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The chemical modification of surfaces with functionalized
monolayers or thin films attracts extensive recent research effort
directed to the miniaturization of devices to nanoscale dimen-
sions! Functionalization of electrodes with ordered arrays of
redox-active components has yielded assemblies revealing vecto:
rial electron transfer and rectifier functicnend sensoric activi-
ties? The modification of electrodes with photoisomerizable,

redox-active monolayers has enabled the organization of systems

for the electronic transduction of recorded optical information.
The assembly of ordered metal nanoparticles on solid supports
attracts substantial research efforts as a consequence of thei
unique electronic and optical propertie$he assembly of Au-

or Ag-colloid monolayers on glass or conductive glass supports
has been accomplished by the self-organization of the metal
particles onto aminosiloxane or thiol siloxane layers associated
with the solid support&Three-dimensional superstructure arrays
of Au- or Ag-nanoparticles or AtAg composite arrays have been
reported by the use of dithiols or diamino bipyridinium as
molecular cross-linkers for the 3D-nanostructurése combina-

tion of metal nanoparticles and molecular photoactive or elec-
troactive components could lead to integrated nanoscale assem
blies or nanodevices of unique functions. Recently, it was
demonstrated that the nanometer-scale organization of metal
colloids is of high value in the engineering of nanodevices. Au-
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Scheme 1. Stepwise Assembly of the Three-Dimensional
Array of the Bis-bipyridinium-Porphyrin Dyad and
Au-Nanoparticles on a Conductive ITO Support
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clusters were persuaded to behave as a tunnel resonance #esistor
and a Au-cluster was used as a single-electron tunneling transis-
tor? Also, three-dimensional Au-colloid superstructures, cross-
linked by a bipyridinium cyclophane and assembled on conductive
supports, were reported to act as tunable sensing interfaces for
hydroquinone-derived compounds.

Photosensitizer-electron-acceptor dyads or triads have been
examined as model systems for the photosynthetic reaction
centert! Effective intramolecular photoinduced electron transfer
proceeds in these supramolecular systems, resulting in redox
intermediates. Here we report on the assembly of layered 3D-
superstructures consisting of the bis-bipyridiniu#@n(ll)-proto-
porphyrin IX, (1),'? as photosensitizeracceptor dyad and nano-
size (15+ 1 nm) Au-particles.

The superstructure of Au-nanopatrticles cross-linked. lwas
assembled on an ITO electrode as outlined in Scheme 1. The
cleaned conductive support was first functionalized with (3-
aminopropyl)triethoxysilane, and then a first layer of citrate-
stabilized Au-particles (15 1 nm) was assembled on the
ammonium-functionalized surface. The resulting Au-colloid layer
was treated with an aqueous solutionlaf2 mM, 1 h, followed
by standing in water for 1 h) and subsequently with the Au-particle
solution (0.05 g."?) to generate the second Au-layer. By stepwise
treatment of the assembly with the cross-linking comporient
and the Au-nanoparticle solution, three-dimensional arrays con-
sisting of a controllable number of layered cross-linked
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Figure 1. (A) Absorbance spectra of the layered receptau-colloid superlattice: (a) one Au-layer (b) two Au-layers (c) three Au-layers (d) four
Au-layers (e) five Au-layers. (A, inset) Change in the absorbance spectrum of an electrode functionalized with a monolayer of gold upon tréatment wit
the porphyrin “cross-linker” component. (B) Cyclic voltammograms of the layered Au-colloid assemblies corresponding to the electrocheatical oxid

and reduction of particle surface: (a) to (e) correspond to one up to five layers of Au-particles. Carried out in 3S@Mddan rate 50 m\é~1. (C)

Cyclic voltammograms corresponding to the redox activity of the viologen component of the cros<-limkifferent layer arrays: (a) to (e) correspond

to one up to five layers of Au-particles. Recorded under argon in 0.1 M phosphate buffer solutien/@H scan rate 100 mgt

Au-particles were ge_r1era_1ted_. I_:o_rmation of the cross-linl_<ed Zn(ll)-  Further support that the Zn(ll)-porphyritbis-bipyridinium
protoporphyrin IX-bis-bipyridinium dyad and Au-particle su-  dyad (1) acts as molecular cross-linker of the Au-nanoparticles
perstructure was confirmed and characterized by several methodsis gptained by following the electrochemical response of the
Figure 1A shows the absorbance spectra of the array upon thep;yridinium units. Figure 1C shows the cyclic voltammograms
stepwise assembly of the layers. The typical plasmon absorbancéf the dyad1, molecular glue component, upon the growth of
assoc[ated with the Au-nanoparticldss= 519 nm, increases in o Au-particle superstructure. The electrochemical response of
intensity upon grgwth of the layers. The growt.h. of the number the bipyridinium units ofl, E° = —0.48 V vs SCE, increases
g;:%ygiscgz.cillgssbnntge xﬁir():?]asrﬁ#&etgfoin ;d\f/g'\(/)er}glnatbhsso\ﬁ?hnce\Nith the number of layers, indicating that tetracationic dyad cross-
. . ! 9 9 . inks the negatively charged citrate-modified Au-particles. Cou-
increased layer growth. The latter spectral changes are attribute ometric analysis of the electrochemical responsebiatiicates

to excitons originating from interparticle plasmon coupling that that th ‘ f the dvad i | i |
are facilitated upon formation of the superstructure. In fact, similar at (ne surtace coverage ot theé dyad Incréases aimost finearly

spectral changes are observed upon addition of a bipyridinium with the build-up of the layers, _and We_estimate that_approximately
salt to a Au-colloid suspension resulting in the time-dependent 220 molecules ofl are associated with each particle. The fact
aggregation of the Au-particles and their ultimate precipitation. ~that the electrochemical responselahcreases upon the growth
The absorbance of the Zn(1l)-porphysibis-bipyridinium “mo- of the superstructure implies that the array exhibits three-
lecular glue” components is not clearly observed upon the build- dimensional conductivity.

up of the superstructure. This is due to the low surface coverage Photoexcitation of the dyatlin an aqueous solution results in

of 1in the superstructure and to the fact that the absorbance regionintramolecular electron transfer and the rapid recombination of
of 1is perturbed by the changing absorbances of the gold colloid. the redox-photoproducts. Indeed, preliminary studies indicate that
The growing absorbance shoulder atta 420 nm is attributed photoirradiation of the Zn(ll)-porphyrinbis-bipyridinium dyad-

to the Zn(ll)-porphyrin chormophore df Figure 1A, inset, shows  Au-nanoparticle superstructure in the presence ofEREA as

the spectrum resulting upon the subtraction of the spectrum of sacrificial electron donor results in a photocurrent originating from
the primary Au-colloid layer from the spectrum obtained upon charge injection into the ITO electrode through the Au-nanopar-
the assembly of on the Au-layer, Figure 1, curve a. A spectrum icje array. The observed current density increases with the number
characteristic ofl (1 = 420, 548, and 586 nm) is obtained, o |avers, and for a five-layer array it corresponds to ca. 3.0
implying that the dyadl is, indeed, associated with the Au-  a.cy2 Thys, the three-dimensional conductivity and roughened
particles. Figure 1B shows the cyclic voltammograms of the g tace of the Au-nanoparticle array probably facilitates the

2i%earﬂglnegf It"’r%efu_Ofa:t?ge?uéﬁzrtt'ﬁée(S:oftha;msig%vrégiczgga&e electron-hole separation and the effective electron transport to
P ’ the bulk ITO-electrode.

the surface oxide layer. The roughness of the assembly, or the )
total surface area of the Au-particles, increases upon the growth N conclusion, we have developed a novel method for the
of the number of layers. Knowing the total surface area of the Organization of a photosensitizer-electron acceptor/Au-nanopar-
Au-particles per layer, and the diameter of the particles+15 ticle superstructure exhibiting three-dimensional conductivity. The
nm, and assuming that the entire particle surface is exposed tohigh surface area of the layered particle allows the controllable
the electrochemical reactions, we estimate the lower limit of the immobilization of the photoactive dyad on the porous Au-support.
Au-particle density to be on average 0510 particlescm2 This, together with the conductivity of the array, suggests that
per layer for the first 5 layers. This value is in reasonable these superstructure-modified electrodes could be used as new
agreement with the surface coverage of a densely packed 13-nmmaterials for photocells.

Au-colloid monolayer determined by AFM, 1010 particlescm 2.

In addition, evidence of the presence of the Zn(ll)-porphyrin units
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