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Abstract

This paper starts from the short historical account presenting seminal contributions of A.N. Terenin to studies of the dye triplet states and
photonics of singlet oxygen. Then, three the most successful projects of author’s group dealing with singlet oxygen photonics are discussed. The
most attention was devoted to discovery of photosensitized phosphorescence of singlet oxygen in the solution-phase and to its kinetic features in
organic solvents and aqueous solutions after short laser pulses. The second project dealt with photosensitized luminescence, which accompanies
summation of energy of two singlet oxygen molecules, and was shown to be emitted by singlet oxygen dimols ('O,), or dye molecules, which
accumulate energy from two ' O, molecules. The third project dealt with photochemical investigation of the oxygen absorption bands corresponding
to the triplet—singlet transitions in oxygen molecules dissolved in organic solvents and water saturated with air at normal atmospheric pressure.
The results of these projects have been shown to work for theoretical and applied problems of spectroscopy, photochemistry, photobiology and

photomedicine.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Singlet molecular oxygen (') is known to be efficiently
produced upon illumination of pigments and dyes in aero-
bic conditions. Singlet oxygen is highly reactive and causes
oxygenation of many chemically and biologically important
compounds. Therefore, 'O, is involved in numerous photo-
dynamic reactions in chemical and biological systems and in
particular, in photodynamic elimination of cancer tumors and
other phenomena important for photomedicine (see reviews
[1-3]). These conceptions, which are universally adopted in cur-
rent scientific literature, have been proved as a result of long
dramatic discussion, which lasted during more than 64 years
(1900-1964). A.N. Terenin actively participated in this discus-
sion and was the author of seminal contributions, which are
described in the short historical introduction given below.

* Correspondence address: A.N. Bach Institute of Biochemistry, Russian
Academy of Sciences, Leninskii pr. 33, Moscow 119071, Russian Federation.
Tel.: +7 495 954 1472; fax: +7 495 954 2732.

E-mail address: phoal @mail.ru.

1010-6030/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2007.12.015

Honor of the discovery of singlet oxygen belongs to R.
Mulliken. In 1928, he applied the molecular orbital theory to
the oxygen molecule. He concluded that O; is triplet in the
ground state and has two relatively low-lying singlet states.
The electronic transition from the ground to one of these sin-
glet states corresponded to the well-known Fraunhofer line
at 762nm caused by the absorption spectrum of oxygen in
the Earth atmosphere. Mulliken claimed that another singlet
level should have lower energy and predicted the existence of
additional oxygen absorption band at about 1500 nm, which
was not known at that time [4,5]. In 1933-1934, the pre-
dicted band was observed at ~1270nm in the absorption
spectra of liquid oxygen and the Earth atmosphere [6,7]. Anal-
ysis of the absorption spectra of liquid oxygen revealed also
the absorption bands of oxygen dimols (O»); [6]. Later, the
dimol absorption bands were also found in gaseous oxygen
and in oxygen solutions at high pressure (about 130 atm)
[8,9]. According to the modern terminology, the ground state
of molecular oxygen is denoted by spectroscopic symbols
3Zg’, and the singlet states by symbols 12g+ and lAg
(Fig. 1).
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Fig. 1. Diagram of electronic transitions between the ground and the lowest
excited singlet states of monomeric (A) and dimeric (B) molecules of oxygen.
Solid lines show transitions caused by light absorption, dashed line correspond to
radiative transitions. The wavelengths correspond to the maxima of the absorp-
tion and luminescence spectra in the gas phase. Numbers in brackets indicate
vibrational sublevels.

In 1931, soon after the first Mulliken’s papers, Kautsky
proposed that photodynamic reactions are caused by reactive
singlet states of oxygen ('0;), which are formed as a result
of energy transfer from excited molecules of photosensitizers
(Sens*) to Oy [10-12]. To prove this idea, he performed a
well-known experiment, during which he observed photosen-
sitized oxygenation of substrate molecules when the substrate
and photosensitizer molecules were absorbed on different
silica gel grains. This experiment showed that the interme-
diate responsible for photooxygenation was gaseous oxygen
[11].

Kautsky noticed also that oxygen quenched fluorescence and
delayed fluorescence of dyes absorbed by silica gel. Quenching
of delayed fluorescence by oxygen was much more efficient.
Kautsky proposed that singlet oxygen can be generated by both
fluorescent and metastable states of dyes [12]. It is worth not-
ing, that nature of the dye metastable state was not clear at
that time. In 1933-1935, Jablonski reported his famous dia-
gram, where he claimed that dye molecules possess both the
short-lived fluorescence state and long-lived metastable state
[13]. Kautsky’s ideas were too innovative for researchers at that
time and were not supported. However, they stimulated very
active discussion. The first alternative explanation of Kautsky’s
experiments was proposed by Weis [14] and Franck and Liv-
ingston [15]. They suggested that photooxygenation proceeded
due to formation of free radicals *O,~ and HO,*®, which appear
in the reaction between excited photosensitizer molecules and
oxygen.

Terenin joined this discussion in 1943, when he claimed
that the fluorescence state of dyes is singlet and the metastable
state is triplet [16,17]. One year later, Lewis and Kasha inde-
pendently came to the same conclusion [18]. Terenin also
claimed that two mechanisms of 'O, generation by pho-
toexcited dye molecules are allowed by the principle of the
constancy of the total spin of the system (the Wigner rule)

[16,17]:

ISens * (1) +302(11) — 3Sens * (1) + 102(1)) (1

3Sens * (1) +202(44) — 'Sens * (1) +'102(1)) )

where 1Sens, !Sens* and 3Sens* are photosensitizer molecules
in the ground, singlet and triplet states. The first mechanism is
possible for relatively small group of photosensitizers whose
energy gaps between ' Sens* and ?Sens* is more than energies
of the singlet states of oxygen. The second mechanism is pos-
sible for much more abundant group of photosensitizers whose
triplet levels are higher than the singlet levels of oxygen. Terenin
stressed that the triplet states of dyes should be much more
efficient than the singlet states in promotion of photodynamic
oxygenation reactions because the lifetime of >Sens* is 10° to
107 times longer than the lifetimes of ISens*. In 1952, Terenin
and Ermolaev discovered triplet-triplet energy transfer between
dye molecules [19]. According to Dexter, this process is a result
of exchange energy transfer [20]. Singlet oxygen formation was
proposed to be a result of the same energy transfer between
triplet dye and oxygen molecules where oxygen molecules are
energy acceptors [21,22].

Terenin’s mechanisms provided comprehensive explanation
of Kautsky’s data obtained in the heterogeneous systems. How-
ever, Terenin suggested in his first papers that biradical complex
of triplet dye molecules with oxygen (moloxide) should be more
reactive and play more important role in photodynamic reactions
in homogeneous solutions [16,17]. Similar ideas were supported
by most photochemists at that time ([23] and refs. therein).

In 1964, Foote and Wexler [24,25] and then Corey and Taylor
[26] proved that the singlet lAg state of oxygen, is the primary
reactive intermediate in the Type II photodynamic processes in
the solution-phase. Their work was stimulated by the chemilu-
minescence studies of several groups. These groups observed
that 'O, luminescence appeared in the dark without photosen-
sitizers under the electrodeless microwave discharge in the gas
stream or in bubbles of oxygen released in the chemical reac-
tion of Hy O, with Cl, or C1O™ ([27-29] and refs. therein). Foote
and Wexler [24,25] and Corey and Taylor [26] discovered that
10, formed in these luminescence systems reacted chemically
in the darkness with certain substrates of the photodynamic reac-
tions. The reaction products were identical to those, which were
formed photochemically.

Itbecame clear after these experiments and subsequent papers
of many researchers that Terenin’s mechanisms of singlet oxy-
gen production are valid also in liquid solutions and biological
systems. Therefore, early Terenin’s papers laid down the basics,
on which current concepts of photodynamic action and pho-
tonics of singlet oxygen are built. Terenin’s papers and his
personality strongly influenced also my work. Below, the lecture
of this author at the memorial Terenin meeting at St. Petersburg
is presented. It summarizes three the most successful projects of
my group, which dealt with photonics of singlet oxygen.
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Fig.2. Theresults of the first measurements of photosensitized phosphorescence
of singlet oxygen in the solution-phase: (A) absorption spectra of naphthacene
and protoporphyrin IX d.m.e. in air-saturated carbon tetrachloride (1 and 3).
Excitation (2 and 4) and emission (5) spectra of singlet oxygen phosphorescence
in the same solutions as measured at the set-up with the mechanical phospho-
roscope [30] and (B) emission spectra of oxygen phosphorescence in D>O (1)
and in DO containing 5% (2) and 50% (3) H>O and in HyO (4). Left part: the
absorption spectrum of riboflavin in DO (solid line) and excitation spectrum
of oxygen phosphorescence (x). L is the phosphorescence intensity and I is the
intensity of excitation [36].

2. Photosensitized phosphorescence of singlet oxygen

The photosensitized phosphorescence of 'O, (! Ag, 1270 nm)
in air-saturated solutions of pigments was discovered by this
author in 1976 [30]. The results of the first phosphorescence
measurement in an organic solvent are shown in Fig. 2A. Phos-
phorescence was observed using a mechanical phosphoroscope,
cooled S-1 photomultipliers and continuous light sources (xenon
lamps) in air-saturated carbon tetrachloride due to energy trans-
fer from triplet molecules of protoporphyrin or tetracene to
oxygen. During 1977-1979, we found this phosphorescence
also in solutions of many photodynamically active pigments
including porphyrins, chlorophylls, bacteriochlorophylls, pheo-
phytins and retinals. The solvents were CCly, CS, and Freon
113 where the singlet oxygen lifetime was shown to be very
high, >20 ms. It was demonstrated that phosphorescence mea-
surements can be easily used for determination of the 'O,
lifetimes, quantum yields of 'O, production and the rate con-
stants of 10> quenching by different compounds ([30-34] and
refs. therein). Later, the steady-state measurements of photosen-
sitized ! O, phosphorescence were performed in organic solvents

whose molecules contained hydrogen atoms, deuterium oxide
and water [35-39]. The results of the first phosphorescence mea-
surement in DO and D,O-H,O mixtures are shown in Fig. 2B
[36]. In parallel, the technique for time-resolved phosphores-
cence detection after short pulses of lasers or flash lamps was
developed in the Minsk Institute of Physics [40—42]. Phospho-
rescence was measured through the interference filter with the
transmission maximum at 1270 nm. Detectors were cooled S-1
photomultipliers or germanium photodiodes. The phosphores-
cence kinetic traces were registered by storage oscilloscopes.
In 1982-1983, time-resolved set-ups with germanium photode-
tectors and computer systems of signal averaging over a few
laser pulses appeared in the USA ([43-45] and refs. therein).
The power of excitation pulses in these papers varied from 3
to 400 mJ. This technique allowed microsecond time-resolution
and reliable detection of the decays of photosensitized ! O, phos-
phorescence after laser shots in organic solvents and deuterium
oxide. The use of this equipment for investigation of singlet oxy-
gen in aqueous pigment solutions and biological materials was
not quite successful (see [46] for the detailed review of the data
obtained before 1998).

In 1983, we found more efficient technical solutions and
markedly raised the sensitivity of time-resolved measurements
by using for phosphorescence excitation pulsed nitrogen lasers
with short pulse duration (10-20ns) and high pulse repetition
rates. Phosphorescence was measured by cooled S-1 photo-
multipliers using time-resolved photon counting and signal
accumulation from unlimited number of laser pulses [47]. These
measurements allowed us to greatly improve the signal-to-noise
ratio. As a result, we got an opportunity to use low inten-
sity laser pulses for phosphorescence excitation (10-20 wJ) and
to measure phosphorescence through a monochromator that
allowed simultaneous control of the phosphorescence spectra
and kinetic traces. The time resolution of the first set-up of this
type was limited by the dwell time (5 ps) of our multichannel
analyzer. However, reliable phosphorescence decays after laser
shots were obtained in organic solvents, deuterium oxide and
water ([47-49] and refs. therein).

In 1988, we achieved nanosecond resolution owing to appli-
cation of copper-vapor lasers with 10-12kHz pulse repetition
rates, 20 ns pulse duration and phosphorescence detection using
time-correlated single photon counting [50-52]. Later, we addi-
tionally improved this equipment by using better laser generators
and electronic registration systems [3,46,53,54]. Fig. 3 shows
the functional layout of the laser set-up, which presently works
in our laboratory. Since 1997, Hamamatsu Photonics Company
started to manufacture similar set-ups using novel photomul-
tipliers with the InP/InGaAs and InP/InGaAsP photocathods,
which are highly sensitive in infrared [55]. Such set-ups are
the most efficient because they combine high sensitivity and
high (nanosecond) time resolution, therefore they are presently
employed in many laboratories.

The use of the nanosecond set-ups allows detailed analysis of
the phosphorescence kinetic curves after short laser shots in air-
saturated water and organic solvents [3,46,50-54]. Fig. 4 shows
that these curves comprise two phases: rise and decay, with a
peak in between, and can be approximated by the following
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Fig. 3. Functional layout of the laser phosphorescence spectrometer with
nanosecond resolution [3].

two-exponential equation:

L(t)y= Ly {exp <—Tdt > — exp (—Ttﬂ 3)
ecay T1Se

where L(f) is the phosphorescence intensity in Einstein’s per
second, Lo the pre-exponential factor and Tgecay and Tijse are
time-constants of the decay and rise phases.

Similar equation can be obtained from the kinetic analysis
based on Terenin’s mechanism (2),1.e. ' O production by energy
transfer to oxygen from triplet photosensitizer molecules:

_ ketkraa[*Sens*]o[Os] —t —t
L=~ 1/ta) [eXp (m) - (Wﬂ @

where ke is the rate constant of 'O, generation as a result of
energy transfer from 3Sens* to oxygen, kyq the rate constant
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of 10, radiative deactivation, [3Sens*]y the concentration of
triplet photosensitizer molecules just after the laser pulse, [O3]
is the concentration of oxygen, 77 is the lifetime of 3Sens* in
oxygen-containing solutions (1/t7 = ky[O2] + kr, where k is the
rate constant of overall deactivation 3Sens* by oxygen, includ-
ing energy transfer and quenching, and k7 is the rate constant of
spontaneous 3Sens* deactivation), T is the 10, lifetime. Anal-
ysis of Eq. (4) shows that the physical sense of 7yse and Tdecay
in Eq. (3) depends on the relative magnitudes of t7 and 7. If
TA >TT, Trise = TT> and Tdecay = Ta. Hence, the phosphorescence
rise time corresponds to the lifetime of the photosensitizer triplet
state and the decay time corresponds to the singlet oxygen life-
time. If tA <77, the pre-exponential factor in Eq. (4) changes its
sign, therefore 7ise =7, and Tqecay = T7. Hence, the phospho-
rescence rise time corresponds to the singlet oxygen lifetime and
the decay time corresponds to the lifetime of the photosensitizer
triplet states. We proposed a term “kinetic inversion” to denote
this phenomenon [3,53,54].

Experiments have shown that Eq. (4) correctly describes
the phosphorescence kinetic traces. We observed that in air-
saturated porphyrin solutions the phosphorescence rise time
in organic solvents and water coincided with the lifetime of
the porphyrin triplet state in the same solutions and the decay
time was equal to the lifetimes of singlet oxygen (Table 1)
[3,53,54]. If oxygen concentration in aqueous porphyrin solu-
tions was changed from 0.2 to 15 atm., the decay time did not
change within the accuracy of our measurements. At the same
time, the rise time decreased with the increase of the oxygen
concentration and was always equal to the lifetime of the por-
phyrin triplet state (Table 2) [50,51]. Recently, Dedic et al. have
shown that when the oxygen concentration was reduced and
became about 3 times less than in air-saturated solution, Tdecay
increased up to 5-5.5 ws [56]. The values of s and tr were
not reported. However, it is easy to calculate that 77 should
be equal to 5-6 ps that resembles Tgecay in this experiment. In
my opinion, we see in this case the “kinetic inversion” men-
tioned above. Indeed, in this experiment, 77 was more than
T therefore, the phosphorescence decay time was equal to
7.
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Fig. 4. (A) Kinetic curve (1) and spectrum (2) of ! O, phosphorescence in air-saturated ethanolic solution tetra(p-sulfophenyl) porphyrin (15 M) after the laser pulse.
The kinetic curve was obtained as a result of averaging the signal from 2.4 x 10° laser pulses and (B) kinetic curve (1) and spectrum (2) of !0, phosphorescence
in air-saturated solutions of tetra(p-sulfophenyl) porphyrin (15 uM, pH 5.8) in water (1) after the laser pulses. The curve was obtained as a result of averaging the
signal from 1.2 x 107 laser pulses. Dots show experimental data, the solid lines are computer approximations according to Eq. (3). The spectra correspond to the
overall phosphorescence intensity in the interval 1-45 s after the laser pulse [3,54].
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Table 1

Kinetic parameters of singlet oxygen phosphorescence in air-saturated solutions of tetraphenylporphyrin (benzene) and its tetra(p-sulfophenyl)porphin (TPPS) (other
solvents)

Solvents Tdecay (18) (£5%) Trise (18) (£10%) 77 (s)* (£10%) A% (ns)
Benzene 30 0.40 0.35 30
Methanol 10 0.40 0.40 10
Ethanol +4% water 13.5 0.40 0.40 10-15
Water 32 2.0 2.0 34

2 Obtained by the flash-photolysis method.
b Literature data [40-45].

It should be noted here that if T is equal totr (t7— TA),
Eq. (4) does not work. It is transformed into the formula:

L(t) = ketkraa[*Sens*Jo[O2 17 exp (;) ®)

This causes problems, when one approximates experimental
datausing Eq. (4). We noticed that if the standard programs “Ori-
gin” or “Grafit” were used and the ratios ta/tr were 10-100,
computers calculated parameters t7 and ta with high precision
and the obtained numbers were reproduced very well in dif-
ferent experiments. If the difference between these parameters
was small, like in water or especially, in aqueous solutions of
10, quenchers, the fitting parameters were reproduced markedly
worse and were much more sensitive to the level of the noise
and technical properties of the equipment. Probably due to this
reason, the fitting parameters reported by different groups for
aqueous porphyrin solutions saturated with air do not quite coin-
cide. The reported decay times varies from 3.1 to 3.9 s and the
rise times from 1.7 to 2.2 ps [50-58].

With a goal of mimicking the “kinetic inversion”, we stud-
ied quenching of 'O, phosphorescence in air-saturated aqueous
solutions of tetra(p-sulfophenyl)porphin (TPPS) by sodium
azide [3,53,54]. We observed that addition of sodium azide
decreased the overall phosphorescence intensity according to
the Stern—Volmer equation with the quenching rate constant
(4 £0.6) x 108 M~ s~!. However, the phosphorescence decay

Table 2
The rise and decay times of ! O, phosphorescence after the laser pulses in aque-
ous solutions of TPPS (20 wM) at different oxygen concentrations in solutions

Ongen pressure (atm.) Tdecay (ps) (£6%) Trise (JLS) (£10%) 77 (Ws)
0.074 5 - 5.7
0.2b 32 2.0 2.0
1.0¢ 3.2 0.45 0.4
42 3.08 0.11 0.1
6 3.11 0.08 0.07
82 3.11 0.06 0.05

102 3.08 0.04 0.04

152 3.06 0.03 0.024

77 for the oxygen concentrations corresponding to 0.2 and 1 atm. were measured
by this author using the flash photolysis method, for other oxygen pressures, tr
was calculated using the equation: T = 1/k,[O>], where k, is the rate constant
of quenching the triplet TPPS by oxygen.

4 From Refs. [50,51].

b From Ref. [54].

¢ New measurements.

4 From Ref. [56].

Table 3
The rise and decay times of ' O, phosphorescence after the laser pulses in air-
saturated aqueous solutions of TPPS (15 wM) containing sodium azide [54]

Sodium azide (mM) Tdecay (ps) Trise (1S)
0 32+£02 2.0+0.2
3 1.9 +£ 0.2 1.3£04
6 1.9 £0.2 0.8+0.3
9 1.8 £ 0.2 0.6£0.2

12 1.9 £0.2 <0.4

time changed from 3.15 £ 0.2 s in pure water to about 1.9 s
after addition of 3 mM azide. Further increase of azide concen-
tration caused strong reduction of the phosphorescence intensity
but did not change decay, Which was apparently equal to the
lifetime of the TPPS triplet state (Table 3). Simultaneously, the
rise time decreased to several hundred nanoseconds that corre-
sponded to the 10, lifetimes calculated from the Stern—Volmer
equation. Hence, sodium azide did not quench the TPPS triplet
state, and strongly decreased ta, which became less than 77.
This caused the “kinetics inversion”, i.e. in the presence of the
high azide concentration, the rise time of the phosphorescence
kinetic curve reflected the 10, lifetime (ta). The decay time
reflected the lifetime of the triplet porphyrins caused by the rate
of interaction of triplet porphyrin molecules with oxygen (t7).
Similar inversion occurred in detergent-containing solutions in
the presence of sodium azide [54].

The inversion phenomenon is especially important when
one studies 'O, phosphorescence in living cells and tissues,
because the lifetimes of the pigment triplet states in biological
systems are longer than in solutions (usually about 10 ps), and
the lifetime of singlet oxygen (10-200 ns) is much shorter than
the lifetime of the photosensitizer triplet state ([46,59] and refs.
therein). Registration of the kinetic traces in dye-loaded living
cells is a technically difficult problem. A few years ago, we
managed to measure the kinetic curves of flash-induced 'O,
phosphorescence in suspensions of porphyrin-loaded yeast cells
and blood plasma in buffer solutions [50,51,53]. More recently,
Neidre et al. [57] and Baier et al. [58] reported time-resolved
phosphorescence measurements in stained skin tissues and
suspensions of cancer cells. In my opinion, the reported data
indicate that in stained blood plasma, rat liver and suspensions
of cancer cells [53,57,58] the “kinetic inversion” occurred and
the phosphorescence decays were determined by the triplet
state of photosensitizer molecules. Analysis of recent papers
of several groups shows that the “kinetic inversion” is usually
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not taken into account. Apparently, this can result in wrong
interpretation of the data.

Thus, at present, measurements of photosensitized 10,
phosphorescence are widely used for photochemistry and
photobiology research. Recently, clear correlation was found
between photodynamic elimination of cancer cells and the sin-
glet oxygen phosphorescence intensities. As a result, two new
directions of biomedical phosphorescence research appeared:
phosphorescence imaging and phosphorescence dosimetry
[50,51,57,58,60-65].

3. Photosensitized luminescence of oxygen dimols (O3)>

Photosensitized luminescence of singlet oxygen dimols was
actually observed for the first time in our experiments with
porphyrin solutions using the set-up with a mechanical phospho-
roscope. It was found that ' O, phosphorescence photosensitized
by dimethyl ester of protoporphyrin IX (PP) in air-saturated
CCly was accompanied by much less intensive delayed light
emission in the visible region with the maximum at 700 nm,
which coincided with one of the emission bands of dimols. The
intensity of this light emission was proportional to the square of
the intensity of exciting light. Upon illumination, the lumines-
cence intensity slowly increased and a new peak at about 760 nm
appeared [30,32]. Further studies of porphyrin solutions have
shown that the maximum at 703 nm dominated also in the spec-
trum of delayed luminescence of solutions of tetraphenylporphin
(TPP), pheophytin a (PN) and pheophorbide a. In TPP solutions,
this light emission was about 100 times weaker than in solutions
of other porphyrins. The 635 nm band of singlet oxygen dimols
was not observed in the delayed luminescence spectra of por-
phyrin solutions. However, weak shoulders were observed in
the spectral region of the pigment fluorescence maxima (640,
650 and 680 nm in solutions of PP, TPP and PN, respectively)
[32,66-68].

Photosensitized delayed luminescence with typical bands of
dimol emission was found when we studied solutions of 2,3,7,8-
dibenzopyrene-1,6-quinone and Pd-tetraphenylporphyrin, the
concentrations of which corresponded to 3-8 and 30-100 uM,
respectively. These dyes are practically non-fluorescent (the
fluorescence yield is known to be <0.1%) and the energies
of their fluorescent levels are much higher that the energy
levels of singlet oxygen dimols. The delayed luminescence
spectra in solutions of these dyes in CCly and Cg¢Fg showed
three bands, the major, at 703nm and two weaker bands,
at 635 and 770-780nm [67-69] (Fig. 5). These bands coin-
cided with the spectral maxima of light emission by singlet
oxygen dimols (102)2 (Fig. 1) [28,29]. The band at 703 nm
always dominated in the spectra of delayed luminescence.
Relative intensities of other bands markedly depended on
the time of storage of the solutions at room temperature
and the presence of dye crystals, which appeared during
storage of filtered solutions of dibenzopyrenequinone. The
intensities of all luminescence bands were proportional to
the square of the intensity of exciting light. The lifetime
was equal to the half of the 'O, phosphorescence lifetime
[66-68].

L (arb. unit)

400 500 600 700 800
Wavelength (nm)

Fig. 5. The spectrum of photosensitized luminescence of dimols ('0,), in
air-saturated solutions of 2,3,7,8-dibenzopyrene-1,6-quinone (3 wM) in carbon
tetrachloride (1) and normalized absorption (2) and fluorescence (3) spectra of
the same solution (see [67,68] for details).

In light of these data, we proposed that the delayed lumi-
nescence of porphyrin and dibenzopyrenequinone solutions
appeared as a result of interaction of two singlet oxygen
molecules with dye molecules or products of their oxygenation.
Dimols ('05), are the major emitters of this light emission. In
certain cases, the delayed luminescence was probably generated
on the surface of dye crystals. Tetraphenylporphin was proposed
to have an ability to partially suppress the dimol light emission.

Chou et al. supported our observation of photosensitized
luminescence of singlet oxygen dimols [70,71]. They studied air-
saturated solutions of another non-fluorescent dye-phenalenon
in CCly, CgF¢ and CgDg upon excitation by argon-ion laser
(350 nm). As aresult, delayed luminescence was observed with
three spectral maxima at 634, 703 and 765 nm. The bands at 634
and 703 nm corresponded to singlet oxygen dimols, the band
at 765 nm was proposed to appear due to direct energy trans-
fer to oxygen from triplet phenalenon. The intensities of the
dimol bands did not change in solutions of 2’-acetonaphtone,
1-acetonaphthone and if singlet oxygen was produced by pho-
tolysis of 1,4-dimethylnaphthalene endoperoxide. The lifetime
of the dimol luminescence was always two times less than
the lifetime of 1273 nm phosphorescence of singlet oxygen
and the intensity of dimol emission was proportional to the
square of the phosphorescence intensity when laser power was
changed.

Thus, the data of Chou et al. resembled our data. How-
ever, in Chou’s measurements, the intensity of the 634 nm band
was higher than the intensity of the 703 nm band. The authors
proposed that the delayed luminescence they observed corre-
sponded to free singlet oxygen dimols, which are not bound to
photosensitizer molecules [70,71]. It is also worth noting that
the power density of excitation radiation in Chou’s papers was
much higher than in our experiments. Recently, Kazakov and
Schmidt reported time-resolved measurement of dimol lumi-
nescence upon powerful pulse laser excitation of photosentizers
in a few solvents [72]. The kinetic parameters of this lumines-
cence resembled those reported in our papers [66—68] and by
Chou et al. [70,71].

In aerobic solutions of dyes (phthalocyanines, naphthalo-
cyanines and bacteriochlorines) whose fluorescence is strong
and the fluorescence maxima are at A > 700 nm, we observed
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Table 4

Values of A1279 and €179 calculated from the rates of DPIBF (43 &+ 3 wM) photobleaching in the pigment-free air-saturated solvents upon irradiation by the array of

the diode GaAlAs lasers (50 mW) [89]

CCly CHCl3 Freon 113 CeFg CeHg Toluene Acetone Ethanol
A1270 (arb. units) 12 0.88 1.1 1.7 0.92 0.93 0.53 0.50
£1270 (arb. units) 12 0.95 0.55 1.0 1.25 1.35 0.60 0.80
£1270/krad (arb. units) 1 0.95 0.90 1.1 0.9 0.95 1.1 1.6

kraa 1s the rate constant of the radiative deactivation of singlet oxygen.
3 In CCly, A1270 =7.2 x 1076 and £1270=0.003M~! cm~! [87].

L (arb unit)

L (arb. units)

10 ms

650 700 750 800 nm

Fig. 6. Spectrum of singlet-oxygen-sensitized delayed fluorescence of tetra(4-
tert-butyl) phthalocynine in hexafluorobenzene (1). The decays of phthalocynine
delayed fluorescence (2) and 10, phosphorescence (3) after nanosecond shots
of nitrogen laser in the same solution. The phthalocyanine concentration was
0.5 WM. Curves 2 and 3 were obtained by summation of the signal from 103
and 10° laser pulses, respectively. The spectrum was recorded using steady-
state regime of measurements. The monochromator slits corresponded to the
wavelength interval equal to 5 nm.

dye delayed fluorescence whose lifetime was exactly two times
smaller than the 'O, lifetime in the same solution (Fig. 6)
[66-68]. To denote this light emission, a term singlet-oxygen
sensitized delayed fluorescence (SOSDF) was proposed [73].
SOSDF was found in phthalocyanine solutions in CCly, CgFg,
CgDg, chloroform, benzene, acetone and D,;O. The SOSDF
intensity was higher than the intensity of dimol luminescence
by several orders of magnitude. The intensity of SOSDF
depended quadratically on the intensity of exciting light and
linearly on the dye concentrations [66—68,74—76]. This showed
that light was emitted due to interaction of two 'O, molecules
and one dye molecule. Moreover, we discovered that under
rather low-intensity laser excitation, the intensity of SOSDF
in solutions of certain phthalocyanines and naphthacocyanines
was much stronger than that of infrared 'O, phosphorescence
at 1270nm [77,78]. Detailed analysis, which was performed
in solutions of tetra (4-tert-butyl) phthalocynine in deuterated
benzene, indicated that the quantum yield of SOSDF reached
>10% if the phthalocyanine concentrations exceeded 2 uM
[77]. It was also found that phthalocyanine SOSDF is quenched
by many biologically important compounds. The quenching
obeys the Stern—Volmer equation therefore, analysis of SOSDF
quenching can be used for measurement of the rate constants of
the reactions of singlet oxygen with different molecules [72].

In addition, SOSDF was detected upon thermal decomposition
of endoperoxides in solutions containing both phthalocyanine
and endoperoxides [79].

Thus, during this project we discovered two novel
luminescence phenomena: photosensitized luminescence of
singlet oxygen dimols and singlet-oxygen-sensitized delayed
fluorescence of phthalocyanines, naphthalocyanines and bacteri-
ochlorins. SOSDF accompanied accumulation of energy of two
10, molecules by one molecule of dyes. It was also found that
the SOSDF intensity under pulse laser excitation in solutions
of phthalocyanines and naphthalocyanines was much higher
than the intensity of infrared ' O, phosphorescence. In addition,
SOSDF is emitted in the dark red region, which is more con-
venient for luminescence measurement than infrared. Hence,
detection of phthalocyanine delayed fluorescence can be used
as a sensitive luminescence tool for investigation of singlet oxy-
gen in different systems. The mechanistic aspects of the studied
phenomena will not be discussed in this paper. One can refer
to papers [3,71,80,81], where different points of view are pre-
sented.

4. Activation of oxygen by direct laser excitation

In the previous sections, we dealt with pigment-photo-
sensitized singlet oxygen production. As shown in classic papers
of Evans’s and Matheson’s groups, at high oxygen pressure
(about 100-130 atm.) singlet oxygen can also be produced with-
out pigments due to direct excitation of oxygen molecules
by radiation of powerful lamps or lasers [8,82—-84]. Though
conditions of these experiments were very far from normal
for biological systems, an idea was advanced that direct oxy-
gen excitation might be involved in biological effects of laser
radiation ([85] and refs. therein). With a goal of mimicking
effects of low energy laser irradiation, a few years ago we
started systematic analysis of the efficiency of 'O, formation
upon direct laser excitation of oxygen molecules in organic
solvents and water saturated by air at normal atmospheric pres-
sure. We found that laser irradiation at 765 (500750 mW) and
1270 nm (30-150 mW) causes readily observed photooxygena-
tion of the 'O, traps tetracene or 1,3-diphenylisobenzofuran
(DPIBF) in air-saturated solvents [86-90]. The action spectra
of photooxygenation measured in carbon tetrachloride within
the 1220-1290 and 740-790 nm range showed two narrow
bands with the maxima at 1273 and 765nm (Fig. 7). The
obtained data provided unambiguous evidence that photooxy-
genation occurred due to direct laser excitation of dissolved
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oxygen:
02y~ (v= 0)] + hvzes > '02['> o T (0= 0)]

—10y[' Ag(v=0)]
O3Sy~ (v= 0)]+ hvizro — '0a[  Ag(v= 0)]

1Oz(lAg) + Trap — oxygenation

Using this mechanistic scheme and experimentally measured
photooxygenation rates, we obtained that in CCly saturated
with air at normal atmospheric pressure, the optical density
(A) and molar absorption coefficient (¢) of molecular oxygen
at 1273 nm are equal to 7.2 x 107 (in the 10mm cell) and
~0.003M~ ! ecm™!, respectively [87]. At 765 nm, these param-
eters are 3.5 times smaller [90]. Table 4 shows Aj27¢ and €279
estimated by the mentioned photochemical method in several
organic solvents. The data indicate that the values of e127¢
reasonably correlate with the values of k.4, which were mea-
sured by the phosphorescence method ([89] and refs. therein).
The values of Aiz70 and &1270 were also estimated in water
and deuterium oxide. However, in these experiments detergents
were used to solubilize DPIBF therefore, the aqueous solu-
tions contained the hydrophobic micellar pseudophase. The data
indicate that in 0.1 M SDS solutions the micellar pseudophase,
which takes less than 3% of total volume, doubles the oxygen
absorbance of the overall solution [90]. This probably happens
because in hydrophobic micelles, the solubility of oxygen and
the ' O, radiative rate constant are markedly higher than in water
[91-93].

Thus, the results of this project indicate that direct exci-
tation of oxygen molecules by infrared laser radiation causes
readily observed oxygenation of singlet oxygen traps under nor-
mal conditions. These oxygenation reactions allow researchers
to investigate the absorption bands of molecular oxygen in
solutions at atmospheric pressure. The most efficient oxygen
excitation was shown to occur in hydrophobic structures. How-
ever, even in these structures the absorbance of oxygen and
the rates of 'O, generation caused by direct oxygen photoex-
citation is very low. In the paper [88], we compared the rates

o
»

V./n (arb. units)
o
o

V./n (arb. units)
o
g

745 755 765 775 785
Wavelength (nm)

O ) L) ) L} 1
1100 1140 1180 1220 1260 1300

Wavelength (nm)

Fig. 7. Action spectra of tetracene photobleaching in carbon tetrachloride upon
irradiation by cw wavelength tunable lasers. V, is the rate of tetracene photo-
bleaching, n is the number of photons of laser radiation [87,90].

of tetracene photooxygenation in CCls under direct oxygen
excitation by 1267 nm laser radiation and under protoporhyrin-
photosensitized ! O, production. It was shown that the quantum
efficiency (the ratio of the reaction rate to the intensity of
exciting light in photons per second) is about 10* to 103
times (depending on the porphyrin concentration) higher in
the porphyrin-photosensitized reaction. Owing to respiration,
the concentration of free oxygen in living cells is known to
be 100-1000 times less than in air-saturated CCly. Therefore,
it is difficult to imagine that direct excitation of free oxygen
dissolved in living structures causes strong destructive con-
sequences. However, it is not excluded that IR radiation can
influence bound oxygen molecules whose concentration is much
more in biological systems.

5. Conclusion

Thus, this paper shortly summarizes results of three research
projects of author’s group dealing with singlet oxygen pho-
tonics. All projects are directly connected with basic ideas
presented in seminal Terenin’s works. One project resulted in
discovery of the solution-phase photosensitized phosphores-
cence of singlet oxygen, which is presently used worldwide
as the most reliable method for investigation of singlet oxygen
and photosensitized oxygenation reactions. The major attention
was devoted to nanosecond time-resolved measurements of this
phosphorescence in aqueous solutions and to the phenomenon
of the “kinetic inversion”, which is especially important for
understanding the results of phosphorescence studies of singlet
oxygen in biological systems. The second project dealt with
photosensitized luminescence, which accompanies summation
of energy of two singlet oxygen molecules. This luminescence
was shown to belong to singlet oxygen dimols ('0;); or dye
molecules, which accumulate energy from two 'O, molecules.
The third project was devoted to photochemical investigation of
the oxygen absorption bands corresponding to the triplet—singlet
transitions in oxygen molecules dissolved in organic solvents
and water saturated with air at normal atmospheric pressure. It
has been shown that the luminescence and photochemical phe-
nomena studied in our work provide unique information about
photonics of singlet oxygen, which is important for photochem-
ical, photobiological and biomedical research.
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