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Singlet oxygen: Photosensitized generation, detection and
reaction with organic molecules

Abstract

Singlet molecular oxygen (*O,) is an excited state of molecular oxygen, having anti
paralel spin in the same p* antibonding orbital. The study of singlet oxygen
production and reactivity has emerged as a rich and diverse area, with implication in
diverse fields, such as synthetic chemistry, polymer chemistry, photodynamic therapy,
etc. There are several known methods to produce singlet oxygen, and also various
techniques employed to detect it. Out of these, photosensitization method is the most
popular one. In this article, photosensitized production of singlet oxygen from triplet
oxygen and photosensitizers in presence of light, and its detection by the infrared
luminescence at 1270 nm have been presented. Further, some results using different
types of photosensitizers, effect of solvent on singlet oxygen quantum yields and
lifetime have been discussed. The quenching rate constants of singlet oxygen have
been determined with different types of organic molecules such as derivatives of
thiourea and its analogues, hydroxy indoles and antioxidants and the results have been
presented.



1. Introduction

Reactions of singlet oxygen (*O,) are of great current interest due to their
importance in many photo-oxidation reactions in chemistry and biology, including
those used in photo-chemotherapy [1-6]. Oxygen was discovered by Josheph Priestley
in the year 1775 [7]. In 1811, Avogadro reported that oxygen is a diatomic molecule.
Faraday observed the paramagnetic nature of molecular oxygen in 1884 [8]. Although
discovered in 1924, singlet molecular oxygen (*Dy) came into the focus of research
only after 1963, when Khan and Kasha interpreted the chemiluminescence of the
hypochlorite-peroxide reaction as caused by liberation of singlet oxygen [9]. In the
last four decades, there are severa reports on singlet oxygen chemistry and its
reaction with organic compounds, which are important in medicine, biochemistry,
food chemistry and environmental chemistry [8]. Singlet oxygen is a highly reactive,
electrophilic and non-radical molecule. Early work with singlet oxygen showed that
this active species could oxidize substrates that are unaffected by oxygen in its normal
energy state. Due to high electrophilicity, it rapidly reacts with unsaturated carbon-
carbon double bonds, and is capable of oxidizing phenols, sulphides, amines, etc.
[10]. Consequently, organic chemists have found utility in singlet oxygen as a
versatile synthetic reagent [11]. Singlet molecular oxygen is implicated in
photosensitized processes, such as photodynamic inactivation of viruses and cells,
cancer therapy, photo degradation of polymers, and as a potential therapeutic agent
for the treatment of malignant tumors [12-17]. Many celular organelles and
biomolcules have high reactivity for singlet oxygen.

Electronic structure of molecular oxygen could be understood in a better way,

considering molecular orbital theory. The lowest electronic state of oxygen is atriplet
ground state (389'), with two unpaired electrons distributed in the highest occupied
orbital. Rearrangement of the electron spins, within these two degenerate orbitals,
results in two possible excited states (table-1).
The 'D, state has both the electrons paired in a single orbital, leaving the other p
orbital vacant, which is 94 kJ mol™ higher energy than the ground state [18]. The
other singlet state (*Sy") comes from spin pairing of the eectrons in different p
orbitals, and is 157 kJ mol™ higher than the ground triplet oxygen (389'). In both the
forms of 'O,, the spin restriction is removed so that the oxidizing ability is greatly
increased. Hereafter, the word singlet oxygen refers to the 'Dy state only.



Table-1: Electronic distribution in molecular oxygen

States of the oxygen Occupancy of highest  Energy above
molecule orbital ground state
Second excited state '3 @ﬂ Q. 157 kJ/ mol
First excited state Ag @Dgt C),T 94 kJ/ mol

Ground state 32é ®n ®n

The electronic transitions 'Dy = 3Sy and 'S;" -~ %Sy, although highly

forbidden, are readily observed by absorption and emission in the upper atmosphere
with zero-zero transition at 1270 and 762 nm, respectively. The estimated radiative
lifetimes of these two states in the gas phase are 45 min and 7-12 s, respectively [19].
In solution, the lifetimes of these states are reduced drastically, depending on the
solvent polarity. ‘D state has a relatively long lifetime (1 to 10 s) in the absence of
molecules with which it can undergo rapid reaction. On the other hand, 'S," state is
short-lived, and usually undergoes rapid decay (with k ~ 10 s), rather than
chemical reaction [20].
The most versatile source of singlet oxygen generation is by electronic energy transfer
from suitable photosensitizers to molecular oxygen. However it can also be generated
by a number of other processes, such as irradiation with Nd:YAG lasers of Freon
solutions subjected to high pressures of O, irradiation of aerated water at 600 nm via
vibrationally excited water, absorption by O,-organic molecule charge-transfer band,
sensitized production by pulse radiolysis, microwave generation and chemical
production [21-28]. Chemically it is generated by the reaction of hydrogen peroxide
with hypochlorite (NaOCI)

The singlet oxygen can be detected by following its luminescence at 1270 nm,
time-resolved thermal lensing, energy transfer, etc. [29-34]. In time-resolved thermal
lensing method, absorption of a laser pulse increases the local temperature of liquids
and gases, which changes the density and refractive index of the medium, which act
as a diverging lens. EPR provides the measurement of unpaired electrons in the

system and their surroundings. The ground state of oxygen has two unpaired electrons



in two p* antibonding orbitals, and thus ground state molecular oxygen is EPR active.
In the excited state of molecular oxygen, there is no unpaired electron, and therefore it
is EPR inactive. Detection of singlet oxygen and the related kinetics are easily
measured from the luminescence of singlet oxygen at 1270 nm [35,36].

1.1 Photosensitized singlet oxygen generation
Photo-excitation of a sensitizer in the presence of oxygen often leads to the
production of singlet oxygen by a bimolecular energy transfer process involving
excited sensitizer and ground state triplet oxygen. The energy transfer occurs during
collision of the excited state of the sensitizer with triplet oxygen. Photosensitized
generation is a simple and controllable method for production of singlet oxygen. It
requires only oxygen, light of an appropriate wavelength, and a photosensitizer
capable of absorbing and using that energy to excite oxygen to its singlet state.
Sensitizer excitation is generally achieved via a one photon transition (hn) between
the ground state (S) and a singlet excited state, which relaxes to the lowest
vibrational level of lowest excited state of the sensitizer S;. Intersystem crossing of
the S; of sensitizer generates the triplet state (T1). The lifetime of the T state is longer
(ms) than that of the S; state (ns), allowing it to react with molecular oxygen.
P(S,) %:93® P(S) . 9%® P(T) (1)
P(T,)+°0, % %81® P(S,)+'0, )
Here P refers to the photosensitizer and S, S; and T are the corresponding spin states
of the photosensitizer. kisc and ke are the intersystem crossing and energy transfer

rate constant, respectively.

1.2 Commonly used sensitizers for generation of singlet oxygen

Several types of photosensitizers have been used for the generation of singlet
oxygen. Molecule used as photosensitizer should exhibit the following properties. (a)
high absorption coefficient in the spectral region of the excitation wavelength; (b) a
well-defined triplet state with appropriate energy, Er 3 95 kdmol™, to alow for
efficient energy transfer to ground state oxygen; (c) high quantum yield of the triplet
state, Fr 3 0.4; (d) long triplet state lifetime, t+ > 1 s, since the efficiency of the

photosensitizer is dependent on the photophysical properties of its lowest excited



triplet state; and (e) high photo-stability. Porphyrins, organic dyes, aromatic
hydrocarbons, transition metal complexes, semiconductor nano-particles, etc., are
found to be efficient sensitizers of singlet oxygen. Some of the well-known

photosensitisers reported in the literature are given in table-2

Table-2: List of common photosensitizers and their singlet oxygen yields [ 30]

Sensitizer Solvent Singlet oxygen yield
Hematoporphyrin Ethanol 0.57
Cercosporin Benzene 0.81
Fullerene Cgp Benzene 1
Fullerene Cyo Benzene 1
Methyl violet Ethanol 0.24
Haematoporphyrin (HP) | Methanol 0.74
Rose Bengal Water 0.75
Methylene blue Ethanol 0.52
Eosin blue Water 0.52
Ru(bpy)s”* Methanol 0.73
Ru(phen)s~ Methanol 0.54

1.3 Other methods of generation of singlet oxygen

Chemically singlet oxygen can be generated in large concentrations (> 10%)
using reaction of hydrogen peroxide with hypochlorite. Chlorine gas is bubbled
through alkaline hydrogen peroxide to generate singlet oxygen
H,0, + 2NaOH + Cl, 3%® 2NaCl + 2H,0+'0, 3
Efficiency of generation is ~ 80%.

Singlet oxygen is also generated in the microwave discharge excitation of
oxygen gas under certain conditions.

1.4 Singlet oxygen as a reagent for organic synthesis

The reactions of singlet oxygen with organic molecules can be categorized as
follows
a. Ene and cycloadditions reactions
Due to electrophilic nature, singlet oxygen readily reacts with carbon-carbon double
bond and with dienes it reaction under goes cycloaddition. The ene reaction generates
alylic hydroperoxides, which can be converted to syntheticaly valuable allylic



alcohols. The cycloaddition leads to formation of endoperoxide, which can be
converted to oxygenated product through a variety of synthetic product.

1
H
e
Ene

(4)
= ‘0,
" wr (3

(5

Reaction of singlet oxygen with p-electron rich an olefin forms dioxetane as an
unstable intermediate, which readily decomposes to carbony! groups.

R1 Rs3 N oO—oO 0] 0]
o ] I I

R—C—FC—R3—— C C
R2 N(R4)2 LZ |l|(R4)2 R1 R2 R3/ N(R4)2

b. Heteroatom oxidation

By virtue of electrophilic nature, singlet oxygen readily reacts with heteroatom having
electron lone pair. Sulphur, selenium, phosphorous and nitrogen compounds are
known to react with singlet oxygens, leading to formation of covalent adduct

involving transfer of one or two oxygen atom to the heteroatom center.
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c. Oxidation of organometallic complexes

The chemical reactivity of singlet oxygen with organometallic complexes can be
either ligand centered or metal centered. Vaska's complex is an example of metal-
centred reaction of singlet oxygen to produce metal —dioxygen bond. In this reaction,
Ir (1) isoxidized to Ir(I11) peroxo complexes.

oo
PPhs 0
cl \Ir o 0p PP I\r<
PPhg Cl

(10)

d. Electron transfer

Singlet oxygen reactions may proceed by electron transfer from the electron rich
compound to the electrophilic singlet oxygen. Phenols can react with singlet oxygen
via electron transfer. Photo oxidation of polystyrene by singlet oxygen has aso been
reported to proceed by formation of superoxide in addition to radical mechanism [37].

OH o)

(11)

1.5 Singlet oxygen decay pathways
In the absence of a physical quencher or a chemical acceptor, singlet oxygen is
deactivated in solution by collisions with the solvent molecules (main decay pathway,
equation 12) and as well as by luminescence (equation 13). The radiative transition of
singlet oxygen at 1270 nm is very weak, as the process is forbidden by spin,
symmetry and parity consideration.
10, %@ °0, (12)
10, %:%5® 20, + hn¢(1270 nm) (13)
Here, kq and ke are the rate constants of deactivation of singlet oxygen by the solvent

molecules and rate constant for radiative transition for singlet oxygen luminescence,
respectively.



Singlet oxygen shows "dimeric" emissions, which is known as the dimol emission at
~635 nm. The process is described as “energy pooling” and is similar to triplet-triplet
annihilation process

10,+'0, #® *0,+°0, + hn(635nm) (14)

All these physical processes are summarized in the scheme-I given below.

S, L - -3
; ” M4 t~10 s Chemical reaction
| " é
1
S
1 Dg

Energy Singlet
H oxygen’
Abs| | / Emission
i at 1270 nm
— 4 3.
So - To Sg
Sengitizer Oxygen

Scheme-1

Reaction of singlet oxygen with iodine is exploited for the working of first electronic
transition chemical laser COIL (chemical oxygen iodine laser) which operates at 1315
nm [38]. The reactions are

20,Cb,i+1, %® 20,0k, 1+21CR,, (15)
o,¢b,i+1er,, e o,k i+1CR,t (16)
ICP,,he® +1CP,,I  + 1315 nmlaser transition (17)

CW powers of few kilowatts have already been realized using COIL. This laser finds
uses in space and communication type of applications.

Since the IR emission from singlet oxygen is a forbidden process, the emission yield
is very low, and very difficult to detect. In the last few years, as a result of the
development of suitable and sensitive detectors, it has been possible to detect this
weak signal. The use of high intensity laser pulses and high-gain, wide-band

amplifiers provides a method to detect time-resolved IR luminescence.



2. Experimental methods

Under the X plan project, a new facility, based on luminescence lifetimes was
set up for generation, detection and reactions of singlet oxygen. For this, a transient
luminescence spectrometer (Edinburgh Instruments Ltd., U.K, TL 900) has been
installed. The spectrometer is based on production of singlet oxygen by
photosensitization method and simultaneous detection by infrared emission at 1270
nm. Block diagram of the luminescence spectrometer and its different components are
shown in figure-1. The instrument consists of an excitation laser, monochromator,
germanium detector coupled to an oscilloscope and computer. For the excitation,
Nd:YAG laser (Minilite Continuum USA, flashlamp pumped, Q-switched) was
employed. It can be operated at the fundamental (1064 nm, 50 mJ), or its second
harmonic (532 nm, 25 mJ), third harmonic (355 nm, 8 mJ) and fourth harmonic (266
nm, 4 mJ) frequencies. The pulse width of the laser is 3-5 ns, with beam size of < 3
mm and repetition rate of 10 Hz. The sample compartment consists of a cell holder in
which 1 cm x 1 cm suprasil square cuvette can be placed. The sample holder can be
cooled to any desired temperature between —10° to + 90° C, by circulating a
thermostated liquid (+ 0.5° C), using a variable temperature bath (Julabo Germany;
model F12-ED).

The fluorescence emission from the sample is focused on to the entrance dlit of
a grating monochromator (focal length F/3.5, holographic grating with linear
dispersion of 8 nm/mm), which can be used in 800 — 1700 nm region. Low
luminescence signals can be detected by replacing the monochromator with suitable
filters. The exit dit of the monochromator is fixed to a liquid nitrogen-cooled EI-P
germanium detector with optimum spectral response in 800 — 1700 nm region. The
detector has an active area of 25 mm?, is powered by a highly filtered and stable
power supply. The output signal from the germanium detector is fed to a 100 MHz
digital storage oscilloscope (Tektronix TDS 3012B, 1.25 GS/s) to allow single-shot
monitoring and data averaging. The scattered radiation from the fundamental laser
pulse (1064 nm) is filtered with the help of a silicon filter placed before the emission
monochromator. The transient signal from the oscilloscope can be loaded into a
computer using F900 software available with the instrument. Time-resolved
luminescence signal of singlet oxygen was monitored a 1270 nm. The software

allows data presentation, computation and numerical data reconvolution. The curve



fitting procedure for exponential fit and lifetime measurements is based on the
Marquard-Levenberg algorithm. This yields the lifetime of singlet oxygen, which is
directly related to the total rate of deactivation both physical and chemical quenching.
This method is much more reliable than the indirect trapping method or the detection
of steady-state IR luminescence of singlet oxygen. Some of the studies carried out,
using the above equipment, are discussed below.

3. Results and Discussion

In the present study, hematoporphyrin, hypocrellin-A and fullerenes are used
as sensitizers in different sets of experiments. The structures of the sensitizer are
shown below. All these sensitizers are used in photodynamic therapy for treatment of

cancer.

O.H O

R=R = CH(OH)Me
Haematoporphyrin Hypocrellin-A Fullerene (Ceo)

Scheme-2: Different types of photosensitizers

The role of haematoporphyrin in photodynamic therapy is well understood, and it is
considered as the first generation of photosensitizers. There are severa reports where
the photophysical properties of haematoporphyrin have been discussed [39-43].
Hypocrellin-A is a perylene quinone derivative bearing two hydroxyl groups, which
form strong hydrogen bonds with the carbonyl groups. Direct excitation of
hypocrellin-A produces high yield of triplets, which on reaction with oxygen produce
singlet oxygen [44].

Fullerenes are more efficient photosensitizers than organic dyes because of very high
triplet quantum yield (Ft ~ 1) [45-49]. This is due to very effective intersystem
crossing, which is driven with efficient spin-orbit coupling [45]. The energy of the
triplet state of Cg is 157.5 kJ mol™, which is very favourable for transfer of the

energy to the ground state oxygen (30.), giving singlet molecular oxygen (*O.), with

10



very high quantum yield (~1) [49]. Excitation of Cg in benzene (7.0x10* mol dm™) at
532 nm showed very good emission due to singlet oxygen (figure-2) with a lifetime
29 ns. The relative yield and lifetime of singlet oxygen remained independent of
temperature from 10 to 60 °C. However, its yield increased with Cgo concentration up
to 4.0x10* mol dm™, and with further increase in concentration, the relative yield
decreased (inset of figure-2). The decrease in the yield of the singlet oxygen may be
due to the decrease in the triplet yield of Cgo because of the aggregation of Cgo, which
in turn may reduce intersystem crossing rate [50].

3.1 Quantum yield of singlet oxygen in different solvents

To understand the effect of solvents on the yield of singlet oxygen, the
guantum yields were determined by direct analysis of IR luminescence at 1270 nm in
different solvents. The measurements were done with two independent solutions, one
containing the molecule under investigation and the other a reference R, for which
singlet oxygen quantum yield is known. The concentrations were adjusted such that
the two solutions showed identical absorbances at the excitation wavelength [51,52].
Under these conditions, for identical conditions of laser energy, the ratio of the
luminescence intensity is related to the ratio of the quantum yields of singlet oxygen
production by the two sensitizers according to equation 18.

Fo_S.. B 18)

Fi s efh
where F, and F} are quantum yields of the singlet oxygen from the molecule under

investigation and the reference R, respectively. S, and ST are the measured

luminescence signal (in mV) at 1270 nm for the molecule under investigation and the
reference R, respectively. Refractive index of the solvent is denoted by n.

Using TL900, quantum yield of singlet oxygen was measured in
dichloroethane, chloroform and acetonitrile. Hypocrellin-A in benzene was used as
the reference sensitizer to determine the yield of the singlet oxygen in other solvents.
The quantum yields of singlet oxygen in different solvents estimated by this are given
in table-3. The ability to produce singlet oxygen depends largely on the production of
a preferably long-lived triplet state. Excitation of hypocrellin-A gives the triplet state
in very high yield. The value of singlet oxygen yield is a function rate of intersystem

11



crossing of the sensitizer, which, in turn, depends on the structure of the sensitizer.
Depending on the electronic interaction of the carbonyl moiety of hypocrellin-A with
the arene groups and the substituents attached to them, the lowest singlet and triplet
states of aromatic ketones may exhibit the characteristics of n,p* or p,p* electronic
configuration. The energetic ordering within these states also depends on the solvent.
These states are destabilized to different extent with the variation in solvent polarity.
In genera, the triplet states are polar than the singlet states, as these are far apart from
the nucleus. With increasing solvent polarity, the energy gap between the triplet state
and the singlet state increases, and thereby reduces intersystem crossing. This, in turn,
reduces the yield of singlet oxygen produced by energy transfer from the triplet state
of hypocrellin A.

Table -3: Quantumyield of singlet oxygen in different organic solvents

Solvent Quantum yield of O,
Benzene 0.74
Dichloroethane 0.37
Chloroform 0.35
Acetonitrile 0.18

3.2 Effect of temperature on the lifetime of singlet oxygen

Lifetime of singlet oxygen was studied at different temperatures, maintained
by circulating water from a thermostated water bath to the sample chamber in a loop.
Since water was used as the bath fluid, the range of temperature was restricted
between 10 to 50 °C. Under such conditions lifetime of singlet oxygen was measured
in benzene, using Cgp and haematoporphyrin as sensitizers and listed in table-4.

Table-4. Effect of temperature on the lifetime of singlet oxygen

Temperature/°C t/ms A tie B |t/ns C
10 45 31 31
20 46 -- --
30 44 30 30
40 44 30 31
50 45 30 30

A : Sengitizer hematoporphyrin in acetonitrile
B : Sensitizer hematoporphyrin in benzene
C : Sensitizer C-60 in benzene

12



There variation in the lifetime of singlet oxygen in the specified temperature
range was negligible. The lack of an observed temperature effect on the lifetime and
guenching constant of singlet oxygen suggests that bulk properties of the solvent are
not involved in the rate-determining step of the energy transfer [53]. Similar results
were reported by several authors [53-56].

3.3 Solvent effects on the lifetime of singlet oxygen

The lifetime of singlet oxygen in a collision-free environment (gaseous) is of
the order of 45 mins. However, in solution, the lifetime ranges from one to several
hundred microseconds, depending on the solvent. Since oxygen does not have as
many vibrational degrees of freedom as a polyatomic solvent molecule, the medium
may not serve to induce transitions, but may provide a sink for the electronic
excitation energy of oxygen. Electronic transitions in molecular oxygen are dependent
on the perturbations offered by the solvent [53]. An important aspect of studying the
generation of singlet oxygen is the choice of solvent. The following ssimple rules
anticipate the changes of lifetime of singlet oxygen as a function of solvent [56,58-
60]. (@) The longest lifetimes are observed in perhalogenetaed solvents. (b) The
singlet oxygen lifetime decreases on increasing the number of hydrogen atoms in the
solvent molecule. (c) The shortest lifetime are observed in solvents having O-H
groups, particularly water. (d) The presence of heavy atom reduces the lifetime. (€)
Solvent deuteration invariably increases singlet oxygen lifetime.
Table-5: Life time of singlet oxygen in some common solvents [ 56]

Solvent t/ns Solvent t/ns
H,O 4.5 CH.Cl, 94
D,O 58 C,H4Clo 66
CHsOH 23 CH3;0OCH3; 50
CDs;0D 224 CD3;0CD3 860
C,HsOH 10 *CsHs 31
C,DsOD 230 CsDe 700
*CHsCN 61 CsFe 3900
CDsCN 440 CsH12 23
*CHsCl 266 CS, 200
CDsCl 640 Freon 11 1000

* Lifetime obtained from the present study

The rate of decay of singlet oxygen is related to the polarity of the solvent.
This trend was observed by Young et.a., when the lifetimes of singlet oxygen in

13



alcohol and mixed alcohol solvents were compared [57]. The decrease in lifetime in
protic solvents indicates that hydrogen bonding may play an important role in the
deactivation of singlet oxygen. This interaction is weakened considerably by
replacement of the hydrogen with deuterium, and further, by replacement of the
deuterium with fluorine [56]. Therefore, deuterated solvents provide longer lifetimes
of singlet oxygen. Table-5 lists the singlet oxygen lifetimes in different protonated
and deuterated solvents.

3.4 Determination of the rate constants of quenching by the singlet oxygen

In the absence of a quencher, singlet oxygen decays by emission of light and
as well as by some non-radiative processes discussed above. The rate constant for all
these processes can be summed up by the inverse of emission lifetime. In the presence
of a quencher, the deactivation rate increases due to additional parallel pathways, like
physical and chemical quenching. As a result, the emission lifetime decreases. With
increasing concentration of the quencher, the emission lifetime decreases further. This
change in lifetime as a function of the quencher concentration can be represented by
Stern—Volmer equation (equation 19) [61,62],

tt= t;)l + k,[Quencher] (19)

where t and to are lifetime of singlet oxygen in the presence and absence of a
quencher, respectively, and kq is the quenching rate constant. Thus the plot of
reciprocal lifetime of singlet oxygen with concentration of a quencher will be a
straight line with the slope giving the rate constant for the quenching of singlet
oxygen.

Thiourea and its counter parts (group 16 of the periodic table) were used as quenchers.
Thioureais commonly used in several industries such as fertilizers, dyes, rubber etc. It
is one of the important industrial wastes that need to be removed from affluent water.
Since reactions of organic molecules with singlet oxygen can be employed for waste-
water treatment, we studied the quenching reactions of thiourea with singlet oxygen.
[63]. Figure-3a shows the absorption-time plot of singlet oxygen generated on photo-
excitation of haematoporphyrin (~1.2x10* mol dm™, absorbance at 532 nm ~0.5) in
acetonitrile. On the addition of thiourea (1.0x10° mol dm™), the decay of singlet
oxygen becomes faster (figure-3b). The pseudo-first order rate constant increases

linearly with thiourea concentration (inset of figure-3). The slope of this linear plot
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gives the bimolecular rate constant value of 1.54 x 10’ dm® mol™ s* (table-6). This
high rate constant indicates that thiourea can be removed by reaction with singlet
oxygen. Alternatively can also be employed as an efficient quencher of singlet

oxygen, where its generation and reactions are unwanted as in dye lasers.

Table-6: Bimolecular rate constants (kq) for the deactvation of singlet oxygen with
urea derivatives

Compound ky/dm®mol™s*
Urea

Thiourea 1.54 x 10’
Diethyl thiourea 1.73 x 10’
Tetramethy! thiourea 1.30 x 10’

Pheny! thiourea 5.43 x 10’
Thioacetamide 6.63 x 10°
Selenourea 1.90 x 10°

Similar studies have been carried out on a number of thiourea derivatives, and their
bimolecular rate constant values obtained for the quenching of singlet oxygen are
listed in table-6. It can be seen that substitution of thiourea does not have significant
effect on the singlet oxygen quenching rate constant. Singlet oxygen quenching
reactions were also studied with thiourea and its analogues, from the same groupurea
and selenourea. While urea did not show any reactivity with singlet oxygen, thereisa
significant increase in the rate constant for quenching the singlet oxygen for
selenourea, which is a analogue of thiourea. The increase of the quenching rate
constant for singlet oxygen could be attributed to the decrease of ionization potential
from urea to thiourea to selenourea which vary as 7.32 eV, 6.12 eV, 5.11 eV,
respectively [64]. From this, it has been concluded that the substitution does not
change the value of bimolecular rate constant, whereas replacement of sulfur with
selenium increases it significantly.

3.5 Reactions of singlet oxygen with antioxidants and other biomolecules

Singlet oxygen reacts with a wide range of biologica molecules, including
DNA, RNA, proteins, lipids and sterols [20]. It is known to react with lipids, forming
lipid hydroperoxide, which cause oxidative events that leads to the cell death. As
discussed earlier, singlet oxygen interacts with potential targets by two major
pathways, namely, physical and chemical. The former results in energy transfer and
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de-excitation of the singlet state, but causes no chemical change in the acceptor. The
latter results in chemical modification of the target [20]. In human physiological
condition, antioxidant defense against reactive oxygen species requires modulation of
cellular enzyme, which scavenges the initial radical produced to prevent the oxidative
damage brought by reactive oxygen species. Antioxidants also have to be efficient
singlet oxygen quenchers. Rate constants of singlet oxygen with well known phenolic
antioxidants namely: curcumin, resveratrol, ferulic acid, caffeic acid, o-hydroxy
cinnamic acid and some indole derivatives, have been determined. The singlet
oxygen, produced on photo-excitation of haematoporphyrin (~1.2x10* mol dm®,
Absorbance at 532 nm ~0.5) in acetonitrile, was used to measure the reactivity of
these antioxidants. The decay of singlet oxygen became faster in the presence of these
antioxidants and the quenching rate constants determined are shown in table-7. All of
the phenolic antioxidants show moderate quenching ability with singlet oxygen and
the quenching rate constant were in the order of~10°-10° dm® mol™* s,

The singlet oxygen quenching rate constants for two indolic derivatives,
tryptophol and 5-hydroxy tryptophol, were determined to be 3.2x10” and 9.3x10” dm?
mol™* s?, respectively. These values of the rate constants for indole derivatives show
close agreement with melatonin and other related indoles studied by Matuszak et.al.
[65]. From these studies, it appears that indoles show high reaction rate constants with
singlet oxygen. As curcumin and resveratrol are known to be better antioxidants than
ferulic acid, caffeic acid and o-hydroxy cinnamic acid, it is expected that they show
higher quenching rate constant for singlet oxygen. This is reflected in the observed
singlet oxygen quenching rate constant in table-7.

Table-7: Bimolecular rate constants (k) for the reaction of singlet oxygen with
antioxidants

Compound kq/dm®mol™s*
Curcumin 1.30 x 10°
Resveratrol 1.14 x 10°
Ferulic acid 4.00 x 10°
Caffeic acid 8.12x 10°
o-Hydroxy cinnamic acid 1.42 x 10°
Tryptophol 3.20 x 10’
5-Hydroxy tryptophol 9.30 x 10’
5-Hydroxy indole 9.55 x 10°
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The rate constants are also dependent on the one-electron reduction potential
of the radical. Protection by any typical antioxidant is closely related to its ability to
chemically deactivate the reactive oxygen species that are toxic. Although al these
antioxidant molecules seem to react with free radicals or singlet oxygen, at different
rates, their contribution to total antioxidant capacity should be proportional to their
respective physiological concentrations. Thus, from the rate constant, it can be
inferred that high concentration (~10° mol dm™) of antioxidant is required to
scavenge singlet oxygen efficiently inside the cells. However, none of these
antioxidants react with singlet oxygen as efficiently as b-carotene, which is
considered to be the most powerful quencher for singlet oxygen. It was observed that
one molecule of b-carotene can quench 250 to 1000 molecules of singlet oxygen with
a rate constant of 1.3x10™ dm® mol™ s [4]. Most of the carotenoids have singlet
oxygen quenching rate in the order of ~10° dm® mol™ s [8].

Quenching studies on singlet oxygen were carried out in different types of
solvents, viz., acetonitrile, dichloroethane, and chloroform. Hypocrellin A was used as
a sensitizer, which was excited at 532 nm, and curcumin as quencher for singlet
oxygen. The quenching rate constants for curcumin were 1.2x10°, 4.6x10° and
1.6x10° dm® mol™ s? in these solvents, respectively. Increase of the quenching rate
constant in polar aprotic solvent is explained in terms of the charge-transfer exciplex
stabilization of dipolar interactions. Stabilization increases if solvents have a large
capacity as a hydrogen bond acceptor [62]. Systematic study with more number of
solvents would give deeper insight into this aspect.

4. Summary

The major findings of the present article can be summarized as follows

1) Singlet oxygen could be efficiently produced by photosensitization method. It was
detected by infrared luminescence at 1270 nm using liquid nitrogen cooled
germanium detector.

2) Porphyrins, perylene quinone dyes, fullerenes act as very good sensitizers for
singlet oxygen generation.

3) Fullerenes are the best sensitizers due to very high triplet quantum yield (close to
unity).
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4) Theyield of singlet oxygen produced from Cgo depends on the concentration of Cgo
used. Singlet oxygen yield increases with increase in Cgo concentration up to 4.0x10™
mol dm™ and then decreases with further increase in Cg concentration. This was
attributed to the formation of aggregates at higher concentration.

5) The yield of singlet oxygen depends on the nature of the solvent and the yield of
triplet state of the sensitizer in that solvent.

6) The lifetime of singlet oxygen varies with the solvent. In deuterated solvent the
lifetime increases by a considerable amount.

7) Temperature has negligible effect on the decay of singlet oxygen studied in
solvents like benzene and acetonitrile.

8) The quenching rate constant increased from urea to thiourea to selenourea, whereas
substitution in the thiourea analogues had negligible effect on the quenching rate
constant.

9) Well known antioxidants exhibit high rate constant with singlet oxygen, but to
protect cellular damage from singlet oxygen, the required concentration of these
antioxidant should be high in the order 10° mol dm™.

10) The quenching rate constant for singlet oxygen with curcumin, was found to
increase in an aprotic polar solvent, probably because the exciplex formed by the
reaction of singlet oxygen can get stabilized by dipolar interactions.

11) Due to the high selectivity towards organic molecules, singlet oxygen can be used
for removal of sulfides from mining effluent, phenol and its derivatives from
wastewater of paper and dye industries, and destruction of viruses and bacteria in
drinking water.

5. Future Programmes

The main objective for studying photosensitized singlet oxygen reaction is to
identify new photosensitizers with better efficacy for photodynamic therapy. An
improved understanding of mechanisms of photosensitizer quenching,
photobleaching, and localization in the tissues is required for this purpose.
Investigation of new photosensitizers is also crucial for further development in this
field.

Singlet oxygen, being a congtituent of ROS in biological system, it is
necessary to scavenge it to reduce its damaging effects. Antioxidants can be used to
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scavenge the harmful effect of singlet oxygen. The quenching rate constant of these
antioxidants with singlet oxygen will provide information on the concentrations that
are required for selectively protecting crucial biomolecules.

Semiconductors, with wide band gaps in the visible region, have been used for
light emitting diodes and photovoltaic devices. The efficiencies of these devices are
largely dependent on the excited state of these semiconductors. The excited states are
often sensitive to oxygen, so a better understanding of the reactivity of oxygen with

the semiconductor material will help to improve the efficiency.
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7. Figurelegends

Figure-1: Schematic diagram of transient luminescent spectrometer

Figure-2: Emission-time profile of singlet oxygen at 1270 nm produced on photo-
excitation of Cgo (7.0x10* mol dm™) in benzene. Inset shows the variation of relative
intensity of singlet oxygen produced on photo-excitation of Cgy in benzene as a

function of Cgo concentration.

Figure-3: Figure-3: Absorption-time profile of singlet oxygen at 1270 nm, produced
on photo-excitaion of haematoporphyrin (~1.2x10* mol dm™) in acetonitrile (a) in
absence and (b) presence of thiourea (1.0x10° mol dm™). Inset shows variation of

pseudo-first order rate constant (Kqps) as a function of thiourea concentration.
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