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T

he preparation of signal-triggered
modiﬁed surfaces is one of the challenging topics in material science.1
Diﬀerent applications of monolayer- or thin
ﬁlm-functionalized surfaces, such as selective sensing,2 controlled release and delivery of drugs,3 controlled wettability,4 charge
transport at electrode surfaces, 5 and
others,6 were suggested. Diﬀerent external
stimuli, such as electrical,7 optical,8 pH,9
thermal,10 magnetic,11 or chemical12 stimuli,
were used to control the properties and
functions of the modiﬁed surfaces. Imprinted polymers, assembled as thin ﬁlms
on surfaces, provide “smart” matrices for
selective sensing and separation.13 Recently, we reported on the imprinting of
speciﬁc molecular recognition sites in electropolymerized bis-aniline-cross-linked Au
nanoparticles (NPs) composites associated
with electrodes. We demonstrated that the
electropolymerization of thioaniline-functionalized Au NPs in the presence of
electron acceptors, or negatively charged
substrates (or structural analogues to the
substrates), led to the formation of imprinted sites through donoracceptor or
electrostatic aﬃnity interactions, respectively.14 Similarly, the cofunctionalization
of the thioaniline-modiﬁed Au NPs with
speciﬁc ligands enabled the imprinting
of molecular recognition sites into the
Au NPs matrices by electrostatic or ligandsubstrate interactions.15 These imprinting
procedures were implemented to develop
selective sensing matrices for explosives,
for example, TNT,16 RDX,17 PETEN,18 and
EGDN,18 and the detection of saccharides19
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ABSTRACT 1,2-Di(2-methyl-5-(N-methylpyridinium)-thien-3-yl)-cyclopentene undergoes a re-

versible photoisomerization between open and closed states. The closed isomer state exhibits
electron acceptor properties, whereas its irradiation using visible light (λ > 530 nm) yields the open
state that lacks electron acceptor features. The electropolymerization of thioaniline-functionalized
Au nanoparticles (NPs) in the presence of the closed photoisomer state yields a molecularly
imprinted Au NPs matrix, cross-linked by redox-active bis-aniline π-donor bridges. The closed isomer
is stabilized in the imprinted sites of the bis-aniline-bridged Au NPs composite by donoracceptor
interactions. The electrochemical oxidation of the bis-aniline bridging units to the quinoid acceptor
state leads to imprinted sites that lack aﬃnity interactions for the binding of the closed state to the
matrix, leading to the release of the closed photoisomer to the electrolyte solution. By the cyclic
reduction and oxidation of the bridging units to the bis-aniline and quinoid states, the reversible
electrochemically controlled uptake and release of the closed photoisomer is demonstrated. The
quantitative uptake and release of the closed isomer to and from the imprinted Au NPs composites is
followed by application of CdSe/ZnS quantum dots as auxiliary probes. Similarly, by the reversible
photochemical isomerization of the closed substrate to the open substrate (λ > 530 nm) and the
reversible photoizomerization of the open substrate to the closed state (λ = 302 nm), the cyclic
photonic uptake and release of the closed substrate to and from the imprinted Au NPs matrix are
demonstrated. Finally, we demonstrate that the electrochemically stimulated uptake and release of
the closed substrate to and from the imprinted Au NPs composite controls the wettability of the
resulting surface.
KEYWORDS: Au nanoparticles . electrochemistry . photochemistry . wettability .
switch

or antibiotics.20 The unique features of the
molecularly imprinted Au NPs composite
are as follows: (i) The imprinted sites exhibit
high aﬃnity for the selective binding of the
imprinted substrates. (ii) The localized plasmon associated with the Au NPs results in its
coupling with the surface plasmon wave
associated with the thin metal ﬁlms deposited on the solid supports. This electronic
coupling leads to shifts in the resonance
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RESULTS AND DISCUSSION
The molecule 1,2-di(2-methyl-5-(N-methylpyridinium)-thien-3-yl)-cyclopentene, 1a, undergoes a photochemical 6π-electrocyclic cyclization upon irradiation,
λ = 302 nm, to form the photoisomer 1b. The irradiation of 1b with visible light, λ > 530 nm, results in the
back isomerization to 1a, eq 1. The planar structure
of the isomer 1b and the delocalization across the
pyridinium sites, suggest that the isomer 1b exhibits
ZHANG ET AL.

acceptor properties similar to other conjugated bipyridinium salts. Accordingly, we anticipated that the
photoisomer 1b could act as a substrate in the preparation of an electrochemically/photochemically triggered uptake/release system, as outlined in Figure 1.
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spectrum of the surface wave. Thus, changes in the
dielectric properties in the composite, as a result of
binding or dissociation of a substrate to and from the
molecular recognition sites, are ampliﬁed through the
electronic coupling of the localized NPs plasmon with
the surface plasmon wave. (iii) The bis-aniline units,
bridging the Au NPs, exhibit a quasi-reversible redox
wave that enables the potential-induced cyclic transformation of the bridging units from the π-donor bisaniline state to the π-acceptor quinoid state, and back.
(iv) The Au NPs can be modiﬁed by functional coadditives in the capping layer leading to multifunctional
NPs composites. For example, thiolated nitrospiropyran photoisomerizable units were assembled on
an imprinted, cross-linked, Au NPs composite to
yield an electrochemically/photochemically triggered
matrix.21 The unique properties of the imprinted Au
NPs matrices were implemented to develop electrochemically triggered “sponges” for the selective electrically triggered uptake and release of the imprinted
substrates.22 Also, the electrochemically switched uptake and release of the imprinted substrates led to the
controlled wettability of surfaces.21,23 The imprinted
bis-aniline-cross-linked Au NPs composites, modiﬁed
with nitrospiropyran photoisomerizable units, were
used as an electrochemically and/or photochemically
activated “sponge” that enabled the stimuli-regulated
uptake or release of a zwitterionic electron acceptor to/
from the Au NPs matrix, and the control of the wettability of the surface.21 Here we wish to report on the
preparation of an imprinted Au NPs composite for the
selective association of a photoisomerizable substrate
exhibiting electron acceptor properties. We demonstrate the electrochemical or photochemical uptake/
release of the substrate by the imprinted composite and
the subsequent control of the wettability of the surface.
In a contrast to the previous study21 that implemented
imprinted Au NPs composites modiﬁed with photoisomerizable nitromerocyanine units and bis-aniline πdonor cross-linking bridges for the electrochemical and
photochemical controlled uptake and release of a zwitterionic electron acceptor, the present study demonstrates the use of the electroactive imprinted Au NPs
matrix for the controlled uptake and release of a
photoisomerizable substrate, exhibiting electron acceptor properties in one of the photoisomer states.

Au NPs (ca. 4 nm) functionalized with thioaniline
electropolymerizable units, (2), and mercaptoethane
sulfonic acid, (3), as a stabilizing cocomponent in the
capping layer, were electropolymerized in the presence of 1b, 2.5 mM, on a thioaniline monolayerfunctionalized Au surface. The electropolymerization
was performed by the application of 80 cyclic voltammetry scans in the range of 0.3 V to þ0.8 V vs SCE. The
imprinted substrate was rinsed-oﬀ from the resulting
bis-aniline-bridged Au NPs composite to yield the 1bimprinted Au NPs matrix (Figure 1A). A similar electropolymerization process was used to polymerize the
functionalized Au NPs in the absence of 1b, to yield the
nonimprinted bis-aniline-cross-linked Au NPs composite. The bis-aniline units, bridging the Au NPs, exhibit a
quasi-reversible redox wave at ca. E°0 = 0.05 V vs Ag
quasi-reference electrode (Ag QRE) at pH = 7.2. This
redox process transforms the bis-aniline donor bridges
to the quinoid acceptor state, and back (Figure 1A,
eq 2). Microgravimetric quartz crystal microbalance
(QCM) measurements indicated that the mass associated with the Au NPs composite corresponded to ca.
1.9  105 g cm2, a value that translates to a surface
coverage of ca. 4  1013 Au NPs cm2. Figure 2A, curve
a, shows the surface plasmon resonance (SPR) spectrum of the thioaniline-modiﬁed Au surface, whereas
curve b depicts the SPR spectrum of the surface after
the electropolymerization of the Au NPs in the presence of 1b. The shift in the SPR spectrum indicates
that the Au surface was modiﬁed with the Au NPs
composite. Figure 2A, curve c, shows the SPR spectrum
of the modiﬁed surface after rinsing of the imprinting
substrate, 1b. The resulting SPR spectrum shows a
lower value for the minimum reﬂectivity angle, which
is attributed to the changes in the dielectric properties
of the composite ﬁlm as a result of the elimination of
the imprinting substrate 1b. Indeed, further treatment
of the vacant imprinted Au NPs matrix with 1b results
in the SPR spectrum shown in curve d, which is almost
identical to the spectrum obtained upon the electrosynthesis of the imprinted matrix. The subsequent
removal of 1b from the modiﬁed surface yields, again,
the vacant matrix, as demonstrated in curve e. The
shifts in the SPR spectrum are, thus, attributed to the
dielectric changes occurring upon the binding, or
release, of 1b to or from the imprinted Au NPs composite. These results imply that the reﬂectance changes of
the SPR spectra may qualitatively report the binding
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Figure 1. (A) Schematic presentation of the electropolymerization of the bis-aniline-cross-linked Au NPs composite and the
imprinting of the π-acceptor molecule 1b. (B) Electro-stimulated (I) and photostimulated (II) uptake and release of 1b using
the imprinted bis-aniline-cross-linked Au NPs composite.

and dissociation of 1b to, and from, the Au NPs ﬁlm.
Figure 2B, curve a, shows the reﬂectance changes of
the imprinted Au NPs composite upon interaction with
diﬀerent concentrations of 1b for 20 min. For comparison, curve b depicts the reﬂectance changes associated with the nonimprinted Au NPs composite. While
the nonimprinted Au NPs composite reveals minute
reﬂectance changes, indicating low binding capacities
for 1b, the imprinted Au NPs matrix reveals substantially higher values, implying higher aﬃnities for the
association of 1b. The reﬂectance changes level oﬀ at a
concentration of 1b that corresponds to ca. 1 μM, and
this is attributed to the saturation of the imprinted sites
associated with the Au NPs composite with 1b. Assuming a Langmuir-type binding of 1b to the imprinted
sites, we calculated, from Figure 2B, curve a, the association constant of 1b to the imprinted sites, Ka = 1.6 
108 M1 (see Figure S1, Supporting Information). Realizing that the aﬃnity of 1b to the imprinted sites
originates from cooperative π-donoracceptor interactions between 1b and the donor bis-aniline units,
due to the steric ﬁt between 1b and the imprinted
molecular contours, we examined the eﬀect of the
ZHANG ET AL.

applied potential on the binding of 1b to the imprinted
sites. Figure 2C, curve a, shows the reﬂectance changes
(ΔR) measured for the Au NPs composite in the presence of 1b, 20 nM, at diﬀerent applied potentials.
Evidently, at positive potentials the reﬂectance changes
are very low, and even slightly negative, and as the potential is shifted negatively, the reﬂectance changes intensify.
Also, the ΔR values demonstrate a sharp increase at ca.
E = 0.05 V vs Ag QRE, and level oﬀ to a constant value at ca.
E = 0.1 V. The eﬀect of potential on the reﬂectance
changes in the presence of 1b is attributed to the redox
state of the bridging units. The sharp changes in the ΔR
values are observed at E = 0.05 V, the redox potential of the
redox-active bis-aniline bridging units. That is, at more
positive potentials, the bridging units exist in the quinoid
acceptor state that lacks aﬃnity for 1b and, thus, the
reﬂectance changes are small. At E < 0.05 V the bis-aniline
bridges are formed, and the association of 1b to the high
aﬃnity binding sites leads to enhanced reﬂectance
changes. As the potential is shifted to more negative
values, the reﬂectance changes reach a constant value,
consistent with the transformation of all bridges into the
bis-aniline state and the saturation of the bridging sites
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Figure 2. (A) SPR curves corresponding to (a) the thioaniline-modiﬁed Au surface before electropolymerization with the
thioaniline-functionalized Au NPs, (b) the bis-aniline-cross-linked Au NPs composite electropolymerized on the Au surface in
the presence of 1b, 2.5 mM, (c) the 1b-imprinted bis-aniline-cross-linked Au NPs matrix, following the removal of the imprint
molecule, (d) the 1b-imprinted bis-aniline-cross-linked Au NPs matrix, following its interaction with 1b, 1 μM, (e) the 1bimprinted bis-aniline-cross-linked Au NPs matrix, following the removal of the 1b molecule. (B) Calibration curves
corresponding to the changes in the reﬂectance intensities, at a constant angle θ = 63.5°, upon the interaction of variable
concentrations of 1b, for 20 min, with (a) the 1b-imprinted and (b) the nonimprinted matrices. (C) Eﬀect of applied potential
on the reﬂectance changes, at θ = 63.5°, of the bis-aniline-cross-linked Au NPs composite, upon interacting 1b, 20 nM, with (a)
the imprinted composite and (b) the nonimprinted composite. All measurements were performed in 0.1 M HEPES buﬀer
solution, pH = 7.2.

with 1b. These results indicate that the applied potential
may, indeed, control the association or dissociation of 1b
to, or from, the imprinted Au NPs matrix, and that SPR
may be used as a physical readout signal to follow these
processes. The eﬀect of applied potential on the Au NPs
matrix in the absence of 1b is shown in Figure 2C, curve b.
In this case, only small reﬂectance changes are induced
by the potential due to the lower aﬃnity of 1b to the
nonimprinted matrix.
Figure 1B, path I shows the schematic potential-induced
uptake and release of 1b to and from the imprinted Au
NPs matrix. The reduction of the bridges, at E = 0.3 V, to
the bis-aniline state results in the association of 1b to the
imprinted sites, whereas the oxidation of the bridges to
the quinoid state, at E = þ0.4 V, leads to the dissociation,
and release, of 1b from the composite. Figure 3A demonstrates the cyclic uptake and release of 1b by the 1bimprinted surface. Application of the negative potential
results in a time-dependent increase in the reﬂectance,
implying that 1b binds to the imprinted sites. Reversing
the potential to the positive value, leads, then, to the
time-dependent decrease of the reﬂectance changes,
indicating that 1b is released from the imprinted matrix.
ZHANG ET AL.

We, then, examined the possibility to control the binding and dissociation of 1b to and from the imprinted
matrix using light, by exploiting the fact that 1a exhibits
reversible photoisomerizable properties, eq 1. While 1a
lacks electron acceptor properties, the photoisomer 1b
indeed reveals such features. We ﬁnd that the 1b-imprinted Au NPs composite demonstrates selective association properties and the photoisomer 1a does not bind to
the matrix, thus leading to lower reﬂectance changes.
Accordingly, we examined the possibility to control the
association and dissociation of 1b to and from the surface
by light (Figure 1B, path II). Figure 3B, region I, shows two
photochemical uptake and release cycles of 1b to and
from the 1b-imprinted Au NPs matrix. The uptake of the
photoisomer 1b by the bis-aniline-bridged Au NPs composite is relatively fast, and it is followed by an increase in
the reﬂectance. Photoisomerization of 1b in the solution, λ
> 530 nm, yields 1a, and the process is followed by a slow
decrease in the reﬂectance of the system, indicating the
slow release of the substrate associated with the composite. Evidently, a subsequent rephotoisomerization of 1a to
1b leads to the rapid uptake of the imprinted substrate by
the imprinted sites, and the secondary photoisomerization
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of 1b to 1a leads to the cyclic release of the substrate from
the Au NPs matrix. It should be noted that in contrast to
the fast electrochemically driven uptake and release of 1b
to and from the matrix, the photochemical release of 1b
from the matrix is slower. Two major reasons may contribute to this diﬀerence: (i) In the electrochemically driven
process the electrode is biased at a positive potential, E =
þ0.4 V, that results in the quinoid states. The release of 1b
from the matrix does not only originate from the fact that
the bridging units are transformed to the acceptor state,
but it is also assisted by electrostatic repulsion by the
positively charged electrode. (ii) In the photochemically
induced release we photoisomerize 1b to 1a in solution,
ZHANG ET AL.
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Figure 3. (A) Time-dependent reﬂectance changes corresponding to the cyclic electrostimulated uptake and release of
1b, 20 nM, by the 1b-imprinted bis-aniline-cross-linked Au NPs
composite-modiﬁed Au electrode, upon the application of
cyclic potentials on the electrode: (a) E = 0.3 V (vs Ag QRE),
and (b) E = 0.4 V. (B) Time-dependent reﬂectance changes
corresponding to the uptake and release of 1b, 5 nM, by the
composite in panel A. Region I: (a) Interaction of the composite
with the 1b solution after the photoisomerization of 1a for
10 min at λ = 302 nm, and the application of E = 0.3 V on the
electrode for 10 min, (b) illumination of the composite and the
solution in (a) by visible light, λ > 530 nm, (c) interaction of the
composite in (b) with the solution, after its illumination by UV
light, λ = 302 nm, for 10 min, (d) illumination of the composite
in (c) by visible light, λ > 530 nm. Region (II): (a0 ) Interaction of
the composite with the 1b solution after the application of E =
0.3 V on the electrode for 10 min, and (b0 ) interaction of the
composite with the 1b solution after the application of E = 0.4 V
on the electrode for 10 min. All measurements were performed
in a 0.1 M HEPES buﬀer solution, pH = 7.2.

and make use of the fact that the content of 1b associated
with the matrix is low, as compared to the content of 1b in
the electrolyte solution (vide infra). As a result, the release
of 1b from the matrix is controlled by the need to establish
an equilibrium state due to the depletion of 1b in the
solution through photoisomerization to 1a. This process is
relatively slow, particularly since the bridging units are
present in the π-donor bis-aniline state. The photochemically controlled uptake and release of 1b by the 1bimprinted composite was, then, followed by two electrochemically driven uptake/release cycles of 1b (Figure 3B,
region II).
The discussion until now demonstrated the process
of imprinting molecular recognition sites for the photoisomer 1b in a Au NPs composite, and the implementation of SPR spectroscopy to follow the electrochemically or photochemically triggered uptake and
release of 1b to/from the imprinted matrix. We directed our research, however, to an eﬀort of evaluating
quantitatively the activity of the Au NPs composite
as an electrochemically driven “sponge”. Toward this
goal, we used CdSe/ZnS quantum dots (QDs) as an
auxiliary label that follows the concentration of 1b in
the electrolyte solution, in the presence of the electroactive Au NPs “sponge”. We have modiﬁed two diﬀerent sized CdSe/ZnS QDs with mercaptopropionic acid,
which allowed us to concentrate the positively charged
electron acceptor 1b at the QDs surface, thus enhancing their quenching by the acceptor units, Figure 4A.
Evidently, the luminescence quenching of the smaller
QDs (λem = 490 nm) by 1b is ineﬃcient (see Figure S2A,
Supporting Information). On the other hand, the luminescence quenching of the larger QDs (λem = 620 nm)
proceeds eﬀectively, (Figure S2B, Supporting Information). To account for this diﬀerence, we refer to the
absorption spectrum of 1b that demonstrates an
absorbance band that overlaps the luminescence of
the larger-sized CdSe/ZnS QDs, but lacks signiﬁcant
overlap with the luminescence spectrum of the smaller
QDs (Figure S3, Supporting Information). Thus, we
conclude that 1b acts as an ineﬃcient quencher for
the QDs by an electron transfer quenching mechanism,
yet it acts as an eﬀective quencher of the larger QDs by
a ﬂuorescence resonance energy transfer (FRET) mechanism. The calibration curve showing the luminescence intensities of the larger-sized QDs at diﬀerent
concentrations of 1b is shown in Figure 4B. This calibration curve is used to follow quantitatively the electrochemically triggered uptake and release of 1b to and
from the 1b-imprinted Au NPs composite, using the
QDs as an auxiliary luminescence probe. The interaction of the 1b solution with the electrode, modiﬁed with the imprinted Au NPs composite, followed
by biasing the electrode at E = 0.3 V, results in the
uptake of 1b by the composite. Analysis of the electrolyte solution through the addition of the QDs reveals a
high luminescence spectrum, Figure 4C, curve a,
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Figure 4. (A) Photonic imaging of the electrochemical uptake and release of 1b to and from the 1b-imprinted bis-anilinecross-linked Au NPs composite using CdSe/ZnS QDs as auxiliary optical labels. (B) Calibration curve corresponding to the
ﬂuorescence intensity of CdSe/ZnS QDs (λem = 620 nm), 1010 M, in a HEPES buﬀer solution (0.1 M, pH = 7.2), that contains
diﬀerent concentrations of 1b. Excitation wavelength: λex = 430 nm. (C) Emission spectra of CdSe/ZnS QDs (λem = 620 nm),
1010 M, in a HEPES buﬀer solution (0.1 M, pH = 7.2) that contains 1b, 100 nM, following the sequential application of
(a) E = 0.3 V (vs Ag QRE), (b) E = 0.4 V, (c) E = 0.3 V, and (d) E = 0.4 V, for 10 min. Inset: The maximal ﬂuorescence values,
at λ = 620 nm, measured following the cyclic application of the potential triggers.

consistent with the depletion of 1b from the electrolyte
solution through its uptake by the imprinted Au NPs
“sponge”. The subsequent release of 1b from the Au
NPs-functionalized electrode, under an applied bias
potential of E = þ0.4 V, followed by the analysis of the
content of 1b in the electrolyte solution with the luminescent QDs, reveals a low luminescence spectrum,
Figure 4C, curve b, reﬂecting that 1b is released from
the composite. In turn, recharging the electrode with the
electrolyte solution that includes 1b, while biasing the
electrode at E = 0.3 V, indicates that the content of 1b
in the electrolyte solution is depleted through the
association of 1b with the “sponge”, as evidenced by
the high luminescence of the QDs, Figure 4C, curve c. The
subsequent release of 1b from the matrix is depicted in
curve d. This process of probing the uptake/release of 1b
by the use of the QDs as auxiliary luminescent probe can
be further cycled, Figure 4C, inset. It should be noted that
the nonimprinted Au NPs composite did not show any
detectable uptake/release of 1b through the quenching
of the QDs. From the luminescence changes of the QDs
ZHANG ET AL.

upon the electrochemically stimulated uptake of 1b, and
by using the calibration curve shown in Figure 4B, we
estimate that ca. 1.5  1011 mole 3 cm2 of 1b were
linked to the Au NPs “sponge”.
The photoisomer 1b is positively charged, and hence
the electrochemical uptake and release of 1b to and from
the Au NPs “sponge” are anticipated to control the wettability of the surface. Figure 5A, panel a, shows an aqueous
electrolyte droplet that includes 1b positioned on the
imprinted Au NPs-modiﬁed Au surface being subjected to
the negative potential of E = 0.3 V. The droplet exhibits a
contact angle that corresponds to φ = 32.5°, revealing the
generation of a hydrophilic surface. By applying the
oxidative potential (E = 0.4 V) on the Au NPs-functionalized
electrode, the bridging units are transformed to the
quinoid state. Under these conditions, the contact angle
of the droplet changes to φ = 46.7°, Figure 5A, panel b,
implying that a surface of enhanced hydrophobicity is
generated. By the cyclic application of the negative and
positive potentials on the imprinted Au NPs composite,
the contact angles are reversibly switched between low
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Figure 5. (A) Images showing changes in the contact angle for a droplet containing 1b, 20 nM, on the 1b-imprinted bisaniline-cross-linked Au NPs electrode, upon the application of (a) a reductive potential pulse, E = 0.3 V (vs Ag QRE), for 10
min, (b) an oxidative potential pulse, E = 0.4 V, for 10 min. (B) Cyclic electrical switching of the contact angle of the droplet in
panel A by the application of (a) E = 0.3 V for 10 min, and (b) E = 0.4 V for 10 min. (C) Electrostimulated wettability changes by
the uptake and release of 1b molecules using the imprinted bis-aniline-cross-linked Au NPs composite. All measurements
were performed in a 0.1 M HEPES buﬀer solution, pH = 7.2.

and high values, respectively, Figure 5B. Control experiments demonstrated that in the presence of 1b, the
nonimprinted Au NPs composite revealed only minute
contact angle changes upon applying the reductive or
oxidative potentials on the electrode (Δφ = 3°). Also, the
imprinted Au NPs composite showed minute contact
angle changes in the absence of 1b and upon the application of the negative or positive potentials. These results
and the respective control experiments imply that the
contact angle changes originate from the potential-induced uptake and release of 1b to/from the imprinted Au
NPs composite, as schematically outlined in Figure 5C.
When the imprinted Au NPs composite is biased by the
negative potential (E = 0.3 V), the potential-induced
uptake of 1b proceeds, resulting in an interface of enhanced hydrophilicity. In turn, when the electrode is
subjected to the positive potential (E = 0.4 V), the electron
acceptor 1b is released from the composite, resulting in a
surface of lower hydrophilicity.

In conclusion, the present study has demonstrated the
successful imprint of selective molecular recognition sites
for the electrocyclized dithienylethene photoisomer 1b
that exhibits electron acceptor properties. The imprinting
process led to the formation of a molecularly imprinted Au
NPs composite that revealed selectivity and high binding
capacities for the imprinted substrate. The electrochemically triggered uptake and release of 1b to and from the
Au NPs composite has been demonstrated through the
cyclic electrochemical reduction and oxidation of the bisaniline units that bridge the NPs and transform the linker
units between the π-donor and the π-acceptor states,
respectively. Similarly, the photonic release of 1b from the
Au NPs composite was demonstrated through the photoisomerization of 1b to the open photoisomer state, 1a,
that lacks acceptor properties. Finally, the electrochemically triggered uptake and release of 1b to and from the
Au NPs composite led to the cyclic switchable wettability
of the surface.

METHODS

reacted with 0.075 mL (1.2 mmol) of CH3I in the dark. The solution
was stirred for 24 h at 70 °C. The solvent was then evaporated in
vacuum, and the extract was washed with ether. Following filtration, a yellow solid of 1a was obtained with 90% yield. 1H NMR
(400 MHz, CD3OD, 25 °C): d (ppm) 2.10 (s, 6 H), 2.19 (m, 2 H), 2.94
(t, J = 7.2, 4 H), 4.35 (s, 6 H), 7.97 (s, 2 H), 8.13 (d, J = 6.8, 4 H), 8.75
(d, J = 7.2, 4 H).

Synthesis of 1,2-Di(2-methyl-5-(N-methylpyridinium)-thien-3-yl)-cyclopentene, 1a. 1,2-Di(2-methyl-5-(pyrid-4-yl)-thien-3-yl)cyclopentene
(DTEPy) was synthesized according to a previously reported procedure,24 and characterized by 1H NMR. To synthesize 1a, 0.1 g
(0.24 mmol) of DTEPy, dissolved in 20 mL of dry acetonitrile, was
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Nanoparticles and QDs Syntheses. Au nanoparticles functionalized with 2-mercaptoethane sulfonic acid and p-aminothiophenol (Au NPs) were prepared by mixing a 10 mL solution containing
197 mg of HAuCl4 in methanol, a 5 mL solution containing
42 mg of mercaptoethane sulfonate, and 8 mg of p-aminothiophenol in methanol. The two solutions were stirred in the presence of
2.5 mL of glacial acetic acid on an ice bath for 1 h. Subsequently,
7.5 mL of aqueous solution of 1 M sodium borhydride, NaBH4, was
added dropwise, resulting in a dark color solution 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 washed and centrifuged (twice in each
solvent) with methanol, ethanol, and diethyl ether. A mean particle
size of ca. 4 nm was estimated using TEM. CdSe/ZnS QDs (λem = 490
or 620 nm) were precipitated from a toluene solution by the
addition of 2 mL of methanol to 0.5 mL of QDs, in toluene, followed
by a centrifugation for 5 min at 3000 rpm. The resulting precipitate
was dissolved in 1 mL of chloroform, to which 200 μL of mercaptopropionic acid solution (containing 0.142 g mercaptopropionic acid
and 40 mg KOH in 2 mL methanol) was added, and the resulting
mixture was shaken for 10 min. Subsequently, 1.5 mL of 1 mM
aqueous NaOH solution was added to the system, resulting in the
transfer of the QDs to the aqueous phase. The QDs solution was,
then, separated from the chloroform by centrifugation for 1 min.
The excess of mercaptopropionic acid was removed by two
successive precipitation steps of the QDs, using NaCl and methanol.
The resulting QDs were dissolved in 200 μL of a 10 mM HEPES buffer
(pH = 7.4).
Modification of the Electrodes. p-Aminothiophenol-functionalized electrodes were prepared by immersing the Au slides for
24 h into a p-aminothiophenol ethanolic solution, 50 mM. To
prepare the bis-aniline-cross-linked Au NPs composite on the
electrode, the surface-tethered p-aminothiophenol groups
were electropolymerized in a 0.1 M HEPES solution (pH = 7.2)
containing 2 mg 3 mL1 of p-aminothiophenol-functionalized
Au NPs. The polymerization was performed by the application of 80 potential cycles between E = 0.3 and E = 0.8 V vs a
KCl-saturated calomel electrode (SCE), at a potential scan rate
of 100 mV s1. The resulting films were then washed with the
background buffer solution to exclude any residual monomer
from the electrode. Similarly, imprinted bis-aniline-crosslinked films were prepared by adding 2.5 mM of the imprint
molecule to the Au NPs mixture prior to the electropolymerization process. The extraction of the imprint molecules from
the film was carried out by immersing the electrodes overnight
in a phosphate buffer solution (0.1 M, pH = 7.4) at room
temperature.
Instrumentation. A surface plasmon resonance (SPR) Kretschmann-type spectrometer NanoSPR 321 (NanoSPR devices, USA),
with a LED light source, λ = 650 nm, and a prism refraction index
n = 1.61, were used. The SPR measurements were performed
using a home-built cell, volume 0.2 mL. In the potential-induced
measurements, a PC-controlled (Autolab GPES software) potentiostat/galvanostat (μAutolab, type III) was used. In these measurements, a graphite rod (d = 5 mm) was used as the counter
electrode. Fluorescence measurements were performed using a
Cary Eclipse Device (Varian Inc.). Static contact-angle measurements were performed on the modified Au by using a CAM 2000
optical-angle analyzer (KSV Instruments, Finland). A droplet of
the HEPES buffer solution (0.1 M, pH = 7.2), approximately 20 μL
with diameter of roughly 0.5 cm, was deposited on the surface
by using a syringe. The images of the droplets were recorded
and each contact angle measurement was repeated at least
three times. The reported values represent the average of these
results.
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