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Abstract

In this paper we determined the optical and ESR properties of metal-free and metal complex tetraphenylporphyrins
in the presence of anthraquinone in an isotropic solution of dimethylsulfoxide. Such a system can mimic the electron
transfer process between the excited porphyrin dyes and a semiconducting electrode in a photoelectrochemical cell. Dye

fluorescence quenching were followed by ESR to determine the origin of an unpaired electron in porphyrins. The
Stern–Volmer quenching constants (KQ), bimolecular quenching rates (kq) and electron transfer rates (kET) were
determined. The KQ values changed in the range of 0.5�104 to 2.3�104 M�1 depending on the metal ion incorporated

in the porphyrin, kq changed from 7.0�1013 to 1.3�1014 M�1 s�1. The g-values and �B were estimated, which showed
that the conjugated porphyrin was the origin of the unpaired electron. Both Mg–tetraphenylporphyrin, and Zn–tetra-
phenylporphyrin showed different photophysical behaviour compared to their Pb–tetraphenylporphyrin and Pt–tetra-

phenylporphyrin counterparts. The relationship between dye fluorescence quenching and ESR results is discussed.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The investigation of photoinduced electron
transfer is essential in understanding physical
processes involving a photoelectrochemical cell
(PEC) based on organic dyes. Porphyrins have
been extensively studied due to their potential
applications in solar energy conversion [1,2]. In a
PEC, dyes are used to absorb incident light
energy, which leads to electron injection from the
excited dye electronic state to the conductive band
of a semiconducting electrode.

In such a system, the dye serves as an electron
donor and a semiconductor electrode is used as
electron acceptor. In our work [1,3,4] and that of
other authors [5–7] the photophysical properties
of a number of dyes (porphyrins, phthalocyanines,
subphthalocyanines) have been studied in an
attempt to find correlation between the molecular
structure of the dye and its ability to generate a
photocurrent in a PEC. We have investigated both
the fluorescence and the thermal deactivation of
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the excited state of dye each of which can limit the
photovoltaic process and lead to a reduction of
the photocurrent intensity. In our recent paper we
have indicated the drastic influence which a cen-
tral metal ion when incorporated in a molecular
dye structure can have on the effectiveness of
photon-to-electric energy conversion, and the
boundary between the electroactive dye layer and
the semiconducting electrode in the PEC [1].

Metal-free and metallic porphyrins are char-
acterized by efficient fluorescence emission. Their
fluorescence can be strongly quenched by an elec-
tron acceptor due to electron transfer. Study of
the redox reaction between an electron donor and
an acceptor species initiated by incident light can
be realized using ESR examination as proposed by
Michaeli et al. [8]. Time-resolved ESR spectro-
scopy of the electron transport reaction has been
used for the determination of the excited triplet
state generated by laser irradiation [8].

In order to imitate the electron transfer process
operating between excited dyes and a semi-
conducting electrode in a PEC we monitored using
fluorescence and ESR so as to determine the
correlation between the dye fluorescence quench-
ing behavior and its radical creation.

Photophysical characterization of the electron
donor and electron acceptor in a homogenous
system is a prerequisite for the better understanding
of the effects occurring in the PEC. In the content
the fluorescence quenching and electron transfer
process in a solution of porphyrins in the presence
of quinone were studied. Metal-free and four
metallic porphyrins complexed with Zn,Mg, Pt and
Pb were chosen for investigation, as their photon-
to-current conversion effectiveness in the PEC is
known to be strongly affected by the presence of
metal in the main molecular core. As was shown in
our papers [1–4] Zn- and Mg- dyes are very good
compounds for light-to-electric energy conversion,
whereas Pb–porphyrin is a poor photoconverter [1].

The mechanism of photovoltage generation in
the boundary between an electroactive dye and a
semiconducting electrode has been attributed to
electron injection in a two-electrode photoelec-
trochemical cell [9]. However, the major question
that remains unsolved is the nature and origin of the
electron that is ejected from the dye. This particular
matter is described in this paper on the basis of
ESR results.

The general idea of this paper was to follow the
optical and ESR properties of the metal-free (TPP)
and metal-complexed tetraphenylporphyrins
(M-TPP) in the presence of quinone in an homo-
geneous, isotropic system, in order to elucidate the
electron-transfer reaction operating between an
electroactive dye and a strong electron acceptor.

This paper focused an the advantage of optical
and ESR spectroscopies to determine electron
transfer behaviour of the porphyrins in the pre-
sence of a strong electron acceptor.
2. Experimental

Porphyrins (from Porphyrin System) and
anthraquinone (Aldrich) were used without fur-
ther purification. Five tetraphenylporphyrins
(TPP) are used in our experiments: metal free TPP
and metal— (Mg, Zn, Pb, Pt) complexed TPP
(M-TPP). The molecular structures of porphyrins
and anthraquinone (AQ) are presented in Fig. 1.
TPP concentration was constant (C=10�5 M) and
the AQ concentration changed in the range from
10�6 to 10�4 M (1�10�6, 5�10�6, 1�10�5,
5�10�5 and 1�10�4 M). The porphyrins and AQ
were dissolved in dimethylsulfoxide (DMSO).

The absorption spectra were received using a
Specord SP40 (Carl-Zeiss) in the range of 300–800
nm. Steady-state fluorescence spectra were
obtained in the wavelength region corresponding
to the Soret band absorption and collected in the
range of 500–800 nm using a Hitachi F 4500.
Optical measurements were obtained in a quartz
cuvette (1 mm and 1 cm for absorption and fluo-
rescence measurements, respectively). The natural
lifetimes of the dyes in DMSO were estimated on
the basis of the absorption and fluorescence spec-
tra as proposed in [10] using Eq. (1):

1
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¼ 2:88� 10�9 � n2

Ð
l
FðlÞ

l2
dlÐ
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ð
l

"ðlÞ
l
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where n is refractive index of the sample and "(l)
and F(l) are the areas under the absorption and
fluorescence spectra, respectively.
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The fluorescence quantum yield (�) and average
fluorescence lifetimes of the porphyrins in DMSO
were evaluated with respect to coumarin in etha-
nol (�R=0.85) [11] using Eqns (2) and (3):

F ¼ FR
FD

FR

AR

AD

n2

n2
R

; ð2Þ

F ¼
�0
�N

; ð3Þ

where FR and FD are the fluorescence intensities of
coumarin and dye, respectively, AR and AD the
absorbance of the coumarin and dye, respectively,
n and nR the refractive indices of the dye in
DMSO and coumarin in ethanol, respectively and
�N and �0 are the natural and average fluorescence
lifetimes, respectively.

The Stern–Volmer equation [Eq. (4)] was used
for the analysis of fluorescence quenching by an
external quencher [12,13]:

F0

F
¼ 1þ KQ½Q�; ð4Þ

where Fo and F are dye fluorescence intensities in
the absence/presence of the quencher Q and KQ is
the Stern–Volmer quenching constant.

The bimolecular quenching rate kq was calcu-
lated using Eq. (5) [14]:

KQ ¼ �0kq; ð5Þ

where �o is the fluorescence lifetime of the dye in
the absence of a quencher.

ESR was performed using a Radiopan SE/
X-2540 spectrometr. Samples in DMSO solution
were placed in a flat ESR cell and centered in the
minimum electric field inside a RCX 660A reso-
nator operating in TMII0 mode. In a front wall of
the resonator there was a window of 8 mm in dia-
meter equipped with the optical system facilitating
illumination of the sample during the ESR experi-
ment. The ESR signals were measured in both the
dark and under illumination with the white light
from a halogen 150 W projector. The light inten-
sity was stabilized and it was of 41.5 mW/cm2.

Calculation of the photoinduced electron trans-
port rate, kET, can be achieved by using Eq. (6)
[15]:

kET ¼
1

�F
�

1

�0
; ð6Þ

where �F and �o are the fluorescence lifetimes of
the porphyrins with and without an external
quencher, respectively.
3. Results

3.1. Absorption

Fig. 2 shows the absorption spectra of the dyes
in the presence of AQ of different concentration.

The absorption spectra are the superposition
of the individual spectra of the porphyrins and
Fig.1. The molecular structure of the porphyrins and AQ used

in experiment.
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Fig. 2. The absorption spectra of the dyes in DMSO in the presence of AQ (A: Mg–TPP, B: Zn–TPP, C: TPP, D: Pb–TPP,

E: Pt–TPP).
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quinone. At a wavelength greater than 350 nm the
absorption of AQ was negligible and the spectra in
the range from 350 to 800 nm can be assigned to
those of the porphyrin. Thus, in the visible region,
the typical absorption patterns of metal-free TPP
(Fig. 2C) and M-TPP (Fig. 2A,B,D,E) are
observed with an intensive Soret band (401–467
nm depending on dye). The intensities of the
remaining bands (500–700nm) were very low and
these bands are named ‘‘Q bands’’ in the literature
[16]. The shape of the spectra and the band posi-
tions are in accordance with literature [16] and
indicate the existence of the monomeric dye. The
relative shift in the Soret band position of Mg-
TPP can be attributed to the presence of a metal
ion in the porphyrin structure [16]. The shift of the
electronic absorption spectra (the Soret band) is
closely connected to the electronegativity of the
incorporated metal which strongly affects the p-
electron system [16]. The only remarkable excep-
tion among the absorption dye spectra is the Pb–
TPP spectrum whose main absorbance was at a
longer wavelength (467 nm) with respect to the
remaining Me-TPP’s (401–427 nm). A similar
observation was reported in our previous paper [1]
in which dyes were dissolved in polyvinyl–alcohol–
DMSO. At this point it seems important to note
the particularly high molar absorption coefficient
obtained for Mg–TPP and Zn–TPP. Such an
observation confirms previous results [1] and is
essential with respect to the very high effectiveness
of the dyes in conversion of photon energy to
electric energy in the PEC [2]. In contrast Pb–TPP
was found to be a rather poor photoconverter [1].
The absorption band at 327 nm can be assigned to
AQ and its intensity increases in accordance with
increasing concentration.

The absorption spectra do not show any sig-
nificant change in shape and band position with
respect to those of the monomeric dye forms. A
red and/or blue shift is usually observed when an
aggregated dye or complex species are formed; this
was not the case in this work. Thus, in light of the
absorption spectra obtained we can claim the
existence of the monomeric, non-complexed forms
of TPP or M–TPP in the samples even upon
treatment with AQ. The exception was Pb–TPP
for which the absorption band at 419 nm was
assigned to the monomeric dye; the strong band at
about 467 nm could be designated to another species
in which a charge–transfer process is involved [17].

3.2. Fluorescence quenching

All porphyrins show more or less intensive fluo-
rescence and the spectra exhibit two bands in the
range of 600–714 nm depending on dye; the fluo-
rescence intensity declines upon successive addi-
tion of AQ (Fig. 3). The observed decrease in the
fluorescence intensity is due to quenching of the
excited state of the porphyrins in the presence of
AQ. In our case we can neglect concentration
quenching by the porphyrin dyes because of the
low concentration used and the absence of dye
aggregates. Thus, we have every reason to believe
that the observed quenching of the TPP and
Mg–TPP excited states can be attributed to an
electron transfer process. The electron-donating
porphyrin dyes and AQ due to its electron accep-
tor feature are involved in this process.

The fluorescence quenching data, obtained with
AQ as the external quencher of the porphyrin
dye’s fluorescence, were analyzed using the Stern–
Volmer equation [Eq. (4)]. The results are shown
in Fig. 4A–E for the metallic-free TPP and the
M–TPP. The linear character of the Stern–Volmer
plots indicates typical homogeneous dynamic
quenching of the TPP dyes by AQ. From the
slopes of the Stern–Volmer plots, the Stern–Vol-
mer quenching constants KQ were estimated and
found to range from 0.5�104 to 2.3�104 M�1.
These values were similar to those obtained for
Zn–tetrasulfophenylporphyrin quenched by col-
loidal TiO2 which was found to be 1.5�104 M�1

[18]. From Eq. (5) the molecular quenching rate
constants kq were calculated. The kq results, toge-
ther with the fluorescence dye parameters (fluo-
rescence lifetimes, fluorescence quantum yields
etc.), are summarized in Table 1. The kq values for
the metallic-free TPP and M–TPP (Mg, Zn, Pb,
Pt) were in the order of magnitude ranging from
1013 to 1014 M�1 s�1. These values differ from
those previously obtained for haematoporphyrin
(HP) and protoporphyrin (PP) in small phosphate
unilamellar vesicles (109–1011 M�1 s�1) [14]. The
fact that the kq values obtained were higher than
D. Wróbel et al. / Dyes and Pigments 58 (2003) 7–18 11



Fig. 3. The fluorescence spectra of the dyes in DMSO in the presence of AQ (A: Mg–TPP, B: Zn–TPP, C: TPP, D: Pb–TPP,

E: Pt–TPP).
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those for HP and PP in [14] can be explained in
terms of the difference in the physical parameters
(viscosity, density, polarity, refractive index, etc.)
of DMSO and liposomes. The lowest kq values
were obtained for Mg–TPP and Zn–TPP
(0.7�1013 and 0.9�1013 M�1 s�1, respectively)
whereas Pb–TPP is characterized by very fast
quenching by AQ (kq=1.3�1014).

If we suppose that the observed fluorescence
quenching of the excited singlet states of TPP and
Fig. 4. The Stern–Volmer relation for the porphyrins/AQ in DMSO (A: Mg–TPP, B: Zn–TPP, C: TPP, D: Pb–TPP, E: Pt–TPP).
D. Wróbel et al. / Dyes and Pigments 58 (2003) 7–18 13



M–TPP was due to electron transfer to AQ, the
electron transfer rate constant can be calculated
[Eqn. (6)]. The data are shown in Table 1. The kET

values were similar to those found in [15] for a
covalently linked porphyrin-quinone system.

3.3. ESR spectroscopy

Alternation in the ESR signal provides infor-
mation about the interaction of the porphyrins
with electron-accepting molecules, in this case,
AQ. The rise in the ESR signal was dependent on
AQ concentration and also depended on the kind
of metal in the TPP structure. This is illustrated in
Fig. 5 which shows the steady-state ESR results
for both the metal-free and metallic porphyrins.
No ESR signal was observed for the individual
dyes and AQ dissolved in DMSO either in the
dark or during illumination. The largest changes
in the ESR amplitudes were observed for Mg–TPP
and Zn–TPP (Fig. 5) and a particularly large
change was found for the dye with a high concen-
tration of AQ (5�10�5 and 1�10�4 M). On the
other hand, a modest alternation was obtained for
Pb–TPP, even in the sample of highest AQ con-
centration. For TPP, Pt–TPP and Pb–TPP, the
ESR signals were similar to each other in value for
identical irradiation conditions and at the same
AQ concentration.

The ESR parameters are shown in Table 2. The
g-values were in the range of 2.0043–2.0046
(	0.0001) for all dyes investigated, these being
slightly higher than those obtained for porphyrin-
like dyes in the literature [15]. The difference can
be attributed to the presence of the AQ molecules.
Table 1

Fluorescence parameters for porphyrins in DMSO
Dye
 �N (ns)
 �0 (ns)
 �F (ns)
 �
 KQ (M�1)
 kq (M�1 s�1)
 kET (s�1)
TPP
 16.3
 0.33
 0.30
 0.02
 (2.3	0.3)�104
 (7.0	0.3)�1013
 (0.30	0.02)�109
Mg–TPP
 31.8
 2.54
 1.11
 0.08
 (1.7	0.2)�104
 (0.7	0.1)�1013
 (0.50	0.02)�109
Zn–TPP
 25.1
 1.76
 1.07
 0.07
 (1.5	0.3)�104
 (0.9	0.1)�1013
 (0.36	0.03)�109
Pb–TPP
 6.2
 0.12
 0.08
 0.02
 (1.5	0.2)�104
 (1.3	0.1)�1014
 (4.17	0.05)�109
Pt–TPP
 17.5
 0.35
 –
 0.02
 (0.5	0.1)�104
 (1.4	0.1)�1013
 –
�N—natural fluorescence lifetime, �0—average fluorescence lifetime in the absence of AQ, �F—average fluorescence lifetime in the

presence of AQ. ��N=	0.1(ns), ��F=	0.1(ns), ��0=	0.1(ns). �—quantum yield of fluorescence with respect to coumarine (in

the absence of AQ); ��=	0.001. KQ—Stern–Volmer constant. kq—quenching constant. kET—electron transfer rate from porphyrin

to AQ.
Fig. 5. The ESR signal as a function of AQ concentration

upon illumination (A: Mg–TPP, B: Zn–TPP, C: Pt–TPP, D:

TPP, E: Pb–TPP). Porphyrin concentration— 10�5 M; AQ

concentrations— 1�10�4, 5�10�4, 1�10�5, 5�10�5, 1�10�6 M

(in log scale).
Table 2

ESR parameters for porphyrins and AQ mixture and relative

changes in ESR signal (R) for porphyrins in the presence of AQ

[with respect to the TPP with AQ (1 mM)]
Dye
 R
 �B (mT)
 g
TPP
 1
 0.28	0.02
 2.0046	0.0001
Mg–TPP
 29
 0.35	0.02
 2.0043	0.0001
Zn–TPP
 12
 0.35	0.02
 2.0045	0.0001
Pb–TPP
 3
 0.32	0.02
 2.0044	0.0001
Pt–TPP
 7
 0.33	0.02
 2.0046	0.0001
14 D. Wróbel et al. / Dyes and Pigments 58 (2003) 7–18



The most stable dyes were metal-free TPP and Pb–
TPP since their unpaired electron concentrations
were smallest. For that reason we estimated the
relative unpaired electrons in the individual dye in
the presence of AQ with respect to the sample of
TPP with AQ (10�6 M) as a standard. The ‘‘free
radical’’ appears predominantly in the metallic
porphyrin. The strong ESR signals observed for
Mg–TPP and Zn–TPP indicate that the amount of
unpaired electrons (‘‘free radicals’’) was large and
increases with increase in AQ concentration. The
significant increase in the number of unpaired
electrons upon illumination obtained for Mg–TPP
and Zn–TPP indicates their very good electron-
donating character.
4. Discussion

The general idea of this paper was to find a
relationship between dye fluorescence quenching
and free radical creation using ESR spectroscopy.

Some authors suggest that a central metal ion is
a prerequisite for a good photosensitizer [15]. In
our previous work we showed that the electro-
activity of a dye and thus its ability to generate
current induced by light depends strongly on the
dye’s molecular structure and the type of metal
incorporated in the molecular skeleton. A pre-
vious study [1,2] of porphyrins and phthalocya-
nines showed how Mg, Zn, Pt, Pb and other
metals influence photovoltaic effects [19]. Pb–TPP
exhibited the worst ability for photoconversion of
the investigated dyes [19]. Metal-free TPP and Pt–
TPP were also rather poor photoconverters [1]. In
contrast, Mg–TPP, Zn–TPP [1] and their chemical
analogues [3] were found to be perfect photo-
converters. Metal incorporation enhanced the
ability of the dye for photoconversion due to
p-electron delocalization [3]. The broken p-bands
in the free phthalocyanine matrix were suggested
as the origin of the unpaired electrons [20].

The appearance of an ESR signal in the case of
TPP in the presence of AQ confirms our earlier
suggestion as to the origin of the unpaired elec-
trons [1]. As we discussed in a previous paper [2],
the free electron transferred to AQ may have come
from the p-electron of the conjugated porphine
ring system and not from the metal. Evidence for
the origin of the electrons in the TPP dye was also
provided when the value of the line width �B and
g-value for the dyes investigated in this paper were
compared with those obtained for the metal free
porphyrin-like molecules [20] whose molecular
skeleton is very similar to the porphyrin molecular
structure. The increase in number of the unpaired
electrons in Mg–TPP and Zn–TPP (with respect to
metal-free TPP) implies a positive influence of the
metal on the electron-donating character of the
metallic porphyrins due to changes in p-electron
delocalization.

In a fluorescence the electron transfer process
occurs almost immediately after light absorption
i.e. in the lifetime of the excited singlet state of the
dye molecules in nearly 10�9 s. Thus, in a fluores-
cence experiment we observe only those dye
molecules which do not interact with AQ and do
not fall thermally to the ground state. The
remaining dyes, which transferred electrons to
AQ, were not observed in this experiment.

On the basis of the fluorescence quenching
parameters which describe the primary processes
occurring in 10�9 s in porphyrins and ESR results
(the final stage of the electron transfer reaction
from the porphyrins to AQ) we can draw some
conclusions concerning the processes occurring in
the timescale between ns and ms.

Zn–TPP and Mg–TPP were the most interesting
dyes from the point of view of the conversion of
light energy to electric energy (they are the best
photoconverters). Also, Pb–TPP and Pt–TPP due
to their poor (or almost none in the case of Pb–
TPP) photoconversion can be the objects of our
discussion.

In the light of the estimated fluorescence
quenching constants obtained for metal-free TPP
and M–TPP (Table 1) we can divide the porphyrin
dyes investigated into two groups: the first group
comprises of dye with fluorescence quenching
constants of the order of about 7.0�1013–1.3�1014

M�1 s�1 (TPP, Pb–TPP) and the second group
(Mg–TPP and Zn–TPP) with a kq value of the
order of 1013 M�1 s�1. The kq values indicate the
faster quenching of TPP, Pb–TPP and Pt–TPP in
the presence of AQ than those of Mg–TPP and
Zn–TPP. These results seem to be in contradiction
D. Wróbel et al. / Dyes and Pigments 58 (2003) 7–18 15



with the ESR results which show that the largest
changes in ESR signals occurred for Mg–TPP and
Zn–TPP. The large changes in the Mg–TPP and
Zn–TPP ESR responses in the presence of AQ and
upon illumination indicate a high concentration of
the porphyrin with an unpaired electron when
compared to the ESR responses of the remaining
investigated dyes. Such disaccord in the fluores-
cence quenching results (kq) and the ESR respon-
ses could be explained by means of the differences
in the rates of the processes occurring in the time
range from ns (fluorescence) and ms (ESR).

One of the deactivation process of the excited
singlet/triplet states is thermal relaxation as shown
in our [2] and other papers [21] by means of pho-
toacoustic/photothermal studies. The decreasing
lifetimes of the porphyrin dyes in the presence of
AQ was closely connected to electron transport to
AQ and thermal deactivation.

Moreover, the electron transfer reaction is
always accompanied by a charge recombination
process. On the basis of the delayed luminescence
examination of some porphyrins [22] we showed
that the recombination of the charges is a process
which is responsible for the delayed deactivation
of the excited state of the dye when a triplet state
is involved.

The fluorescence and ESR experiments reveel
that the charge recombination process is, however,
supposed to proceed at different rates for the first
dye group (TPP, Pb–TPP) and the second group
(Mg–TPP, Zn–TPP). Since Mg–TPP and Zn–TPP
were characterized by the lowest kq (when com-
pared to the kq of the remaining dyes) on the one
hand and the highest ESR signals, we can suggest
that a charge recombination process was slower
than the charge recombination in the remaining
dyes (TPP, Pb–TPP, Pt–TPP). This conclusion can
be supported by previous photovoltaic/photo-
current observation on dyes which were embedded
in a photoelectrochemical cell [1,2]. The slow
charge recombination processes for Zn–TPP and
Mg–TPP compounds could explain their high
ability for photocurrent generation. As mentioned
above, Pb–TPP is a bad photoconverter [1,2]; its
high kq and low ESR signal in the presence of AQ
and its poor ability for conversion of photon
energy to electric energy could indicate its fast
charge recombination occurring in the electron
donor-acceptor chain.

Confirmation of the difference in the charge
recombination processes in Mg–TPP and Zn–TPP
on the one hand and the remaining dyes (TPP,
Pb–TPP, Pt–TPP) on the other, is secured when
we take into consideration the lifetimes, fluores-
cence quenching rate constants as well the rate
constants of electron transport, kET, together with
the ESR signal results of the investigated dyes;
Mg–TPP and Zn–TPP were characterized by long-
est lifetimes compared to the remaining dyes. This
result implies that the dyes could interact with the
quinone quencher for a long time in the nanosecond
time range. Their fluorescence was quenched rather
slowly (kq=0.7–0.9�1013 M�1 s�1, kET=0.36–
0.50�109 s�1) when the estimated parameters are
compared with those obtained for Pb–TPP
(kq=1.3�1014 M�1 s�1, kET=4.1�109 s�1).

There still remains discussion as to the partici-
pation of the excited singlet or triplet states of the
dye molecules in the electron transfer reaction
[23,24]. For example, several articles report the
electron-donating character of the singlet excited
states of phthalocyanines with respect to methyl-
viologene [23,25]. In contrast, some authors claim
that in the good photosensitizers, the triplet state
must be involved in the process [24].

The long lifetimes could also indicate an inten-
sive, intersystem crossing transition which could
lead to a high population of the dye triplet state
(unpublished data— will be the subject of a forth-
coming paper). Since we observed high ESR sig-
nals for Mg–TPP and Zn–TPP as the final stage of
the electron transport between the dyes and AQ,
the recombination process either with in singlet or
the triplet state, was a slow process. The Pb–TPP
dye was very sensitive for triplet state generation
due to spin-orbit coupling in the presence of the
heavy atom [24]. Its rapid fluorescence quenching
(kq=1.3�1014 M�1 s�1, kET=4.1�109 s�1) could
then be due to quenching by AQ and also to the
effective intersystem crossing of the triplet state.
The low ESR amplitude of Pb–TPP thus indicates
the fast charge recombination occuring in the
electron donor-acceptor chain with participation
of both the singlet and triplet states (unpublished
data).
16 D. Wróbel et al. / Dyes and Pigments 58 (2003) 7–18



Our results presented in this paper support our
photovoltage/photocurrent observation obtained
for a PEC based on porphyrin dyes [1,2]. The high
ability of Zn–TPP and Mg–TPP to generate pho-
tocurrent can be explained not only by the dye
structure as indicated previously [19] but also by a
slow charge recombination process. In contrast
rapid charge recombination in Pb–TPP could be
the reason for its poor photoconversion behavior
in the PEC.

Results of both fluorescence quenching and
ESR explain a difference in photocurrent genera-
tion in a photoelectrochemical cell between metal-
free porphyrin and its metallic analogues [1,2].
This study seems to be essential for understanding
and the improvement of photoconversion in the
PEC based on organic materials.
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