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A B S T R A C T

The electrochemical behaviour of two free-base pyrene dendronized porphyrins, Por-(Py2G1)2, Por-
(Py2G1)4, and their zinc metallated forms, Zn-Por-(Py2G1)2 and Zn-Por-(Py2G1)4, has been studied by
cyclic voltammetry in CH2Cl2. The investigated compounds exhibit several oxidation processes. The study
of five model molecules, equivalent to the nuclei and branches of the dendrimer, allowed the assignment
of the different oxidation processes. The first oxidation, centered on the porphyrin ring, was also studied
by in situ UV-vis spectroelectrochemistry in CH2Cl2 and THF for all the dendrimers. The electrooxidation
in the thin layer spectroelectrochemical cell of the two free-base dendritic molecules shows spectral
changes that suggest the formation of porphyrin diprotonated species, both in THF and CH2Cl2. Even
though the electrochemical and spectroscopic characteristics of the solutions after exhaustive
electrolysis in THF were consistent with the formation of these protonated species; in CH2Cl2, a
paramagnetic species was obtained, and no further evidence of the formation of diprotonated species
could be found. Two-electrons per molecule were consumed during the electrolysis in THF and only one-
electron in CH2Cl2, the starting porphyrin was not regenerated by counterelectrolysis in any case. It was
demonstrated that irradiation of the porphyrin itself accounts for the observed evolution of the UV–vis
spectra in CH2Cl2. For the Zn dendronized porphyrins, the oxidation was a clean one-electron transfer,
giving rise to the radical cation, subsequent reductive electrolysis regenerates the initial product.

ã 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of the broad range of potential applications of
dendrimers and hyperbranched polymers, the interest on these
supramolecular structures has been increasing at an amazing rate
[1–3]. Their applications expand to areas including sensors,
medicine, electrochromic and electroluminescent devices, light
harvesting, redox mediators and molecular electronics [4–6].
Dendrimers can be functionalized with multiple photoactive or
electroactive units at the core, at the periphery, or throughout their
entire structure. The proximity of these groups within the
dendrimer structure results in interesting systems with the ability
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to form excimers and exciplexes; and also participate in Fluores-
cence Resonance Energy Transfer (FRET), and Charge Transfer (CT)
processes [7]. The study of dendritic structures functionalized with
energy and/or electron donor-acceptor groups provides insight
into the fundamental processes occurring in such complex systems
and on their future applications [8–11].

Recently, our research group reported the synthesis, character-
ization, and optical properties of a novel series of dendritic
compounds containing a single porphyrin at the core and a varying
number, two to eight, of pyrene units at the periphery. It was
demonstrated that pyrene and porphyrin constitute an excellent
donor-acceptor pair for FRET. Spectroscopic data showed that FRET
efficiency was not affected by the number of pyrene units; but an
increasing number of pyrene units led to a more efficient light
collection [12]. On this basis, we believe that these compounds,
combined with adequate electron acceptors such as carbon
nanotubes or graphene, could function as electron donor elements
for the preparation of new supramolecular assemblies, which can
be used in artificial photosynthetic devices [13–17]. The pyrene
units would function not only as anchor groups to the nanocarbon
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M=2H: Por-(Py2G1) 2
M=Zn: Zn-Por-(Py2G1) 2

M=2H: Por-(Py2G1) 4
M=Zn: Zn-Por-(Py2G1) 4

Scheme 1. Chemical structures of the pyrene dendronized porphyrins.
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structure [15,18], but also as light harvesting units to funnel this
energy towards the porphyrin center to induce the electron
transfer to the carbon nanotube, mimicking natural photosynthe-
sis [19]. It has been demonstrated that photoexcitation of
assemblies consisting of porphyrin and nanocarbon structures
produces an ultrafast charge separation that triggers the oxidation
of the electron-donating porphyrin [11,14,15]. The removal of one-
electron from the porphyrin core would lead to the formation of
the p-radical cation, a key intermediate in charge transfer
reactions involving porphyrins and metalloporphyrins.

The role of phorphyrins and metalloporphyrins as electron
donors in artificial photosynthetic devices makes it necessary to
deepen the understanding of the properties and stability of their
radical cations. Electrochemical techniques are efficient tools for the
generation, detection, and characterization of radical ions. The
electrochemistry of free-base and metallated porphyrins has been
extensively studied; on their voltammograms, these compounds
display two one-electron reversible oxidationprocesses correspond-
ing to the formation of the radical cation and the dication,
respectively; and two one-electron reduction processes forming
the radical anion and the dianion [20,21]. This behaviour suggests
that, on the timescale of cyclic voltammetry, the radical cation of
both types of porphyrins is stable. However, previous research on the
chemical or electrochemical oxidation at larger timescales, points
out that the chemical fate of the radical cations of the free-base
porphyrins is different from that of the metallated ones. The radical
cations of the metallated porphyrins are quite stable and have been
easily identifiedbyopticalabsorptionandEPR spectra [22,23];also, it
has been reported that some porphyrins can form p-complexes with
its radical cations producing a dimeric radical cation, where the
unpaired electron is delocalized over both porphyrin rings [24]. On
the other hand, the radical cations of free-base porphyrins are
normally transient species, which can only be trapped in frozen
glasses [25]. It has been shown that the chemical fate of the initially
electrogenerated radical cation of free-base porphyrins is dictated by
both the reaction media and the nature of the porphyrin macrocycle,
whether ithas bulkysubstituentsat the meso-positions or not [26]. It
has been reported that in solvents which can react with the oxidized
forms of the porphyrin, i.e. benzonitrile and dichloromethane, the
overall products of the oxidation are the monoprotonated (H3P+) or
diprotonated (H4P2+) forms of the free-base. Also, it has been
suggested that the initial formation of the radical cation of the
porphyrin (H2P�+), reaction (1), is followed by a reduction + proton-
ation chemical step to form the monoprotonated porphyrin (H3P+);
in a step that necessarily involves the reaction with an oxidizable
and protic substrate (SH), i.e. solvent, reaction (2). It has been stated
that for non-hindered prophyrins, the monoprotonated form is
stable, so a one-electron oxidation process is observed. For hindered
porphyrins, such as tetraphenylporphyrin (H2TPP), the monopro-
tonated porphyrin is not stable, and a disproportionation reaction
occurs producing both the diprotonated and starting free-base
porphyrins, reaction (3), and consequentlya two-electron process is
observed. In situ UV–vis spectroelectrochemical studies have
confirmed the formation of these protonated species [26].

H2P Ð H2P�+ + e� (1)

H2P�+ + S � H Ð H3P+ + S� (2)

2H3P+ Ð H4P2+ + H2P (3)

In the present work, we carried out a comprehensive study by
cyclic voltammetry, controlled potential coulometry and in situ
UV–vis spectroelectrochemistry of four pyrene dendronized
porphyrins (Scheme 1) focusing on the protonation reactions of
the radical cation of the porphyrin ring in two solvents, CH2Cl2 and
THF. We show that although the UV–vis spectral changes for the
two free-base dendritic molecules, Por-(Py2G1)2 and Por-(Py2G1)4,
are indicative of the formation of protonated porphyrins,
voltammograms of its electrolyzed solutions match those of
protonated porphyrins, obtained separately by addition of protic
acid, only when the solvent is THF. In the CH2Cl2 medium, we
demonstrate that the product of the electrolysis corresponds to a
paramagnetic species; and that the spectral changes observed
during the spectroelectrochemical experiments can be attributed
to irradiation itself. Both Zn-Por-(Py2G1)2 and Zn-Por-(Py2G1)4,
form stable porphyrin radical cations in CH2Cl2 and THF.

2. Experimental

2.1. Chemicals and Reagents

The synthesis of the four pyrene dendronized porphyrins
(Scheme 1) was carried out according to the method previously
reported by us [12]. Anhydrous dichloromethane (CH2Cl2, 99.8%,
< 0.001% H2O), tetrahydrofurane (THF, � 99.5%, spectrophotomet-
ric grade), and perchloric acid (HClO4, 69 � 72%), obtained



Fig. 1. Experimental voltammograms for 0.5 mM: A) Por-(Py2G1)2, B) Por-(Py2G1)4,
C) Zn-Por-(Py2G1)2 and D) Zn-Por-(Py2G1)4 in 0.1 M Bu4NPF6/CH2Cl2. Scan rate:
0.1 V/s at 10 �C.

Fig. 2. Experimental voltammograms for 0.5 mM: A) Por-(Py2G1)2, B) Por-(Py2G1)4,
C) Zn-Por-(Py2G1)2 and D) Zn-Por-(Py2G1)4 in 0.1 M Bu4NPF6/CH2Cl2. Scan rate:
0.1 V/s at 10 �C.
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from Sigma-Aldrich, were used as received. Electrochemical
grade tetrabutylammonium perchlorate (Bu4NClO4, � 99.0%) and
tetrabutylammonium hexafluorophosphate (Bu4NPF6, � 99.0%)
were purchased from Fluka and dried at 60 �C under vacuum prior
to use.

2.2. Electrochemical Cells, Electrodes, and Instrumentation

Cyclic voltammetry experiments were carried out in a
conventional three-electrode jacketed cell. The working electrode
was a 0.3 cm diameter glassy carbon electrode whose effective area
was determined to be 0.09 cm2. The reference electrode was an
Ag/AgNO3 electrode (a silver wire immersed in 0.10 M Bu4NPF6/
0.01 M silver nitrate/acetonitrile). The reference electrode was
separated from the test solution by a porous Vycor frit from
Bioanalytical Systems. The potential of the reference electrode was
periodically measured with respect to the reversible ferrocenium/
ferrocene couple, and was found to be 222 � 5 mV in Bu4NPF6
0.1 M/CH2Cl2 and 187 � 3 mV in Bu4NClO4 0.1 M/THF. All potentials
reported in this work are referred to the Fc+/Fc couple. Tempera-
ture of the jacketed cell was controlled with a circulating bath. The
reference electrode was at room temperature (nonisothermal
operation). The working electrode was polished with 0.05 mm
alumina paste (Buehler), rinsed with water, sonicated for 5 min in
distilled water and dried with a tissue. Solutions were purged with
ultra high purity nitrogen (Praxair), which was saturated with the
solvent before reaching the cell. Voltammograms were recorded in
Bu4NPF6 0.1 M/CH2Cl2 at 0.1 V/s and 10 �C, and �10 �C for the
simulations.

Digital simulations were performed using DigiElch 4 F, a
software for digital simulation of common electrochemical
Table 1
Peak potential and half-peak potential values (V) for the different compounds studied 

Compound E1/2 (I) Ep (IIa) E1/2 (III) 

H2TPP 0.52 –- 0.85 

Por-(Py2G1)2 0.51 0.72 0.85 a

Por-(Py2G1)4 0.56a 0.61 0.85 

ZnTPP 0.35 –- 0.65 a

Zn-Por-(Py2G1)2 0.34 0.68 –- 

Zn-Por-(Py2G1)4 0.34 0.59 –- 

a This peak appears overlapped with other signals, the reported value corresponds t
b When the potential was switched back after peak VIc a small associated anodic pe
c The second reduction process is irreversible, the value corresponds to the anodic p
experiments (http://www.digielch.de) [27]. When matching sim-
ulations to the experimental voltammograms, the objective was to
find the single set of parameter values that provided the best
average fit between simulation and experiment for the entire range
of concentrations and scan rates employed. This means that a
simulation at a given scan rate might be improved by some
variation of one or more parameter values, but this could lower the
average goodness-of-fit for the entire set of voltammograms. The
total uncompensated resistance in Bu4NPF6 0.1 M/CH2Cl2 at �10 �C
(Ru = 3400 V) was determined as previously described [28]. Part or
none of the solution resistance was compensated electronically
and the remainder was included in the simulations.

Controlled potential coulometry was carried out in a 10 mL
three-electrode jacketed electrolytic cell. A platinum gauze was
used as working electrode, the counter electrode was a platinum
wire and Ag/AgNO3 as the reference electrode. A sintered glass disk
was used to separate the working and counter electrode compart-
ments. Coulometry was carried out at 10 �C in both Bu4NPF6 0.1 M/
CH2Cl2 and Bu4NClO4 0.1 M/THF.

An Autolab PGSTAT 302 potentiostat-galvanostat was used for
the cyclic voltammetry and controlled potential electrolysis
experiments.

Spectroelectrochemical measurements were conducted using a
thin-layer quartz electrochemical cell (path length: 1 mm, BASi)
with a three-electrode arrangement, which was coupled to a BASi
Epsilon potentionstat-galvanostat. The spectra were obtained
using an Agilent 8453 UV–vis spectrophotometer. Working
electrode consisted of an optically transparent platinum minigrid,
as counter electrode a Pt wire, and Ag/AgNO3 as reference
electrode. Working and counter electrodes were separated by a
sheet of tracing paper to prevent the diffusion of undesirable
chemical species from the counter electrode. The experiments
in this work.

Ep (IVa) Ep (Va) E1/2 (VI) E1/2 (VII)

–- –- -1.69 -2.01
1.08 1.27 -1.76 -2.09
1.03 1.32 -1.70 -2.01
–- –- -1.83 -2.26c

1.08 1.26 -1.92b -2.26c

1.07 1.27 -1.86 b -2.26c

o the anodic peak potential.
ak was observed
eak potential.
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Fig. 3. Experimental voltammograms of 1 mM: A) Py2G1OH, B) 1-pyrenebutanol, C)
3,5-bis(dodecyloxy)benzyl alcohol, D) 1-pyrenebutanol +0.75 eq 3,5-bis(dodecy-
loxy)benzyl alcohol in 0.1 M Bu4NPF6/CH2Cl2. Scan rate: 0.1 V/s at 10 �C.

Fig. 4. Experimental voltammograms of 1 mM A) 1-pyrenebutanol, B) +0.25, C)
+0.5 and D) +1.0 equivalents of 3,5-bis(dodecyloxy)benzyl alcohol in 0.1 M Bu4NPF6/
CH2Cl2 at 0.1 V/s at 10 �C.
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were carried out at room temperature in Bu4NPF6 0.1 M/CH2Cl2,
and Bu4NClO4 0.1 M/THF; solutions were deoxygenated with ultra
high purity nitrogen (Praxair), which was saturated with the
corresponding solvent.

Electron paramagnetic resonance (EPR) spectroscopy experi-
ments were performed at room temperature on a Bruker EPR
spectrometer model Elexsys E500. Spectra were recorded in a flat
quartz cell either in CH2Cl2 or THF at a microwave frequency of
9.778 GHz, 100 kHz field modulation.

3. Results and Discussion

3.1. Voltammetric Analysis

The electrochemical behaviour of four pyrene dendronized
porphyrins (Scheme 1) was initially investigated by cyclic
voltammetry in Bu4NPF6 0.1 M/CH2Cl2 (Fig. 1). Voltammograms
of Por-(Py2G1)2 and Por-(Py2G1)4 show, during the initial positive-
going sweep, five oxidation processes, peaks Ia-Va, with peak IIIa
barely observed as a small shoulder on peak IVa. For Por-(Py2G1)4,
the small peak Ia is partially overlapped with peak IIa (Fig. 1, curve
B). On the reverse scan, a broad cathodic peak IIc appears in both
compounds, and in the voltammogram of Por-(Py2G1)4, two

O

O
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O(CH2)11CH3

O(CH2)11CH3

HO

) b)

c)

eme 2. Chemical structures of the: a) arylalkyl ether dendron of first generation
2G1OH), b) 1-pyrenebutanol and c) 3,5-bis(dodecyloxy)benzyl alcohol.
additional cathodic peaks are also observed (Fig. 1, curve B). The
cathodic peak IIc was also seen in voltammograms where the
potential was switched back after peak IIa, and it was noted that
grows in height and shifts to less anodic potentials as the switching
potential is extended beyond peak Va. In addition, voltammograms
encompassing only peak Ia showed on the reverse scan a cathodic
peak Ic, attesting to the reversibility of the electrochemical
reaction at peak Ia. Zn-Por-(Py2G1)2 and Zn-Por-(Py2G1)4 exhibit,
on the anodic sweep, a similar behaviour to their equivalent non-
metallated compounds, except that the shoulder IIIa is buried
(Fig. 1, curves C and D).

A study recording the voltammograms towards negative
direction revealed that the two free base dendritic porphyrins,
Por-(Py2G1)2 and Por-(Py2G1)4, present a pair of reversible couples,
VIc/VIa and VIIc/VIIa (Fig. 2, curves A and B). Voltammograms of
the Zn metalated compounds (Fig. 2, curves C and D), also show
two main reduction processes, peaks VIc and VIIc, however, these
processes are mostly irreversible. The electrode potential values
obtained from the voltammograms of Figs. 1 and 2 are listed in
Table 1.

In an effort to assign the process responsible of each peak, we
studied the electrochemical behaviour of five reference com-
pounds: tetraphenylporphyrin (H2TPP) and its metallated form
(ZnTPP), to represent the nuclei of the dendritic porphyrin; and the
arylalkyl ether dendron of first generation containing two pyrene
terminal groups (Py2G1OH), 1-pyrenebutanol, and 3,5-bis(dode-
cyloxy) benzyl alcohol (Scheme 2), representing the branches of
the dendritic molecules.

Voltammograms of H2TPP and ZnTPP present the typical
behaviour of porphyrins [20,21,29]. In the oxidative scan, two
one-electron reversible peaks corresponding to the formation of
porphyrin radical cation and porphyrin dication are observed. On
the cathodic scan, two main redox couples leading to porphyrin
radical anion and porphyrin dianion are seen. For H2TPP the two
reduction processes are reversible, however, for ZnTPP the second
one appears as an irreversible process.

A similar behaviour has been previously reported for other Zn
porphyrins [30]. The half wave potential values for these processes
are also reported in Table 1. Comparing the peak potential values of
H2TPP and ZnTPP with those of the pyrene dendronized porphyrins
(Table 1), peak Ia and shoulder IIIa can be assigned to the stepwise
oxidation of the porphyrin ring. As shown in Fig. 1, in some cases
the second oxidation of the porphyrin (IIIa) is hidden by peaks IIa
and IVa, which are related to other oxidation processes (vide infra).



Fig. 5. UV-visible spectral changes in 0.1 M Bu4NPF6/CH2Cl2 during controlled
potential oxidation, in a quartz thin-layer electrochemical cell, for: A) Por-(Py2G1)2
and B) Por-(Py2G1)4. No additional bands are observed in the region between
700 and 1000 nm.

Fig. 6. UV-visible spectral changes in 0.1 M Bu4NPF6/CH2Cl2 during controlled
potential oxidation, in a quartz thin-layer electrochemical cell, for: A) Zn-Por-
(Py2G1)2 and B) Zn-Por-(Py2G1)4.
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On the cathodic sweep, the behaviour of H2TPP and ZnTPP matches
that of their corresponding free-base or metallated pyrene
dendronized porphyrins, consequently, the two main reduction
processes can be associated with the two consecutive one-electron
transfer reactions leading to the radical anion and the dianion of
the porphyrin ring.

Cyclic voltammograms of Py2G1OH show the presence of three
irreversible anodic peaks at 0.69, 0.79 and 1.28 V (Fig. 3, curve A). In
order to distinguish the oxidation processes centered on the
pyrene moiety from those on the arylalkyl ether unit, voltammo-
grams of 1-pyrenebutanol and 3,5-bis(dodecyloxy) benzyl alcohol
were also recorded. It was found that both molecules are oxidized
through two irreversible anodic steps, with peak potentials at
0.80 and 1.04 V for the pyrene moiety (Fig. 3, curve B), and 1.05 and
1.40 V for the arylalkyl ether moiety (Fig. 3, curve C). This study
revealed that the voltammogram of Py2G1OH does not simply
correspond to the sum of the oxidation peaks of pyrene and
arylalkyl ether electroactive moieties. The fact that the peaks at
0.69 and 1.28 V in the voltammogram of Py2G1OH are not present
for 1-pyrenebutanol or 3,5-bis(dodecyloxy) benzyl alcohol,
suggests some kind of interaction between both electroactive
units. This assumption was further supported by the fact that when
3,5-bis(dodecyloxy) benzyl alcohol was added to a solution of
1-pyrenebutanol, a faintly perceptible shoulder at about 0.69 and a
small peak at 1.28 V appeared (Fig. 3, curve D), and becomes
evident as the concentration of benzyl alcohol increases (Fig. 4).
From these voltamperometric studies it is possible to state that the
oxidation peak IIIa is related not only to the second oxidation of the
porphyrin ring, but also to the first oxidation process of the pyrene
moieties, which are oxidized at around 0.80 V. As seen from Table 1,
peak IIa observed at the CV of the pyrene dendronized porphyrins
corresponds to that observed at 0.69 V in the voltammogram of the
dendron (Py2G1OH), although for those compounds containing
eight pyrene terminal groups, peak IIa is shifted by about 0.10 V to
less anodic values. Finally, the broad peak IVa, along with peak Va,
are linked to the second oxidation process of pyrene and the two
oxidation processes of the arylalkyl ether units.

3.2. Spectroelectrochemical Measurements in CH2Cl2.

Afterwards, we focused our attention on studying the formation
and evolution of the porphyrin radical cation species in the dendritic
molecules. For this purpose, in situ UV–vis spectroelectrochemical
experiments were conducted using a quartz thin-layer electro-
chemicalcellcoupledtoaUV-visiblespectrophotometer.Controlled
potential electrooxidation was carried out at �0.15 V after the
potential of peak Ia, and the products were monitored by recording
absorption spectra every two seconds during 120 seconds. Fig. 5
shows the results obtained for the two free-base dendrimers, Por-
(Py2G1)2 and Por-(Py2G1)4. It can be noted that as the oxidation
proceeds, the Soret band (422 nm) decreases and, simultaneously, a
new Soret-like band appears and increases over time (449 nm for
Por-(Py2G1)2 and 459 nm for Por-(Py2G1)4); also, there is a decrease
of the Q-IV band at 514 nm and an increase of the Q-I band at around
643–656 nm. As expected, the bands in the region of 230 to 350 nm,
corresponding to the pyrene groups, are not modified during the
electrooxidation at peak Ia. Since the reference compound, H2TPP,
showedthesamespectralchanges(videinfra) thanthetwofree-base



Fig. 7. Background-corrected cyclic voltammograms of 5.0 mM H2TPP (top row) and ZnTPP (bottom row) in CH2Cl2 with 0.10 M Bu4NPF6 (black). Simulation based on the one-
electron oxidation from neutral to radical cation (gray). Simulation including a decomposition reaction of the radical cation to form some unknown product (symbols), with
simulation parameter values as listed in Table 2.
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dendritic porphyrins, it can be stated that the Py2G1 dendrons
attached to the meso-positions of the porphyrin macrocycle do not
alter the electrochemical behaviour of the first electrooxidation
process of the porphyrin ring. A spectral pattern similar to
that shown in Fig. 5 has also been reported during the electro-
oxidationofH2TPPinbenzonitrile[26] andforsomephosphorylated
free-base porphyrins in CH2Cl2 [31]. Because these spectral features
match those reported for the stepwise acidification of neutral
porphyrins [25,32,33], the final product of the electrooxidation of
porphyrins has been usually assigned to doubly protonated
porphyrins. The formation of these species has been explained by
Le Mest et al. through the sequence of reactions (1) to (3) [26].
Table 2
Simulation parameters used in the simulation of voltammograms of H2TPP and ZnTPP 

(M)TPP @ (M)TPP�+ + e

Compound Conc./mmol dm�3 E01/V 

H2TPP 2.52 0.729 

H2TPP 5.05 0.725 

ZnTPP 2.48 0.492 

ZnTPP 4.97 0.495 

The same values were used to fit all scan rates from 0.1 to 3.0 V/s. Potentials are referred
coefficient, a, was set equal to 0.50 for all electrode reactions. The solution resistance wa
the remaining resistance (2400 V) was incorporated in the simulations.
The UV–vis spectral changes accompanying the one-electron
oxidation of the metallated dendrimers are quite different from
those of their free-base analogues (Fig. 6). As the potential is kept
at that corresponding to peak Ia, the intensity of the Soret
(426 nm) and Q (550 nm) bands decreases; also a band at
870–877 nm appears and grows in intensity as the oxidation
proceeds. The decrease in the intensity of the Soret band is typical
of an oxidation process centered at the conjugated p-system of the
porphyrin ring [31]; and the presence of the band at around
870–877 nm has been assigned to the absorption of the radical
cation of the porphyrin [34]. Analogous spectral changes were
observed during the oxidation of the reference compound ZnTPP.
in Bu4NPF6 0.1 M/CH2Cl2, -10
�
C.

 (M)TPP�+ ! Prod

k01/cm s�1 K kf/s-1 D/cm2s-1

0.035 1�107 0.29 4.9�10�6

0.035 1�107 0.28 4.7�10�6

0.025 1�107 0.14 5.1�10�6

0.025 1�107 0.15 4.9�10�6

 to the formal potential of the ferrocenium/ferrocene couple. The electron-transfer
s partially compensated via IR compensation through positive feedback (680 V) and



Fig. 8. Voltammograms of 0.5 mM ZnTPP before (black line) and after (gray line)
electrolysis in CH2Cl2 containing 0.1 M Bu4NPF6. Scan rate: 0.1 V/s at 10 �C. Insert:
Voltammograms encompassing only the first oxidation wave.

Fig. 9. Voltammograms of 0.5 mM H2TPP before (A) and after (B) electrolysis; and
H2TPP in the presence of one (C) and two (D) equivalents of HClO4 in CH2Cl2
containing 0.1 M Bu4NPF6. Scan rate: 0.1 V/s at 10 �C.
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3.3. Electrochemical Measurements of H2TPP and ZnTPP.

Based on the fact that the spectroelectrochemical experiments
for both H2TPP and ZnTPP presented essentially the same
behaviour than their corresponding free-base and metallated
pyrene dendronized porphyrins, in the following experiments
these model molecules were used as reference compounds to carry
out a deeper electrochemical study of the processes taking place at
the first oxidation peak of the porphyrin system.

As mentioned above, ZnTPP and H2TPP are reversibly oxidized
to the corresponding radical cation at the first anodic wave. A
careful analysis by digital simulation of the voltammograms
encompassing only the first wave evidenced a small loss of
reversibility, which was more evident for scan rates lower than
0.3 V/s. In order to account for these results, a first-order loss of the
radical cation, which was treated as a totally irreversible reaction
(large equilibrium constant) had to be included in the simulations,
with kf values of 0.28 and 0.15 s�1 at �10 �C, for H2TPP and ZnTPP,
respectively. Introduction of other reactions into the simulation,
such as the bimolecular dimerization of the radical cation, could
not account for the experimental data. These results show that in
the timescale of the cyclic voltammetry, the radical cation is fairly
Fig. 10. Absorption spectra of H2TPP in CH2Cl2: A) before and B) after electrolysis;
and C) in the presence of two equivalents of HClO4.
stable for both compounds. Simulations were carried out for
voltammograms recorded at scan rates from 0.10 to 3.00 V/s and
for two different concentrations of porphyrin. The simulation
parameter values that provided the best fit for all rates and
concentrations are presented in Table 2. Examples of the fits to the
experimental voltammograms are also shown in Fig. 7.

Exhaustive controlled potential coulometry was carried out at
the first anodic peak for 0.5 mM of H2TPP and ZnTPP in 0.1 M
Bu4NPF6/CH2Cl2. It was found that the electrolysis was essentially
complete after about 20 min, where the charge no longer changed
with time. Through application of Faraday’s law, the n-values
measured corresponded to one-electron per molecule for both
compounds. Fig. 8 presents cyclic voltammograms recorded for a
solution of ZnTPP before and after the electrolysis. The insert
shows that the oxidation peak has disappeared and is replaced
by the reduction peak encountered on an initial scan in the
negative direction, suggesting the formation of the radical cation.
Reduction of the solution of the radical cation formed during the
electrolysis recovered 80% of the charge for ZnTPP, which is in
agreement with the small irreversible decomposition of the radical
cation found by simulation at �10 �C. Additionally, the absence of
new peaks in the full scan indicates that, under these conditions,
no following chemical reactions of the radical cation occur. These
findings suggest that only a tiny amount of an electrochemically
inert decomposition product is formed. UV-vis and EPR spectra of
the electrolyzed solution also confirm the presence of the
paramagnetic ZnTPP�+.

Unlike ZnTPP, for H2TPP no evidence of a stable radical cation
could be found. Voltammograms of its electrolyzed solutions show
that the two oxidation couples vanished, whilst two new
irreversible reduction peaks at �0.26 and �1.41 V appeared
(Fig. 9, curve B). Reductive electrolysis of the electrolyzed solution
at the potential of these new waves did not regenerate the original
voltammogram, attesting to the irreversibility of the oxidation
process. On the other hand, the fact that we obtained n = 1 in
exhaustive coulometry implies that the mechanism involving
formation of diprotonated species is not feasible. But, since the
spectroelectrochemical experiments clearly suggest the formation
of the protonated species, we then focused our attention on trying
to get evidences of their presence by other means. For this purpose,
cyclic voltammograms of a freshly prepared solution of H2TPP in
presence of one and two equivalents of HClO4 were recorded and
compared with the voltammogram of the electrolyzed solution



Fig. 11. UV-visible spectral changes for H2TPP in 0.1 M Bu4NPF6/CH2Cl2in aquartz
thin-layer electrochemical cell: A) during a controlled potential oxidation at peak Ia,
and B) without a potential applied. No additional bands are observed in the region
between 700 and 1000 nm.

Fig. 12. UV-visible spectral changes in 0.1 M Bu4NPF6/CH2Cl2 during controlled
potential oxidation, in a quartz thin-layer electrochemical cell, for: A) Por-(Py2G1)2
and B) Por-(Py2G1)4. No additional bands are observed in the region between
700 and 1000 nm.
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(Fig. 9). The lack of correspondence between the observed peaks
confirms that the porphyrin protonated species are not the final
product from the electrooxidation of H2TPP in CH2Cl2. Even though
both the electrolyzed solution and the one with HClO4 were green,
the shade was clearly different. Additionally, it was proved that the
absorption spectra of a solution of H2TPP in presence of one- or
two-equivalents of acid show different spectral features than those
of the solution of H2TPP after exhaustive electrolysis (Fig. 10). This
figure shows that although both spectra present a red shift of the
Soret band of nearly 24 nm, and an enhancement of the intensity of
the Q-IV band (656 nm), the spectrum of the electrolyzed solution
contains two bands at 788 and 881 nm that are not present in
the H2TPP + H+ spectra. Besides, the EPR spectrum of the
electrooxidized porphyrin produced a signal at g = 2.002 with
DBp-p = 6.76 G, while the solution of the protonated porphyrin did
not show any signal. It is important to mention that although the
paramagnetic species formed by exhaustive controlled potential
coulometry seems to be quite stable in solution, as shown by the
fact that the EPR spectrum was recorded about 40 min after
electrolysis, all our attempts to separate the green product from
the electrolyte were futile. During the workup, the initially
obtained green product turned brown, and the formation of other
products was evident by the presence of new spots on thin-layer
chromatography.

The spectroelectrochemical and the controlled potential
electrolysis results indicate that the porphyrin oxidation product
is different in each case. To rule out any influence from the
irradiation on the chemical reactivity of the radical cation,
experiments using the spectroelectrochemical cell were carried
out for a solution of H2TPP in CH2Cl2 without applying an oxidation
potential (Fig. 11B). From this figure, it is evident that the
irradiation of the solution at wavelengths between 200 and
1000 nm yielded the same spectral changes as the spectroelec-
trochemical experiment at controlled potential oxidation (�0.15 V
after peak Ia) (Fig. 11A). In contrast with the product obtained from
the exhaustive coulometry, the irradiated H2TPP solution does not
show the presence of a paramagnetic species. These findings
suggest that, for the free-base porphyrins in CH2Cl2, photoexcita-
tion itself leads to the diprotonated species, H4TPP2+, as it has been
previously reported for the irradiation of H2TPP in CHCl3 solutions
at wavelengths between 289 and 337 nm [25]. It is important to
mention that irradiation of metallated porphyrins (ZnTPP, Zn-Por-
(Py2G1)2, and Zn-Por-(Py2G1)4) in CH2Cl2 did not produce any
spectral changes.

3.4. Electrochemical and Spectroelectrochemical Measurements in
THF.

Due to the reactive nature of the chlorocarbon solvents under
the experimental conditions, we decided to use THF, which proved
to be a better solvent choice for the in situ UV–vis spectroelec-
trochemical experiments since all the dendritic molecules were
soluble, and the irradiation of these compounds in THF solution did
not produce any chemical or spectral change. The evolution of the
UV–vis spectra obtained during controlled potential oxidation of
the free-base Por-(Py2G1)2 and Por-(Py2G1)4 in THF solution is
illustrated in Fig. 12. As it can be seen, the spectral changes again
match those reported for the formation of protonated species
[26,31], but now with the certainty that these changes are strictly
produced by the electrooxidation process.



Fig. 13. Voltammograms of 0.5 mM H2TPP after electrolysis (A) and in presence of
two equivalents of HClO4 (B) in THF containing 0.1 M Bu4NClO4. Scan rate: 0.1 V/s at
10 �C.
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Since H2TPP showed the same spectroelectrochemical
behaviour than the two free-base dendritic porphyrins, we again
used it as a model to go deeper on the understanding of the
electroxidation mechanism. When a solution of H2TPP in THF was
electrolyzed at the potential of the peak Ia, 0.66 V vs Fc+/Fc, it
was found that the global process taking place at this first
oxidation step involves two-electrons per molecule, and the
solution turned from violet to dark green. This behaviour has been
already described for the oxidation of H2TPP in benzonitrile [26]
and it has been attributed to the formation of doubly protonated
species, following the reactions (1) to (3). Also, the agreement of
the voltammograms of the electrolyzed solution with that of a
solution of H2TPP with two-equivalents of HClO4 further supports
the fact that the oxidation of free-base porphyrins leads to the
formation of the protonated species in this solvent (Fig. 13).
Additionally, no signal is observed in EPR spectroscopy. Spec-
troelectrochemical experiments of the metallated dendrimers,
Zn-Por-(Py2G1)2 and Zn-Por-(Py2G1)4, in THF showed a similar
behaviour to that found in CH2Cl2 (Fig. 6), where the spectral
changes were indicative of the presence of the porphyrin radical
cation. EPR analysis of an electrochemically oxidized solution of
ZnTPP in THF confirmed the presence of the phorphyrin radical
cation, with an EPR signal at g = 2.001 and DBp-p = 6.84 G.

4. Conclusions

A family of four dendritic molecules containing a porphyrin
core connected to a first generation Fréchet-type dendron (Py2G1)
with pyrene groups at the periphery was studied by a combination
of electrochemical and UV–vis spectroelectrochemical techniques.
Cyclic voltammetry experiments show that the three main
constitutive units of the dendrimers, pyrene, arylalkyl ether and
porphyrin, are electrochemically active. On the positive potential
sweep, an anodic peak, corresponding to a process centered on the
porphyrin ring, was identified, followed by several irreversible
oxidation processes, which were assigned to the pyrene and
arylalkyl ether moieties of the dendrimer branches. On the
cathodic sweep only the porphyrin ring was electroactive and
the two well-known reversible reduction processes, corresponding
to the radical anion and dianion, were observed. Since the pyrene
groups are connected through saturated bonds to the tetraphenyl
porphyrin ring, they do not modify the potential of the porphyrin
in a significant way.
Electrochemical and UV–vis spectroelectrochemical experi-
ments show that when the porphyrin bears a coordinated Zn, as in
Zn-Por-(Py2G1)2 and Zn-Por-(Py2G1)4, the product of the first
oxidation process is the porphyrin radical cation, whose main
spectral characteristics are the decrease of the Soret band at
426 nm, and the growth of a new absorption band in the region of
870–877 nm; and the EPR signal at g = 2.001 with a peak to peak
separation of 6.84 G. In contrast, for the free-base porphyrins,
Por-(Py2G1)2 and Por-(Py2G1)4, the reactivity of the radical cation
depends on the solvent. In THF, an overall two-electron process
was observed for the first oxidation peak, and the formation of
H4TPP2+ species was confirmed by cyclic voltammetry. However, in
CH2Cl2 an overall one-electron process took place, and the product
was identified as a paramagnetic species that is stable in solution;
both cyclic voltammetry and absorption spectra rule out the
formation of either the radical cation or a protonated porphyrin
species. These findings differ from what has been previously
reported for other porphyrins in CH2Cl2 [26,31], where the
formation of doubly protonated porphyrin species has been
attributed to the electrooxidation. Here we demonstrate that
UV–vis light irradiation of the porphyrin solution by itself can
account for the observed spectral evolution.
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