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bstract

The quantum yield (ϕT) and lifetime (τT) of the triplet state (T) of water-soluble meso-tetrasulphonatophenyl porphyrin (TPPS4) and the kinetic
rofile and quantum yield (ϕ1O2

) of the singlet oxygen 1O2, produced due to the energy transfer from T to molecular oxygen, were investigated
or biprotonated (pH 4.0) and non-protonated (pH 7.0) TPPS4 forms as a function of the NaCl concentration. The study was performed with the
elp of flash-photolysis technique compared with the data obtained by optical absorption spectroscopy. The 1O2 characteristics were monitored by
inetics and spectrum of its infrared phosphorescence.

As shown, for biprotonated TPPS4 the addition of NaCl reduces both ϕT and τT due to two processes: “quenching” by Na+ and/or Cl− ions and

uccessive formation of H and J TPPS4 aggregates. The triplet state formation for the porphyrin J aggregates was detected. For non-protonated
PPS4, no aggregation in the presence of salt occurs and the observed reduction of ϕT and τT was due to the interaction with Na+ and/or Cl− ions.
he reduction of ϕT was accompanied by the simultaneous reduction of (ϕ1O2

). No NaCl effects on the quenching constant of T by O2 and on the
O2 lifetime were observed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Meso-tetrasulphonatophenyl porphyrin (TPPS4) (Fig. 1) is
onsidered one of the promising water-soluble synthetic com-
ounds for application in cancer photodynamic therapy (PDT)
1,2]. Cancer treatment by PDT is based on the production of
he excited molecular oxygen singlet state (singlet oxygen, 1O2)
esponsible for neoplasic cell inactivation. The singlet oxygen is
ormed by the energy transfer from triplet state of a photosensi-
izer to oxygen molecule [3]. TPPS4 in its non-protonated form
s characterized by high quantum yields of the triplet state and

he singlet oxygen production, ϕT = 0.78 [4] and ϕ1O2

= 0.62
5], respectively, and possesses high affinity to tumor tissues [6].
owever, in the presence of salts in acidic media, where TPPS4

∗ Corresponding author. Tel.: +55 16 3602 3862; fax: +55 16 3633 9949.
E-mail addresses: iourib@ffclrp.usp.br, lucimaraferreira@yahoo.com.br

L.P.F. Aggarwal).

2

o
p

v
s

010-6030/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2006.08.003
xists in biprotonated state, it aggregates [7–9 and therein]. It
s known that the aggregation reduces the quantum yield and
he lifetime of the excited triplet state of porphyrins [10,11
nd therein] and consequently should reduce the 1O2 genera-
ion yield.

In this work, we report on the study of the NaCl effects
pon TPPS4 triplet state and 1O2 characteristics using the flash-
hotolysis technique and time resolved detection of 1O2 phos-
horescence. The data obtained were analyzed compared with
hose for optical absorption spectroscopy.

. Materials and methods

Meso-tetrasulphonatophenyl porphyrin (TPPS4) was
btained from Porphyrin Products, Inc. and not additionally

urified.

The experiments were performed at pH 4.0 and 7.0. The pH
alue was adjusted by adding HCl or NaOH concentrated stock
olutions into the experimental cell. pH was controlled by Corn-
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188 L.P.F. Aggarwal et al. / Journal of Photochemistry and Photobiology A: Chemistry 186 (2007) 187–193

i
0

m
t
t
a
o
i
s

t
o
t

3

i
m

2

3

3
o

b
n
a
b
a
τ

a

f
f
a
c
a

F
(
(

p
4
4
i

T
a
t
f
c
a
a
c

s
m
4
b
t

c
a
p

3
s

s
(
t
t

Fig. 1. Structure of TPPS4.

ng 430 pH-meter. The NaCl concentration varied from 0 to
.4 M. All solutions were prepared in the Milli-Q quality water.

The porphyrin triplet state was produced by the second har-
onic short light pulses (532 nm) from Nd:YAG SL400 Spec-

rum Laser System (with 10 ns pulse duration). TPPS4 concen-
ration was controlled spectrophotometrically with the molar
bsorption coefficient ε644 nm = 3.26 × 104 M−1 cm−1 at pH 4.0
r ε515 nm = 1.30 × 104 M−1 cm−1 at pH 7.0 [12]. In all exper-
ments, this concentration approached 30 �M resulting in the
olution absorbance ≈0.2 at 532 nm.

The decay curves of the TPPS4 triplet state were registered by
he triplet–triplet absorption (T1–Tn) at λ = 470 nm. To study the
xygen effect, the samples were deaerated by bubbling nitrogen
hrough the solution for 20 min.

Optical absorption spectra were monitored in the range from
50 to 750 nm by a Beckman Coulter DU640 spectrophotometer.

The singlet oxygen formation and decay dynamics were mon-
tored directly by its phosphorescence profile at 1270 nm using

odified “Edinburgh F900” system.
All experiments were carried out in 1 cm quartz cuvettes at

4(±1) ◦C.

. Results and discussion

.1. TPPS4 spectral and kinetic characteristics: the effect
f pH and NaCl

In homogeneous aqueous solutions, TPPS4 is characterized
y two pKa points near pH 5.0 [4,13]. Thus, at pH 7.0 TPPS4 is
on-protonated (H2TPPS4

4−) with the net charge equal 4−. The
bsorption is characterized by maxima centered at 413 (the Soret
and) and 515, 552, 578, and 632 nm (Q bands) (Fig. 2, curve
). For this TPPS4 state, the excited singlet state S1 lifetime is
S1 = 9.0 ns and fluorescence and triplet state quantum yields
re ϕfl = 0.16 and ϕT = 0.78, respectively [4].

In acidic media (pH < 4.8) TPPS4 exists in a biprotonated
orm (H4

2+TPPS4
4−) with the net charge equal 2−. This TPPS4
orm is characterized by the Soret band centered at λ = 433 nm
nd three Q bands at 550, 594 and 644 nm, respectively (Fig. 2,
urve b). Protonation reduces τS1 down to 3.6 ns and ϕT to 0.36;
t the same time, ϕfl increases up to 0.37 [23].

�

w

T

ig. 2. Absorption spectra of: TPPS4 at pH 7.0 (curve a); TPPS4 at pH 4.0
curves b in A and B); TPPS4 J aggregates in the presence of NaCl at pH 4.0
curve c); TPPS4 H aggregates in the presence of NaCl at pH 4.0 (curve d).

Addition of NaCl shifts pKa points of TPPS4 to the acidic
H region [14]. As shown, at 0.4 M NaCl they approach pH
.5. Therefore, in the range of NaCl concentrations used at pH
.0 TPPS4 remains biprotonated and the absorption spectrum is
dentical to that in the absence of NaCl.

Formerly, it has been demonstrated that the biprotonated
PPS4 aggregates in homogeneous aqueous solutions [8,9,15]
nd the addition of salt stimulated its aggregation. The aggrega-
ion kinetics is characterized by the induction period decreasing
rom hours to seconds with increasing NaCl and/or porphyrin
oncentrations. Recently, we have demonstrated that at any NaCl
nd TPPS4 concentration H aggregates are formed prior to J
ggregates and the induction period represent the H aggregates’
onversion into the J form [12].

These structural changes are manifested in the absorption
pectrum and ϕfl alterations of TPPS4 solutions. H aggregates
entioned are characterized by an absorption band centered at

13 nm, whereas J aggregates are characterized by absorption
ands centered at 491 and 707 nm (Fig. 2, curves c and d “inser-
ion”).

For non-protonated TPPS4 (pH 7.0), NaCl addition in con-
entrations up to 0.4 M just slightly changes the absorption
nd fluorescence spectra, ϕfl and τS1. No aggregation of non-
rotonated TPPS4 in the presence of salt was observed.

.2. TPPS4 triplet state characteristics in aqueous
olutions: interaction with oxygen

The 532 nm laser pulse induces the porphyrin excited triplet
tate formation. The observed variation of optical absorption
�A) of the solution is due to a difference between molar absorp-
ion coefficients related to the singlet–singlet (εS–S) and the
riplet–triplet (εT–T) transitions.
A = (εT−T − εS−S)[T] (1)

here [T] is the concentration of the triplet state porphyrin.
The parameter εS–S of both biprotonated and non-protonated

PPS4 forms is negligibly small (εS–S ∼= 0) at 470 nm, for
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Fig. 3. Normalized decay profiles of the triplet state for [TPPS4] = 30 �M mon-
itored at 470 nm in deoxygenated solutions: at pH 7.0 in the absence (a) and
in the presence of [NaCl] = 0.1 M (b); at pH 4.0 in the absence (a) and in the
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Fig. 4. Normalized values of the maximum TPPS4 T–T, absorbance
(
(

p
i

3

t
T
c

3
n
�

r

(

t
e

�

w
a
i

b
4
a
p

p
[

resence of [NaCl] = 0.1 M (b); J aggregates (c) (©) fitting of these profiles
sing single-exponential fits. Insertions: residuals of these decay profiles for
ingle-exponential fits.

hich �A was monitored. In this case, �A depends directly
n T1 → Tn absorption:

A = εT−T[T] (2)

At both pH values and all porphyrin concentrations used
ither in the presence or in the absence of NaCl, the decay profile
f the TPPS4 triplet state is mono-exponential (Fig. 3A and B):

A = �A0 exp

(−t

τ

)
(3)

This demonstrates that the contribution of bimolecular
uenching between triplets, such as T–T annihilation, was neg-
igibly small under current conditions.

In the absence of oxygen, the TPPS4 triplet state lifetime
τT) depends on its protonation state. At pH 4.0 (biprotonated
orphyrin), it was τT0 = (50 ± 4) �s, whereas at pH 7.0 (non-
rotonated) τT0 = (350 ± 20) �s. The TPPS4 triplet state is effec-
ively quenched by molecular oxygen:

1 = k0 + kq[O2] (4)
or both porphyrin forms, the characteristic quenching constant
s kq ≈ 1.8 × 109 M−1 s−1. This value agrees with that observed
lsewhere [10]. In the air-saturated solutions at atmospheric

“
w
e
t

�A0NaCl/�A0) at 470 nm as a function of NaCl concentration: (�) pH 4.0;
�) pH 7.0.

ressure ([O2] = 0.26–0.29 mM [16]) porphyrin triplet lifetime
s τT1 = 1/k1 ∼= (2.0 ± 0.1) �s for both pH values.

.2.1. Effects of NaCl
It is reasonable to expect that NaCl, which produces essen-

ial modifications in the spectral and kinetic characteristics of
PPS4 in solutions, should also affect the TPPS4 triplet state
haracteristics.

.2.1.1. Non-protonated TPPS4 form. Obviously, already for
on-protonated TPPS4 form NaCl addition induces a drop of
A0, which depends on the NaCl concentration. This drop

eaches ≈40% at [NaCl] > 0.1 M (Fig. 4, curve �).
In the absence of oxygen, the triplet lifetime reduces to

250 ± 10) �s (Fig. 3A, curve b).
This effect cannot be explained by decreased S–S absorp-

ion at 532 nm, since �A0 was corrected using the following
quation:

A0 = �A0 exp
D0

DNaCl

here �A0 exp is the �A0 value obtained in the experiment; D0
nd DNaCl are the S–S absorbances at 532 nm in the absence and
n the presence of NaCl, respectively.

Therefore, NaCl does really reduce �A0. This effect may
e induced by decreasing εT–T at the registration wavelength
70 nm and/or decreasing triplet concentration [T]0 immediately
fter the excited light pulse end. This means a decrease of the
orphyrin triplet state quantum yield, ϕT.

The nature of this NaCl effect has not been yet com-
letely clarified. Based on the fact that the effect saturates at
NaCl] > 0.1 M we put forward an idea of Na+ counter ion

cloud” formation around the H2TPPS4

4− molecule. However,
e cannot exclude completely the possibility of the porphyrin

xcited state quenching by Cl− ions, and we pretend to clarify
his aspect in our future studies.
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Table 1
Characteristic times of TPPS4 total aggregation (ta) and �A0 saturation (t1) as
functions of NaCl and the porphyrin concentrations at pH 4.0 (24 ◦C)

[NaCl] (M) [TPPS4] = 15 �M [TPPS4] = 30 �M

ta (min) t1 (min) ta (min) t1 (min)

0.4 1.7 ± 0.2 >2 0.7 ± 0.1 >2
0.3 3.7 ± 0.4 4.1 ± 0.4 1.5 ± 0.2 >2
0.2 5.5 ± 0.6 6.0 ± 0.6 2.8 ± 0.3 3.0 ± 0.3
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The presence of NaCl has no effect on the TPPS4 triplet
uenching by oxygen and kq remains unchanged (kq ≈ 1.8 ×
09 M−1 s−1). The triplet lifetime in the air-saturated solutions
s (2.0 ± 0.1) �s.

.2.1.2. Biprotonated TPPS4 form. The effect of NaCl on the
PPS4 triplet state characteristics is still more pronounced for
iprotonated TPPS4. In this case, the addition of NaCl reduces
he T–T absorption curve amplitude (�A0) consisting of two
hases.

Firstly, similar to non-protonated TPPS4, NaCl addition pro-
uces a rapid (t < 60 s) �A0 decrease, which reaches 30% in
he presence of [NaCl] > 0.1 M (Fig. 4, curve �). At the same
ime, in the absence of oxygen NaCl (>0.1 M) reduces the
riplet lifetime from (50 ± 4) to (7.0 ± 0.1) �s (Fig. 3B, curves a
nd b).

Similar effect was observed for TPPS4 fluorescence, where
ddition of 0.3 M NaCl reduced TPPS4 fluorescence quantum
ield from 0.37 to 0.23 and the lifetime—from 4.0 to 3.0 ns,
espectively [12,17].
Secondly, after the initial �A0 drop, further �A0 reduction
s observed (Fig. 5B), with characteristic time τ1 depending on
he NaCl and TPPS4 concentrations (Table 1). This reduction is
imultaneous with the increase of TPPS4 H and J aggregate con-

ig. 5. (A) Relative contents of TPPS4 aggregates as a function of time in the
resence of NaCl: (�) H aggregates; (�) J aggregates; (©) H + J aggregates;
ormalized values of the TPPS4 T–T: absorbance at 470 nm (�A0NaCl/�A0)
�) and 1O2 phosphorescence maximum at 1270 nm (JmaxNaCl/Jmax0) (©) as
function of time in the presence of NaCl. Experimental conditions: pH 4.0;

TPPS4] = 30 �M; [NaCl] = 0.1 M.
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0.15 10 ± 1 11 ± 1 4.5 ± 0.5 5.0 ± 0.5
0.1 >60 >60 18 ± 2 20 ± 2

entrations, which was detected by the S–S absorption (Fig. 5A,
able 1). Based on this observation, we associate this �A0 reduc-

ion with TPPS4 aggregation. However, finally, �A0fin does not
o down to 0, but reaches a stable value at (�A0)/2 after the
PPS4 aggregation to the J form finished (Fig. 5B, curve �).
ince now only J aggregates of TPPS4 are present in the solution,
e associate this signal with the J aggregate triplet form, which

ifetime in the absence of oxygen is (10.0 ± 0.4) �s (Fig. 3B,
urve c).

At the same time, neither NaCl, nor the porphyrin aggrega-
ion affect the quenching of the TPPS4 triplet by oxygen and
q remains ≈1.8 × 109 M−1 s−1 for porphyrin monomers and
orresponding J aggregates.

.3. Singlet oxygen 1O2 formation

Excitation of the TPPS4 solutions, both biprotonated and
on-protonated, at 532 nm induces the light emission in the
220–1340 nm range with a maximum centered at λ ≈ 1270 nm.
he emission profile contains two stages: accumulation and
ecay. These characteristics are typical of 1O2 phosphorescence
ormed by the energy transfer from the sensitizer triplet state to
olecular oxygen [18,19].
In reality the porphyrin triplet state quenching by molecular

xygen can include other mechanisms besides energy transfer,
uch as electron transfer, which results in the superoxide anion
2
•− formation [20 and therein]. Therefore, we need to separate

he quenching constant kq in two parts:

q = kq� + kq1

here kq� is the TPPS4 triplet state quenching constant due
o energy transfer with formation of singlet oxygen and kq1 is
he total quenching constant describing other oxygen included
rocesses.

In this case, the triplet state decay rate is expressed by the
ollowing equation:

d[T]

dt
= −k0[T] − (kq� + kq1)[T][O2] = −(k0 + kq[O2])[T]

nd the 1O2 generation rate is:
d[1O2]

dt
= kq�[T] [O2] − k1O2

[1O2] (5)

here k1O2
is the 1O2 decay constant.



L.P.F. Aggarwal et al. / Journal of Photochemistry and

Fig. 6. Singlet oxygen (1O2) phosphorescence kinetic profiles at 1270 nm: pH
7.0 in the absence (curve a) and in the presence (curve b) of [NaCl] = 0.1 M pH
4.0 in the absence (curve a) and immediately after adding [NaCl] = 0.1 M (curve
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kq� ϕ1O2
) (©) fitting by the equation y = A[exp(−t/τ1) − exp(−t/τ2)], Insertions: resid-
als of the profiles for fits. Singlet oxygen was produced by [TPPS4] = 30 �M
xcitation at 532 nm in aqueous solutions.

The photosensitizer triplet state concentration as a function
f time is

T] = [T]0exp[−(k0 + kq[O2])t]

ince molecular oxygen concentration [O2] is approximately 10-
old higher than that of TPPS4 [O2] should be much higher than
T]. Therefore, we may suppose [O2] in Eq. (5) to be constant.

In this approximation, the concentration of the singlet oxygen
hould be expressed by

1O2] = kq�[O2][T0]

k1O2
− (k0 + kq[O2])

{exp[−(k0 + kq[O2])t]

− exp(−k1O2
t)} (6)

here the first exponent gives 1O2 accumulation and the second
ne relates to 1O2 decay.

The best fitting of the phosphorescence curves obtained with
he help of Eq. (6) (Fig. 6) demonstrates that for both pH val-
es in the presence and in the absence of NaCl the 1O2 decay
onstant equals k1O2

= (2.9 ± 0.1) × 105 s−1 (that gives the
ifetime equal τ1O2

= (3.5 ± 0.1) �s). This value correlates well
ith the formerly observed one [21,22].

1
The concentration of O2 reaches a maximum at

max = 1

k1O2
− (k0 + kq[O2])

ln

(
k1O2

k0 + kq[O2]

)
(7)

a
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nd

1O2]max = kq�/kq[T0]

(k0−k1O2
)/kq[O2] + 1

(B
k0+kq[O2]/k1O2

−(k0+kq[O2])

− B
k1O2

/k1O2
−(k0+kq[O2])

) (8)

here B = k1O2
/(k0 + kq[O2]).

In accordance with Eq. (8) [1O2]max depends on both [T0]
nd k0 = 1/τ0. However, under all current experimental condi-
ions the triplet decay constant determined by triplet quenching
y oxygen, which presents in the air (kq[O2]) is much higher than
he triplet decay constant in the absence of oxygen (k0) and the
um k0 + kq[O2] ∼= kq[O2] is practically unchanged under these
onditions. This means that under atmospheric air pressure due
o effective quenching of the TPPS4 triplet state by oxygen prac-
ically all TPPS4 “tripletely” excited molecules are quenched by
xygen. Hence, in this case, 1O2 production depends on ϕT and
s independent of τ0, which take part in 1O2 production only
hen k0 is comparable to kq[O2].
In our experiments, the decay constant of singlet oxygen k1O2

s practically constant. Thus [1O2]max is directly proportional to
T]0.

The 1O2 quantum yield (ϕ1O2
) is proportional to

∫ tfin
tin

J(t) dt,

here J(t) is 1O2 phosphorescence intensity as a function of
ime. However, since J(t) profiles are similar under all experi-

ental conditions, it can be affirmed that ϕ1O2
is proportional

o the phosphorescence kinetics amplitude Jmax, which in turn
s proportional to [1O2]max.

On the other hand, ϕT is proportional to [T]0. Thus, based on
q. (8), it is possible to deduce that

1O2
= KϕT

here K is the factor of proportionality.
On the other hand, if every “tripletely” excited TPPS4

olecule transfers its energy to molecular oxygen, ϕT and ϕ1O2
hould be equal (K = 1). However, in reality just a part of these
olecules is capable to realize the energy transfer and form 1O2.
his part is determined by the ratio kq�/kq.

Indeed, since k0 	 k1O2
and kq[O2] 	 k0 we can transform

q. (8) into the form:

1O2]max = kq�

kq
[T0](B

k0+kq[O2]/k1O2
−(k0+kq[O2])

− B
k1O2

/k1O2
−(k0+kq[O2])

) (9)

hich demonstrates that [1O2]max is proportional to kq�/kq.
Thus, under our experimental conditions K should be equal

q�/kq and finally

1O2
= kq�

kqϕT

r,
kq
=

ϕT

For non-protonated TPPS4 ϕT = 0.78 [4] and ϕ1O2
= 0.62 [5],

nd we can conclude that kq�/kq = 0.62/0.78 ∼= 0.79. It means
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hat about 79% of “tripletely” excited TPPS4 molecules were
uenched by energy transfer, forming singlet oxygen, and just
1% were quenched by other mechanisms.

.3.1. Non-protonated TPPS4 form
At pH 7.0, NaCl addition induces the immediate reduction of

O2 phosphorescence intensity maximum (Jmax) reaching 27%
or [NaCl] > 0.1 M (Fig. 6A) and being independent of further
aCl concentration increase. The decrease value was adjusted
ith the help of the following equation:

max = Jmax exp
D0

DNaCl

here Jmax exp is experimentally obtained Jmax value; D0 and
NaCl are S–S absorbances at 532 nm in the absence and in the
resence of NaCl, respectively.

Since Jmax is proportional to [1O2]max, it may be concluded
hat addition of NaCl in the concentrations above 0.1 M reduces
1O2

from 0.62 to 0.45.
This effect is similar to the one observed for �A0 under the

ame conditions. Thus, since [1O2]max is directly proportional
o [T]0, it may be concluded about direct relation of this drop to
decrease in [T]0. Hence, this indicates ϕT reduction from 0.78

o 0.57, induced by NaCl.

.3.2. Biprotonated TPPS4 form
At pH 4.0 in the absence of NaCl the corrected Jmax value

s found ≈2-fold lower than that at pH 7.0, indicating ϕ1O2
eduction from 0.62 for non-protonated to 0.31 for biprotonated
PPS4 form. This reduction agrees with ϕT decrease from 0.78

o 0.36, observed for TPPS4 protonation [23]. Hence, TPPS4
rotonation increases the ratio kq�/kq in favor of kq�, thus
ncreasing the yield of the triplet energy transfer from 0.79 to
1O2

/ϕT = 0.31/0.36 ∼= 0.86.
At pH 4.0, NaCl addition induces rapid Jmax drop reaching

30% at [NaCl] > 0.1 M (Fig. 6B) and being independent of
urther NaCl concentration increase. Therefore, it may be con-
luded that the presence of NaCl in concentrations above 0.1 M
ecreases ϕT of biprotonated TPPS4 down to 0.25, thus reducing
1O2

from 0.30 to 0.21.
After the initial drop, Jmax is still decreasing (Fig. 5B, curve
) with the kinetics symbate to �A0 decrease (Fig. 5B, curve
), induced by TPPS4 aggregation (Fig. 5A, curve ©), and,

nally, reaching the saturation level at 50% of the initial Jmax
alue. Since only J aggregates of TPPS4 are present in the solu-
ion in this case, it may be assumed that ϕ1O2

equals ≈0.10 due
o excitation of these aggregates, and ϕT is ≈0.12.

. Conclusion

Based on the above data, we may conclude that NaCl addi-
ion reduces the quantum yield and the lifetime of triplet state
or biprotonated and non-protonated TPPS4 forms. The effect

riginates from Na+ and/or Cl− interaction with porphyrin
olecules, which directly reduces both triplet lifetime and quan-

um yield and, on the other hand, induces TPPS4 aggregation,
hus reducing these characteristics even more. Along with the

[
[

[
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act that NaCl addition decreases TPPS4 singlet excited state
ifetime and the fluorescence quantum yield, this result allows
o conclude that interaction with ions, as well as aggregation,
ncreases the probability of non-radiative dissipation of TPPS4
lectronic excitation. Nevertheless, the quantum yield and the
ifetime of TPPS4 J aggregate triplet state are comparable with
hose of TPPS4 monomers.

Under all currently mentioned experimental conditions, the
PPS4 triplet state quenching by molecular oxygen is so effec-

ive that all “tripletely” excited molecules loose their energy due
o this process. So, the production of singlet oxygen is directly
roportional to the TPPS4 triplet state quantum yield and is inde-
endent of its lifetime. On the other hand, the difference between
T and ϕ1O2

demonstrates that just a part of “tripletely” excited
PPS4 molecules transfers its excitation energy to molecu-

ar oxygen producing singlet oxygen and the other part of
PPS4 triplets is quenched due to different oxygen depen-
ent mechanisms, probably, the electron transfer forming O2

•−
adical.

The presence of NaCl does not affect neither the TPPS4 triplet
tate quenching constant by oxygen nor the lifetime of singlet
xygen.
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