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Zn(l1)-Protoporphyrin IX-Based Photosensitizer-
Imprinted Au-Nanoparticle-Modified Electrodes for

Photoelectrochemical Applications

Tzuriel Simcha Metzger, Ran Tel-Vered, Hendrik Bauke Albada, and ltamar Willner*

The electropolymerization of thioaniline-modified Au nanoparticles (NPs) on
thioaniline monolayer-functionalized electrodes in the presence of Zn(l1)-
protoporphyrin IX yields bis aniline-crosslinked Au NPs matrices that include
molecular imprinted sites for binding the Zn(ll)-protoporphyrin IX photo-
sensitizer. The binding of the photosensitizer yields photoelectrochemically
active electrodes that produce anodic photocurrents in the presence of the
electron donor benzohydroquinone. The efficient photocurrents formed in the
presence of the imprinted electrode are attributed to the high-affinity binding
of the photosensitizer to the imprinted sites, K, = 3.2 x 10° m~', and to the
effective transport of the photoejected electrons to the bulk electrode via the
bridged Au NPs matrix. Similarly, a N,N’-dialkyl-4,4"-bipyridinium-modified
Zn(l1)-protoporphyrin IX photosensitizer-electron acceptor dyad is imprinted
in the bis aniline-crosslinked Au NPs matrix. The photocurrent generated by
the imprinted matrix is approximately twofold higher as compared to the pho-
tocurrent generated by the Zn(l1)-protoporphyrin IX-imprinted Au NPs matrix.
The efficient photocurrents generated in the presence of the bipyridinium-
modified Zn(l1)-protoporphyrin IX-imprinted matrix are attributed to the

electropolymerization of chemically modi-
fied NPs onto electrodes!® or the bridging
of NPs on electrodes by biomolecular
complementary interactions, such as
duplex nucleic acid bridges,® were used
to assemble photoelectrochemically active
electrodes. Besides the use of semicon-
ductor NPs as the photoactive compounds
for generating photocurrents, organic
polymers,l'% or transition metal com-
plexes,1112l were applied for stimulating
the generation of photocurrents. In all of
these systems, the primary photoexcitation
of the light-active materials is followed by
an electron transfer process that yields
electron-hole species. The thermodynami-
cally favored recombination of the elec-
tron-hole pair acts as a destructive path
that decreases the light-to-electrical power
conversion efficiencies. Different methods
to facilitate charge separation and sta-
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effective primary charge separation of the electron-hole species in the dyad
structure, followed by the effective transport of the photoejected electrons to

the electrode via the bis aniline-crosslinked Au NPs matrix.

1. Introduction

The construction of nanoparticle (NP)-functionalized electrodes
for photoelectrochemical and solar cells applications attracted
substantial research efforts in the past two decades.l] Specifi-
cally, the assembly of 2D or 3D arrays of semiconductor NPs/?
or composites of semiconductor NPs/metal NPsP®! (or carbon
nanotubes*) were applied to assemble photoelectrochemically
active electrodes. Different methods to functionalize the elec-
trodes with the NPs were reported, and these included the cova-
lent attachment of the NPs to the surfaces,” the layer-by-layer
deposition of the NPs by electrostatic interactions,®! and the
aggregation of NPs by supramolecular interactions.”! Also, the
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bilize the electron-hole species against
recombination were reported, including
the use of hybrid NP structures,'3] NP—
carbon nanotubes,'¥! NP-polymers, or
NP-molecular relay hybrids.'”! Also, the
electrochemical crosslinking of semicon-
ductor NPs onto electrodes by charge-carrying bis aniline units,
was suggested as a means to induce charge separation and to
enhance the generation of photocurrents.'® In addition, supra-
molecular assemblies consisting of photoactive transition metal
complexes, e.g., Zn(Il)-porphyrins, Zn(II)-phthalocyanines, or
Ru(II)-polypyridine complexes linked to molecular charge car-
riers or nanoparticles, were applied to improve charge separa-
tion and to increase the photocurrent efficiencies."’!
Imprinting of specific binding sites into organic or inorganic
polymer matrices has been a subject of extensive research in
the past several decades.!'® Specifically, the imprinting of selec-
tive binding sites in crosslinked metallic NPs has been a sub-
ject of extensive research in recent years. The electrochemical
crosslinking of redox monolayer-functionalized metal NPs, e.g.,
thioaniline-modified Au NPs, in the presence of a substrate (or
a structural analog), exhibiting supramolecular binding affini-
ties to the NP's capping monolayer, yielded a crosslinked metal
NPs matrix that bound the respective substrates (or their struc-
tural analog) by affinity interactions. The subsequent rinsing
off of the substrate (or structural analog) resulted in the forma-
tion of a metal NPs matrix (e.g., bis aniline-bridged Au NPs)
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that included high-affinity and selective imprinted sites for the
binding of the respective substrates. Selective imprinted sites
for the binding of explosives,l') saccharides,?”! amino acids
and peptides,?! antibiotics,?? and metal ions?®l were reported,
and the imprinted Au NPs matrices were used for the develop-
ment of sensitive sensors, for the assembly of electrochemically
triggered NP sponges for the controlled uptake and release of
substrates,/*¥ and for the construction of functional interfaces
of electrically triggered wettability properties.?! Also, the elec-
trochemical crosslinking of thioaniline-modified Au NPs with
thioaniline-functionalized semiconductor quantum dots (e.g.,
CdS),1%¥ or thioaniline-modified native photosystems, 2%l yielded
photoelectrochemically active electrodes for the generation of
photocurrents.

In the present study, we address the effects of imprinting of
molecular recognition sites for Zn(II)-protoporphyrin IX (1),
in bis aniline-crosslinked Au NPs matrices on the photosen-
sitized generation of photocurrents. We demonstrate that the
association of the Zn(Il)-protoporphyrin IX photosensitizer
with the imprinted sites significantly increases the photocur-
rent generated by the electrode as compared to a nonimprinted
bis aniline-crosslinked Au NPs system. We also show that the
imprinted electrode is regenerable and allows the extraction of
the photosensitizer and its reloading. We further demonstrate
the imprinting of a bis-bipyridinium-Zn(II)-protoporphyrin IX
dyad structure in the bis aniline-crosslinked Au NPs assembly.
Substantially higher photocurrents are generated by the dyad
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assembly as compared to the Zn(II)-protoporphyrin IX system
lacking the bipyridinium electron acceptor units. The enhanced
photocurrents in the presence of the photosensitizer dyad
structure are attributed to the improved charge separation of
the photogenerated electron-hole species in the system.

2. Results and Discussion

Figure 1A depicts the method to assemble the imprinted
Zn(II)-protoporphyrin  IX (Zn(II)-PP-IX) (1), matrix. The
imprinting paradigm is based on electrostatic interactions
between the Zn(II)-PP-IX carboxylated photosensitizer and the
bis anilinium bridging units generated upon crosslinking the
Au NPs. A Au electrode was modified with a monolayer of elec-
tropolymerizable thioaniline (2) units. Electropolymerization of
the (2)-modified Au surface in the presence of Au NPs (diam-
eter = 4.5 nm) modified with (2), and with mercaptoethane
sulfonic acid (3) units as stabilizing units, and in the presence
of Zn(I1)-PP-IX, yielded the (1)-imprinted bis aniline-bridged
Au NPs matrix. Subsequently, the Zn(II)-PP-IX photosensi-
tizer was eliminated from the imprinted sites, through exten-
sive rinsing with a sodium acetate buffer solution. Similarly,
a nonimprinted Au NPs matrix was prepared on a Au surface
by the electropolymerization of the (2)/(3)-capped Au NPs on
a (2)-modified Au surface in the absence of Zn(II)-PP-IX, and
under similar electropolymerization conditions. The bis aniline

(1) or (4)0

~_

(1)*or (a)*

Figure 1. A) Molecular imprinting of Zn(I1)-PP-IX or Zn(Il)-PP-VZ* photosensitizer units in bis aniline-crosslinked Au NP matrices for the generation
of photocurrents. B) The electron transfer pathway for the generation of anodic photocurrents upon the illumination of the Zn(lI1)-PP-IX- or Zn(ll)-PP-
VZ£.imprinted bis aniline-crosslinked Au NPs matrices in the presence of a benzohydroquinone electron donor. Blue, red, and green squares correspond
to the ground-state photosensitizers, photoexcited photosensitizers, and oxidized photosensitizers, respectively.
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crosslinking units of the imprinted or nonimprinted Au NP
matrices exhibit quasi-reversible redox features, E* = 0.05 V
versus a KCl-saturated calomel electrode (SCE) at pH = 7.0.
Coulometric analysis of the redox waves associated with the
imprinted and nonimprinted matrices demonstrated less than
8% variation, and a similar content of crosslinked Au NPs,
9.5 % 0.6 X 10> NPs cm™2, was evaluated for both matrices using
quartz crystal microbalance (QCM) measurements. Also, the
atomic force microscopy (AFM) imaging of the electropolymer-
ized films indicated rough surface patterns with spikes-shaped
nanostructures reaching heights of up to =80 nm (Figure S1,
Supporting Information).

In the next step, the imprinted as well as the nonimprinted
Au NPs matrices were subjected, for 15 min to Zn(II)-PP-IX,
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before measuring the photocurrents generated by the systems.
This time-interval leads to the saturation of the imprinted
sites with Zn(II)-PP-IX. Figure 1B outlines the mechanism for
the generation of photocurrents by the (1)-imprinted Au NPs
matrix in the presence of Zn(II)-PP-IX, as a photosensitizer,
and benzohydroquinone, as an electron donor. Photoexcitation
of the Zn(II)-PP-IX results in the ejection of electrons
to the Au NPs or to the bridging units (depending on the
bias potential applied on the electrode, vide infra) and their
transport to the bulk electrode. The reduction of the oxidized
photosensitizer, Zn(II)-PP-IX* by the benzohydroquinone
regenerates the photosensitizer while oxidizing the hydroqui-
none to benzoquinone, thus leading to a steady-state photo-
current. Figure 2A depicts the photocurrent action spectra
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Figure 2. A) Photocurrent action spectra corresponding to the illumination of a) he Zn(I1)-PP-IX-imprinted bis aniline-crosslinked Au NPs matrix and
b) the nonimprinted bis aniline-crosslinked Au NPs matrix. Inset: UV-vis absorbance of Zn(Il)-PP-IX, 1 x 107 w, in a 1:1 (v/v) water:ethanol solution.
B) Dependence of the photocurrent, at A = 425 nm, on the external concentration of Zn(Il)-PP-IX. Measurement were performed on a) the Zn(ll)-PP-
IX-imprinted matrix and b) the nonimprinted matrix. C) Coulometric analysis of the photocurrents measured for the Zn(l1)-PP-IX-imprinted electrode
upon the interaction of the electrode with different bulk concentrations of Zn(l1)-PP-IX. D) Photocurrents generated upon the repetitive cyclic uptake
(U) and release (R) of the Zn(l1)-PP-IX photosensitizer by and from 1) the Zn(Il)-PP-IX-imprinted and Il) the nonimprinted bis aniline-crosslinked Au
NP electrodes. The uptake of the photosensitizer was performed by immersing the electrodes for 20 min in a 4-(2-hydroxyethyl)-1-piperazine ethane
sulfonuc acid (HEPES) buffer solution (0.1 m, pH = 7.2) containing Zn(l1)-PP-IX, 1 X 107 m. The release of Zn(Il)-PP-IX was performed by interacting
the electrodes for 6 h with a sodium acetate buffer (30 x 1073 m, pH = 4.5). All photocurrent measurements were performed in a HEPES buffer solution
(0.1 m, pH = 7.2) containing Zn(l1)-PP-1X, 1 X 107® m, and benzohydroquinone, 10 x 10~ m. Photocurrents were measured at A = 425 nm.
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generated by the Zn(II)-PP-IX, (1)-imprinted matrix-modified
electrode, in the presence of Zn(II)-PP-1X, 1 x 107 m, and ben-
zohydroquinone, 10 x 107 M, curve (a). For comparison, the
photocurrent generated at the same concentrations of Zn(II)-
PP-IX/hydroquinone in the presence of the nonimprinted Au
NPs matrix is depicted in Figure 2A, curve (b). Evidently, the
photocurrent generated by the imprinted matrix is 11-fold
higher than in the presence of the nonimprinted matrix. Con-
trol experiments reveal that upon exclusion of the hydroqui-
none, only trace photocurrents are formed, implying that the
presence of the hydroquinone electron donor, is essential to
yield the photocurrent. Figure 2A, inset, shows the absorption
spectrum of Zn(II)-PP-IX in solution. Evidently, the photocur-
rent action spectrum correlates with the absorbance features
of the photosensitizer, implying that, indeed, the photocur-
rent originates from the photoexcitation of Zn(II)-PP-IX. The
quantum yield for the photocurrent generation was estimated
to be =0.2%.

The amount of the Zn(II)-PP-IX bound to the imprinted
Au NPs matrix is anticipated to control the magnitude of the
resulting photocurrent. Figure 2B, curve (a), shows the photo-
currents generated by the (1)-imprinted Au NPs-modified elec-
trode in the presence of variable concentrations of Zn(II)-PP-
IX. As the bulk concentration of Zn(II)-PP-IX increases, the
resulting photocurrents are intensified, and they level off to
a saturation value at a concentration of 1 x 10° m. At higher
bulk concentrations of Zn(II)-PP-IX, the intensity of the photo-
currents decreases due to a light filtering effect by the high
absorbance of the photosensitizer in solution. These results
are consistent with the equilibrated binding of Zn(II)-PP-IX
to the imprinted sites. As the bulk concentration of Zn(II)-PP-
IX increases, the occupation of the imprinted sites is higher,
and it reaches a saturation coverage upon occupying all sites,
resulting in the saturation of the photocurrents. Assuming
that the photocurrent intensities follow the binding features
of Zn(II)-PP-IX to the imprinted sites, we analyzed the curve
depicted in Figure 2B in terms of the Langmuir isotherm
theory, Figure 2C, see the Supporting Information. Accord-
ingly, we estimate the association constant of Zn(II)-PP-IX to
the imprinted sites to be K, = 3.2 x 10° M}, and the surface cov-
erage of imprinted sites corresponds to 2.1 x 107! mol cm™.

The reversible uptake and release of the Zn(II)-PP-IX photo-
sensitizer units from the imprinted matrix are demonstrated
in Figure 2D. The regeneration of the active imprinted sites
through the cyclic washing off of the Zn(II)-PP-IX units and
their reloading to yield the active photoelectrochemical elec-
trodes imply that the imprinted sites exhibit structural rigidity
to bind the photosensitizer units. Furthermore, in all of the
experiments comparing the (1)-imprinted Au NPs electrode to
the nonimprinted matrix, substantially higher photocurrents
are observed with the imprinted electrodes. The low photocur-
rent values observed in the presence of the nonimprinted Au
NPs matrix are attributed to the low-affinity binding of Zn(II)-
PP-IX to the bis aniline-crosslinked Au NPs matrix via electro-
static and/or 77 interactions.

The system consisting of the imprinted Zn(II)-PP-IX
photosensitizer includes two redox-active components: the
bis aniline crosslinking units and the benzohydroquinone
units acting as an electron donor. The redox bridges undergo

Adv. Funct. Mater. 2015, 25, 64706477
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quasi-reversible transitions between the bis aniline and quinoid
states, Figure 3A. At E> 0.0 V versus SCE, the bridges exist in
the quinoid structure, whereas at E < 0.0 V, the bridges exist
in the reduced bis aniline state. The second redox-active unit
corresponds to the hydroquinone component that reveals, in
the presence of imprinted Au NPs matrix, the quasi-reversible
redox wave shown in Figure 3B. At E > 0.1 V, the solubilized
hydroquinone units are oxidized to the benzoquinone state,
while at E < 0.1V, they exist in the reduced hydroquinone con-
figuration. Accordingly, one may expect that upon changing the
bias potential on the electrode, the photocurrents generated by
the system could be controlled. Figure 3C depicts the photo-
current intensities generated by the Zn(II)-PP-IX-imprinted Au
NPs electrode upon biasing the potential on the electrode. The
system generates a peak anodic photocurrent of =70 nA cm™
at approximately E = 0.05 V versus SCE. Shifting the poten-
tial to more positive values than that results in a decrease in
the anodic photocurrent, while shifting the potential to values
higher than E > 0.15 V, leads to a sharp transition to cathodic
photocurrents (e.g., at E= 0.2V, the cathodic photocurrent cor-
responds to =250 nA cm~2). The observed potential-controlled
photocurrents and the transitions from anodic to cathodic
photocurrents are rationalized in terms of the redox states of
the components involved in the photocurrent generation. At
E =0.05V, the quinoid electron acceptor units associated with
the crosslinking bridges allow the transport of the Zn(II)-PP-
IX photoexcited electrons through the Au NPs to the base Au
surface. Under this potential, most of the benzohydroquinone
units retain their reduced electron donor state. Upon illumi-
nation, the reduction of the resulting oxidized photosensitizer,
Zn(I)-PP-IX'* by the benzohydroquinone regenerates the
photosensitizer, with the concomitant transfer of the electrons
trapped by the bis aniline quinoid bridges to the electrode,
yielding the steady-state anodic photocurrent. At potentials
E > 0.1V, and particularly at E > 0.15 V, the hydroquinone
units solubilized in the electrolyte solution are oxidized to
benzoquinone, allowing its sole existence at the electrode/elec-
trolyte interface. The high concentration of the benzoquinone
acceptor units at the electrode surface results in the effective
quenching of the photoexcited Zn(II)-PP-IX photosensitizer
and the reduction of the Zn(II)-PP-IX* species by electrons
supplied by the electrode lead, then, to the formation of high
cathodic photocurrents. Interestingly, biasing the potential
of the electrode below E < 0.05 V results in a decrease in the
photocurrent intensity which is attributed to the electrochem-
ical reduction of the quinoid bridges, a process that depletes
the electron acceptor bridging units in the Au NPs. The ON/
OFF photoswitchable generation of the peak anodic photo-
currents upon biasing the Zn(II)-PP-IX-imprinted and non-
imprinted matrices at E = 0.05 V are depicted in Figure 3D.
Evidently, the comparison between the light-triggered photo-
currents by the two electrodes reveals that the imprinting pro-
cedure is essential for the concentration of the photosensitizer
units at the surface, thus leading to the enhanced observable
photocurrent values.

The successful generation of high-affinity molecular-
imprinted sites for Zn(II)-PP-IX in the bis aniline-crosslinked
Au NPs matrix, and the enhanced photocurrents observed upon
binding the photosensitizer Zn(II)-PP-IX to the imprinted
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Figure 3. A) Cyclic voltammogram showing the redox wave of the bis aniline units associated with the crosslinked Au NPs matrix. B) Cyclic voltam-
mogram corresponding to the redox wave of benzohydroquinone, 10 x 1073 w, dissolved in the electrolyte solution, in the presence of the imprinted
bis aniline-crosslinked Au NPs matrix. Measurements in (A) and (B) were performed in a HEPES buffer (0.1 m, pH = 7.2). Scan rate: 100 mV s~
C) Potential-dependent photocurrent values corresponding to the application of variable potentials on the Zn(l1)-PP-IX-imprinted bis aniline-crosslinked
Au NPs electrode. Measurements were performed in a HEPES buffer solution (0.1 m, pH = 7.2) containing Zn(Il)-PP-IX, 1 x 10~® m, and benzohydroqui-
none, 10 x 1073 m. Photocurrents were measured at A =425 nm. Error bars correspond to a set of N = 4 measurements. D) Time-dependent switchable
photocurrents generated by 1) the Zn(I1)-PP-IX-imprinted and Il) the nonimprinted bis aniline-crosslinked Au NPs electrodes, upon the application of
cyclic ON/OFF illumination (indicated by arrows) at =425 nm. Bias potential applied on the electrode E = 0.05 V versus SCE. All measurements were
performed in a HEPES buffer solution (0.1 m, pH = 7.2) containing Zn(I1)-PP-IX, 1 X 107® m, and benzohydroquinone, 10 x 107 m.

sites, suggest that by the appropriate structural modification
of the photosensitizer, the resulting photocurrents could be
improved. Numerous studies have implemented photosensi-
tizer-electron acceptor dyads,?”) triads,® tetrads,*! or electron
donor/photosensitizer/electron acceptor triads,?% as supra-
molecular nanostructures that mimic the electron transfer
reactions of the native photosynthetic apparatus. The stepwise
electron transfer processes in these systems lead to the spatial
separation of the photogenerated reduced and oxidized species,
thus retarding the destructive back electron transfer reactions,
and enhancing the yields of photocurrent efficiencies. Accord-
ingly, the imprinting of a photosensitizer-electron acceptor dyad
structure in the bis aniline-crosslinked Au NP matrices could
lead to functional electrodes exhibiting enhanced photocurrent
generation efficiencies. Previous studies have implemented
the bis-N-methyl-4,4"-bipyridinium-Zn(II)-protoporphyrin-IX,
(4), Zn(11)-PP-V?*, as a functional dyad for the bridging of
layered Au NP structures and generating photocurrents.7¢]
Also, N,N’-4,4’-dialkylbipyridinium salts were imprinted in bis
aniline-crosslinked Au NPs using donor—acceptor interactions
between the bis aniline donor and the bipyridinium acceptor
units as the imprinting paradigm.?*! Accordingly, the (2)/
(3)-capped Au NPs were electropolymerized on the (2) mono-
layer-modified electrode in the presence of Zn(II)-PP-V2* (4),

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and following the rinsing off of the photoactive dyad, a Zn(II)-
PP-V?*imprinted Au NPs matrix was formed (Figure 1). The
photocurrents generated by the Zn(Il)-PP-V?*-imprinted Au
NPs matrix in the presence of variable bulk concentrations of
Zn(I1)-PP-V2* are depicted in Figure 4A. As the bulk concen-
tration of Zn(II)-PP-V?* increases, the resulting photocurrents
are intensified, consistent with the increased occupation of
the binding sites by the Zn(II)-PP-V2* photosensitizer units.
Assuming that the resulting photocurrents originate from
the binding of the photosensitizer (4) to the imprinted sites,
and by applying the Langmuir binding model, we evaluated
the association constant of Zn(II)-PP-V2* with the imprinted
sites to be 6.7 x 10° Mm%, and the coverage of imprinted binding
sites was estimated to be 3.7 x 107! mol cm™2, a value which
showed a good agreement with the coulometric analysis of the
bound Zn(I1)-PP-V?*. Figure 4B shows the cyclic voltammo-
grams corresponding to the bipyridinium units of the Zn(II)-
PP-V2* dyad associated with the imprinted sites, as a function
of the sweep rates. The peak currents reveal a linear relation-
ship to the sweep rates, Figure 4B, inset, consistent with the
surface confinement of the Zn(11)-PP-V2* on the imprinted Au
NPs matrix.

The photocurrent action spectrum generated by the Zn(II)-
PP-V2*-imprinted Au NPs matrix in the presence of the dyad,

Adv. Funct. Mater. 2015, 25, 6470-6477
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Figure 4. A) Dependence of the photocurrent, at A = 425 nm, on the
external concentration of Zn(ll)-PP-VZ*. Measurement were performed
on a) the Zn(I1)-PP-V2*-imprinted matrix and b) the nonimprinted matrix.
B) Cyclic voltammograms corresponding to the Zn(l1)-PP-VZ*-imprinted
matrix in the presence of 0.6 X 107® m Zn (I1)-PP-V2* at variable scan rates:
a) 10, b) 25, ¢) 50, and d) 100 mV s Inset: Calibration curve showing
the dependence of the peak anodic current, at E=-0.6 V versus SCE, on
the applied scan rate. C) Photocurrent action spectra corresponding to
a) the Zn(Il)-PP-VZ*-imprinted matrix in the presence of Zn(ll)-PP-V?*,
0.6 X 107 m, b) the nonimprinted matrix in the presence of Zn(ll)-PP-V?*,
0.6 X 107 m, and c) the Zn(l1)-PP-IX-imprinted matrix in the presence of
Zn(I1)-PP-1X, 1 X 107® m. For comparison, the photocurrent in curve (a)
was normalized to the surface coverage of Zn(I1)-PP-IX in curve (c). In all
systems, benzohydroquinone, 10 x 1073 m, was used as an electron donor.

normalized to the surface coverage of the Zn(II)-PP-IX units
in the Zn(II)-PP-IX-imprinted Au NPs matrix, and under con-
ditions where the imprinted sites are saturated, is depicted
in Figure 4C, curve (a). For comparison, the photocurrent
action spectrum generated by the nonimprinted bis aniline-
crosslinked Au NPs matrix under similar conditions, is shown
in Figure 4C, curve (b). Evidently, the imprinted Au NPs system

Adv. Funct. Mater. 2015, 25, 64706477
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reveals a =20-fold increase in the photocurrent as compared
to the nonimprinted matrix. This result demonstrates that
the origin for the high photocurrents is the concentration of
the photosensitizer-electron acceptor Zn(I1)-PP-V** dyad on
the electrode by the imprinted sites. Under these conditions,
a photocurrent quantum yield of 0.5% was evaluated for the
dyad-imprinted Au NPs matrix. Figure 4C, curve (c), depicts the
photocurrent action spectrum of the Zn(II)-PP-IX-imprinted
Au NPs matrix in the presence of Zn(II)-PP-IX (lacking the
attached bipyridinium units) under the conditions where the
imprinted sites are saturated. Clearly, for a similar surface cov-
erage of the photosensitizer units, the photocurrent generated
by the Zn(II)-PP-V?*-imprinted matrix is more than twofold
higher as compared to the Zn(II)-PP-IX-imprinted electrode.
This enhancement is attributed to the more effective charge
separation in the Zn(II)-PP-V2* system. Upon illumination, the
primary charge separation in the dyad proceeds to yield Zn(II)-
PP *-V'*. The subsequent reduction of the quinoid bridging
units by the V'* entities, followed by the reduction of the
photogenerated holes by the solubilized hydroquinone electron
donor, allow the subsequent transport of the electrons to the
base electrode surface, leading to the effective generation of the
anodic photocurrent observed.

3. Conclusion

The present study has demonstrated the successful genera-
tion of imprinted binding sites for photosensitizer units in
bis aniline-crosslinked Au NP matrices associated with elec-
trodes. The imprinting paradigm is based on electrostatic
and/or donor-acceptor interactions between the imprinted
photosensitizer units and the bis aniline units bridging the
Au NPs, which are formed upon the electropolymerization
of thioaniline-functionalized Au NPs. Two photosensitizers,
Zn(Il)-protoporphyrin IX, Zn-PP-IX, and bis-bipyridinium-
modified Zn(1I)-protoporphyrin 1X, Zn(II)-PP-IX-V**, were
imprinted in the Au NP matrices. Enhanced anodic photo-
currents were demonstrated upon subjecting the Zn(II)-PP-
IX- or Zn(II)-PP-IX-V*-imprinted electrodes to the respective
photosensitizers and in the presence of benzohydroquinone
as an electron donor, as compared to the photocurrents gen-
erated by the nonimprinted bis aniline-crosslinked Au NPs
matrix under similar conditions. The enhanced photocurrents
observed for the imprinted matrices were attributed to (i) the
effective loading of the electrodes with the photosensitizers by
means of the imprinted sites and (ii) the effective transport of
the photoejected electrons to the electrode supports by means
of the bis aniline bridging units. We further demonstrate
that the bipyridinium-functionalized Zn(II)-PP-IX-V2* dyad-
imprinted system reveals intensified photocurrents as com-
pared to the Zn(II)-PP-IX-imprinted matrix. These enhanced
photocurrents were attributed to the primary charge separation
of the electron-hole species in the dyad structure. In view of
these results, the concentration of chromophores at electrode
surfaces by means of molecularly engineered dyad, triads, or
even tetrads, could become a general principle for tailoring
dye-photosensitized photoelectrochemical cells of improved
efficiencies.
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4. Experimental Section

Materials: ~ Synthesis ~ of  bis-N-methyl-4,4"-bipyridinium-Zn(Il)-
protoporphyrin-IX: The Zn(l1)-PP-V2* photosensitizer was synthesized
according to a previously reported procedure.?’¢l

Au NPs Synthesis: Au nanoparticles capped with 2-mercaptoethane
sulfonic acid and p-aminothiophenol were prepared by mixing a 100 mL
methanol solution containing 197 mg HAuCl, with a 5 mL methanol
solution containing 42 mg mercaptoethane sulfonate and 8 mg
p-aminothiophenol. The two solutions were stirred in the presence of
2.5 mL glacial acetic acid in an ice bath for 30 min. Subsequently, 7.5 mL
aqueous solution of 1 m sodium borhydride, NaBH,, was added dropwise
to the solution, resulting in a dark color, associated with the presence of
the Au NPs. The solution was stirred for 1 additional hour in an ice bath
and then for 14 h at room temperature. The particles were successively
centrifuged and washed (twice in each solvent) with methanol, ethanol,
and diethyl ether. The average size of the NPs was estimated by
transmission electron microscopy (TEM) to be 3.6 £ 0.6 nm.

Modification of the Electrodes: Thioaniline-functionalized electrodes
were prepared by immersing Au-coated glass slides for 3 h in an ethanolic
solution containing p-aminothiophenol, 10 X 1073 m. In order to prepare
the bis aniline-crosslinked Au NPs composites, 2.7 mg mL™" of the
functionalized Au NPs, dissolved in a HEPES buffer solution (0.1 m, pH =
7.2), were electropolymerized on the p-aminothiophenol-modified Au
electrodes in the presence of Zn(l1)-PP-IX or Zn(I1)-PP-V?*, 2.4 X 1073 wm,
imprint guest molecules (for the preparation of the imprinted matrices),
or in the absence of the guest molecules (for the preparation of the
nonimprinted matrices). Electropolymerization was performed by the
application of 80 potential cycles between —0.2 and 1.1 V versus KCl-
saturated calomel electrode, SCE, at a scan rate of 100 mV s~'. The
resulting films were, then, washed with the background buffer solution
to exclude any residual monomer from the electrode. The extraction
of the porphyrin sensitizer molecules from the film was carried out
by immersing the electrodes in a sodium acetate buffer solution
(30 x 107 m, pH = 4.5) for 6 h under stirring conditions, and thoroughly
washing with a HEPES buffer solution (0.1 m, pH = 7.2). The full removal
of the porphyrin molecules from the electropolymerized films was
verified by periodically monitoring the decrease in the photocurrents and
the voltammetric response of the Zn(I1)-PP-V2*-imprinted electrode.

Instrumentation and Methods: Photoelectrochemical measurements
were performed using a home-built system that included a Xe lamp
(Oriel, model 6258, P =300 W), a monochromator (Oriel, model 74000,
2 nm resolution), and a chopper (Oriel, model 76994). The electrical
output from the cell was sampled by a lock-in amplifier (Stanford
Research, model SR 830 DSP). The shutter chopping frequency was
controlled by a Stanford Research pulse/delay generator, model DE535.
The effective illumination area of all modified electrodes was 0.2 cm?.
The photogenerated currents were measured between the modified
working electrodes and a Pt counter electrode, while constantly purging
the electrolyte with Ar. The time-dependent photocurrent experiments
employed an Autolab potentiostat (ECO Chemie, The Netherlands)
driven by general purpose electrochemical system (GPES) software
which was coupled to the photoelectrochemical apparatus, allowing the
measurement of the photocurrents upon the application of different
external potentials on the modified surfaces. In these experiments, a Ag
wire (d=0.5 mm), and a Pt sheet, were used as the reference and counter
electrodes, respectively, and the values reported represent the difference
between the currents measured under illumination and dark. QCM
measurements were performed using a home-built instrument linked to
a frequency analyzer (Fluke) using Au-quartz crystals (AT-cut 10 MHz).
AFM images were captured in a tapping mode on a Digital Nanoscope IV
instrument employing Si cantilevers (NSC15/AIBS, MicroMash, Estonia,
resonance frequency order of 320 kHz). Absorption spectra were recorded
using a UV-vis spectrophotometer (Shimadzu UV2401PC).

The internal photocurrent quantum yield corresponding to the
number of electrons generated/number of photons absorbed was
calculated as follows. The intensities of the transmitted and reflected
light were subtracted from the intensity of the incident light to yield
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the absorbed light intensity, P. The internal quantum yield was, then,
evaluated using Equation (1).

¢ = hl/AeP )

where | is the measured photocurrent, h is Planck’s constant, ¢ is the
vacuum velocity of light, A is the selected wavelength of light, and e is
the charge of an electron.
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