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The  production  of singlet  oxygen  with tetra(4-carboxyphenyl)porphyrin  adsorbed  on SiO2 irradiated
with  visible  light  (� >  500  nm)  was  evidenced  by  EPR  spectra  of  TEMPO  formed  by  oxidation  of  2,2,6,6-
tetramethyl-4-piperidone(TEMP)  with 1O2. The  formation  of  singlet  oxygen  was  also  evidenced  by  the
formation  of anthraquinone  and  oxanthrone  as oxidation  products  of  anthracene  with 1O2.  The  absence
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of the  EPR  DMPO-O2
•− signal  evidenced  that  superoxide  anion  was  not  present.  No  other  oxygen  radicals

were detected.  TCPP  and  TCPP/SiO2 were  characterized  with  UV–vis,  UV–vis  diffuse  reflectance  and  FT-IR
spectroscopy.

© 2013 Elsevier B.V. All rights reserved.
EMPO

. Introduction

Clean oxidation reactions promoted by singlet oxygen (1O2)
re very attractive in environmental remediation processes [1].
n order to study 1O2 oxidation reactions it is necessary to selec-
ively generate this reactive species. However with photochemical

ethods the superoxide anion (O2
•−) may  also be produced [2,3]

nd chemical methods with hydrogen peroxide-sodium molybdate
ydroxyl radicals are also generated [4,5].

Recently porphyrins and their analogs have been proposed for
nvironment-friendly singlet oxygen generation. Porphyrins play
mportant biological roles and are not cytotoxic, which is very
mportant in medical applications such as blood sterilization and
hotodynamic therapy (PDT) [6,7].

Porphyrins may  produce either superoxide anion radicals (type
 process) or singlet oxygen (type II process). In presence of visi-
le light, porphyrins can efficiently produce singlet oxygen [8–10].

n PDT there is considerable evidence that the type II photo-
xygenation process predominates in the induction of cell damage

∗ Corresponding author. Tel.: +57 5599484.
E-mail addresses: carlosdiaz@mail.uniatlantico.edu.co, carloslip5@hotmail.com
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010-6030/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jphotochem.2013.03.005
due to the interaction between the irradiated photosensitizer and
molecular oxygen [11].

Widely used sensitizers such as Rose Bengal (absorption band
500–600 nm)  with 1O2 quantum yield ˚� = 0.7, Methylene blue
(absorption band 550–700 nm)  with ˚� = 0.5 in organic solvents
[3,12] undergo photodegradation under extensive irradiation [13].
Phenalenone has a very high 1O2 quantum yield ˚� = 1 but absorbs
in the UV region (absorption band 250–425 nm)  [14]. Monomeric
tetra(4-carboxyphenyl)porphyrin (TCPP) (˚� = 0.7–0.9) [15] and
many other photosensitizers like the chlorins [16] and phthalo-
cyanines [17] are very suitable and promising for biological
applications, produces singlet oxygen with high yield and absorbs
in the visible region, which makes it suitable for biological applica-
tions.

In solution porphyrins tend to form aggregates without the
formation of covalent linkages. Aggregation affects their physico-
chemical and photophysical properties [18,19],  lowers their 1O2
yield [10] and decreases their photodynamic effect. Binding of por-
phyrin sensitizers to biopolymers and other carriers in order to
avoid aggregation has been subject of recent studies [20,21]. There
is increasing interest in using SiO2 as support of photosensitizers.

Since SiO2 can be prepared with large surface area and modulated
porosity, it allows the attachment of a large number of photosensi-
tizer molecules to its surface resulting in favorable 1O2 production
[22].

dx.doi.org/10.1016/j.jphotochem.2013.03.005
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:carlosdiaz@mail.uniatlantico.edu.co
mailto:carloslip5@hotmail.com
dx.doi.org/10.1016/j.jphotochem.2013.03.005
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Scheme 1. Reaction singlet oxygen with anthracene.

The interaction of porphyrin molecules with silanol groups
Si OH) through hydrogen bonds promotes the non-radiative
ecay of porphyrins. The covalent bond between porphyrin
olecules and silica walls probably hinders inter system crossing

rom the singlet excited state of the porphyrin to the triplet state,
hich is a crucial step for photochemical activation of dioxygen

23,24].
The singlet oxygen photoproduction by a sensitizer could be

videnced by Electron Paramagnetic Resonance (EPR). Chemical
rapping by polycyclic aromatic hydrocarbons is specific for sin-
let oxygen detection [25]. A very characteristic reaction of singlet
xygen is the [4+2] cycloaddition to conjugated cyclic dienes and
olycyclic aromatic hydrocarbons such as anthracene. Anthracene
raps reversibly singlet oxygen, see Scheme 1. The formation of
adicals in the reaction medium [26,27] can be detected by the
ormation of 9-hydroxy and 9-ketoanthracene as a product of the
eaction between anthracene and oxygen radicals.

Singlet oxygen reacts with 2,2,6,6-tetramethyl-4-piperidone-
 (TEMP) to produce 2,2,6,6-tetramethyl-4-piperidone-N-oxyl

adical (TEMPO) which can be observed by EPR spectroscopy.
uperoxide anion does not react with anthracene. O2

•− may  be
etected by EPR spin trapping using 5,5-dimethyl-1-pyrroline-N-
xide (DMPO) [28].

In the present work, experimental evidences of the formation
f singlet oxygen with tetra(4-carboxyphenyl)porphyrin (Fig. 1)
dsorbed on SiO2 under visible light as only photoproducts are
rovided using chemical trapping and TEMPO EPR spectroscopy
29]. The formation of 1O2 was evidenced by the production of
nthraquinone and oxanthrone which are formed by the reaction
f anthracene with 1O2. The absence of the EPR DMPO-O2

•− signal
videnced that superoxide anion was not present. No other oxygen

adicals were detected.

Fig. 1. Representation of porphyrin structure.
 Photobiology A: Chemistry 259 (2013) 47– 52

2. Materials and methods

2.1. Materials

Solvents were purchased from J.T. Baker. Anthracene and
sodium azide were acquired from Merck. 2,2,6,6-tetramethyl-4-
piperidone (TEMP) and 5,5-dimethyl-l-pyrroline-N-oxide (DMPO)
were manufactured by Sigma–Aldrich. All reactives were of analyt-
ical grade.

2.2. Spectroscopic measurements

The UV–vis spectrum of the TCPP in ethanol was measured using
a Hewlett-Packard 8453 spectrophotometer. The UV–vis diffuse
reflectance absorption spectrum of the solid TCPP/SiO2 was mea-
sured using a Lambda 4 PerkinElmer spectrophotometer equipped
with an integrating sphere. FT-IR spectra (KBr) were recorded on
a Bruker Tensor 27 spectrometer. Specific surface area (BET) and
pore diameter distribution of the catalysts were obtained from N2
adsorption–desorption isotherms at 77 K using a Quantachrome
Nova 1200.

2.3. Synthesis of porphyrin

The carboxyphenylporphyrin (TCPP) was  synthesized according
to methods described in the literature [30,31].  Pyrrole (30 mmol)
was added to a mixture of 4-carboxybenzaldehyde (30 mmol), pro-
pionic acid (105 mL)  and nitrobenzene (45 mL). The mixture was
heated 1 h at 120 ◦C. After cooling and solvent removal under
vacuum, the porphyrin was dissolved in 250 mL  of 0.1 M NaOH.
The porphyrin was then precipitated with 1 M HCl solution, dis-
solved in ethanol and recrystallized by solvent evaporation. FT-IR
(KBr, cm−1): 1605 s [C C]; 1110 s, 1006 s, 1307 m,  1311 m,  1531 m,
1485 m [pyrrole ring]; 1699 s [C O]; 1404 m,  1268 s [C O] [32].

2.4. Synthesis of SiO2

SiO2 was  prepared following the reported procedure [33]. 10 mL
tetraethoxysilane (TEOS) were refluxed 4 h in 100 mL of a solu-
tion of water/absolute ethanol (1/8 M)  at pH = 3 (adjusted with
HNO3) at 60 ◦C with magnetic stirring. Absolute ethanol was added
(10 mL), and the temperature was increased to 76 ◦C the mixture
was stirred under reflux for 24 h. The solvent was rotoevaporated
and the remaining solid heated in air for 4 h at 450 ◦C.

2.5. Adsorption of TCPP on SiO2

8.3 mmol of SiO2 were suspended in 250 mL  of 0.4 mM TCPP
solution (pH > 10) during 1 h. The pH was adjusted to 3.0 with 0.1 M
H2SO4, and the solid was filtered, washed with distilled water and
dried at room temperature [34]. The total amount of TCPP adsorbed
on SiO2 was quantified with UV–vis spectroscopy after treating the
sample (TCPP/SiO2) first with NaOH 0.1 M and then with ethanol.
We have no evidence of the distribution of TCPP either on the sur-
face or inside the pores.

2.6. EPR experiments

(a) TCPP and TCPP/SiO2 were characterized by EPR spectroscopy.
The solid samples were measured directly in quartz tubes.

(b) EPR-TEMP method to study singlet oxygen formation. Pho-
togenerated singlet oxygen reacts with TEMP leading to the

paramagnetic TEMPO, which has a characteristic three-line EPR
spectrum [29]. Singlet oxygen was detected in a suspension of
0.12 mmol  of the photosensitizer, in a solution of TEMP (10 mM)
in toluene. Photoreactions were carried out in an immersion
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other previous studies [23,24].
An average pore diameter of 19.9 Å and a specific surface

area of 567 m2 g−1 of SiO2 were obtained from N2 adsorption-
desorption isotherms at 77 K (BET method). The hysteresis of the
C.E. Diaz-Uribe et al. / Journal of Photochemist

well-type quartz photoreactor system supplied by Ace Glass-
7880. The solution was irradiated with visible light (halogen
lamp of 100 W)  filtered with a potassium dichromate solution
(1 M)  circulating in the immersion well to remove wavelengths
<500 nm.  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.

(c) Study of radical formation by the EPR-DMPO method. The
measurement of the spin trapping EPR by DMPO was used
to determine the generation of superoxide anion radical by
TCPP/SiO2. The formation of superoxide anion radical was  mea-
sured in a suspension of 0.01 g of TCPP/SiO2 in a solution of
DMPO (50 mM)  in DMSO. Photoreactions were carried out in
an immersion well-type quartz photoreactor system supplied
by Ace Glass-7880. The solution was irradiated with visible
light (halogen lamp of 100 W)  filtered with a potassium dichro-
mate solution (1 M)  circulating in the immersion well to remove
wavelengths 500 nm.  The samples were transferred immedi-
ately to 100 �L quartz capillaries and 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. Spectra were simulated using
the BRUKER WINEPR SimFonia Version 1.25 software to deter-
mine the spin Hamiltonian parameters of DMPO–O2

•−.
d) A MgO:Mn2+ (g = 1.981 of the fourth line) reference standard

sample (g and intensity marker) was maintained in the EPR
cavity of the JEOL spectrometer, the data was recorded simul-
taneously with the sample.

.7. Singlet oxygen chemical trapping by anthracene

The experiments were performedin oxygen atmosphere,
ccording to the following procedure: 0.12 mmol  of the TCPP or
CPP/SiO2 was added to 10 mL  of a solution of anthracene dis-
olved in dichloromethane (0.2 mM)  in photoreactor system in

 batch photo-reactor with a 100 W OSRAM halogen immersion
amp. The light was filtered through a 1 M potassium dichromate
olution to remove wavelengths <500 nm.  The incident photon flow
er unit volume Io was determined by chemical actinometry [35],
sing 0.01 M Reinecke salt solution.Irradiation of the suspension
as started after 1 h in the dark (with stirring). Sample aliquots

f 0.1 mL  were taken during irradiation, filtered and measured by
V–vis spectrophotometry at �max = 375 nm.A sample of the reac-

ion mixture was analyzed by GC–MS in a 5890 Hewlett Packard gas
hromatograph, with a 5972 mass selective detector and a HP5-MS
30 m long and 0.25 mm  internal diameter) column and with He as
he carrier gas (1 mL/min). 1 �L sample aliquots were injected with
plit (1:30). The following temperature program was  applied: heat-
ng at 200 ◦C for 5 min, heating to 300 ◦C with a rate of 10 ◦C/min.
his temperature was maintained for 15 min. Detector conditions:
0 eV, electronic impact, 35–400 m/z mass range, 200 V EM voltage
A-tune), 20 Hz Sweep Frequency at 230 ◦C.

. Results and discussion

.1. Characterization of TCPP and TCPP/SiO2

The formation of TCPP was evidenced by the presence of the
ypical Soret band (419 nm)  and four Q bands (514, 548, 588 and
45 nm)  in the UV–vis absorption spectra in ethanol (Fig. 2) [36].

he absorption spectrum of TCPP adsorbed on SiO2 exhibited a
ed shift with respect to the ethanol solution. This is probably
ue to the formation of hydrogen bonds between the carboxyl
roups of the porphyrin and SiOH on the surface, which affects the
Fig. 2. UV–vis spectra of TCPP in ethanol solution (2.5 × 10−5 M, thick line) and TCPP
adsorbed on SiO2 (0.1 g, thin line).

electronic structure of the � system of porphyrin, as was found in
Fig. 3. EPR spectra at room temperature of free TCPP (a); and TCPP adsorbed on
SiO2 (b). MgO:Mn2+ was used as g marker and intensity standard. The spectroscopic
g  factor of TCPP is 2.003 (free) and 2.005 (adsorbed).
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Scheme 2. Oxidation of TEMP by singlet oxygen.

SiO2, TiO2 and the adsorbed TCPP. The relative position of the
energy levels suggests that the electron transfer process from
the excited state of the porphyrin to the TiO2 CB is favorable
ig. 4. EPR spectra at room temperature of TEMPO after 2 min  of irradiation: (a)
CPP; (b) TCPP/SiO2. MgO:Mn2+ was used as g marker and intensity standard.

dsorption-desorption isotherms of SiO2 is of Langmuir Type I,
hich is characteristic for microporous solids [37]. The amount of

CPP adsorbed on SiO2 is 0.254 mmol  TCPP/g SiO2.
The EPR spectra of TCPP and TCPP/SiO2 exhibited only one line

Fig. 3a). The EPR signals of porphyrins are generated by the inter-
ction of the delocalized � electrons of the porphyrin with the
agnetic field [38]. The free radicals formed are stable and were

etected by EPR directly at room temperature. The EPR signal inten-
ity of the TCPP/SiO2 was lower than that of TCPP (Fig. 3b), due to
he smaller amount of TCPP in the TCPP/SiO2 sample.

.2. EPR-TEMP detection of singlet oxygen

The EPR spin trapping technique with TEMP as spin trapper
as used to determine the singlet oxygen photo-generationat

oom temperature from TCPP and TCPP/SiO2. The characteristic
PR spectrum of TEMPO consists of three equally intense lines [29]
Fig. 4). TEMPO is formed by oxidation of TEMP with singlet oxygen
Scheme 2). The TEMPO signal was reduced (∼50%) for TCPP/SiO2
ompared to free TCPP in liquid phase, probably due to lower oxy-
en diffusion in the silica matrix. Similar results were obtained by
ang et al. [39].
The intensity of the EPR signal of TEMPO with TCPP/SiO2
ncreases with irradiation time (Fig. 5). No signal was  observed in
he dark. Equilibrium is reached above 100 s.

Fig. 6 shows the TEMPO adduct EPR experimental (continuous
ine) and simulated (dotted line) spectra. The spin Hamiltonian
Fig. 5. TEMPO’s adduct generation as function of irradiation time.

parameters of TEMPO were determined using the BRUKER WINEPR
SimFonia Version 1.25 software as aN = 15.5 Gauss (hyperfine cou-
pling constant) and g = 2.006 (spectroscopic factor). The g factor and
the hyperfine coupling constant of the EPR signal are in very good
agreement with the experimental values of TEMPO [40].

When the TCPP/SiO2 system was  irradiated with visible light in
the presence of DMPO no DMPO-O2

•− adduct was detected. This
can be interpreted as follows:

(1) The electron transfer from the TCPP in its photo-excited state
(first singlet or triplet excited state) to the SiO2 or TiO2 con-
duction band (CB) (type I photodynamic reaction) depends on
its energy difference. Fig. 7 shows the relative energy levels of
Fig. 6. Experimental EPR spectrum (continuous line) and its simulation (dotted line).
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[41–43],  whereas it is not favorable to the SiO2 CB consequently
in presence of SiO2, superoxide anion is not formed.

2) Superoxide anion may  be formed via electron transfer from the
TCPP excited state to O2, but the absence of signals from DMPO-
O2

•− adducts in the EPR spectra indicates that the presence of
superoxide anion generation could be discarded.

.3. Singlet oxygen chemical trapping by anthracene

Singlet oxygen generation by tetra(4-carboxyphenyl)porphyrin
dsorbed on SiO2 is evidenced by chemical trapping of 1O2
ith anthracene. Fig. 8 shows the reduction of the anthracene

bsorbance at 375 nm due to the formation of the endoperoxide by

 [4 + 2] cycloaddition of anthracene with singlet oxygen according
o Scheme 3. Addition of azide (0.2 mM)  (a strong singlet oxygen
uencher [44]) inhibited the oxidation of anthracene with singlet

ig. 8. UV–vis spectra of anthracene as a function of irradiation time with TCPP as
hotosensitizer.
Scheme 3. Decomposition of the endoperoxide intermediary.

oxygen during the irradiation procedure, and no reactions were
further observed in the dark.

Anthraquinone and oxanthrone produced by the decomposi-
tion of the endoperoxide intermediary were identified as the only
oxidation products of anthracene (Scheme 3). The absence of the
DMPO-O2

•− and DMPO-OH adducts (not detected by EPR) suggest
the absence of radicals.

UV–vis spectroscopy does not show presence of TCPP in the
solution indicating that the porphyrin has not leached into the
solution under the reaction conditions. The GC–MS indicates the
presence of anthracene (reagent) and anthraquinone (oxidation
product).

4. Conclusions

In the present work, experimental evidences of the formation
of singlet oxygen with TCPP/SiO2 under visible light as only pho-
toproduct are provided using chemical trapping and TEMPO EPR
spectroscopy. The formation of 1O2 was evidenced by the produc-
tion of anthraquinone and oxanthrone which are formed by the

reaction of anthracene with 1O2. The absence of the EPR DMPO-
O2

•− signal shows that superoxide anion was  not present. No other
oxygen radicals were detected.



5 ry and

p
c
o
c
p
d
p
p
r
o
t
o
p
w

l
e
w
s

A

P
C
fi

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

2 C.E. Diaz-Uribe et al. / Journal of Photochemist

Inorganic semiconductors, such as silicon dioxide, with bound
hotosensitizers are becoming increasingly important for appli-
ations in photocatalysis, dye sensitized solar cells, and many
ther areas. This paper reports a system where tetrakis(4-
arboxyphenyl)porphyin (TCPP) is absorbed onto porous silica
articles. Upon photolysis in the presence of oxygen strong evi-
ence is provided that the only detectable photosensitization
rocess involves formation of singlet oxygen. There is no com-
eting superoxide formation. This is demonstrated by reaction of
eactive oxygen species with spin probes and also by identification
f the chemical products from reaction with anthracene. Although
here have been other studies on TCCP bound to silica particles,
ur results are new and provide information on photosensitization
athways in the presence of oxygen, which will be useful for people
orking in the area of photocatalysis.

Tetra(4-carboxypenyl)porphyrin adsorbed on SiO2 with visible
ight generates singlet oxygen and no other oxygen species, as was
videnced by TEMPO EPR measurements and chemical trapping
ith anthracene. It can be used as a pure single oxygen generation

ystem for biological applications.
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