlet oxygen and properties of the solvent such
as the viscosity and dielectric constant. The same conclu-
sion was reached independently in another investigation”®,
Merkel and coworkers'®®1%% also found that the life time of
singlet oxygen is 10 times higher in D,0 than in ordinary
water (see Table 3).

More recently, measurements of life time by flash photolysis
have been reported for other solvents (see Table 4).'7*

The deuterium isotope effect has been used*®®!®° as a new
method of detecting singlet oxygen in solutions. By moni-
toring the rate of bleaching of DPBF (10~° M) in H,0/CH;0H
(1:1) and D,0/CD,0OD (1:1) mixtures under otherwise
identical conditions they noted a ten-fold increase in the
effectiveness of photo-oxidation in the deuterated solvent.
Since the rate constant was unaffected by the deuteration,

a ten-fold increase in the life time of singlet oxygen was
inferred from these observations.
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