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Highlights
e Donor-acceptor heterojunctions were formed by electrochemical polymerization.

e Photoinduced charge separation was observed in electropolymerized heterojunctions.
e Photogenerated electrons travelled to the external Cgo layer and holes to the inner layer.
e The heterojunctions were used as photoactive materials in photoelectrochemical cells.

e Photoelectrochemical cells were able to reduce electron acceptors under illumination.
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Abstract:

Fully polymeric donor-acceptor organic-organic heterojunctions were successfully formed by
successive electrochemical polymerization steps. Cgo holding polymer acted as an electron acceptor
layer when it was electrochemically deposited on the top of a porphyrin based conducting polymer with
dendrimeric structure. Porphyrin fluorescence emission quenching and energy dependent surface
photovoltage analysis demonstrated that the heterojunctions produced photoinduced charge separated
states. Also, it was found that after irradiation of heterojunctions the photogenerated electrons traveled
to the Cg external surface, while the holes moved to the inner hole transport layer. When the
heterojunctions were used in photoelectrochemical cells, the generated light-induced charge separated

states were able to electrochemically reduce electron acceptors in aqueous media.
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1. Introduction

Solar energy conversion and storage using photoelectrochemical systems based on organic
materials is one of the most attractive strategies in the development of versatile, efficient and cost-
effective devices [1-3]. This is mainly due to the synthetic versatility of the organic compounds, and
the consequent tunability of the electronic and optical properties of the new materials [4,5]. However,
the development and application of organic materials in optoelectronic devices is often a challenging
task, because they must form thin films with suitable solid properties, satisfactory stability, efficient
light absorption, adequate hole/electron transport capability, appropriate work function, and must also
be cost competitive with the established technology [1,6]. In this frame, organic based energy
conversion devices are basically formed by heterogeneous junctions, where the excitons generated by
light absorption produce separated electrical charges [7,8]. These boundaries can be distributed in a
bulk heterojunction fashion or in the limits of two thin layers. In both cases, an electron donor and hole
transport material (HTM) is in contact with an electron acceptor that also acts as electron-transport
material (ETM). There are several examples of the application of polymeric organic materials as both,
HTM and ETM, and as building blocks in the development of high efficient organic solar cells that
convert solar radiation into electrical energy [9-13]. However, there are few examples related to the use
of organic-based energy conversion devices in the direct generation of solar fuels [14], possibly due to
the low stability of the organic materials when they are immersed in liquid solutions and exposed to
illumination under applied potentials. These are conditions where the photodegradation produces
gradual damages to the device. One strategy applied to overcome this problem in aqueous media for
direct solar generation of hydrogen is covering the organic layers with an amorphous TiOy film and a
catalytic surface (Pt) [15-17]. The Poly(3-hexylthiophene)/[6,6]-phenyl-Cgi-butyric acid methyl ester
organic blend based photocathode showed to be able of producing stable solar hydrogen with a faradaic

efficiency of 100 % [18]. Another possible approach to increase the organic material stability when it is
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in contact with liquid media is the use of fully polymeric arrangements [19], which can be produced by
electrochemical polymerization. For example, Nasybulin et al. reported the formation of heterojunction
solar cells by electrochemical co-deposition of poly(thieno[3,2-b]thiophene) and fullerene [20]. In a
similar way, we have described the formation of organic photoactive heterojunctions by successive
electrochemical polymerization of electron donor and electron acceptor layers [21-23].

Recently we have reported the synthesis of a dendrimeric porphyrin where the central core is
connected to eight carbazole (CBZ) peripheral groups [24]. The electrochemically induced coupling
reaction of the CBZ groups generated a conducting n-conjugate polymeric material (Fig. 1a). In this
article we investigated the electrochemical generation of organic photoactive heterojunctions by the
coupling of this hyperbranched n-conjugate system to CBZ-modified Cgo (Fig. 1b) as electron acceptor.
Also, a CBZ monomer was used for the electrochemical formation of a hole transport layer (Fig. 1c).
Two photoelectrode arrangements were prepared (Fig. 1d) over Indium Tin Oxide (ITO) bare contact.
In both cases a HTM layer was deposited over the bare ITO (dicarbazole layer (DCBZ)). In the first
arrangement, the electron donor (porphyrin polymer layer, Porp) and electron acceptor (Cgo polymer
layer) were sequentially deposited gernerating the trilayer DCBZ/Porp/Cgo. In the second arrangement, a
mixed layer (Mix) was electrochemically deposited from a solution containing both, porphyrin and Cg
monomers. Finally, a Cgo layer was deposited on top of the second layer generating DCBZ/Mix/Cg
arrangement. As shown in this work, these photoelectrodes are efficient for the generation of
photoinduced charge separated states and suitable for the photoelectrochemical reduction of electron

acceptors in aqueous media.

2. Experimental section
Materials, instrumentation and methods.

All commercially available chemicals were received in analytic grade without further
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purification unless otherwise specified. m-CBZ, m-Porp and m-Cg monomers were synthesized as
previously described [24,25] Dichloromethane (DCM) was purified by distillation with CaH, (50 g L™)
as water removal agent. The indium tin oxide (ITO) coated glass substrates (Delta Technologies,
nominal resistance 8—12 €/ square) were cleaned in an ultrasonic bath with acetone-isopropanol (50
vol.%), ethanol and deionized water, respectively, and then dried with nitrogen. UV-Vis absorption and
fluorescence spectra were recorded on a UV-Visible Hewlett Packard -Diode Array 8453 spectrometer
and on a FluoroMax-4, Horiba fluorometer, respectively. The electrochemical and
spectroelectrochemical measurements were carried out with an Autolab potentiostat/galvanostat
(Electrochemical Instruments) utilizing a three-electrode cell configuration at room temperature. The
characterization of the redox processes and the electrochemical polymerization of the individual
monomers have been previously reported [24,25]. In this work the multilayer photoelectrodes with
different configuration were formed by successive electropolymerization processes on ITO electrodes.
The multi-step electrochemical polymerization protocol involves the use of cyclic voltammetry (CV)
technique, where the ITO based photoelectrodes act as working electrodes, a Pt wire as counter
electrode, and Ag wire as quasi-reference electrode. The solutions used for the electrodeposition were
prepared from either 0.5 MM m-CBZ or 0.5 mM m Cg or 0.05 mM m-Porp or a mixture of 0.05 mM
m-Porp and 0.5 mM m-Cg together with 0.1 M tetrabutylammonium hexa-fluorophosphate (TBAPFg)
as supporting electrolyte dissolved in dichloromethane (DCM). All electrochemical polymerizations for
the generation of the different layers were carried out applying ten CV cycles at 0.1 V s™ in the
potential range exhibited in the corresponding figure. After each electro-deposition of a layer, the
electrodes were removed from the electrolytic cell and washed with solvent to remove remaining
monomer, electrolyte and low-weight molecular species. UV-visible spectra were taken to the
electrodes in order to assess the growing process of the different successive layers. The electrochemical

responses of the polymeric multilayer films were carried out in all cases in monomer-free solvent
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supporting electrolyte media. Ferrocene was used as an internal reference. All potentials are reported
versus the potential for the saturated calomel electrode (SCE). High purity argon was used to remove
dissolved oxygen for at least 15 min prior to each electrochemical processing.

Spectroelectrochemical experiments of the polymer-coated ITO electrodes were carried out in a
cell built from a 10 mm commercial quartz UV-visible cuvette. The different ITO/Polymeric films
were used as working electrodes, the Pt counter electrode was isolated from the solution by a glass frit,
and an Ag wire as the quasi-reference electrode. The cell containing the DCM-TBAPFg solvent
supporting electrolyte media 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 polymeric film) with identical conditions and parameters. During
the measurement, readings were taken as a function of time under kinetic control. Film thicknesses
were estimated from the relation between film absorbance, film charge, and film thickness of the
individual photoactive materials that form the heterojunction layers in DCBZ/Porp/Cg and
DCBZ/Mix/Cgy photoelectrodes (see Sl for details). Scanning electron microscopy (SEM) images were
performed with a field emission scanning electron microscope FE-SEM, Sigma Zeiss with an
acceleration voltage of 5 kV.

The generation of photoinduced charge separated states in the different photoelectrodes
configurations was studied by energy dependent modulated surface photovoltage (SPV) [26]. The SPV
signals reflex the amount of generated charges by the incident light, and the distance between the
centers of positive and negative charge distributions [22,23,27]. The SPV spectra were not normalized
to the photon flux. Measurements were carried out in vacuum, in front illumination alignment. The
fixed capacitor arrangement was used, with chopped monochromatic light (modulation frequency 6 Hz)
obtained from a quartz prism monochromator (SPM2) and a 100 W halogen lamp. The measurements

were carried out using the already described set-up [28].
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Photoelectrochemical experiments were conducted in aqueous phosphate buffer (pH 7.5 or 4.5)
solutions (0.1 M) with and without methyl viologen (MV*? 0.05 M) depending on the experiment.
These solutions were deoxygenated and the experiments were carried out under argon atmosphere. The
photoelectrochemical measurements were performed under potentiostatic control (Palm Sens 4). Action
spectra were obtained by illumination of the photoelectrodes with monochromatic light obtained from a
75 W high-pressure Xe lamp (Photon Technology Instrument, PTI1) and a computer-controlled PTI high
intensity grating monochromator (5 nm band width). The steady state photocurrents were obtained in
front face configuration (illuminated area: 1 cm?). The incident light intensities at different wavelengths

were measured with a Coherent Laser-Mate Q radiometer.

3. Results and discussion
3.1. Electrochemical film formation and characterization

In order to produce the layers that form the different arrangements (DCBZ/Porp/Cgy and
DCBZ/Mix/Cg), (see Fig. 1d) cyclic voltammetry was used. In the construction of the photoelectrodes,
each polymeric layer was grown using solutions of the desired monomer in solvent-support electrolyte
media (see Fig. S2). Then, the films were washed and the electrochemical response of the
electrogenerated films were obtained (in a solution containing only supporting electrolyte) and finally,
their absorption spectra were measured. These procedures (electrochemical growing, electrochemical
response, and absorption spectra recording) were repeated for each new posterior layer that was
deposited.

Fig. 2 shows for the tri-layer (a, b, and c) and for the mixed layer structure (d, e, and f), the film
growing cyclic voltammograms (a and d), the electrochemical responses measured in the solvent-
electrolyte media (b and e), and the absorption spectra (c and f) registered after deposition of each of

the three layers (depicted in Fig. 1d). The first cyclic voltammograms of m-CBZ in solution (Fig. 2a
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and d, dotted black lines) are irreversible and present an oxidation peak at around 1.25 V, which can be
assigned to the formation of the radical cation of CBZ and its coupling to form carbazole dimmers
[29,30] (see Fig. S2 and Scheme I in Support Information, Sl). After ten continuous cycles, the
oxidation/reduction currents are increased, which indicates the formation and deposition of the DCBZ
layers over the ITO electrodes (solid black lines). Their electrochemical responses in solvent-
electrolyte media are characterized by two reversible redox peaks (Fig. 2b and e, black lines), and the
absorption spectra of the DCBZ layers present a high absorption in the UV zone with a tail that extends
to around 450 nm (Fig. 2c and f, black lines). All these results are consistent with the electrochemical
formation of DCBZ conducting films (see Scheme I in SI) [29,30]. On the other hand, the red lines in
Fig. 2a-f show the formation of the second polymeric layers (see Fig.1d), corresponding to the
generation of porphyrin polymer (Fig. 2a-c) and Mix layers (m-Porp + m-Cg, Fig. 2d-f), over the
corresponding DCBZ layer. After ten polymerization cycles (see Fig. S2) in m-Porp or m-Porp+m-Cg
mixed solutions, the cyclic voltammograms present increases in the oxidation/reduction currents (Fig.
2a and d, red lines), and the electrochemical responses in monomer free solvent-electrolyte media are
similar to the ones observed for DCBZ layers alone, but with higher oxidation/reduction peak currents
(Fig. 2b and e, red lines), indicating that more electroactive material was deposited over the electrodes.
The absorption spectra of the DCBZ/Porp and DCBZ/Mix layers, now present the Soret and Q bands at
around 420 and 550 nm, typical of Zn porphyrins (Fig. 2c and f, red lines). There are also increases in
the absorptions in the UV zone which are related to the absorption of carbazole dimmer units
(generated during formation of the Porp and Cg layers), and also to the absorption of the Cgo units [25].
Moreover, for DCBZ/Mix layer, the ratio between the absorption in the UV zone and the Soret band is
higher compared to the same ratio in DCBZ/Porp, because of the contribution not only derivated from
carbazole dimer units, but also from the Cgo polymeric layer. Therefore, the occurrence of the Soret

band confirms the deposition of Porp in both layers. The higher ratio between the absorptions in the
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UV zone and the Porphyrin band observed for DCBZ/Mix related to DCBZ/Porp, proves the deposition
of the Mix layer, over the DCBZ polymeric films. Finally, Cgo polymeric films were electrochemically
formed over DCBZ/Porp and DCBZ/Mix layers, respectively. After ten polymerization cycles in m-Cg
solution (Fig. S2), the film growing cyclic voltammograms (Fig. 2a and d, blue lines) and their
electrochemical responses (Fig. 2b and e, blue lines) present higher oxidation/reduction currents.
Again, this behavior indicates the deposition of more electroactive material (Cgo polymer) over the
already formed bilayer structures. The absorption spectra of DCBZ/Porp/Cgy and DCBZ/Mix/Cg layers
(Fig. 2c and f, blue lines) still present the Soret and Q bands, these are now mounted over a tail that
extends from the UV zone to around 600 nm, but the intensities of the Soret bands do not increase. This
new tail that appears in the absorption spectra of DCBZ/Porp/Cg, and DCBZ/Mix/Cg layers has been
observed before and related to the absorption of the polymeric Cgo layer deposited over bare ITO [25].
From the relation between film absorbance, film charge, and film thickness of the photoactive materials
that form the heterojunction layers in DCBZ/Porp/Cg, and DCBZ/Mix/Cgy photoelectrodes, a thickness
of around 250 nm can be estimated for both photoactive layers (see experimental section, Sl, and Fig.
S1). The top surface morphologies of DCBZ/Porp/Cey and DCBZ/Mix/Cg arrangements were
investigated by SEM technique. It can be seen from the top view SEM images (Fig. S3) that the
polymers completely cover the electrode surfaces, without pinholes and present a homogeneous surface
formed by a random distribution of globular topographies. These characteristics are similar than those
observed before when Cgo was electrodeposited over bare 1TO [25].

In order to gain more information about the deposition of the different layers,
spectroelectrochemical studies were conducted [24,25]. For all configuration electrodes, absorption
spectra at different applied potential values were obtained, then the absorption spectrum at 0.00 V was
subtracted from each individual spectrum and plotted as AAbs. Fig. 3 exhibits the difference spectra

obtained at the selected applied potentials corresponding to the first (Fig. 3a and c) and second (Fig. 3b

10
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and d) oxidation peaks observed in the electrochemical responses of each polymeric layer (see the
arrows in Fig. 2b and e). It can be seen that at the applied potential corresponding to the first oxidation
peaks all layers present the development of an absorption band at around 410 nm, and a second one that
starts at about 650 nm and extends to the IR region. The intensities of these bands are increased after
deposition of the second (red lines) and third (blue lines) layers in comparison to the first ones (black
lines), formed by DCBZ units. Additionally, at the applied potential corresponding to the second
oxidation peaks (Fig. 3b and d), in all cases the layers present a broad absorption band between 500 and
850 nm. Again, the intensities of these bands are bigger after depasition of each new layer (red and
blue lines). Also, it must be noted that, after deposition of the Porp or Mix layers (Fig. 3, red lines), a
small bleaching of the Soret band is observed at the applied potential corresponding to the first
oxidation peak (Fig. 3a and c). A complete bleaching of the Soret band is observed when the second
oxidation peak is reached (Fig. 3b and d, red lines). This indicates that the porphyrin macrocycle gets
oxidized in the DCBZ/Porp and DCBZ/Mix bilayer electrodes (generating the corresponding porphyrin
radical cation) [31-33]. Moreover, bleaching of the Soret band is also observed after deposition of the
Ceo layers (Fig. 3, blue lines), demonstrating that the Porp layers are still electroactive and that the
porphyrin core can be oxidized even with the Cgo layer on top. Fig. S4 shows the difference absorption
spectra for the complete DCBZ/Porp/Cg, and DCBZ/Mix/Cg trilayers at several applied potentials. At
applied potentials between 0.3 and 1.1 V, new bands at around 410 nm and a second one that extends to
the IR zone appear. At more positive applied potentials, the bleaching of the porphyrin Soret band and
a new positive band at around 650 nm are observed. It must be remarked that the bands observed at the
first oxidation potential for DCBZ, Porp, and Mix layers (Fig. 3a and c) as well as the ones developed
at applied potentials between 0.3 and 1.1 V (Fig. S4) all of them appear at the same wavelength values,
and correlate with the absorption spectra of carbazole dimer radical cation [24,29,30]. In the same way,

the bands observed at the second oxidation peak (Fig. 3b and d) and the ones that appear at applied

11
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potentials higher than 1.1 V (Fig. S4) are all similar and related to the absorption spectra of carbazole
dimer dication. Additionally, oxidation of the porphyrin macrocycle is confirmed by the Soret band
bleaching, and by the apparition of a small new peak at around 700 nm, that is mounted over the broad
band originated in the carbazole dimer oxidized species (Fig 3b and c red lines), being this band at 700
nm associated to the formation of porphyrin radical cation [31-33]. Fig. 4a-b shows the absorption
changes observed at selected wavelengths obtained during the spectroelectrochemical experiments. The
traces where Porphyrin (Soret band 420 nm), carbazole dimer radical cation (980 nm), DCBZ dication
and porphyrin radical cation (760 nm) present absorptions [24,29-31,33] recovered their initial values
after a complete CV cycle. This fact confirms that the oxidation-reduction processes are fully reversible
in both DCBZ/Mix/Cgy and DCBZ/Porp/Cg trilayer stacks.

All the electrochemical and spectroelectrochemical results are in agreement with the presence of
carbazole dimmer units in each individual polymeric layer, which were formed by coupling of CBZ
radical cations generated during electrochemical cycling (see Scheme 1 in Sl). It is also probable that
during electrochemical cycling some free CBZ units present in the first deposited DCBZ layer react
with free CBZ units in Porp, generating a carbazole dimmer in-between. A similar coupling could
occur between the CBZ units bonded to the Porp and to the Cgo units present in each respective layer
(Scheme 11 in SlI). Although porphyrin radical cations are formed when the porphyrin cores are
oxidized, these radical cations are stable and therefore, direct reaction between Cg and porphyrin
oxidized species does not take place. The electrochemical response for all layers showed two oxidation
peaks (Fig. 2b and e), associated to the oxidations of carbazole dimmers, which generate the
corresponding radical cations and dications [30], as it was already reported for structural related based
polymers [29,34]. Also, the absorption bands observed at the first oxidation peak correlate with the
absorption spectra of carbazole dimer radical cation and the ones observed at the second oxidation peak

are related to carbazole dimer dication and porphyrin radical cation [29-31,34]. Additionally, the

12
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difference absorption spectra observed in Fig S4 (corresponding to the complete arrangements), also
showed absorption spectra related to the above mentioned species, confirming that all layers maintain
their electrochemical activities. Moreover, the absorption spectra of the DCBZ/Porp/Ce and
DCBZ/Mix/Cgy arrangements showed bands related to DCBZ, Porphyrin and Cg individual polymeric
layers, respectively. The absorption spectra of the arrangements seem to consist of a linear combination

of each individual layers [24,25].

3.2. Generation of photoinduced charge separated states.

As it was expected, Porp film exhibited light emission after excitation at the Soret and Q bands.
This is because of the electrogenerated polymer dendrimeric structure, which avoids self-quenching
originated by = stacking between the tetrapyrrolic macrocycle [24,35]. Fig. 5 shows the fluorescence
spectrum of Porp film, which presents bands at very similar wavelength values respect to the monomer
in solution, although the film exhibits a 5 nm red shift [24]. Also, when a Porp film is electrodeposited
over a DCBZ layer the resulting bilayer (DCBZ/Porp) still presents a fluorescence emission intensity
similar to that observed for Porp filim alone, indicating that DCBZ layer does not affect the emission
properties of Porp film. On the contrary, when a layer of Cg is deposited over the Porp film (Porp/Ce),
the emission is almost suppressed (Fig. 5 blue line). Moreover, when a Mix layer is electrochemically
generated (from a solution containing both Porphyrin and Cgy monomers), the resulting Mix layer
presents a very low emission (Fig. 5 black line). Also, a very low emission is observed when Mix layer
is electrogenerated over DCBZ layer (DCBZ/Mix). The low emission observed in Mix, Porp/Cgy and
Mix/Cgo layers indicates that Cgo film quenches Porp fluorescence, probably due to a charge transfer
mechanism, generating a charged separate state. This quenching mechanism has been observed in
Porphyrin-Cgo dyads and polymers [36-38].

The capacity to produce charge separated states and the direction in which these charges diffuse

13
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were studied by SPV spectroscopy. SPV spectroscopy is a powerful tool that allows the study of
photoinduced charge transfer generation and diffusion in photoactive thin films [21,39,40]. In general,
the sign of the in-phase light-modulated SPV signal denotes the direction in which the photogenerated
electrons are preferentially separated. When the sign of the in-phase SPV signal is negative, the
photogenerated electrons are preferentially separated towards the external surface, while if the sign is
positive the electrons will preferentially travel to the internal surface [21,39]. DCBZ/Porp bilayer film
presents a very low and noisy SPV signal (Fig. 6a, red lines), showing that there is no detectable
generation of photoinduced charge separation centers [21,39], in agreement with the observation of
fluorescence emission in this film. On the contrary, when the Cgy layer is present in DCBZ/Porp/Ceg
arrangement, it shows a low negative in-phase SPV signal and a remarkable positive phase-shifted by
90° signal (blue lines in Fig. 6a), indicating that the photogenerated electrons are separated in the
direction of the external surface (Cego layer). In a similar way, in DCBZ/Mix bilayer arrangement, low
SPV signals are observed, although in this case the signals are detectable (red lines in Fig. 6b). Thus, it
is possible that the presence of both Porp (electron donor) and Cgq (electron acceptor) in the Mix layer,
generates photoinduced charge separated states. This result is in agreement with the fact that no
emission fluorescence was observed in the DCBZ/Mix layer stack. Moreover, the SPV amplitude for
the DCBZ/Mix/Cgq layer stack (blue lines in Fig. 6b) is much higher compared to the amplitude values
obtained for the DCBZ/Mix layer stack, and similar to that observed for DCBZ/Porp/Cgo
photoelectrodes (blue lines in Fig. 6a). Therefore, the presence of the Cgo layers has a strong influence
in the generation, diffusion and recombination of the photogenerated charge carriers.

All these results demonstrate that in both DCBZ/Mix/Cs and DCBZ/Porp/Cg trilayer
photoelectrodes, charge separated states are generated after light absorption where positive charges
(holes) are preferentially separated towards the internal layer, while the negative charges (electrons)

move to the Cgo external acceptor layer (see Fig. S5). Thus, it could be expected that in the presence of

14
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an external sacrificial electron acceptor in solution, the electrochemical generated trilayer

photoelectrodes were able to generate photoelectrochemical effects.

3.3. Photoelectrochemical properties

Photoelectrochemical cells in a three electrode configuration, formed by DCBZ/Porp/Cg and
DCBZ/Mix/Cgy photoelectrodes, were studied in aqueous phosphate buffer (pH 7.5) initially containing
0.05 M of methyl viologen cation (MV*?) as sacrificial electron scavenger. Fig. 7a-c shows the
incident-photon-to-photocurrent efficiency (IPCE% [41]) values obtained under constant applied
potential (-0.20 V), when the photoelectrodes are irradiated with monochromatic light of different
wavelengths. The bias potential was chosen at values where the stationary generated photocurrents
reached a plateau in the photocurrent-applied potential curves (see Fig. S6). Photoelectrodes formed by
only single layers of DCBZ, Porp, and Cgo polymers were also studied in the same conditions for
comparison. From Fig. 7a it is clearly observed that for DCBZ and Cg single polymeric layers the
IPCE% values are very low and the layers present photoeffects only in the 300-450 nm range. On the
contrary, in the case of the Porp-electropolymeric film, the action spectrum exhibits distinguishable
photocurrent generation due to absorption at the porphyrin Soret and Q bands (420 and 550 nm).
Additionally, a peak at 330 nm is observed, which is due to the electronic transition originated in the
DCBZ moieties, showing their contribution to the photoelectrochemical effect. Furthermore, when a
bilayer is formed (DCBZ/Porp photoelectrode), this material shows to be effective in the photocurrent
generation, as it is expected due to the already described effect for the Porp film (see Fig. 7b and a).
Also, in the bilayer DCBZ/Mix electrode, where the electron acceptor Cgo is copolymerized with the
porphyrin polymer (Fig. 7c), the IPCE% values are higher in comparison with the electrode only
formed by the porphyrin electropolymer. However, when electropolymeric Cgo acceptor layers are

present in both DCBZ/Porp/Cg and DCBZ/Mix/Cg, photoelectrodes, the IPCE%s reach values more

15
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than three times higher than that obtained for the bilayer materials. Fig. 7b-c shows that both trilayer
photoelectrodes are able to produce photoinduced charge separated states which, in contact with an
electron acceptor in solution, generate stable photocurrents. This is in agreement with the effect
observed by energy dependent surface photovoltage experiments, where the preferential accumulation
of negative charge in the outer surface (Cgo) and positive charge in the inner layers were demonstrated
(see Fig. 6 and Fig. S5). Also, the well match between the absorption spectra of the films and the
corresponding photocurrent action spectra indicates that the light absorption by the polymeric films is
responsible for the observed photoeffects [41]. It must be noted that there is an extra band in the
photocurrent action spectra in the 600-700 nm range that is not present in the absorption spectra of the
heterojunctions. As it was mentioned above, under illumination charge separated states are generated
forming porphyrin radical cations that present an absorption band in this region. Therefore, it is
possible that these oxidized species can contribute to the observed IPCE. The above mentioned results
demonstrate that in the trilayer photoelectrodes after light absorption, the electrons in the polymeric Cgo
outer layers are able to be transferred to an acceptor in aqueous solution. In the present conditions
(phosphate buffer pH 7.5), the presence of a sacrificial electron scavenger is necessary to observe
measurable photocurrents. The lack of MV*? in the aqueous media drives to very low and transitory
photoelectrical effects. On the contrary, when the aqueous electrolyte pH is adjusted at lower values
(without MV*?), the photocurrents generated by illumination of the trilayer photoelectrodes are
increased respect to pH 7.5. Fig. 8a-b shows on-off illumination cycles under white light. The detected
photocurrents are cathodic, indicating that the electrons are transferred from the electrodeposited layers
to the aqueous solution. Fig. 9 shows the photocurrent action spectra for both DCBZ/Porp/Cgy and
DCBZ/Mix/Cg, photoelectrodes obtained in aqueous NaH,PO, (pH = 4.5). In both cases, the
photocurrent action spectra match the absorption spectra of the films, confirming that the trilayer

photoelectrodes are responsible for the observed photoeffect. It should be noted that the photocurrents
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and the IPCE values for DCBZ/Porp/Cg are higher than those observed for DCBZ/Mix/Cg. After light
absorption, charged separated states are generated and then they must separate and reach the
corresponding interfaces. Another possibility is that these states recombine before they reach the
interface with the electrolyte and therefore no photocurrent is produced. Therefore, the difference in the
photocurrent and IPCE values could be due to a difference in the charge recombination rates of the
different arrangements. Then, it is possible that the difference in photocurrent generation efficiency is
originated in a higher recombination rate in DCBZ/Mix/Cgy photoelectrode, which is probable due to
the close contact between porphyrin electron donor and Cgg electron acceptor in the Mix structure. For
a better description of the observed photoeffects and the direction of the photocurrents, an energy
diagram was constructed (Fig. 10) [18,21,41]. According to the observed results and taking into
account the energetics of the trilayers and those related to MV*? and H* electron acceptors in aqueous
solution, it is proposed that after light irradiation of the photoelectrodes, electrons from the Porp
HOMO to the C¢o LUMO and holes from the Porp to the DCBZ layer are transferred [36-38]. Then the
holes move to the ITO base electrode and the electrons in the Cso LUMO are transferred to the MV*2
(pH=7.5) reducing the organic acceptor, or to the protons in the aqueous media (pH=4.5), allowing the

photoelectrochemical generation of H.

4. Conclusions.

Multilayered donor-acceptor polymeric organic-organic heterojunctions were successfully formed by
sequential electrochemical polymerization. The heterojunctions were formed by a DCBZ hole transport
layer, donor porphyrin, and acceptor Cgo polymeric layers respectively. The successive layers were
electroactive and underwent reversible oxidation-reduction processes. Porphyrin donor polymer
fluorescence emission was quenched by electron transfer to the Cg acceptor polymeric layer,

generating charge separated states. SPV measurements demonstrated the formation of charge separated
17
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states and also showed that the photogenerated electrons traveled to the Cgo external polymeric layer
while the holes moved to the DCBZ inner layer. The donor-acceptor heterojunctions were used in
photoelectrochemical cells containing electron acceptors in aqueous media. Irradiation of the
heterojunctions produced stable cathodic currents and photocurrent action spectra similar to the
absorption spectra of the heterojunctions, showing that these were responsible of the observed
photoeffects. These results demonstrate the potential application of the electrochemical generated
donor-acceptor polymeric heterojunctions as building blocks for the development of solar energy

devices.
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Captions for Figures.

Fig. 1. Chemical structure of: a) m-Porp, b) m-Cg, and c¢) m-CBZ monomers. d) Schematic

representation of the different electropolymerized layers that form the photoelectrode arrangements.

Fig. 2. Electrochemical growing of the layers that form the different photoelectrode arrangements: a)
DCBZ/Porp/Cgy d) DCBZ/Mix/Cgp. Electrochemical responses of the layers that form the different
photoelectrode arrangements: b) DCBZ/Porp/Cgo, €) DCBZ/Mix/Cg. Absorption spectra of the layers
that form the different photoelectrode arrangements: ¢c) DCBZ/Porp/Cg, f) DCBZ/Mix/Cgo. The layers

were deposited over ITO.

Fig. 3. Difference absorption spectra, AAbs, of the layers that form the different photoelectrode
arrangements on ITO electrodes obtained at applied potentials corresponding to the first and second

oxidation peaks: a) and b) DCBZ/Paorp/Cep; ¢) and d) DCBZ/Mix/Cgp.
Fig. 4. Changes in the principal absorption traces of: a) DCBZ/Porp/Cgs and b) DCBZ/Mix/Cg
deposited on ITO electrodes, at the Soret band of porphyrin (420 nm), DCBZ radical cation (980 nm)

and DCBZ di-cation (760 nm).

Fig. 5. Fluorescence emission spectra of: Porp (red line), Mix (black line), and Porp/Cgo (blue line)

layers deposited on ITO electrodes.
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Fig. 6. SPV spectra of: a) DCBZ/Porp (red lines), DCBZ/Porp/Cg (blue lines), b) DCBZ/Mix (red
lines), and ¢c) DCBZ/Mix/Cg (blue lines) layers deposited on ITO electrodes, dashed lines in-phase and

solid lines phase shifted by 90°.
Fig. 7. Photocurrent action spectra, IPCE% of: a) DCBZ, Porp, and Cg, b) DCBZ/Porp and
DCBZ/Porp/Cgp, and ¢) DCBZ/Mix and DCBZ/Mix/Cg layers deposited on ITO electrodes, in aqueous

solution containing MV*? (pH=7.5). Applied potential -200 mV.

Fig. 8. On-off illumination cycles of a) DCBZ/Porp/Cg, and b) DCBZ/Mix/Cg layers deposited on

ITO electrodes, in aqueous solution (pH=4.5 without MV/*?); Applied potential -200 mV.

Fig. 9. Photocurrent action spectra, IPCE% of: a) DCBZ/Porp/Cgsy, and b) DCBZ/Mix/Cg, layers

deposited on ITO electrodes, in aqueous solution (pH=4.5 without MV*?). Applied potential -200 mV.

Fig. 10. Energy levels diagram of the different layers in contact with MV*? or H".
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Fig.1.

23



Fig. 2.

150 4

Current /uA

-75 4

'150 T T T T T T T T T
-04 -02 00 02 04 06 08 10 12 14 16

150

75

Current /uA

.75

-150 T T T T T T T T T
-04 -02 00 02 04 06 08 10 12 14 16

Abs

~
(4]
1

o
1

Journal Pre-proof

a)

1% cycle in m-CBZ sol
—— 10" cycle in m-CBZ sol
—— 10" cycle in m-Porp sol
—— 10" cycle in m-Cy, sol

Potential vs SCE / V

b)

——DCBZ
—— DCBZ/Porp
—— DCBZ/Porp/Cg,

Potential vs SCE / V

-

<)

——— DCBZ
—— DCBZ/Porp
—— DCBZ/Porp/Cy,

T T T T
300 400 500 600 700 800

Wavelength / nm

Current /uA

Current /uA

d)
200 -
1% cycle in m-CBZ sol
—— 10" cycle in m-CBZ sol
1004 —— 10" cycle in m-Mix sol
—— 10" cycle in m-Cy, sol
0 -
-100
T T T T T T T T T
-04 -02 00 02 04 06 08 10 12 14 16
Potential vs SCE / V
e)
150
——DCBZ
—— DCBZ/Mix
45| =—— DCBZMiXIC,,
0 .
-754
-150 T T T T T T T T T
-04 -02 00 02 04 06 08 1.0 12 14 16
Potential vs SCE / V
f)
8 ——DCBZ
< —— DCBZ/Mix
—— DCBZ/Mix/Cq,

T T T T
300 400 500 600 700
Wavelength / nm

800

24



Journal Pre-proof

Fig. 3.
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Fig. 6.
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Fig. 8.
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Fig. 9.
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Fig. 10.
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