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The photophysical and electrochemical properties of the tetracationic zinc 2,3,7,8,12,13,17,18-octaethyl-
5,10,15,20-tetrakis(N-pyridiniumyl) porphyrin chloride (ZnOEP(Py)4

4+,4Cl−) were studied in aqueous
solutions. The steady state and time-resolved absorption and emission measurements indicate that the
porphyrin skeleton adopts a severely nonplanar conformation which minimizes steric crowding between
the 12 peripheral substituents. The absorption spectrum of [ZnOEP(Py)4

4+,4Cl−] in water exhibits signif-
icant red shifts of the visible Q and Soret bands as well as considerable broadening and decrease in

4+ −

ater soluble porphyrin

yridinium
lectrochemistry
pectroelectrochemistry
bsorption
luorescence

intensity of the latter compared to the spectrum recorded for the planar [ZnTMPyP ,4Cl ] porphyrin.
The S2 → S1 internal conversion is faster than the experimental resolution (<90 fs) while the S1 excited
state has a lifetime of 170 ps. The electrochemical properties of [ZnOEP(Py)4

4+,4Cl−] were investigated
in water at pH 6.5 and 3.0 by cyclic and differential pulse voltammetry as well as spectroelectrochem-
istry. Reductions take place initially at the pyridinium sites with four successive one-electron steps at pH
6.5 or a one-electron step followed by a three-electron process at pH 3.0. Both oxidation and reduction

he po
processes undergone by t

. Introduction

Porphyrins and their derivatives constitute a major class of
hemical compounds due to their various optical, physicochemical
nd redox properties. Naturally occurring porphyrins play essential
oles in photosynthesis, cellular respiration and biological elec-
ron transfer reactions [1]. Consequently, much attention has been
evoted to these compounds with respect to their potential biolog-

cal and medical applications such as DNA cleavage catalysts [2,3]
r photosensitizers in photodynamic therapy [4–9]. Interactions
etween porphyrin derivatives and DNA have also been the subject
f several works [10–16]. But, only a few planar meso-substituted
ater soluble porphyrins, such as 5,10,15,20-tetra(N-methyl-4-
yridyl)porphyrins (TMPyP4+), have been investigated.
Studies of the crystal structures of protein complexes formed
y porphyrinic chromophores and prosthetic groups have revealed
keletal distortions of the porphyrin macrocycle [17–19]. These
ndings have consequently stimulated efforts devoted to synthe-
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rphyrin are irreversible.
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sis of nonplanar model porphyrins, for instance by substituting
bulky groups at the peripheral positions of the macrocycle
and/or changing the central metal [20,21]. Indeed, it has been
shown that the conformational distortion of the skeleton min-
imizes the steric interactions between its substituents. Most of
the dodecasubstituted porphyrins which have been synthesized,
exhibit nonplanar, highly distorted structures [22]. That was
the case for the first reported dodecasubstituted tetracationic
metalloporphyrins that were derived from �-octabromo-meso-
tetra(N-methyl-4-pyridiniumyl)porphyrin [23]. Even if the origin
of the changes is controversial [24–26], it is known that macrocyclic
deformations can profoundly affect the optical, redox, magnetic,
radical and excited-state properties of the porphyrins [27–33].

Substituted metalloporphyrins bearing multiple charges should
be of particular interest because they would combine solubility in
water and possible interactions with various biological targets such
as proteins and nucleic acids. While there are numerous studies
in non-aqueous media for conformationally perturbed porphyrins,
similar studies in water are rather scarce. The dodecasubstituted

and tetracationic zinc porphyrin [(Py)ZnOEP(Py)4

4+,4PF6
−] with

four pyridinium groups bound at the meso position through their
nitrogen atom and one axially ligated pyridine, was the first rep-
resentative of a new class of nonplanar metalloporphyrins bearing
four positive charges at a distance shorter than 5 Å from the metal

dx.doi.org/10.1016/j.jphotochem.2010.04.019
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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Fig. 1. Simplified structures of the [ZnTMPyP4+,4

entre [34]. The structure has been resolved in the solid state by
rystallography and corresponds to a saddle conformation of the
ationic macrocycle with the pyrrole rings (and their alkyl sub-
tituents) displaced up and down alternately [34]. By passing this
orphyrin through a Cl− exchange resin column, the counterion

s exchanged, the axial pyridine is removed and the water soluble
erivative, [ZnOEP(Py)4

4+,4Cl−] is obtained (Fig. 1) [35].
The present study deals with the photophysical and redox prop-

rties of this distorted porphyrin and their relations with the
onformation of the macrocycle. In this context, the behavior of
ZnOEP(Py)4

4+,4Cl−] is compared to that of the planar tetracationic
orphyrin [ZnTMPyP4+,4Cl−].

. Experimental

.1. Materials

ZnOEP (Zn-2,3,7,8,12,13,17,18-octaethyl porphyrin),
ZnTMPyP4+,4Cl−] (zinc 5,10,15,20-tetrakis(N-methyl-4-
yridyl)porphyrin chloride) and pyridine compounds were of
eagent grade quality, purchased from Sigma Aldrich and used
ithout further purification.

The zinc 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetrakis(N-
yridiniumyl)porphyrin chloride, [ZnOEP(Py)4

4+,4Cl−], was syn-
hesized following previous reports [35].

H2SO4 solutions, solid Na2SO4 and NaOH were commercial
roducts from Prolabo.

Pure water was obtained by passing through a Milli-RO4 unit
nd subsequently through a Millipore Q water purification set.

.2. Photophysical measurements

All photophysical measurements were carried out in water at
atural pH at room temperature (22 ± 2 ◦C).

Steady-state optical absorption spectra were recorded with
PerkinElmer Lambda 9 spectrophotometer. Steady-state lumi-

escence emission spectra were obtained using a Spex fluorolog
681 spectrofluorimeter equipped with a Hamamatsu R928 pho-
omultiplier which was cooled to the temperature of −20 ◦C. The
uorescence spectra were corrected for the detector spectral sen-
itivity.

Time-resolved fluorescence measurements were carried out

sing a time-correlated single photon counting set-up. The source
as a Ti:sapphire laser (MIRA 900F) pumped by a Nd:YVO4 laser

VERDI). The repetition rate was reduced to 3.8 MHz and the sec-
nd harmonic (420 nm, vertically polarized) was generated in a
BO crystal and used to excite the samples. The emission was
left) and [ZnOEP(Py)4
4+,4Cl−] (right) porphyrins.

selected via a polarizer, set at the magic angle (54.7◦) with respect
to the excitation electric vector. A monochromator was used for
wavelength selection and the signals were collected by an optical
spectrometric multichannel analyzer.

Laser flash photolysis was performed using third harmonic
pulses (355 nm, 3 ns FWHM 10 mJ/pulse) from a Nd:YAG laser
(BMI). Detection of the transient species was carried out by
an optical absorption set-up, consisting of a pulsed Xe arc
lamp, monochromator and photomultiplier. Samples were argon-
bubbled aqueous solutions contained in 1 cm path cell.

Femtosecond transient absorption pump–probe experiments
were performed with a Ti:sapphire amplified laser system (Spectra
Physics) delivering 100 fs pulses at 790 nm, with an energy of 1 mJ
at a repetition rate of 1 kHz. The laser beam was splitted into two
parts. The main part is used to produce the pump beam at 395 nm
by frequency doubling in a BBO crystal. The pump pulses were then
attenuated to 10 �J and focused to a 0.5 mm beam on the sample.
After travelling along an optical delay line, the small fraction of
the Ti:sapphire output was used for white light continuum genera-
tion in a 3 mm sapphire crystal. This white light beam was divided
before the cell and used in the one hand as the probe beam and
in the other hand as a reference beam (unaffected by the pump).
The pump and probe beams overlapped in a fused silica sample cell
with 1 mm path, and their polarizations were set at the magic angle.
The detection system consisted of an imaging polychromator and
a CCD camera (1340 × 400 Princeton Instruments). Measurements
were performed in aerated solutions. The spectra were corrected
for the group velocity dispersion (GVD).

2.3. Electrochemical and spectroelectrochemical measurements

All electrochemical measurements were carried out under argon
at 20 ◦C on a glassy carbon disk electrode (d = 3 mm). Voltammetric
data were obtained with a standard three-electrode system using
a PARSTAT 2273 potentiostat. A platinum wire was used as an aux-
iliary electrode. The reference electrode was a saturated calomel
electrode (SCE). It was electrically connected to the solution by a
junction bridge filled with water containing the supporting elec-
trolyte. The electrolyte was made up from 0.5 M Na2SO4 aqueous
solution, and its pH was precisely adjusted to 3.0 by addition of
0.5 M H2SO4 aqueous solution and to pH 6.5 by addition of NaOH.
The solutions were deaerated thoroughly for at least 30 min by

bubbling argon (Ar–U from Air Liquide) and kept under argon atmo-
sphere during the whole experiment.

For the spectroelectrochemical studies, a standard three-
electrode system was used with a Bruker EI 30 M potentiostat and
high-impedance millivoltmeter (Minisis 6000, Tacussel), in H2O
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ig. 2. Ground state absorption of [ZnOEP(Py)4
4+,4Cl−] in water; inset: Q bands

bsorption and steady-state fluorescence spectra of [ZnOEP(Py)4
4+,4Cl−] in water

1 cm path length cell, excitation wavelength: 570 nm).

nd using an OTTLE (optically transparent thin layer electrode).
he working electrode was a Pt mini grid (100 mesh). The spectra
ere recorded on a Hewlett Packard 8452 A diode array spec-

rophotometer. The thin layer spectroelectrochemical cell has been
reviously described by Bernard et al. [36].

. Results and discussion

.1. Photophysical properties

The photophysical data of [ZnOEP(Py)4
4+,4Cl−] and some refer-

nce porphyrins are gathered in Table 1.
The ground state absorption spectrum of [ZnOEP(Py)4

4+,4Cl−]
n water, illustrated in Fig. 2, resembles that of the parent por-
hyrin [(Py)ZnOEP(Py)4

4+,4PF6
−] in acetonitrile [34]. The Soret and

bands are red-shifted and characterized by a reduced peak inten-

ity and a significant broadening in comparison to the spectrum
f the precursor ZnOEP [37] (Table 1). Such a behavior is partially
ue to the presence of the electron-withdrawing character of the
yridinium substituents [38] but mainly attributed to distorted

able 1
hotophysical parameters of [ZnOEP(Py)4

4+,4Cl−] measured in water and some reference

Porphyrin Solvent UV–vis absorption Flu

�max/nm (ε/103 dm3 mol−1 cm−1) �m

Soret Q(1,0), Q(0,0)

ZnOEP(Py)4
4+ Watera 453 (105) 584 (13.7), 620 710

ZnTMPyP4+ Waterb 436 (180) 562 (16.0), 602 (5.3) 626

ZnOETPP CH2Cl2c 454 (202) 586 (13.1), 637 (5.5) N.a
Toluened N.a. N.a., 655 735

ZnOEP Toluenee 404 (373) N.a., 578 (20.1) 574

ZnTPP Toluene 423 (442)e N.a, 588 (24.5)e 597
Toluenef 422 (255) 548 (9.72), 588 (1.90) 596
Ethanole 422 (658) N.a., 596 (21.7) 603
Ethanolg N.a. N.a. N.a

fl: quantum yield of fluorescence, �S: lifetime of the singlet state (fluorescence lifetime),
or the relaxation of the singlet state, N.a. data not available.

a This work.
b From [41], [38] and [48].
c From [39].
d From [43].
e From [37].
f From [40].
g From [46].
h In organic solvents from [47].
Photobiology A: Chemistry 213 (2010) 52–60

conformations of the macrocycle ring. Indeed, the saddle-shaped
porphyrin ZnOETPP [39] presents similar positions of the bands
(Table 1), red-shifted compared to the planar meso-substituted por-
phyrins ZnTPP [37,40] and ZnTMPyP4+ [38,41]. Numerous papers
give evidence of red shifts in the optical absorption bands of
highly substituted nonplanar porphyrins [18,19,25,26,42–44]. The
red-shifts are explained by larger destabilization of the highest
occupied molecular orbitals (HOMOs) relative to the lowest unoc-
cupied molecular orbitals (LUMOs) resulting in smaller HOMO to
LUMO gaps [19–21,32,39].

The fluorescence emission spectrum of ZnOEP(Py)4
4+ in water

(inset in Fig. 2) presents a broad almost featureless band cen-
tred near 700 nm. Due to the poor resolution of the Q bands,
the absorption/emission “Stokes” shift is estimated between the
Q(0,0) absorption band (shoulder at 620 nm in the absorption spec-
trum) and the fluorescence maximum (710 nm) and found to be
around 2040 cm−1. This value is of the same order of magnitude
as the shift reported for the saddle-shaped porphyrin, ZnOETPP,
in organic solvents (1660 cm−1) [43] but, three times as high as
that determined for the planar cationic porphyrin ZnTMPyP4+ in
water (640 cm−1) [41]. It has been suggested that such shift and
emission profile reflect photoinduced changes in macrocycle con-
formation [43,45]. Using ZnTMPyP4+ as a reference (˚fl = 0.025 in
water) [38] and 570 nm as the excitation wavelength, the fluores-
cence quantum yield (˚fl) of ZnOEP(Py)4

4+ at room temperature
was estimated to be 0.0025. This quantum yield is low, one tenth
of the value obtained for the planar ZnTMPyP4+ in water but it is of
the same order of magnitude as those reported for conformation-
ally perturbed porphyrins [29,43] (Table 1). From time-resolved
fluorescence measurements by the single photon counting tech-
nique, the S1 excited-state lifetime of ZnOEP(Py)4

4+ is found to be
�S = 170 ± 20 ps. This value is identical to the lifetime determined
for ZnOETPP in toluene but roughly ten times shorter than the life-
times of the planar analogues ZnTMPyP4+ [41], ZnTPP [37,40,43,46]
or ZnOEP [37] (Table 1). The radiative (kr) and non-radiative (knr)
rate constants are evaluated from �S and ˚fl using the following
�S = 1
kr + knr

(1)

porphyrins.

orescence Triplet

ax/nm ˚fl �S/ns kr/107 s−1 knr/108 s−1 �T/�s

0.0025 0.170 1.47 58.7 110
, 666 0.025 1.3 1.90 7.50 2000

. N.a. N.a. N.a N.a. N.a.
0.003 0.15 2.0 66.5 N.a.

0.068 2.00 3.39 4.66 N.a.

e 0.03d 1.9d 1.58 5.11 1200h

, 647 0.033 1.98 1.69 4.88 24
0.0267 1.96 1.36 4.97 N.a.

. 0.0267 1.88 1.42 5.14 N.a.

�T: lifetime of the triplet state, kr and knr radiative and non-radiative rate constants
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ig. 3. Transient absorption spectra of a 3.8 × 10−6 M deaerated aqueous solution of
ZnOEP(Py)4

4+,4Cl−] recorded upon nanosecond laser photolysis at (�) 5 �s, (©)
00 �s and (�) 200 �s after the 355 nm pulse; insets: time profiles at 450 and
00 nm.

fl = kr

kr + knr
(2)

r = ˚fl

�S
(3)

nr = 1 − ˚fl

�S
(4)

The rate constants found for ZnOEP(Py)4
4+ are close to those

etermined for the saddle-shaped ZnOETPP [43]. The values in
able 1 reveal that the radiative rate constant, kr, is influenced by
he presence of meso-substituents as there is a factor two between
he radiative rate constants of ZnOEP and ZnTPP in toluene, but
r is hardly affected by the deformations of the macrocycle. In
ontrast, the non-radiative rate, knr, increases by approximately a
actor twelve due to distortions of the macrocycle. That indicates an
ncrease in the internal conversion and intersystem crossing rates
ue to structural deformations.

Fig. 3 depicts the transient absorption spectra obtained by
anosecond pulse photolysis at 355 nm with an Ar saturated
queous solution of [ZnOEP(Py)4

4+,4Cl−]. The spectra show the
leaching of the ground state Soret and Q bands (around 450 nm
nd 580 nm, respectively) and two positive excited-state absorp-
ion domains, one intense with a maximum at 500 nm and a weaker
road absorption area extending beyond 640 nm. The time pro-
les exhibit clear first order kinetics with a lifetime of 110 �s
hroughout the spectrum (insets in Fig. 3). The presence of oxygen
ccelerates the relaxation processes resulting in a time constant
f 6.4 �s. So, the observed transient signals are attributed to the
riplet state T1 of ZnOEP(Py)4

4+. The found triplet lifetime is shorter
han the values in the microsecond range reported for the pla-
ar analogues [38,47] despite some discrepancies in the literature
40,48]. The presence of the triplet state is recorded immediately
fter the laser pulse and in the nanosecond time scale it was not
ossible to observe any excited-state precursor of T1. The employ-
ent of femtosecond photolysis provided the means to overcome

his obstacle.
Fig. 4 shows the transient absorption spectra obtained after

xcitation by femtosecond pulses at 395 nm. Very similar spec-
ra and time profiles were obtained when the experiments were

epeated in pH 3.0 and pH 7.0 buffered solutions. The spectrum at
ps exhibits the bleaching of the Soret and Q bands as well as a

trong broad absorption domain around 525 nm along with a weak
bsorption feature over 650 nm. For a few hundreds of picosec-
nds, the differential absorbencies, �A, around 530 nm drop, while
Fig. 4. Transient absorption spectra of a 1.4 × 10−4 M [ZnOEP(Py)4
4+,4Cl−] aqueous

solution at pH 7 (0.02 mol dm−3 phosphate buffer) measured by femtosecond pump-
probe technique at different time delays after 395 nm pulse excitation. Inset: time
profile at 550 nm.

�A at other wavelengths remain almost constant. At 600 ps after
femtosecond excitation, the recorded transient spectrum resem-
bles that obtained by nanosecond photolysis (Fig. 3). The transient
signals around 530 nm (Fig. 4 inset) follow exponential decays
with a time constant of 150 ps to a plateau. This time constant
is in good agreement with the S1 lifetime determined by fluores-
cence measurements. Consequently, we consider that the observed
picosecond spectra are due to the S1 state and to the S1 → T1 inter-
system crossing. This transformation is hardly accompanied by
recovery of the ground state. So, the long lasting triplet state of
the porphyrin (Fig. 3) is formed within a few hundred ps with a
high quantum yield.

It is to be noted that the picosecond absorption spectra were
recorded upon excitation on the blue side of the Soret band. When
a porphyrin is irradiated in the region of the Soret band it is excited
to the S2 state. There are few reports of direct observation of the S2
state, typically by means of up-conversion fluorescence [31,49–54].
In most porphyrins rapid relaxation (S2 → S1) takes place and the
transient absorption and emission spectra are dominated by S1. The
lifetimes recorded for S2 usually range between 150 fs and 2.5 ps
depending on the nature of the porphyrin (substituents, metal)
and the environment (solvent or matrix [55]). Such lifetimes corre-
spond to very fast processes that occur in the same time range as the
dynamic phenomena of the macrocycle. In some cases, the presence
of the S2 state has been identified with femtosecond absorption
experiments [50,53]. Usually, it appears as stimulated emission
(S2 → S0) which modifies the shape of the bleaching band. In the
case of ZnOEP(Py)4

4+ stimulated emission near the Soret band was
not observed. Additionally, there was no change in absorbance dur-
ing the first few picoseconds after the pulse. Hence, we conclude
that the S2 state lifetime is shorter than the instrumental time
resolution (less than 90 fs).

In the case of the nanosecond experiment, due to the laser
used, excitation was formed at 355 nm. Such excitation generates
vibrationally excited S2 and high-lying singlet (N band) states. As
internal conversion and vibrational relaxation in the high-lying sin-
glet and triplet states are known to be in the fs time scale, for both
nanosecond and picosecond experiments, the observed long last-
ing state corresponds to the same lowest triplet state T1. However,

by changing the excitation wavelength, the T1 formation yield may
vary.

In summary, ZnOEP(Py)4
4+ exhibits photophysical properties

typical of deformed porphyrins. The lowest singlet excited state
of a porphyrin has a lifetime determined by its typical decay path-
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dation of dimeric or oligomeric species resulting from a coupling
at the 4-position of the pyridyl radicals generated by reduction
of the pyridinium substituents (Scheme 1) as already reported
[86–89].
ig. 5. (A) Cyclic voltammograms (scan rate 100 mV s−1) and (B) differential pulse
oltammograms (scan rate 20 mV s−1) of 1 × 10−3 M [ZnTMPyP4+,4Cl−] in a 0.5 M
a2SO4 + H2SO4 aqueous solution adjusted at pH 6.5 and 3.0.

ays, i.e. intersystem crossing (to triplet state), internal conversion
nd fluorescence (to ground state). Distortions of the macrocycle,
part from red shifts of the Soret and Q bands, result in increased
ntersystem crossing and internal conversion rates and, hence, in
educed fluorescence quantum yields. Moreover, the excited-state
ifetimes are shortened.

.2. Cyclic and differential pulse voltammetry

The electrochemistry of metalloporphyrins incorporating non-
lectroactive metals has long established that the porphyrin
-system can undergo two reversible one-electron oxidations and

eductions to yield �-cation radicals and dications and �-anion
adicals and dianions, respectively [56,57]. Additional electron
ransfers can be observed when the ring bears electroactive groups
58–65] or when protonation reactions occur [66]. Several electro-
hemical studies of TMPyP4+ derivatives have been performed by
yclic voltammetry in aqueous [67–77] or in nonaqueous media
78–82].

Cyclic and differential pulse voltammetry curves of
ZnTMPyP4+,4Cl−] and [ZnOEP(Py)4

4+,4Cl−] in aqueous solu-
ions at pH 3.0 and 6.5 are depicted in Figs. 5 and 6, respectively
nd the redox data are gathered in Table 2.

The electrochemical behavior in oxidation and reduction of
4+ −
ZnTMPyP ,4Cl ] in aqueous solution is similar at pH 6.5 and

.0 (Fig. 5). In the oxidation domain, two successive irreversible
eaks are observed at +0.91 and +1.24 V vs. SCE at pH 6.5 (at
.91 and 1.22 V, respectively, at pH 3.0). They were attributed to
he porphyrin ring oxidation leading to a �-cation radical and
Photobiology A: Chemistry 213 (2010) 52–60

dication, which can react further with water as already reported
[83]. In reduction only one irreversible peak is seen at −0.87 V at
pH 6.5 (−0.81 V at pH 3.0). The latter process is assigned to the
simultaneous reduction of the four methylpyridinium groups as
well as the two-electron reduction of the �-ring system. Indeed,
experiments in aqueous solutions have shown that the TMPyP4+

derivatives are initially reduced at the �-ring system to give �-
anion radicals [69,71,73,76,77] which are usually unstable in water
and ultimately converted to phlorins or chlorins [73,76]. Similar
results were reported by Neumann-Spallart and Kalyanasundaran
for [ZnTMPyP4+,4Cl−] in aqueous 0.2 M Na2SO4 solution [41,69].
Zhou et al. also observed a single irreversible reduction step for
[ZnTMPyP4+,4Cl−] in ammoniac buffer solution at pH 8.8 [77]. How-
ever, those results differ from other electrochemical studies [84,85],
in which two reduction waves were observed.

In contrast to [ZnTMPyP4+,4Cl−], the electrochemical behavior
of [ZnOEP(Py)4

4+,4Cl−] differs as a function of pH (Fig. 6). At pH 6.5,
the cyclic voltammograms present four irreversible waves, three
in reduction (peaks a, b, and c, d) and one in oxidation (peak e).
The latter signal at Epa = +1.10 V corresponds to the oxidation of the
porphyrin macrocycle and the formation of the porphyrin �-radical
cation. The irreversible step at +0.46 V (peak h) on the reverse scan
(Fig. 6A) may be associated to reduction of decomposition products.

The reduction processes are not well defined. Nevertheless, the
use of differential pulse voltammetry (DPV) mode (Fig. 6A′) reveals
the existence of four reduction peaks at −0.58, −0.67, −0.80 and
−0.85 V vs. SCE, attributed to the successive reductions of the four
pyridinium substituents. Similar behavior was observed in CH3CN
[35].

Each reduction steps become progressively more cathodic as the
positive charge of each pyridinium substituent is neutralized and
the complex is less positively charged. If the substituents were inde-
pendent electroactive sites only a single (four-electrons) reduction
step would be observed [59,62]. The multisteps reduction indi-
cates the existence of interactions between the four pyridinium
groups. It is worth noticing that the reduction of the porphyrin
ring occurs beyond the electrolyte discharge and is therefore not
observed.

The reduction steps of the four pyridinium (peaks a, b, c and
d) as well as for the oxidation step of the porphyrin (peak e)
are irreversible indicating that the pyridyl radicals generated after
reduction and the porphyrin �-radical cation are not stable and
react further.

When the potential scan is reversed after the fourth reduction
process, two additional oxidation processes appear on the anodic
sweep at +0.81 and +0.95 V vs. SCE (peaks g and f in Fig. 6A). These
two peaks are not observed upon direct anodic scan where only
the irreversible charge transfer corresponding to the oxidation of
the porphyrin ring at +1.10 V (peak e) is recorded. Such oxidation
signals obtained from reverse scans may be attributed to the oxi-
Scheme 1. Electrochemical dimerization mechanism upon reduction of pyridinium
cations.
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Fig. 6. (A, B) Cyclic voltammograms (scan rate 100 mV s−1) and (A′ , B′) Differential pulse voltammograms (scan rate 20 mV s−1) of 5 × 10−4 M [ZnOEP(Py)4
4+,4Cl−] in a 0.5 M

Na2SO4 + H2SO4 aqueous solution adjusted at pH 6.5 and 3.0.

Table 2
Electrochemical data for [ZnOEP(Py)4

4+,4Cl−] and [ZnTMPPyP4+,4Cl−] in aqueous media.

pH Porphyrins Oxidation porphyrin ring Reduction pyridinium

3.0 [ZnTMPyP4+,4Cl−] 0.91, 1.24 −0.81
[ZnOEP(Py)4

4+,4Cl−] 1.12 (peak e) 0.52a (peak g) −0.59, −0.82

6.5 [ZnTMPyP4+,4Cl−] 0.91, 1.22 −0.87
[ZnOEP(Py)4

4+,4Cl−] 1.10 (peak e) 0.81a (peak g) −0.58, −0.67, −0.80, −0.85
0.95a (peak f)
0.47 (peak h)

A 0.5 M
p

ubstit

−
o
i
p
r
e

p
c
p
I
t
Z

S
c

ll potentials in V vs. SCE are obtained from cyclic voltammetry in H2O containing
eaks are irreversible.
a Obtained on reversal of the potential sweep after reduction of the pyridinium s

At pH 3.0, only two irreversible reduction steps are present at
0.59 and −0.82 V, respectively (Fig. 6B). The first reduction step
ccurs at almost the same potential as at pH 6.5 but the follow-
ng three processes are now unresolved (processes dependent on
H). Differential pulse voltammogram (Fig. 6B′) showed also two
eduction steps corresponding to the exchange of one and three
lectrons, respectively.

This evolution may indicate a loss of conjugation between the
yridinium substituents after the first reduction. That could be the
onsequence of a protonation on the nitrogen atom of the reduced

yridinium, facilitated by the high acidity (pH 3.0) of the solvent.

f the enamine of Scheme 2 is basic enough then the fast protona-
ion could take place before the uptake of the further electrons by
nOEP(Py)4

4+.

cheme 2. Electrochemical reduction followed by protonation of the pyridinium
ations.
Na2SO4 + H2SO4 adjusted to pH 6.5 and 3.0. v = 0.1 V s−1. WE: glassy carbon. All

uents.

After the reduction processes at pH 3.0, on the reverse scan, a
single irreversible signal appears at 0.52 V vs. SCE (peak g) before
the irreversible oxidation process of the porphyrin ring at 1.12 V
(peak e). As previously suggested, this additional peak is attributed
to the formation of dimers (Scheme 1).

Comparing the electrochemical behavior of the two stud-
ied porphyrins, it is found that the deformed porphyrin,
[ZnOEP(Py)4

4+,4Cl−], is harder to oxidize than the planar analogue
[ZnTMPyP4+,4Cl−] (Table 2). This result differs from those of previ-
ous studies which report that neutral nonplanar porphyrins were
easier to oxidize and harder to reduce than planar porphyrins
[17,27]. This apparent contradiction might be explained by the
localization of the four positive charges which are closer to the
macrocycle in the case of ZnOEP(Py)4

4+ compared to ZnTMPyP4+.

3.3. Spectroelectrochemistry
Spectroelectrochemical studies were carried out on the
reduction of [ZnOEP(Py)4

4+,4Cl−] under the same experimental
conditions as the electrochemical measurements (i.e. in 0.5 M
Na2SO4 in H2O and pH 6.5 or pH 3.0). The optical absorption spectra
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ig. 7. Evolution of the UV–vis absorption spectrum of an aqueous solution of
ZnOEP(Py)4

4+,4Cl−] at pH 6.5 recorded during reduction (A) at −0.70 V and (B) at
1.00 V vs. SCE.

f the systems studied can be used as an additional support to the
ssignments of the observed redox steps.

For [ZnOEP(Py)4
4+,4Cl−] aqueous solution at pH 6.5, the spec-

ral changes recorded during electrolysis at the second reduction
ave at −0.70 V vs. SCE, are illustrated in Fig. 7A. From our

oltammetric measurements, this potential has been assigned
o the second reduction step of the four pyridinium cations in
he metalloporphyrin–pyridinium systems. The reduction product
xhibits a typical porphyrin spectrum profile with a blue shift of
he Soret and Q bands by 20 and 13 nm, respectively, when com-
ared with the parent compound. This result indicates that the
lectrons are not transferred to the porphyrin macrocycle but to
he pyridinium cations and confirms our primary assignment. The
lue shift is attributed to the electron-withdrawing effect of only
wo positively charged pyridiniums in comparison with the start-
ng porphyrin bearing four positively charged substituents. The
nitial spectrum was not recovered after reverse electrolysis at
V in agreement with the cyclic voltammetry experiments where

rreversibility of the system was observed. The spectra recorded
uring reduction at −1.00 V (Fig. 7B) are mainly characterized by
decrease in the intensity of the Soret and Q bands, accompanied
ith a shift to shorter wavelengths by 21 nm for the Soret band. The

ormation of a final neutral complex which is not soluble in water
nd precipitates can account for the flattening of the whole UV–vis
pectra.
It is to be noted that, during both electrolysis, no new spec-
ral feature in the domain above 620 nm is observed, which could
ndicate the presence of a reduction product of the porphyrin ring
dianion, phlorin or chlorin).
Fig. 8. Evolution of the UV–vis absorption spectrum of an aqueous solution of
[ZnOEP(Py)4

4+,4Cl−] at pH 3.0 recorded during reduction (A) at −0.65 V and (B) at
−1.00 V vs. SCE.

Fig. 8A depicts the spectral evolution of [ZnOEP(Py)4
4+,4Cl−]

aqueous solution at pH 3.0 upon the first one-electron reduction
step of the metalloporphyrin–pyridinium system at −0.65 V vs. SCE.
During the electrolysis, the intensity of the Soret band decreases
slightly and no new peak appears, indicating that the porphyrin
ring is not reduced. Moreover, no significant shift is observed. This
behavior can be explained by the reduction of a pyridinium cation
followed by a protonation of the formed pyridyl radical, since, in
this case, there is no change in the overall charge carried by the
ring (Scheme 2). As expected from voltammetric data, the spectrum
of the initial compound is not recovered after reverse electrolysis
at 0 V. The pyridyl radicals are not stable on the cyclic voltamme-
try time scale, as indicated by the irreversibility of the reduction
(Fig. 6), probably due to the formation of dimer(s) (Scheme 1)
[86–89].

The spectral changes recorded for the solution at pH 3.0 during
electrolysis at−1.00 V (Fig. 8B) resemble those previously discussed
for the solution at pH 6.5.

In summary, the spectroelectrochemical measurements indi-
cate that the reduction of the pyridinium groups takes place prior
to that of the porphyrin core.

4. Summary
Regarding the photophysical properties, ZnOEP(Py)4 must be
classified as a distorted porphyrin. Its UV–vis absorption spec-
trum displays red-shifted and broader Soret and Q bands with
reduced extinction coefficients compared to planar analogues. The
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roperties of its S1 state (short lifetime of 170 ps and low flu-
rescence quantum yield of 0.0025) are comparable with those
eported for saddle-shaped porphyrins. Indeed, internal conversion
nd intersystem crossing to the triplet state T1 are favoured by the
istortions of the macrocycle. The T1 state also have a shortened

ifetime compared to that of ZnTMPyP4+.
The electrochemical study of [ZnOEP(Py)4

4+,4Cl−] has revealed
wo different reduction patterns of the pyridinium substituents
ccording to pH. A reduction in four distinct steps takes place at
H 6.5 while a one plus three electrons scheme is observed at pH
.0. In both cases the pyridinium groups undergo electron transfers
efore the macrocycle ring. In contrast to the rule that deformed
orphyrins are easier to oxidize than planar corresponding por-
hyrins one, [ZnOEP(Py)4

4+,4Cl−] is found harder to oxidize than
he planar “analogue” ZnTMPyP4+. In addition, the electrochemi-
al processes are irreversible, dimerization after reduction of the
enerated pyridyl radicals and attack by the solvent of the oxidized
orphyrin being the most probable side reactions.
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