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a b s t r a c t

The generation of superoxide radical anion O2
•− from tetra(4-carboxyphenyl)porphyrin (TCPP) adsorbed

on TiO2 in DMSO and irradiated by visible light was studied using EPR spectroscopy and 5,5-dimethyl-
1-pyrroline-N-oxide (DMPO) as spin trap. A chemical filter was used to remove light with wave lengths
<500 nm. A multiline EPR spectrum was observed, characteristic of a mixture of two adducts, the first

•−
eywords:
MPO
uperoxide anion
orphyrin
ye-sensitized TiO2

pin trapping

corresponding to DMPO–O2 and the second to the so-called nitroxide-like radical. Hyperfine coupling
constants determined for the DMPO–O2

•− adduct are: aN = 14.1 G, aH
� = 10.8 G and aH

� = 1.4 G, and for
the nitroxide-like radical adduct aN = 14 G. An increased intensity of the EPR lines corresponding to the
nitroxide-like radical adduct was observed under irradiation without chemical filter, which suggests a
possible DMPO–O2

•− decomposition. No singlet oxygen could be detected by EPR spectroscopy using
2,2,6,6-tetramethyl-4-piperidone (TEMP) as spin trap and by chemical trapping using anthracene as the
trap.
. Introduction

The superoxide radical anion (O2
•−) plays a very important role

n biological pathways and in complex chemical reactions [1–3]. It
s generated in living cells in processes involving NADPH oxidases,

itochondrial electron transport, cytocrome P-450 reactions, and
t is thought to be important in the radical theory of aging [4], gene
xpression in photosynthetically active chloroplasts [5], and in reg-
lating plant growth [6]. The superoxide radical anion is relatively
nstable in aqueous media and more reactive than oxygen, due to
he unpaired electron in its �* orbital. O2

•− has a dual nature: it is
negatively charged species and it is a radical with one unpaired

lectron. It may react as a free radical or induce one-electron reduc-
ion or oxidation reactions.

The superoxide radical anion can be generated by: (a) disso-
ution of KO2 in different organic solvents containing 18-crown-6

ther [7]; (b) UV photolysis of benzoxaprofen [8,9]; (c) UV radia-
ion of TiO2 [10]; (d) electrolysis of oxygen in aprotic solvents and
lectrochemical reduction of dioxygen [11–13]; (e) electron trans-
er from a photoexcited sensitizer to dissolved oxygen [14] and (f)
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olombia. Tel.: +57 76346149.
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photoinduced electron transfer from thionine and eosin Y [15,16],
ethyl ester of fluorescein [17], methylene blue, rhodamine B [18],
hypocrellin [19] or porphyrins [20,21] to the conduction band (CB)
of TiO2.

In this work, in order to gain deeper insight into the gen-
eration and detection of O2

•−, we have investigated the visible
light generation of O2

•− with TiO2 sensitized with tetra(4-
carboxyphenyl)porphyrin (TCPP) (Fig. 1).

The sensitizer in its first singlet (S1) and triplet (T1) excited states
can be obtained by absorption of UV/vis radiation from its ground
state S0. T1 is yielded by the relaxation of S1 through intersystem
crossing. When photoreactivity is discussed, both S1 and T1 excited
states have to be taken into account. The lifetime of T1 is longer (ms)
than S1 (ns), allowing it to be more reactive. T1 can react via type-
I or type-II processes. The type I-process involves hydrogen atom
abstraction or electron transfer between the excited sensitizer and
the substrate, yielding free radicals. These radicals can react with
oxygen to form the superoxide anion. The type-II process involves
energy transfer from T1 to molecular oxygen to produce singlet
oxygen O2 (1�g). The type-I process can involve S1 or T1. However,

due to the short lifetime of S1, the sensitizer can only react in this
state if it is intimately associated with a substrate. In both cases
the interaction requires readily oxidizable or reducible substrates
[22]. The type-I process has been observed in the sensitization of
TiO2 by different dyes [15–21], which occurs through excitation of

dx.doi.org/10.1016/j.jphotochem.2010.08.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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cheme 1. Mechanism of superoxide anion generation. S0 = sensitizer ground stat
and [20 (modified)].

he sensitizer followed by electron transfer to the TiO2 conduction
and (Eqs. (1)–(3)).

0 + h� → S1 → T1 (by intersystem crossing) (1)

1 or T1 + TiO2 → (S1 or T1)+ + TiO2(eCB
−) (2)

iO2(e−
CB) + O2 → TiO2 + O2

•− (3)

The superoxide anion can be formed by two different mecha-
isms according to Scheme 1. O2 adsorbed on the TiO2 surface can
e reduced by an electron from the conduction band (mechanism

) or via electron transfer from S1 or T1 (mechanism II) to generate
uperoxide anion.

Superoxide anion can be detected by (a) luminol chemi-
uminescence probe [23], (b) superoxide dismutase inhibitable
ytochrome c reduction method [24], and (c) EPR spectroscopy
sing 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin trap
25], Scheme 2. It is possible to determine superoxide radical
nion in both protic and aprotic solvents by EPR [11,17,19]. In
thanol the hyperfine coupling constants are not determined
learly due to the background noise [17,19]. On the other hand, the
MPO–OOH adduct can suffer rapid spontaneous transformation

nto DMPO–OH in aqueous media [26]. The generation of super-
xide anion in aprotic solvents, such as DMSO is extremely useful
ecause in this solvent the molecule is stable for several days, com-

ared to seconds in aqueous solutions [27]. O2

•− reacts with DMPO
o form DMPO–O2

•− [25]. DMPO can be directly oxidized to 5,5-
imethyl-1-pyrroline-N-oxide-N-oxyl (DMPOX) radical [28–30], or
ecomposed to a nitroxide-like radical by cleavage of the N–C bond
nd ring opening [31,32]. DMPO–O2

•−, DMPOX and the nitroxide-

cheme 2. (A) Reaction of 5,5-dimethyl-1-pyrroline-N-oxide, DMPO, with superoxide r
MPO yielding 5,5-dimethyl-1-pyrroline-N-oxide-N-oxyl (DMPOX) radical. (C) Degradat
singlet excited state, T1 = triplet excited state, CB = conduction band, VB = valence

like radicals can be identified by their hyperfine coupling constants
(hcc).

In this work, the production of DMPO–O2
•− with TCPP/TiO2

under visible light has been investigated and the formation of a
nitroxide-like radical was observed. It has been shown that singlet
oxygen was not detected.

2. Materials and methods

2.1. Materials

Solvents were purchased from J.T. Baker. 2,2,6,6-Tetramethyl-4-
piperidone (TEMP) and 5,5-dimethyl-l-pyrroline-N-oxide (DMPO)
were manufactured by Sigma–Aldrich. Superoxide dismutase was
purchased from Aldrich. TiO2 Degussa P-25 with a specific area
of 50 m2 g−1 corresponding to a particle size of ca. 30 nm was
employed as support [33]. All reactives were of analytical grade.

2.2. Spectroscopic measurements

The UV–vis spectra of TCPP in ethanol were measured using
a Hewlett-Packard 8453 spectrophotometer. The UV–vis diffuse
reflectance absorption spectrum of solid TCPP/TiO2 was measured
using a Lambda 4 Perkin Elmer spectrophotometer equipped with
an integrating sphere. FT-IR spectra (KBr) were recorded on a
Bruker Tensor 27 spectrometer.
2.3. Synthesis of TCPP

Tetra(4-carboxyphenyl)porphyrin (TCPP) was synthesized
according to the methods described in the literature [34,35]. Pyr-
role (30 mmol) was added to a mixture of 4-carboxybenzaldehyde

adical anion O2
•− , yielding a paramagnetic adduct DMPO–O2

•− . (B) Oxidation of
ion of DMPO to nitroxide-like radical.
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ig. 1. Representation of tetra(4-carboxyphenyl)porphyrin (TCPP) structure.

30 mmol), propionic acid (105 mL) and nitrobenzene (45 mL). The
ixture was heated for 1 h at 120 ◦C. After cooling the solvent
as removed under vacuum and the porphyrin was dissolved in

50 mL of 0.1 M NaOH. The porphyrin was precipitated with 1 M
Cl solution, dissolved in ethanol and recrystallized by solvent
vaporation.

.4. Adsorption of TCPP on TiO2

6.3 mmol of TiO2 were suspended in 250 mL of 0.4 mM TCPP
olution (pH >10) for 1 h. The mixture was stirred overnight at
0 ◦C. Afterwards, the pH was adjusted to 3.0 with 0.1N H2SO4,
nd the solid was filtered, washed with distilled water and dried at
oom temperature [36]. A sample of TCPP/TiO2, treated with 0.1 M
aOH solution and extracted in ethanol, was examined by UV–vis

pectroscopy.

.5. EPR experiments

(a) Superoxide radical anion formation applying the EPR-DMPO
ethod [25]

Generation of superoxide radical anion by visible light using
CPP/TiO2 was examined by EPR spectroscopy signal of the
MPO–O2

•− adduct. The formation of superoxide anion was mea-
ured in a suspension of 0.01 g of TCPP/TiO2 in a solution of DMPO
50 mM) in DMSO. Photoreactions were carried out in an immersion
ell-type quartz photoreactor system supplied by Ace Glass-7880

see Fig. 2). The solution was irradiated with visible light (halogen
amp of 100 W) filtered with a potassium dichromate solution (1 M)
irculating in the immersion well (part (a) in Fig. 2) to remove wave-
engths <500 nm. The samples were transferred immediately to
00 �L quartz capillaries and were measured under normal condi-
ions, with 100 kHz magnetic field modulation, 10 mW microwave
ower and 5 G modulation amplitude in a JEOL (JES-PE-3X) spec-
rometer. Spectra were simulated using the BRUKER® WINEPR

imFonia Version 1.25 software to determine the spin Hamiltonian
arameters of DMPO–O2

•− and a nitroxide-like radical.
(b) Singlet oxygen formation
Photogenerated singlet oxygen reacts with TEMP yielding the

aramagnetic TEMPO, which shows a characteristic three-line EPR
Fig. 2. Photoreactor: (a) immersion well; (b) sampling device; (c) reactor body and
(d) gas inlet.

spectrum [37]. Singlet oxygen was detected in a suspension of
0.12 mmol of TCPP in a solution of TEMP (10 mM) in toluene, irra-
diated with visible light (halogen lamp of 100 W) filtered with a
solution of potassium dichromate (1 M) to remove wavelengths
<500 nm, same as described above. The samples in quartz tubes
were measured under normal conditions, with 100 kHz magnetic
field modulation, 10 mW microwave power and 5 G modulation
amplitude in a JEOL (JES-PE-3X) spectrometer.

2.6. Singlet oxygen chemical trapping by anthracene

The experiments were performed in oxygen atmosphere,
according to the following procedure: 0.12 mmol of the TCPP or
TCPP/TiO2 was added to 10 mL of a solution of anthracene dis-

solved in dichloromethane (0.2 mM), in a batch photo-reactor with
a 100 W OSRAM halogen immersion lamp. The light was filtered
through a 1 M potassium dichromate solution to remove wave-
lengths <500 nm (see above). Irradiation of the suspension was
started after 1 h in the dark (with stirring). Sample aliquots of 0.1 mL
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O2
•− which, in the presence of DMPO, produces DMPO–O2

•− radical
characterized by a multiline EPR spectrum (Fig. 6b). This spectrum
can be interpreted in terms of a mixture of two types of DMPO
adducts, based on their hyperfine interactions (hf): the DMPO–O2

•−
ig. 3. UV–vis spectra of TCPP in ethanol solution (thick line) and TCPP adsorbed on
iO2 (thin line).

ere taken during irradiation, filtered and measured by UV–vis
pectrophotometry at �max = 375 nm.

A sample of the reaction mixture was analyzed by GC–MS in
5890 Hewlett Packard gas chromatograph, with a 5972 mass

elective detector and a HP5-MS (30 m long and 0.25 mm internal
iameter) column and with He as the carrier gas (1 mL/min). 1 �L
ample aliquots were injected with split (1:30). The following tem-
erature program was applied: heating at 200 ◦C for 5 min, heating
o 300 ◦C with a rate of 10 ◦C/min. This temperature was main-
ained for 15 min. Detector conditions: 70 eV, electronic impact,
5–400 m/z mass range, 200 V EM voltage (A-tune), 20 Hz Sweep
requency at 230 ◦C.

. Results and discussion

.1. Characterization of TCPP and TCPP/TiO2

UV–vis absorption spectra of the TCPP in ethanol showed
typical Soret band and four Q bands (Fig. 3). The band at

19 nm was assigned to the Soret band arising from the transition
1u(�)–eg*(�). The other four absorption maxima (514, 548, 588
nd 645 nm) were attributed to the Q bands corresponding to the
2u(�)–eg*(�) transitions [38]. The absorption spectrum of TCPP
dsorbed on TiO2 particles is similar to the corresponding free por-
hyrin spectrum but exhibits a small 8 nm red shift. This is possibly
ue to electronic coupling between the �* orbital of TCPP and the
orbital of TiO2 due to the chemical linkage [39]. This coupling

tabilizes the �* orbital by delocalization, decreasing its energy,
hich explains the observed shift of the absorption bands [40]. The

mount of TCPP adsorbed onto TiO2 was found to be 0.4 g per 1 g of
CPP/TiO2.

The FT-IR absorption spectra of TCPP free (a) and adsorbed
n TiO2 (b) are shown in Fig. 4. For free TCPP, the characteris-
ic band of �(C O) of the carboxylic acid group is observed at
round 1701 cm−1. C–O stretching modes are observed at 1225 and
268 cm−1 [41]. When TCPP is adsorbed on TiO2, the C O and C–O
ands intensities decreased and the two intense bands at 1630 and
381 cm−1 can be assigned to the antisymmetric and symmetric

(–CO2

−) modes, respectively. These bands and the disappearance
f �(C O) reveal that carboxylic acid groups can be chemisorbed as
arboxylates on the TiO2 surface [39,42].
Fig. 4. FT-IR spectra (KBr pellets) for metal-free TCPP and TCPP adsorbed on TiO2

surface.

3.2. Generation of superoxide radical anion and detection by EPR
spin trapping

The ability of the photoexcited TCPP to transfer electrons to
TiO2 depends on the energy difference between the TiO2 conduc-
tion band (CB) and the excited singlet state (oxidation potential) of
the porphyrin. Fig. 5 shows the relative energy levels of the TiO2
particles and the anchored TCPP. The redox potential of the sin-
glet excited state 1TCPP* is about −1.36 V vs NHE and the energy
level of the conduction band of TiO2 lies around −0.5 V vs NHE [43].
The reduction potential for oxygen to form the superoxide anion
is −0.18 V [44], which is below the redox potential of 1TCPP* and
below the energy level of the conduction band of TiO2. This renders
the electron transfer process from the excited state of the porphyrin
to the CB of TiO2 and from here to O2 thermodynamically possible.
The adsorbed 1TCPP* state injects an electron into the conduction
band of TiO2 and the electron can also be scavenged by adsorbed
oxygen to give the superoxide radical anion [17,43].

TCPP/TiO2 irradiated with visible light (� > 500 nm) generates
Fig. 5. Diagram illustrating the energetics of sensitation of TiO2 particles by TCPP
[43 (modified)].
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ig. 6. EPR spectrum. (a) In the dark; (b) after 2 min under irradiation with visible
ight of the TCPP/TiO2, DMPO–O2

•− (x) and nitroxide-like radical (o); (c) simulated
ignal obtained by the combination of two spin adducts; and (d) in presence of SOD.

ith aN = 14.1 G, aH
� = 10.8 G and aH

� = 1.4 G and the nitroxide-
ike radical with aN = 14 G. The EPR parameters are consistent with
eported values for DMPO–O2

•− in dimethyl sulfoxide [9].
The EPR spectrum of these two adducts was simulated using

he above hf values. When these two spectra were combined in
•−
he ratio 75:25 (DMPO–O2 :nitroxide-like radical) the simulated

ignal (Fig. 6c) fitted well with the observed spectrum. No EPR sig-
al was observed when pure DMPO was irradiated in DMSO or
hen the experiment was performed in the dark (Fig. 6a). Addition

f superoxide dismutase (SOD) (50 �g/mL) prior to illumination
Fig. 7. EPR spectrum of DMPO–O2
•− adduct (x) and nitroxide-like radical (o).

inhibited the generation of spin adducts, in agreement with other
authors [45,46], as shown in Fig. 6d, indicating that DMPO–O2

•−

is the main product formed. The additional three-line signal with
aN = 14 G (showed with o) suggests that DMPO–O2

•− may later
decompose to generate the nitroxide-like radical. This radical could
be formed by cleavage of the N–C bond and ring opening of the
DMPO–O2

•− [31,32].
Usually the DMPO–O2

•− EPR spectrum shows a splitting caused
by the interaction of the unpaired electron with the nitrogen
nucleus (I = 1) of the nitroxide. Further, a second splitting deriving
from the unpaired electron interacting with the hydrogen nucleus
H� (I = 1/2), and a third splitting deriving from the unpaired electron
interacting with a secondary proton H� (I = 1/2) are also observed.
The generation of superoxide anion in aprotic solvents, such as
DMSO is extremely useful because in this solvent the molecule is
stable for several days, compared to seconds in aqueous solutions
[27]. Furthermore, all DMPO–O2

•− hyperfine coupling constants
are well resolved in DMSO. For example, in ethanol using hypocre-
llin B/TiO2 it was only possible to determine the hyperfine coupling
constant aN [19] and in fluorescein ethyl ester the hyperfine cou-
pling constant aH

� could not be determined [17].
The formation of nitroxide-like radical may be due to light-

induced decomposition of the unstable DMPO–O2
•− adduct. Fig. 7

shows a different EPR spectrum of O2
•− produced from TCPP/TiO2

under irradiation without chemical filters. The intensity of the
three lines related to the nitroxide-like adduct increases when
irradiated without a chemical filter. This suggests a decomposi-
tion of the adduct DMPO–O2

•− induced by UV light. The simulated
EPR spectrum fits the experimental spectrum when the signal of
DMPO–O2

•− and nitroxide-like radical were combined in a ratio of
20:80. For the nitroxide-like radical, the interaction of the unpaired
electron with the nitrogen nucleus (I = 1) results in a spectrum with
three lines with a hyperfine splitting constant of 14 G.

Control experiments with bubbling air and pure oxygen showed
the formation of the adduct DMPO–O2

•−. In experiments of
Carmichael, using adriamycin and daunomycin, formation of the
DMPO–O2

•− adduct was not observed when the experiment
was performed under bubbling with N2 [47]. He et al. using
fluorescein/TiO2 in ethanol under visible light irradiation, could not
detect reactive oxygen species by EPR in absence of O2 [17].

Because TCPP is highly soluble in DMSO, and the impossibility
to resolve the EPR spectra of TCPP and DMPO–O2

•− adducts, we

evaluated the superoxide anion generation using TCPP adsorbed
on inert SiO2 under the same conditions [48]. We did this to define
the mechanism of superoxide anion generation. The absence of a
DMPO–O2

•− signal suggests that electron transfer from the S1 sin-
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ig. 8. EPR spectrum at room temperature of the TEMPO after 2 min of irradiation,
a) TCPP (b) TCPP/TiO2. MgO:Mn2+ was used as a g marker.

let or T1 triplet excited state of TCPP to O2 is insignificant and
an be neglected. These results allow us to suggest that super-
xide anion generation by TCPP/TiO2 in DMSO occurs through
echanism I (Scheme 1). O2

•− generation by the same mecha-
ism in protic solvents was demonstrated recently by Xu et al.
19] using hypocrellin/TiO2 and He et al. [17] using ethyl ester
f fluorescein/TiO2 in ethanolic media. O2

•− can be produced via
echanism II too, as was shown recently by Yu et al. [20] using a

erivative of anisyltritolylporphyrin (ATTP)/TiO2 terminated with
romo group and carboxyl, and by both mechanisms (Scheme 1)
sing ATTP terminated with tyrosine methyl ester [20].

.3. Detection of singlet oxygen by EPR spin trapping and
hemical trapping by anthracene

In order to study the generation of singlet oxygen from TCPP and
CPP/TiO2, the EPR spin trapping technique was applied with TEMP
s spin trap. An EPR spectrum consisting of three equally intense
ines was observed when a solution with TCPP was irradiated with
isible light at room temperature (Fig. 8). This spectrum is charac-
eristic of TEMPO (g = 2.006 and aN = 15.5 G) [49]. The formation of

EMPO is due to the oxidation of TEMP by singlet oxygen, as shown
n Scheme 3. With TCPP/TiO2 using the EPR method the TEMPO
ignal was not detected. This can be interpreted in different ways:
rst, it is difficult to detect 1O2 in heterogeneous systems. We have
bserved this effect in our study on TCPP and TCPP/SiO2, where the
Scheme 3. Formations of TEMPO adduct.

TEMPO signal was reduced (∼50%) in TCPP/SiO2 compared to free
TCPP [48]. Similar results were obtained by Wang et al. [50].

Second, the singlet oxygen quantum yield of TCPP supported on
TiO2 could be reduced due to the C–O–Ti bonds between sensitizer
and TiO2 [39]. The carboxylate group enhances the electronic cou-
pling between the �* orbitals of the porphyrin and the Ti(3d) orbital
manifold of TiO2. This coupling leads to increased delocalization
of the �* level of the porphyrin and an efficient quenching of the
excited singlet state of the sensitizer by TiO2. As a consequence, less
1O2 would be produced by energy transfer from the T1 state of the
sensitizer [51]. Recently, singlet oxygen quantum yields between
0.20 and 0.25 were observed in TCPP/TiO2, compared to 0.53 in
homogeneous free TCPP [52]. Third, it might also be possible that
1O2 is reduced by electron transfer from the CB of TiO2 generating
superoxide anion as was suggested recently [50]. Thermodynami-
cally this reaction is possible, because the redox potential (vs NHE)
of 1O2/O2

•− is 0.81 V [44] which is below the redox potential of the
conduction band of TiO2 (see Fig. 5).

Chemical trapping by polycyclic aromatic hydrocarbons is spe-
cific for singlet oxygen and can be much more sensitive than the
luminescence technique [53]. The [4 + 2] cycloaddition of singlet
oxygen to conjugated cyclic dienes and polycyclic aromatic hydro-
carbons is its most characteristic reaction. One of these polycyclic
aromatic hydrocarbons, anthracene, exhibits two useful properties:
(1) it reversibly traps singlet oxygen, and (2) its 9-hydroxy and 9-
ketoanthracene reaction products indicate the presence of radicals
in the reaction medium [54,55]. In the presence of anthracene and
TCPP/TiO2 no reaction product was found by GC–MS.

4. Conclusion

TCPP adsorbed on TiO2 and dispersed in DMSO generates
the superoxide radical anion in the presence of molecular oxy-
gen and visible light. The DMPO–O2

•− adduct decomposes under
irradiation with light and gives two products which have been
identified by EPR. Hyperfine coupling constants have been deter-
mined for DMPO–O2

•− (aN = 14.1 G, aH
� = 10.8 G and aH

� = 1.4 G),
and its decomposition product, a nitroxide-like radical (aN = 14 G).
The sum of the simulated signals of the two adducts reproduces
the experimentally observed spectrum, confirming the generation
of superoxide radical anion. No signals of the adduct between 1O2
and TEMP have been found in the EPR spectrum. However, this does
not completely exclude the production of singlet oxygen, due to the
difficulties to detect it in heterogeneous systems and the thermody-
namically possible reaction of 1O2 with electrons of the conduction
band of TiO2.
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