
Electrochimica Acta 238 (2017) 81–90
Electrochemical generation of a molecular heterojunction. A new
Zn-Porphyrin-Fullerene C60 Polymeric Film

Claudia Solisa, M. Belén Ballatorea, María B. Suareza, María Elisa Milanesioa,
Edgardo N. Durantinia, Marisa Santoa, Thomas Dittrichb, Luis Oteroa,*, Miguel Gervaldoa,*
aDepartamento de Química, Universidad Nacional de Río Cuarto, CONICET, Agencia Postal Nro. 3, X5804BYA Río Cuarto, Córdoba, Argentina
bHelmholtz Center Berlin for Materials and Energy, Institute of Silicon Photovoltaics, Kekuléstrasse 5, D-12489 Berlin, Germany

A R T I C L E I N F O

Article history:
Received 7 December 2016
Received in revised form 1 March 2017
Accepted 3 April 2017
Available online 4 April 2017

Keywords:
Porphyrin-fullerene
Surface Photovoltage
Electropolymerization

A B S T R A C T

The design and electrosynthesis of electroactive and photoelectroactive polymeric organic thin films
holding Zn(II)-porphyrin and Zn(II)-porphyrin-C60 dyad are reported. The presence of carbazole
substituents in the meso positions of the tetrapyrolic macrocycle allows the formation of conducting
polymers by coupling of electrogenerated carbazole radical cations. Due to the fact that both donor and
acceptor units in the monomer dyad are covalently bonded, a polymeric heterojunction can be formed in
just one single step. The ITO/organic polymer electrodes were studied by cyclic voltammetry, UV-visible
absorption spectroscopy and spectroelectrochemistry, showing that the porphyrin building blocks were
not altered during the polymerization process and that they retained their light harvesting capacity and
electrochemical characteristics. Upon illumination of the polymeric films, photoinduced charge
separation and charge migration occur. The photovoltage spectra followed very well the absorption
spectra of the organic materials, and in ITO/Zn-porphyrin-C60 electrodes, the signal amplitude and
transitory photovoltage half-life time are larger than those observed for Zn-porphyrin polymer. Thus, a
“double cable” polymeric structure is proposed for the material with the presence of the strong electron
acceptor C60 fullerene, the hole transport porphyrin and dicarbazole moieties, making the material a
potential building block for applications in the design and construction of organic optoelectronic devices.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of functional organic materials for their
application in organic-based optoelectronic devices is one of the
most active research areas, involving the design (often assisted by
theoretical computational approach) synthesis, characterization,
and practical application in devices construction. Most systems are
formed by an electron donor and electron acceptor configuration of
chromophores [1], which are able to convert an incident photon
into an electrical effect or an electrical pulse into an emitting
photon or into color change [2,3]. Charge transport and charge
collection (or injection) at organic/metal interfaces are very
important issues in the performance of the organic optoelectronic
devices, among others aspects. Thus, materials holding tetrapyr-
rolic ring derivatives (porphyrins and phtalocyanines) have caught
high attention in this field [4,5–7]. They are excellent
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chromophores, with high extinction coefficients, remarkable
electron donor-acceptor capabilities and they are able to form
p-type semiconducting layers [8,9–11]. Also, these layers can be
generated through electrochemical polymerization of adequately
substituted tetrapyrrolic compounds [12,13]. Electropolymeriza-
tion is a very versatile procedure to construct organic layers over
metallic contacts, or over transparent conducting oxides [14,15–17]
(Indium Tin Oxide, ITO; Fluorine doped Tin Oxide, FTO) that act as
translucent windows in the building of optoelectronic devices
[14,15–17]. Recently we reported the electrochemical generation of
organic-organic heterojunctions, formed by boundaries between
electron donor and electron acceptor materials [17,18]. These
heterojunctions were built by electropolymerization and film
formation of carbazole and/or triphenylamine functionalized
porphyrins (metal and free base), and C60 buckminsterfullerene.
The methodology created electroactive and photoelectroactive
films, where photogenerated charge carriers are preferentially
separated, as it was demonstrated by surface photovoltage
spectroscopy (SPV) studies. Both, spectral and time dependent
SPV data showed that the electrons were separated in the direction
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of the C60 layer, meanwhile the holes were located in the porphyrin
internal surface. All these effects showed that the electrochemical
generated heterojunctions are efficient in the production of charge
separated states, and that could be applied in the development of
optoelectronic devices. On the other hand, although there are
several reports about the formation of donor-acceptor polymers by
electrochemical polymerization of donor-acceptor monomers
[19,20–22], there are a couple of examples involving the electro-
polymerization of porphyrin-C60 dyads [23,24]. It is known that
porphyrin-C60 dyads are very efficient in the formation of
photoinduced charge separated states [25,26,27]. Therefore, the
use of donor-acceptor monomer dyads could generate polymers
where each unit in the material, under illumination, is able to form
a charge separated state, acting as a “molecular heterojunction”.
The modification of these dyads with electropolymerizable groups
would permit the generation of polymers by electrochemical
methods in just one single step. Gervaldo et al. reported the
formation of a photo- and electrochemically-active porphyrin–
fullerene dyad electropolymer [23] whose properties showed that
light absorption leads to ultrafast (picoseconds) charge separation
due to the presence of a molecular heterojunction, which has not
requirement of exciton migration. Also, hole mobilities for
porphyrin-fullerene electropolymers were evaluated [28] showing
that they are larger than those reported for other organic polymers,
suggesting that the studied polymers are good candidates for
optoelectronic applications.

In the present work, a porphyrin-C60 dyad was successfully
electropolymerized over Pt and ITO substrates. The monomer (Zn-
PCBZ-C60, Fig. 1) was designed and synthetized holding three N-
ethyl carbazoyl residues that upon oxidation generated carbazole
radical cations, which by coupling produced the formation of an
extended and branched electroactive conjugated polymer. Also,
the use of this new dyad allows the electrosynthesis of a donor-
acceptor polymeric heterojunction in just one single step, because
the monomer used here presents both, the donor and acceptor
units covalently bonded. This polymer formed stable thin films
over the electrode surfaces, where the electron acceptor (fullerene)
and electron donor (porphyrin) capabilities of the functional
groups remained active. This fact was corroborated by UV–vis
spectroscopy, electrochemistry, spectroelectrochemistry, and en-
ergy and time dependent surface photovoltage studies. Upon
porphyrin excitation, photoinduced charge separation and charge
migration occurred. The half-life time of the Laser pulse generated
transient photovoltage is larger than the same for the homologues
porphyrin polymer film, enlighten the effect of the presence of the
C60 electron acceptor in the polymer structure. These results
Fig. 1. Chemical structure of Z
demonstrate that the material is a promising candidate for
application in the development of optoelectronic devices.

2. Experimental section

2.1. Monomer synthesis

Zinc(II) 5,10,15,20-tetrakis[3-(N-ethylcarbazoyl)]porphyrin
(Zn-PCBZ) was prepared from 5,10,15,20-tetrakis[3-(N-ethylcarba-
zoyl)]porphyrin (TCP) [29]. A solution of TCP (20 mg, 0.018 mmol)
in 7 mL of dichloromethane DCM was treated with 2 mL of a
saturated solution of zinc(II) acetate in methanol. The mixture was
stirred for 1 h in argon atmosphere at room temperature. After
that, the reaction mixture was treated with water (30 mL) and the
organic phase was extracted with three portions of DCM (10 mL
each). The solvents were evaporated under reduced pressure
yielding 20 mg (97%) of pure Zn-PCBZ. APPI-MS [m/z] 1145.3998
[M+H]+ (1144.3914 calculated for C76H56N8Zn). Dyad Zn-PCBZ-C60

was synthesized from the free-base dyad (20 mg, 0.011 mmol)
using the procedure described above for Zn-PCBZ [24]. This
approach produced 19 mg (95%) of pure Zn-PCBZ-C60. APPI-MS [m/
z] 1803.3841 [M+H]+ (1802.3763 calculated for C131H54N8Zn).

2.2. Instrumentation and measurements

Mass spectra were recorded on a Bruker micrOTOF-QII (Bruker
Daltonics, MA, USA) equipped with an atmospheric pressure
photoionization (APPI) source. Absorption and fluorescence
spectra were recorded using 1 cm path length quartz cells on a
Shimadzu UV-2401PC spectrometer and on a Spex FluoroMax
fluorometer, respectively. The concentration of monomers in
solution used for UV–vis and fluorescence were 1 �10�6M and
1 �10�7M respectively. The fluorescence quantum yields (FF) of
the monomers were calculated by comparison of the area below
the corrected emission spectrum in each solvent with that of TCP
as a reference. For this purpose, the value of FF for TCP in DCM
(FF

DCM= 0.10) was calculated by comparison with the fluorescence
spectrum in N,N-dimethylformamide using FF = 0.14 for TCP and
taking into account the refractive index of the solvents [30].

The voltammetric characterization of the redox processes and
electropolymerization of the monomers were performed with a
potentiostat-galvanostat Autolab (Electrochemical Instruments)
using a Pt working electrode and a Pt counter electrode in a
conventional three-electrode cell. Indium tin oxide (ITO) electro-
des (Delta Technologies) with a nominal resistance of 8–12 V/
square were also used as working electrodes. When large area ITO
n-PCBZ and Zn-PCBZ-C60.
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electrodes were used, the counter electrode was isolated from the
monomer solution by a glass frit in order to avoid interference with
the redox reactions occurring at the working electrode. Electro-
chemical studies of Zn-PCBZ were carried out in 1,2-dichloroeth-
ane (DCE) deoxygenated solution (nitrogen bubbling), with 0.10 M
tetra-n-butylammonium hexafluorophosphate (TBAPF6) as the
supporting electrolyte, and in o-dichlorobenzene (o-DCB) deoxy-
genated solution (nitrogen bubbling) for Zn-PCBZ-C60, with 0.10 M
tetra-n-butylammonium perchlorate as the supporting electrolyte.
All the electrochemical responses of the electropolimerized films
were carried out in DCE deoxygenated solution (nitrogen
bubbling), with 0.10 M TBAPF6. A silver wire quasi-reference
electrode was used. The Pt working electrode was cleaned between
experiments by polishing with 0.3 mm alumina paste followed by
solvent rinses. After each voltammetric experiment, Ferrocene was
added as an internal standard, and the potential axis was calibrated
against the formal potential for the Saturated Calomel Electrode
(SCE).

Spectroelectrochemical experiments were carried out in a
homemade cell built from a commercial UV–visible cuvette. The
ITO-coated glass was used as working electrode; a Pt wire was used
as counter electrode, and an Ag wire was used as the reference
electrode. The cell was placed in the optical path of the sample
light beam. The background correction was obtained by taking an
UV–vis spectrum of a blank cell (an electrochemical cell with an
ITO working electrode without the polymer film) with conditions
and parameters identical to those of the polymer experiment.

Semiempirical calculations were used to obtain information
about molecular geometry and frontier orbital distribution in the
studied monomers. Austin Model 1 (AM1, HyperChem package
software) with restricted Hartree–Fock basis was employed with
the Polak-Ribiere conjugated gradients algorithm. The conver-
gence was set at 0.05 kcal/Å mol.

The measurements of modulated Surface Photovoltage (SPV)
were performed in the fixed capacitor arrangement with chopped
light (modulation frequency 6 Hz) from a quartz prism monochro-
mator (SPM2) and a halogen lamp (100 W). The modulation period
was chosen to be of the same order as the time at which the SPV
transients leveled [31]. The measurements were carried out in
vacuum using an already described set-up [17,18,32]. SPV
transients were excited with laser pulses (wavelength 600 nm,
time of laser pulses: 5 ns, intensity: about 3 mJ/cm2) and recorded
with a sampling oscilloscope (GAGE compuscope CS 14200) at
Fig. 2. (a) Absorption spectra and (b) emission spectra of Zn-P
resolution of 10 ns. The photoelectrodes were illuminated from the
front face (organic polymer surface).

3. Results and discussion

3.1. UV-visible absorption and emission spectroscopy

The absorption spectra of the dyad and the corresponding
porphyrin in DCE are shown in Fig. 2a. Both monomers present the
typical Soret band and the characteristic Q-bands of Zn(II)
metalloporphyrins. For the dyad, the absorption in the UV region
is stronger than that of the porphyrin due to the presence of the C60

moiety, whereas in the visible region the spectrum of the dyad is
quite similar to the porphyrin. Zn-PCBZ and Zn-PCBZ-C60 present
emission bands at similar wavelengths (Fig. 2b), but the fluores-
cence quantum yield (FF) of the dyad ((3,8 � 0,3) � 10�3) is much
lower than that calculated for Zn-PCBZ (0.05 � 0.01). This very
weak emission from the porphyrin moiety in the dyad indicates a
strong quenching of the porphyrin excited singlet state by the
attached fullerene structure. It has been shown in structurally
related porphyrin–C60 dyads that the main decay mode of the
photoexited porphyrin moiety is a rapid photoinduced intramo-
lecular electron transfer to yield a charge-separated state
[25,26,27]. In the present case the energy of Zn-PCBZ+�-C60

��

state is around 1.22 eV above that of the dyad ground state, which
has been estimated from the first oxidation potential of the
porphyrin moiety and first reduction potential of C60 (obtained by
cyclic voltammetry analysis of the dyad, see below). This value lies
0.86 eV below the porphyrin singlet state (2.08 eV), making
thermodynamically feasible the quenching of the porphyrin
excited singlet state by the attached fullerene structure through
charge transfer mechanism [25,26,27].

3.2. Electrochemistry

Cyclic voltammetry was used to characterize the electrochemi-
cal properties of Zn-PCBZ and Zn-PCBZ-C60. Fig. 3a shows the first
anodic and cathodic scan of Zn-PCBZ, where one reduction peak,
and three oxidation processes can be seen. The reduction peak,
together with the first two oxidation processes, are assigned to the
formation of the radical anion, radical cation, and dication of the
porphyrin macrocycle respectively, while the third irreversible
wave is attributed to oxidation of the CBZ units [29]. Continuous
cycling from �0.40 V to 1.40 V produces an increase in the
CBZ and Zn-PCBZ-C60 (x 10) in DCE solution. lexc: 560 nm.



Fig. 3. (a) First anodic and cathodic scans of Zn-PCBZ at different inversion
potentials obtained at a scan rate of 100 mV/s. Ei = 0.00 V, El = 0.74 V (black line).
Ei = 0.00 V, El = 0.98 V (red line). Ei = 0.00 V, El = 1.45 V (blue line). (b) Ten cyclic
voltammogram scans obtained at a scan rate of 100 mV/s. (c) Cyclic voltammograms
of a Zn-PCBZ film in solution containing only a support electrolyte. (c-inset) relation
between the oxidation peak currents (V) and the scan rate. All the cyclic
voltammogram scans were obtained in DCE containing TBAPF6. Pt working
electrode. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. (a) First anodic and cathodic scans of Zn-PCBZ-C60 obtained at a scan rate of
100 mV/s. (b) Ten cyclic successive voltammograms obtained at a scan rate of
100 mV/s. (c) Cyclic voltammograms a Zn-PCBZ-C60 film in solution containing only
a support electrolyte. (c-inset) Relation between the oxidation peak currents (III)
and the scan rate. All the cyclic voltammogram scans were obtained in o-DCB
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oxidation-reduction currents, indicating the formation of a
product adsorbed on the electrode surface (Fig. 3b). The
electrochemical response of the electrode in a solution containing
only support electrolyte, consists of three redox systems which are
labeled as I/II, III/IV, and V/VI in Fig. 3c. The first (I/II) and third (V/
VI) redox systems present a bell shape, while the second (III/IV)
one is a broad peak. A linear relation between the oxidation peak
currents and the scan rate is observed for the three redox systems
(inset Fig. 3c), confirming the adsorption of a stable and reversible
electroactive product on the electrode surface.

On the other hand, Zn-PCBZ-C60 presents two reduction
processes at around �0.66 and �1.06 V, which are assigned to
containing TBAP. Pt working electrode.
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the formation of the radical anion and dianion of the C60 unit,
(Fig. 4a) [23]. In the anodic scan two reversible processes can be
seen, and they are associated to oxidation of the porphyrin
macrocycle. In addition, at more anodic potentials an increase in
the oxidation current is observed (which is not present in the blank
scan), this could be assigned to oxidation of the CBZ units present
in Zn-PCBZ-C60, in concordance with the peak observed in Zn-PCBZ
at a similar applied potential. When the electrode is cycled in the
anodic range (from �0.40 to 1.40 V) increases in the oxidation/
reduction currents can be detected with every new scan (Fig. 4b).
The electrochemical response of the electrode (after cycling) in a
free Zn-PCBZ-C60 solution containing only support electrolyte
presents also three redox couples (I/II, III/IV, and V/VI) at similar
potentials than those observed in Zn-PCBZ films. The oxidation and
reduction peak currents are proportional to the scan rate, typical of
an electroactive product adsorbed on the electrode surface (inset
Fig. 4c).

Furthermore, AM1 calculations were used to obtain more
information about the charge distribution in the different redox
processes in Zn-PCBZ-C60 monomer. Fig. 5a–b show optimized
structures of Zn-PCBZ-C60. The carbazole units and the porphyrin
macrocycle plane are spatially twisted one with respect to the
other. The HOMO is mainly based on the porphyrin ring p-orbitals,
while the LUMO is situated on the C60. Therefore it is possible to
assign the first and second oxidation processes observed during
the first anodic scan to oxidation of the porphyrin macrocycle, the
third one to oxidation of carbazole, and the first reduction peak to
the formation of C60 radical anion. Moreover, the frontier orbital
density calculations are in agreement with the charge transfer
mechanism for the porphyrin emission quenching.

Taking into account the electrochemical results and the
antecedents for structural related compounds it is possible to
propose an electropolimerization mechanism and polymer struc-
ture. It has been reported that oxidation of carbazole conducts to
dimerization of two radical cations through the coupling in 3,30

positions, being these dimers more easily oxidized than carbazole
monomer [33,34]. Polycarbazole and carbazole based polymers
present two oxidation processes, related to formation of cation
radical and dication of dicarbazole units [35,36]. It must be
remarked that both Zn-PCBZ and Zn-PCBZ-C60 have the porphyrin
macrocycle linked to N-substituted carbazole units with one free
position which could be able to form carbazole dimers. Therefore,
the generation of Zn-PCBZ and Zn-PCBZ-C60 films on the electrode
surface, obtained by anodic cycling, could be explained by the
coupling of two carbazole radical cations through the 3,30 free
positions, generating dicarbazoles and connecting the monomer
units (Fig. 6) [29,34,35].
Fig. 5. AM1 optimized structures of Zn-PCBZ-C60. Contour
3.3. Spectroelectrochemistry and proposed polymerization
mechanism

The absorption spectrum of Zn-PCBZ film formed by electro-
polymerization over ITO semitransparent electrodes presents the
typical Soret band at around 450 nm, together with the two
characteristic Q bands of Zn (II) metalloporphyrins (Fig. 7a).
Likewise, Zn-PCBZ-C60 film shows also the Soret and the two Q
bands (Fig. 7b). It must be remarked that no absorption bands are
observed for both films in the NIR zone, in the reduced state. The
similarities between the absorption spectra in solution and those
electrodeposited on ITO electrodes confirm that the porphyrin
centers have not been altered during the polymerization process.

Spectroelectrochemical studies were carried out in order to
obtain more information about the polymerization process of Zn-
PCBZ, and Zn-PCBZ-C60. Fig. 8a shows difference absorption
spectra (the spectrum obtained at 0 V was subtracted from each
individual spectrum and then the resulting spectra were plotted as
DAbs) of Zn-PCBZ film obtained at different applied potentials.
Between �0.40 and 0.40 V the absorption spectra are very similar,
they present the Soret and Q bands, indicating that the porphyrin
macrocycle has not been oxidized in this range. When the applied
potential becomes more anodic (0.60 to 0.80 V) the Soret band
starts to decrease and two positive bands at around 470 nm and
another one between 600 and 850 nm with a maximum at about
700 nm appear. Between 1.00 and 1.20 V a new positive band that
extends to IR appears on top of the bands observed between 0.60
and 0.80 V. At more positive applied potentials the band in the IR is
decreased and a new more defined band with a maximum at
around 670 nm can be seen, indicating the formation of a new
oxidized state. Fig. 8b shows the changes in selected traces (440,
470, 700, and 1000 nm) during an anodic scan. As mentioned
before, no changes are observed between �0.40 and 0.40 V. At the
onset of the first oxidation process of the film (around 0.50 V) the
Soret band decreases (black line) and the trace at 470 nm increases
in intensity (red line). Also, a small increase in the 700 nm band is
observed (blue line), while the decrease in the Soret band is almost
constant at 0.80 V. At around 0.80 V (beginning of second oxidation
process), the band at 470 nm starts to decrease and at the same
time the band at 1000 nm grows in intensity attaining its
maximum value at around 1.20 V (pink line). Above 1.20 V the
band at 1000 nm is decreased and the band at 700 nm is increased
until it reaches the highest value at 1.40 V. The correspondence
between the changes in the selected traces and the potentials of
the redox processes of the film confirm the existence of three
different redox states. In the same way, Fig. 8c shows difference
absorption spectra (plotted as DAbs) obtained during an anodic
scan of Zn-PCBZ-C60 film. No changes in the absorption spectra are
observed in the �0.40-0.50 V range, showing that the film is not
oxidized yet. At more anodic potentials (between 0.60 and 0.80 V)
 plot of molecular orbitals: (a) HOMO and (b) LUMO.



Fig. 6. Proposed structure of Zn-PCBZ-C60 polymer.
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the Soret band decreases almost completely in intensity and a new
positive band at around 700 nm appears. Between 0.80 and 1.20 V a
new positive band in the IR zone grows on top of the band detected
at 0.60 V. When the film is completely oxidized (1.40 V) a more
defined band is observed at around 650 nm.

The electro and spectroelectrochemical data confirm the
presence of three redox states in both Zn-PCBZ and Zn-PCBZ-C60

films, being these states almost identical in both polymers (see
absorption spectra in Fig. 8a and c). The absorption spectra
observed in the 0.60 to 0.80 V range are assigned to the radical
cation of the porphyrin macrocycle, while the absorption spectra
detected between 0.90 and 1.20 V are attributed to formation of the
radical cation of the DCBZ units. The absorption spectra obtained at
more anodic potentials than 1.20 V are related to the formation of
the dication of the DCBZ units. It has been reported that the radical
cation of Zn-porphyrins present absorption bands at around 470
and 670 nm. Also in charge separated states of Zn-porphyrin-C60

dyads, bands at similar wavelength values have been observed for
the radical cation of the porphyrin [37,38]. On the other hand,
Fig. 7. Absorption spectra of electropolymerized films of
bands at around 900 and 680 nm have been observed in the first
and second oxidation processes of N-alkylcarbazoles and poly N-
alkylcarbazoles, being these bands attributed to the formation of
the radical cation and dication of DCBZ units respectively
[33,34,35].

The electrochemical and spectroelectrochemical results shown
above are in concordance with the presence of DCBZ units in the
electropolymeric films of both Zn-PCBZ and Zn-PCBZ-C60. When
the monomers are cycled until the furthest oxidation peak, CBZ
radical cations are generated and these react to form DCBZ units.
The presence of three different redox systems in the polymeric
films is related to the formation of porphyrin radical cations, DCBZ
radical cations, and DCBZ dications. The absorption spectra
obtained in the different redox states are in agreement with the
formation of the mentioned oxidized species (porphyrin Soret
band bleaching at �450 nm, DCBZ radical cations at the IR zone and
DCBZ dications at �650 nm). These results are in fully agreement
with the polymeric structures exhibited in Fig. 6, where the
porphyrin monomers (Zn-PCBZ and Zn-PCBZ-C60) are connected
 (a) Zn-PCBZ and (b) Zn-PCBZ-C60 on ITO electrodes.



Fig. 8. Spectroelectrochemical measurements of (a) Zn-PCBZ film and, (c) Zn-PCBZ-C60 film, at different applied potentials. Absorption traces of (b) Zn-PCBZ film at selected
wavelengths as function of the advances in the forward cyclic voltammogram. Scan rate 20 mV/s. For interpretation of the references to colour in the text, the reader is referred
to the web version of this article.)
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by dicarbazole units. Therefore, a double cable structure for the Zn-
PCBZ-C60 polymer is proposed, where the porphyrins and
dicarbazole units are responsible for the hole transport, while
the electrons could be transported by the fullerene units attached
to the porphyrin macrocycles [19,20,21].

3.4. Steady state and time resolved surface photovoltage spectroscopy
of Zn-PCBZ, and Zn-PCBZ-C60 films

Surface photovoltage spectroscopy was used to evaluate the
capacity of the films to generate photoinduced charge separated
states. Although the ITO/polymer interface affects the SPV
generation, as we already reported before [17,18,39], in this new
particular case, the presence of C60 units in the Zn-PCBZ-C60

polymer compared to Zn-PCBZ is analyzed, keeping the ITO/
polymer interface nature constant. Fig. 9a–b show the SPV (surface
photovoltage) spectra of Zn-PCBZ, and Zn-PCBZ-C60 polymer
layers, electropolymerized on ITO. In general, the sign of the in-
phase SPV signal is negative (positive) if the photogenerated
electrons are preferentially separated toward the external
(internal) surface. Both, Zn-PCBZ and Zn-PCBZ-C60 films present
a negative in-phase SPV signal, indicating that the polymers are
photoactive and that the electrons are preferentially separated
towards the external surface. Moreover, when the photovoltage
amplitude spectra are normalized to the photon flux (Fig. 9c–d),
they clearly present the typical Soret band and also the two Q
bands characteristic of Zn substituted porphyrins, confirming that
the light absorption by the organic polymeric film is responsible of
the photovoltage generation. It should be noted that the photo-
voltage amplitude generated for Zn-PCBZ-C60 film is around two
times larger than the same obtained with Zn-PCBZ polymeric
surface (the absorption at Soret band of the samples was similar,
�0.1). On the other hand, evaporated films of C60 showed an onset
SPV signal at 830 nm with two maxima at 652 and 539 nm [40].
Although these SPV signals occur at similar wavelengths than
those observed in Zn-PCBZ-C60 and Zn-PCBZ films (Q bands), C60

films are not photoactive in the ranges close to the porphyrin Soret
band, therefore it is not possible that the increase in SPV signal of
Zn-PCBZ-C60 compared to Zn-PCBZ is attributed to a contribution
of the C60 alone. Moreover, C60 and PCBM net films form n type
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Fig. 9. SPV (surface photovoltage) spectra of electropolymerized films of (a) Zn-PCBZ and (b) Zn-PCBZ-C60. SPV spectra photovoltage amplitude, normalized to the photon flux
of (c) Zn-PCBZ and (d) Zn-PCBZ-C60 films. Time resolved SPV signals of (e) Zn-PCBZ and (f) Zn-PCBZ-C60 films. lexc = 600 nm.
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semiconductors and their morphologic and electronic properties
are totally different respect to those attributed to C60 in the Zn-
PCBZ-C60 electropolymerized film, where C60 units pendant of the
polymeric main chain (as it is shown in Fig. 6). For example, in C60

net films there are gap and midgap electronic transitions, which
are not possible in the present case [40,41].

Time resolved surface photovoltage measurements were also
used to study the generation and recombination kinetics of the
photoinduced charge separation states. The sign of the SPV signal
for both electropolymers is negative, in concordance with the data
obtained under chopped light. As it can observed in Fig. 9e–f,
although the magnitude of the SPV signal is similar for Zn-PCBZ
and Zn-PCBZ-C60 films, the SPV signal for Zn-PCBZ increased very
fast after laser pulse from 0 to around 25 mV, then kept growing
until 30 mV (between 7 � 10�8 and 2 � 10�6 sec), and then it
decreased. For Zn-PCBZ-C60 the SPV signal increased faster
compared with Zn-PCBZ to around 30 mV, and it remained almost
constant. The half-life time of the Laser induced photovoltage in
Zn-PCBZ-C60 (�0.10 sec) is near one order of magnitude larger than
the same for Zn-PCBZ, making evident the effect of the presence of
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the strong electron acceptor C60 fullerene in the polymer structure.
It has been demonstrated that a C60 layer evaporated onto MoO3
showed an SPV transitory signal which was characterized by a fast
increase within the resolution time of the system, and after the
increase, the signal decreased in time continuously [42]. Therefore,
it is not possible that the long half-life time observed in Zn-PCBZ-
C60 compared to Zn-PCBZ is attributed to a contribution of the C60

alone. The fast increase in the SPV signal of Zn-PCBZ-C60 compared
with Zn-PCBZ, could be attributed to a fast generation of charge
separated states after light absorption, and to the close proximity
between the donor and acceptor parts of the dyad in the polymer
structure. It has been demonstrated in structural related porphy-
rin-C60 dyad polymers [23,24], and porphyrin-C60 monomer dyads
[26,27] that the main decay pathway after light absorption is a
ultrafast (ps) photoinduced electron transfer from the porphyrin to
the C60 to form the P+�-C60

�� state. This step in the charge
separation mechanism is not possible in porphyrin/C60 bilayers
[18], where the charges must reach the film boundaries, before
separation. Consequently, the slow increase in the SPV signal in
time of Zn-PCBZ film is attributed to a continuous charge
separation by diffusion of photo-generated charge carriers [18,39].

4. Conclusions

Polymeric thin films holding Zn-porphyrin and Zn-porphyrin-
C60 dyad were successfully formed by electrochemical polymeri-
zation over Pt and ITO electrodes. The dyes were designed and
synthesized so that the coupling of the electrogenerated carbazole
radical cations allowed the polymer formation. The electrochemi-
cal formation of the photo and electroactive films was corroborat-
ed by cyclic voltammetry, UV-visible absorption spectroscopy and
spectroelectrochemical analysis. The studies also confirm that the
dyes were not altered during the polymerization process and
retained their light harvesting capacity and electrochemical
characteristics. Upon illumination both, ITO/Zn-porphyrin and
ITO/Zn-porphyrin-C60 electrodes, generated surface photovol-
tages, where the electrons preferably diffused to the external
surface meanwhile the holes traveled to the ITO/polymer interface.
The PV spectra fully matched the absorption spectra of the
polymeric materials, and in ITO/Zn-porphyrin-C60 electrodes, the
signal amplitude at the Soret band was around two times higher
than the same observed for ITO/Zn-porphyrin photoelectrodes.
Also, the laser induced transit photovoltage half-life time in ITO/
Zn-porphyrin-C60 was one order of magnitude larger than the
same detected for Zn-porphyrin polymer. Due to the presence of
the strong electron acceptor C60 fullerene in the polymer and the
hole transport capacity of porphyrin and dicarbazole moieties, a
“double cable” polymeric structure is suggested for the synthe-
sized material, that is able to produce photoinduced charge
separated states with potential applications in the design and
construction of organic optoelectronic devices.
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