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A systematic and comprehensive study of the interaction of
citrate-stabilized gold nanoparticles with triruthenium clus-
ter complexes of general formula [Ruz(CH3COO)g(L)]" [L =
4-cyanopyridine (4-CNpy), 4,4'-bipyridine (4,4'-bpy) or 4,4'-
bis(pyridyl)ethylene (bpe)] has been carried out. The cluster—
nanoparticle interaction in solution and the construction of
thin films of the hybrid materials were investigated in detail
by electronic and surface plasmon resonance (SPR) spec-
troscopy, Raman scattering spectroscopy and scanning elec-
tron microscopy (SEM). Citrate-stabilized gold nanoparticles
readily interacted with [RuzO(CH3;COO)g(L)3]* complexes to
generate functionalized nanoparticles that tend to aggregate
according to rates and extents that depend on the bond

strength defined by the characteristics of the cluster L li-
gands following the sequence bpe>4,4'-bpy>>4-CNpy.
The formation of compact thin films of hybrid AuNP/
[RusO(CH3COO)g(L)3]* derivatives with L = bpe and 4,4'-bpy
indicated that the stability/lability of AuNP-cluster bonds as
well as their solubility are important parameters that influ-
ence the film contruction process. Fluorine-doped tin oxide
electrodes modified with thin films of these nanomaterials
exhibited similar electrocatalytic activity but much higher
sensitivity than a conventional gold electrode in the oxi-
dation of nitrite ion to nitrate depending on the bridging
cluster complex, demonstrating the high potential for the de-
velopment of amperometric sensors.

Introduction

In recent years, supramolecular chemistry strategies have
been greatly expanded by the use of metal nanoparticles in
combination with molecular species, generating new func-
tional nanostructured materials.['l The anchoring of molec-
ular species to a metal nanoparticle surface is facilitated by
the presence of suitable binding groups, closely paralleling
the metal-ligand interaction in coordination chemistry.’! In
this way, coordination compounds containing bridging li-
gands can be used as the building blocks of three-dimen-
sional networks of interconnected nanoparticles or promote
the layer-by-layer assembly of new materials encompassing
the cooperative properties of metallic particles and molecu-
lar species.

From the supramolecular point of view, trinuclear ruthe-
nium acetate clusters of general formula [Ru;O(CH;COO),-
(L)s]*" (Figure 1) are very useful building blocks of molecu-
lar nanomaterials. They exhibit a triangular [Ru;O] core
held together by six acetate bridging ligands with a central
oxygen atom behaving as a strongly coupled triruthenium
system in addition to three L ligands (solvent, bridging li-
gands, N-heterocyclic ligands, CO, NO, PPh;, etc.) at the
vertices. Accordingly, they display several monoelectronic
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redox processes within the -2 to +2 V range, which can be
tuned by the peripheral L ligands.’] Because of their inter-
esting coordination chemistry and electrochemical proper-
ties, they have been exploited as carriers of molecular spe-
cies such as NOM and CO,P! as electron-transfer relays and
cofactors of redox catalysts®>% and as active materials in
logic gates!”! and electrochromic devices.® Bridging ligands
such as 4-CNpy, 4,4'-bpy and bpe can be used to bind those
complexes to metal or conducting oxide surfaces thereby
generating electrochromic, photoelectrochemical and elec-
trochemical interfaces. This may be an interesting approach
to the development of new gold-nanoparticle-containing
hybrid materials as their properties may be influenced by
the molecular species as they can provide tunable binding,
redox and electrocatalytic active sites.

Figure 1. Structural representation of the [Ru;O(CH;COO)4(L);]*
cluster complex and of the N-heterocyclic 4-CNpy, 4,4’-bpy and
bpe ligands.

Gold nanoparticles (AuNPs) also exhibit interesting elec-

trochemical, catalytic, optical and binding properties®! that
are dependent on their size and plasmon coupling with
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other nanoparticles as well as the molecular species bound
to the surface.!% In fact, the stabilization, dispersion and
functionality of AuNP suspensions are greatly influenced
by the hydrophobic/hydrophilic characteristics of the outer-
most molecular shell. Thus, many synthetic methods have
been developed to obtain nanoparticles with labile passivat-
ing/stabilizing layers, which are prone to rapid exchange re-
actions with ligands with higher affinity. Thus, several mo-
lecular species exhibiting coordinating groups, such as pyr-
idines, thiols, disulfides and amines,'!] are being used to
prepare AuNPs specially designed for application in
immunoassays and diagnostics, as well as in molecular elec-
tronics, drug delivery and catalysis.[!

Furthermore, the valence electrons of gold, silver and
copper nanoparticles can be excited collectively by electro-
magnetic radiation giving rise to characteristic surface plas-
mon bands in the visible region, imparting characteristic
red and yellow colours on to the respective dispersions of
gold and silver nanoparticles. More interesting, though, is
the huge enhancement of the Raman scattering cross-sec-
tion of molecules adsorbed on their surface [the surface-
enhanced Raman scattering (SERS) effect], ascribed to elec-
tromagnetic and chemical effects.!'?! Accordingly, molecular
species already having high Raman scattering cross-sections
and suitably tailored binding sites can be used as molecular
probes, leading to SERS sensors with much higher sensitiv-
ity.[13:14]

In this work, we describe a careful kinetic and spectro-
scopic study of the interaction between bridging ruthenium
cluster complexes and ct-AuNPs, aiming at the preparation
of hybrid nanomaterials. This was accomplished by a coor-
dinative layer-by-layer strategy, controlling the deposition
of AuNPs and the symmetric triruthenium acetate cluster
derivatives with 4-CNpy, 4,4'-bpy and bpe ligands as bridg-
ing complexes that exhibit increasing size, as shown in Fig-
ure 1.

Results and Discussion

The bridging [Ru;O(CH;COO)4(L)s]* complexes can
bind to the AuNP surface through one or two sites, leaving
at least one free coordination site to bind another nanopar-
ticle. In this way they are suitable bridging complexes for
assembling AuNP/[Ru;O(CH;COO)4(L);]" hybrid materi-
als.

The binding strength of these cluster complexes on
AuNPs should depend on the nature of the free coordina-
tion sites as well as on the hydrophobic/hydrophilic charac-
ter of the L ligands, which should determine the solvation
characteristics and the dispersibility of the resulting nano-
materials. The nitrile group of 4-CNpy is expected to coor-
dinate rather weakly to the AuNP surface, but should exhi-
bit the highest hydrophilic character in the series. On the
other hand, the 4,4’-bpy and bpe ligands have similar pyr-
idyl groups, but the latter has an extended m system that
should enhance the bonding properties.l*?-34l In addition,
it should impart the highest hydrophobic character to its
complex and the corresponding hybrid material.
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The evolution of the UV/Vis spectra as a function of time
was monitored, particularly at 520 and 700 nm, as shown
in parts A-F of Figure 2, to investigate the reaction of
[Rus;O(CH3COO)6(L)s]CI with ct-AuNPs in aqueous solu-
tion. In the case of the bpe and 4,4'-bpy derivatives, rapid
and relatively large absorption changes were observed at
700 nm at the beginning of the reaction, which were fol-
lowed by a more or less steady increase in the absorbance
until eventual decrease at much longer times. In fact, the
intensities of all the bands decreased with concomitant in-
crease in the baseline absorbance in the last process. In con-
trast, a sequence of an equal number of processes leading
to a decrease in the absorbance was observed at 520 nm
(Figure 2, A-D). This behaviour reveals a more or less com-
plex sequence of events involving exchange of citrate ions
and surface functionalization followed by association/ag-
gregation of an increasing number of surface-functionalized
AuNP units until eventually precipitation takes place (Fig-
ure 2, B, D). Note that the kinetic curves at 520 and 700 nm
show complementary behaviour, which indicates that both
are correlated and reflect the same processes.
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Figure 2. A, B: Evolution of the UV/Vis spectra of ct-AuNP after
the addition of [RusO(CH;COO)4(L);]" (L = bpe); C, D: L = 4,4'-
bpy; E, F: L = 4-CNpy; G, H: L = H,O. Plots of the absorbance
at 520 (@) and 700 nm (OJ) as a function of time for the respective
reactions are shown on the right.

The initial very fast absorption change can be assigned
to the mixing process, but it is superimposed by a subse-
quent fast rise in absorbance at around 600-650 nm with-
out defining a new band. This can be assigned to the bond-
ing of ruthenium complexes and concomitant displacement
of citrate ions from the ct-AuNPs surface,!'>! a process that
changes the solvation properties and the stability of the re-
spective dispersions. Because the L ligands in the ruthenium
complexes bonded to the AuNP surface still possess a free
coordination site, each of them can bind another nanoparti-
1641
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cle, finally generating a three-dimensional coordination net-
work.

The approach of two or more nanoparticles is known to
influence the UV/Vis spectrum, decreasing the intensity of
the plasmon band at 520 nm and leading to the appearance
of a plasmon coupling band, the position and intensity of
which are defined by the coupling strength. In fact, as the
distance decreases below a certain limit (generally the dia-
meter of the nanoparticles) the coupling strength tends to
increase enhancing and shifting that band to the red/near-
infrared region.['®) Accordingly, the much slower increase
of absorbance at around 700 nm can be assigned to the ag-
gregation of AuNPs functionalized with the ruthenium
complexes. This process can proceed interconnecting more
and more nanoparticles until reaching a size beyond which
precipitation takes place. Precipitation can become the
dominant process quite rapidly depending on the hydrophi-
lic/hydrophobic character of the L ligand leading to an ex-
ponential decrease of all the absorption bands after around
120s, as shown in Figure 2 (B, D) for the reactions of
[Ruz;O(CH3;COO)¢(bpe)s]*  and  [RusO(CH;COO0)4(4,4'-
bpy);]* complexes with ct-AuNP.

In contrast, the reaction of [Ru;O(CH;COO)4(4-
CNpy);]* with ct-AuNP exhibited a completely different ki-
netic behaviour. The absorbance changed very slowly after
mixing the reactants and there was no precipitation even
after 600s. However, the absence of precipitate does not
mean that the ct-AuNP remained unchanged or that the
nanoparticles do not aggregate. In fact, the reaction led to
the appearance of a strong and well-defined plasmon cou-
pling band at 640 nm (Figure 2, E), confirming the presence
of aggregates in solution. However, they seem to grow much
more slowly, probably because of the higher solubility,
lower affinity and higher lability of the nitrile-AuNP bonds
that should also limit the size of the aggregates.

Furthermore, the AuNPs should be much closer to each
other than in the aggregates formed by the [Ru;O(CHs-
COO)4(bpe);]* and [RuzO(CH;COO0)((4,4'-bpy)s]* com-
plexes because 4-CNpy is the smallest of the three bridging
ligands. On the other hand, bpe is the largest and should
keep the nanoparticles separated by larger distances in the
corresponding hybrid material. This reflects directly on the
plasmon coupling strength and on the position of the re-
spective absorption bands.'”! Accordingly, the more intense
and red-shifted plasmon coupling band observed for aggre-
gates of AuNPs bridged by [Ru;O(CH3;COO)(4-CNpy)s]™,
as compared with those bridged by [Ru;O(CH;COO)s-
(bpe)s]* (Figure 2, A, C), can be easily explained by their
size. The aggregates of the AuNPs bridged by the [Ru;0-
(CH;COO)4(4,4'-bpy);]" complex exhibited an intermedi-
ary behaviour (Figure 2, E) reinforcing the validity of our
hypothesis (see the Supporting Information).

The influence of electrostatic effects on the aggregation
process was probed by using the triruthenium aqua com-
plex [Ru;O(CH;COO)(H,0)s]*, which has no coordina-
tion site available for binding on the AuNP surface. In fact,
no change was observed in the UV/Vis spectrum or in the
kinetic profile until up to 600 s (Figure2, G, H), which
1642
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shows that there is no significant electrostatic contribution
to the aggregation process. The presence of [Rus;O(CHjs-
CO0)4(H,0)5]* complexes in solution is confirmed by a
characteristic weak intracluster transition (IC) band at
700 nm.

SPR Spectroscopic Investigation of the Layer-by-Layer
Assembly

One can expect that the spectroscopic and, in particular,
electrochemical properties of the [Ru;O(CH;COO)4(L);]*
complexes will impart new conduction and/or electrocata-
lytic properties on to the hybrid materials. However, it is
more convenient to generate them in a controlled way, for
instance, on an electrode surface to access their electro-
chemical properties. Among the methods that can be used
for such a purpose, the layer-by-layer method is a very
interesting one because it allows control of the composition
and thickness. Electrostatic interactions of molecular spe-
cies and polymeric electrolytes are commonly used as the
driving force, but there are a few examples using a cationic
and anionic molecular species.*>!8] Another possibility is
the use of metal-ligand coordination bonds to assemble
thin films, as demonstrated by monitoring spectrophoto-
metrically the successive deposition reactions of ditopic ter-
pyridine derivatives and transition-metal ions.['”] This coor-
dinative assembly method was adopted in our experiments,
but the in situ synthesis of a hybrid material on the top of
a substrate depends on factors such as reaction kinetics,
solubility and lability/inertness of the bonds involved in the
construction process. To understand these factors, a careful
study was carried out by using surface plasmon resonance
(SPR) spectroscopy.

Organothiol monolayers are generally formed in two
steps, as previously shown by SPM, ellipsometry and con-
tact angle measurements.?”! The first step is fast and takes
place in a few minutes over 60-90% of the surface area and
is influenced by factors such as the organothiol concentra-
tion, the alkyl group, the position of the thiol group in the
chain, the temperature, the solvent and the surface charac-
teristics of the substrate, as demonstrated by Damos et
al.”l using mercaptoundecanoic acid. First, a sub-mono-
layer coverage is obtained in which the alkyl chains are
more or less randomly oriented. This is followed by their
rearrangement assuming an angle between 27-48° relative
to the normal,?>?3 which generates a more compact and
organized monolayer.

The adsorption of any species onto SPR substrates influ-
ences the electron density and/or the mass of the thin gold
layer thus changing the surface plasmon resonance angle.
Interestingly, the quite large random fluctuations observed
for the bare substrates disappeared after functionalization
of the gold surface with a compact monolayer of 1,4-but-
anedithiol (24 h, methanol solution). After SAM forma-
tion, the SPR signal can be assigned to molecular interac-
tions with the alkanethiol groups on the surface, which lead
to its stabilization and consequent enhancement of the sig-
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nal-to-noise ratio. These surface-modified SPR substrates
were then used in experiments aimed at studying the deposi-
tion processes that lead to AuNP/[Ru;O(CH;COO)4(L);]*
hybrids. Accordingly, they were placed in the cell and ex-
posed to ct-AuNP solution, washed with deionized water,
treated with a ruthenium complex solution and washed
again with deionized water to remove the excess of the com-
plex, as shown in Figure 3. These steps were repeated in
each of the subsequent cycles in the construction process.

Figure 3. Scheme showing the modification of a gold substrate with
a compact monolayer of 1,4-butanedithiol (1) and subsequent con-
struction of AuNP/[Ru;O(CH;COO)4(L);]* hybrid materials by
layer-by-layer coordinative assembly that encompasses the binding
of ct-AuNP (2) and of the [Ru;O(CH;COO)4(bpe)s]* complex (3),
and repetition of the last two steps to give a second monolayer (4
and 5).

The respective kinetic curves, that is, the changes in SPR
angle (A6) as a function of time, are shown in Figure 4 (A,
C, E) and the intensity of the laser beam reflection as a
function of SPR angle after successive injection steps are
shown in Figure 4 (B, D, F). The injection of the ct-AuNP
dispersion led to an exponential increase in A0 until reach-
ing saturation, as expected for the interaction of ct-AuNPs
forming a reasonably densely packed monolayer on the sur-
face. The subsequent injection of the [Rus;O(CH;COO)4-
(L);]* complex solution leads to a fast increase in A@, which
can be divided into two contributions. Immediately after
the injection there is an instantaneous increase in A, prob-
ably as a result of the electrostatic interaction of the nega-
tively charged ct-AuNP layer with the positively charged
triruthenium clusters in addition to changes in the ionic
strength and refractive index. This is followed by an ex-
ponential increase in Af consistent with the coordination
of the triruthenium cluster complexes to the AuNP surface,
which generates a monolayer of AuNP/[Ru;O(CH3;COO),-
(L);]* material. However, the contribution of this second
component is much smaller for [Ru;O(CH;COO)q(4-
CNpy);]* than for the corresponding bpe and 4,4'-bpy de-
rivatives, which confirms the lower affinity of the 4-CNpy
complex for the AuNP surface.

Interestingly, up to five times larger changes in A0 were
observed when the second layer of ct-AuNP was deposited,
which suggests that much larger amounts of gold nanopar-
ticles were bonded to the surface. This is further confirmed
by the proportionally larger change in A0 in the subsequent
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Figure 4. SPR curves of A0 vs. time and the intensity of the laser
beam reflection as a function of the SPR angle during successive
reactions of 1,4-butanedithiol-functionalized substrates with ct-
AuNP and [Ru3;O(CH;COO)¢(L)s]" complexes (A, B: L = bpe, C,
D: 4,4'-bpy, E, F: 4-CNpy). i. Injection of the ct-AuNP suspension;
ii. washing step followed by treatment with the cluster solution;
iii. washing step and successive injection of the ct-AuNP dispersion;
iv. subsequent washing and injection of triruthenium cluster solu-
tion; v. washing with deionized water.

coordination of [Ru;O(CH;COO)¢(L);]" complexes. The
excess reagent was rinsed with deionized water before injec-
tion of the next reagent leading to an instantaneous de-
crease in the SPR signal. Nevertheless, there was always an
overall increase in the SPR baseline signal, which confirms
the bonding of the reagents to the surface. In fact, the ki-
netic curves can be easily analysed, particularly by compari-
son of the A0 and slopes. Thus, the binding rates seem to
follow the same trend observed for the citrate substitution
kinetics on ct-AuNP in aqueous solution, that is, bpe >4,4'-
bpy >>4-CNpy.

Raman and SERS Spectroscopy

Raman and SERS spectroscopy are interesting tech-
niques for investigating the binding of molecular species to
gold nanoparticles. Accordingly, a thorough study was car-
ried out by using the pure [RuzO(CH;COO)4(bpe)s]™,
[Ru;O(CH3COO)¢(4,4'-bpy)s]" and [Ru;O(CH;COO)4(4-
CNpy);]* complexes as well as the corresponding hybrid
nanomaterials. Films of AuNP/[Ru;O(CH;COO)4(L);]*
were prepared by the layer-by-layer assembly method and
studied by Raman and SERS spectroscopy using 785 and
532 nm excitation laser lines.

The bpe ligand has one of the highest Raman scattering
cross-sections, according to Zhuang et al.,?*! exhibiting two
1643

WWW.eurjic.org



FULL PAPER

S. H. Toma, J. J. Santos, K. Araki, H. E. Toma

coordinating pyridyl sites at opposite symmetric positions
of a delocalized © system, which makes them almost ideal
as molecular probes for SERS purposes. It is formed of 24
atoms and exhibits 33 normal (23A, + 10B,) and 33 funda-
mental (11A, + 22B,) vibrational modes in the trans con-
formation (C;, symmetry). Half of them are Raman-active
and assigned to in-plane (ip) A, and B, and out-of-plane
(op) A, and B, vibrational modes. Furthermore, some IR-
active A, and B, fundamental modes can also be observed
in the Raman!®! spectra of the free and bonded bpe ligand,
as shown in Figure SA. The tentative assignments for the
pure complex and the complex in the hybrid material were
made by comparison with the vibrational modes of the free
bpe ligand and the triruthenium acetate complexes found
in the literature,’*®! as shown in Table S1 in the Supporting
Information.

ring vV, A

- breathing

[Ru50]

Raman Intensity / a. u.

[Ru;0] ring C
/ breathing

\
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1200
Raman Shift /om™
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Figure 5. FT Raman spectra of solid [Ru;O(CH;COO)4(L);]PF,
complexes (bottom) and AuNP/[Ru;O(CH;COO)¢(L)s]* films
(middle) at Ae. = 532 nm and 785 nm (top) for A: bpe, B: 4,4'-bpy
and C: 4-CNpy cluster derivatives.

When molecules are covalently bonded to a metal sur-
face, changes in the energies of the vibrational modes are
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expected. In fact, the band at 995 cm™!, assigned to the
breathing mode of the pyridyl ring of the non-coordinated
bpe ligand, was found to be shifted to 1011 cm™' when
bonded to a metallic silver surface®! and to 1033 cm™!
when coordinated to the triruthenium cluster complex (see
Table S1 in the Supporting Information). In contrast, phy-
sisorbed molecules generally show much smaller shifts and
band-broadening.””! However, the changes observed in the
Raman spectra shown in Figure 5 as a function of the exci-
tation wavelength cannot be assigned only to these effects.
In fact, the amount of triruthenium cluster per volume is
much smaller in the hybrid material than in the pure com-
plex.

The spectra of solid [Ru;O(CH;COO)4(bpe);]PFy and
AuNP/[Ru;O(CH;COO)4(bpe)s]* are similar when excited
at 532 nm, as can be seen in part A of Figure 5, and typical
bpe vibrational bands can be found at around 900 and
1700 cm~!. However, the Raman spectrum of the hybrid
material at J.,. = 785 nm is remarkably different, exhibiting
medium intensity and broad peaks at around 1000 and
1400 cm™! as well as an intense peak at 650 cm™!, which is
absent in the spectra at A.,. = 532 nm. Unfortunately, it was
not possible to record the Raman spectra of the pure cluster
complexes because decomposition takes place when irradi-
ated with the 785 nm laser, probably as a consequence of
the resonance with the broad intracluster (IC) band at
700 nm. Thus, the intensification of the cluster vibrational
modes observed for the AuNP/[Ru;O(CH;COO)(bpe)s]*
hybrid at A, = 785 nm can be accounted for by the reso-
nance Raman (rR) effect. This may be responsible for the
enhancements of up to six orders of magnitude in the Ra-
man scattering cross-section of selected vibrational modes
of the chromophore.

The [Rus0] core has four Raman-active vibrational
modes (V,g Vs 0,5 and ;) below 750 cm™'.128 The bands at
708 and 543 cm™! (respectively assigned to v, and &), both
absent at Ao = 532 nm, were observed in the spectrum of
the complex at A = 785 nm, thereby providing evidence
for a large contribution from the rR effect associated with
the IC band at 700 nm. Also, there is some contribution
of chemical effects ascribed to charge-transfer interactions
between the nanoparticles and the adsorbed molecules,
changing its polarizability.

However, enhancements of up to 15 orders of magnitude
have been reported? for molecules adsorbed on gold or
silver nanoparticles, which cannot be accounted for by only
considering the resonance and chemical effects. In fact, the
enhancement of the local electric field of nanomaterials by
coupling of the surface plasmon fields with the oscillating
electric field of light was shown to be responsible for very
high intensification effects. This is observed at special
points on a nanostructured surface or at the junction be-
tween nanoparticles called hot spots, which play a major
role in the SERS effect. Thus, the strong intensification of
the breathing modes of the pyridine ring and vibrational
modes of the acetate bridge of the [RusO] centre at around
670 cm ! are consistent with both the rR and SERS effects
and can be assigned to a surface-enhanced resonance Ra-
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man scattering (SERRS) effect. The Raman spectral behav-
iour of the other two derivatives can be explained similarly,
as discussed below.

The Raman spectrum of the pure 4,4'-bpy ligand exhibits
characteristic bands at 659, 755, 997, 1219, 1293, 1508 and
1607 cm™!. Some of these bands can be influenced by coor-
dination to the [Ru3O] core and AuNP surface, depending
on the bond conformation and geometry. In fact, the
changes in the Raman spectra of pyridine, bipyridine and
analogous ligands bonded to metal surfaces were used to
study the adsorption geometry of these molecules, giving
relevant information about their bonding properties.

The FT Raman spectra of the solid [Ru;O(CH3;COO)¢-
(4,4'-bpy);]PF¢ complex and AuNP/[Ru;O(CH;COO)4-
(4,4'-bpy);]" hybrid are shown in Figure 5 (B). The tenta-
tive assignment shown in Table S2 in the Supporting Infor-
mation was carried out by comparison with the spectra of
the 4,4'-bpy ligand and analogous triruthenum cluster de-
rivatives found in the literature,?% as discussed above.

Note that the spectra of the hybrid material and the cor-
responding triruthenium cluster complex at A.,. = 532 nm
are similar, except for the rise of two strong peaks at 1424
and 1544 cm™!, which suggests that there are significantly
different bonding effects induced by the coordination of the
[Ru3;0(CH;COO)4(4,4'-bpy);]" complex to AuNPs. Indeed,
the 4,4'-bpy ligand has been proven to bond perpendicu-
larly to the Au(111)1*?! surface, acting as a metallic junction
between two electrodes.*%3!1 Such behaviour is interesting
because bpe also has a pair of pyridyl groups but connected
by an ethylene bridge, which can also allow significant elec-
tronic coupling when in an all-trans conformation. What is
remarkable though is the similarity of the Raman spectra
of the AuNP hybrids with the bpe and 4,4'-bpy cluster de-
rivatives at A.,. = 785 nm. This behaviour is consistent with
simultaneous rR and SERS intensification effects arising
from the interactions of the 4,4’-bpy and bpe ligands with
both AuNPs and the [Ru;0] core.

4-CNpy is also known to be a good bridging ligand, par-
ticularly for Pt, Au and Ag nanoparticles, because of the
nitrile group located at the para position relative to the pyr-
idyl N atom.*?! This ligand can change the adsorption ge-
ometry on gold surfaces depending on the applied electro-
chemical potential.®3! In fact, it has been shown to adsorb
1. vertically through a pyridyl N atom ¢ bond at negative
potentials, ii. assume a planar conformation by means of &t
interactions or iii. adsorb through a nitrile N atom ¢ bond
at positive potentials.34

The SERS spectra of the solid [Ru;O(CH;COO)¢(4-
CNpy)s](PFg) complex and AuNP/[Rus;O(CH3;COO)4(4-
CNpy);]*" hybrid nanomaterial are shown in Figure 5 (C)
and the tentative assignment is listed in Table S3 in the Sup-
porting Information. The free ligand exhibits intense peaks
at 1601, 1194 and 997 cm™!, assigned to pyridine ring vi-
brational modes.>>) These modes, particularly the ring
breathing mode at 997 cm™!, are strongly influenced by co-
ordination to the metal surface through the pyridyl N atom.
In fact, the peaks at 1601, 1194 and 997 cm ™! were shifted,
respectively, to 1605, 1193 and 1017 cm ! when bonded to
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the gold surface.?* Similar behaviour was observed for the
[Rus;O(CH;COO)4(4-CNpy)s]PF¢ complex, which confirms
its preferential coordination through the pyridyl N atom.
Nevertheless, major shifts were observed for the vibrational
modes involving the CN group in the AuNP/[Ru;O(CHs-
COO)4(4-CNpy);]* hybrid material, as expected for the co-
ordination of the complex to AuNPs through the N atom.
In fact, the in-plane and out-of-plane angular deformation
modes at 771, 638 and 490 cm™! are the most strongly affec-
ted, as can be seen in Table S3 in the Supporting Infor-
mation. All these peaks are shifted to a lower energy rela-
tive to the corresponding free ligand modes, which reflects
the decrease in the bond strength as a consequence of back-
bonding interactions. Unfortunately, photodegradation pre-
cluded the study of the Raman spectra of pure [Ru;O-
(CH5COO)4(L)3]PF4 complexes at Ao = 785 nm.

Electrocatalytic Properties of the Hybrid Material

Fluorine-doped tin oxide (FTO) electrodes modified with
thin films of AuNP/[Ru;O(CH;COO)4(L);]*" were prepared
to evaluate their electrocatalytic properties towards the oxi-
dation of nitrite to nitrate. The electrode surface was first
modified with 3-(mercaptopropyl)trimethoxisilane (MPTS)
before starting to construct the hybrid nanomaterial by the
coordinative layer-by-layer assembly method. All samples
were prepared by repeating three times the deposition of ct-
AuNP and the [Ru;O(CH;COO)¢(L);](PFs) complex using
a procedure similar to that described above in the SPR ex-
periments. The corresponding SEM images are shown in
Figure 6.

Reasonably compact films were obtained for AuNP/
[Rus;O(CH;COO)4(bpe)s]*, whereas AuNP/[Ru;O(CH;-
COO0)4(4,4'-bpy)s]" was more sparsely distributed but still
with a good coverage. As expected, much lower coverages
were obtained for the AuNP/[Ru;O(CH;COO)4(4-CNpy);]*
hybrid. All experiments were performed at least in triplicate
giving reproducible results, which clearly reflect the influ-
ence of the AuNP-cluster complex bond stability/lability
and solubility on the film construction process. The strong
influence of the cluster L ligands correlates well with the
tendency for coordinatively induced aggregation and the
precipitation/deposition process observed in solution and
on the gold surface, that is, bpe>4,4"-bpy >>4-CNpy.
Thus, the electrochemical experiments were carried out only
with the first two derivatives.

Gold itself is known to catalyse the electrochemical oxi-
dation of nitrite to nitrate in aqueous solution at potentials
of around 1 V.B® Similar electrocatalytic activity but much
higher sensitivity were observed for the AuNP/[Rus-
O(CH;COO)4(bpe)s]*™- and  AuNP/[Ruz;O(CH3;COO)s-
(4,4'bpy)s]*-modified FTO electrodes.

The onset and the peak of the electrocatalytic wave of
the latter modified electrode were found to be 0.82 and
1.0 V, whereas the bpe derivative exhibited these peaks at
0.76 and 0.95V, respectively. The sensitivity of this elec-
trode (12.8X 102 pApum ') was much higher than that of
1645
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100nm

L4

Figure 6. SEM images of FTO electrodes modified with 3-(mercap-
topropyl)trimethoxisilane and subsequently submitted to three de-
position cycles of AuNP/[Rus;O(CH;COO)¢(L)s]" hybrid materials.
A:bpe, B:4,4-bpy, C:4-CNpy. Inset: magnification showing the
integrity of the AuNPs and their density on the films.

the 4,4'-bpy derivative (9.25 X102 uApum'). This can be
explained by the relative surface coverages of the corre-
sponding hybrid materials, but the cathodic shifts of the
electrocatalytic peaks suggest a significant influence of the
triruthenium complex on the electrocatalytic properties.
Furthermore, the modified electrodes exhibited enhanced
sensitivity compared with conventional bare gold elec-
trodes, probably as a consequence of the much higher sur-
face area. In fact, an excellent linear correlation for the cur-
rent versus [NO, | plot was obtained (R = 0.9995) in the
[NO, ] range of 0.5-1000 pmol L', as shown in Figure 7.
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Figure 7. Cyclic voltammograms of FTO electrodes modified with
A) AuNP/[Ru3;O(CH;COO)4(bpe)s]* and B) AuNP/[Ru;O(CH;s-
COO0)4(4.4'-bpy);]* upon addition of increasing concentrations of
NaNO, in 0.1 M KNOj electrolyte solution (v = 100 mVs ). Inset:
plot of peak current vs. [NO, ].

Conclusions

The [RusO(CH3;COO)4(L);]PFs complexes rapidly bind
to ct-AuNPs leading to surface functionalization and subse-
quent aggregation due to the formation of interparticle
bonds, reflecting the characteristics of the L bridging ligand
and the bond strength sequence bpe >4.,4'-bpy >>4-CNpy.
The preferential binding of the L bridging ligands to the
[Ru30] core through the pyridyl N atom was also confirmed
by Raman spectroscopy as well as SERS and SERRS ef-
fects. The SEM images of FTO electrodes modified with
AuNP/[Ru;O(CH;COO)4(L);] by coordinative layer-by-
layer assembly are consistent with the kinetic and SPR data,
showing the formation of sufficiently compact thin films
with the bpe and 4,4'-bpy triruthenium cluster derivatives,
which indicates that the stability/lability of AuNP-cluster
bonds as well the solubility are important parameters influ-
encing the film construction process. The enhanced sensitiv-
ity and the electrocatalytic response of the AuNP/[Rus-
O(CH;COO)4(L);]* hybrid materials have been shown to
depend on the bridging complex in the oxidation of nitrite
to nitrate, which demonstrates their high potential for appli-
cation in amperometric sensors.

Experimental Section

Materials: The [Ru;O(CH;COO)¢(4-CNpy)s]PF¢, [Ru;O(CH;-
COO0)4(4,4'-bpy);]PFgs and [Rus;O(CH;COO)g(bpe)s]PFy clusters
were prepared according to an adaptation of previously described
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procedures for related species.[3%-5%371 Briefly, a methanol solution
of the [Ru3;O(CH;COO)s(CH;0H);)(CH;COO) complex was
added dropwise to at least a three-fold excess of 4-CNpy, 4,4'-bpy
and bpe in methanol solution and the mixture was heated at reflux
for 30 min. The dark precipitate was filtered, washed with small
volumes of cold water and methanol, and dried in a desiccator
under vacuum. Then a stoichiometric amount of Br,, diluted in
CH,Cl,, was slowly added to a magnetically stirred suspension of
the [Ru;O(CH3COO)4(L);] complex in CH,Cl, (50 mL). Finally,
the solvent was removed in a rotary evaporator and the solid was
redissolved in methanol and precipitated by addition of an aqueous
solution of NH4PF; (ca. five-fold excess). The mixture was kept in
the refrigerator for 48 h, the dark-green precipitate was filtered off,
washed with cold methanol and diethyl ether and dried in a dessic-
ator under vacuum. The final purification was carried out by neu-
tral alumina column chromatography (20 X 1.5 cm) using a 1:1 v/v
mixture of ethyl acetate/acetonitrile as eluent. The solvent was re-
moved in a flash evaporator and dried under vacuum.

[Ru;O0(CH5COO0)4(4-CNpy)s]PFg: Yield ca. 50%. C3gH30FsNgO3-
PRu; (1130.9): caled. C 31.87, H 2.67, N 7.43; found C 31.70, H
2.94, N 7.15. MS (ESI): one peak at m/z = 987.0; A(m/z) = 1.0
corresponding to the molecular ion.

[Ru;O(CH5CO0)4(4,4'-bpy)s]PFg: Yield ca. 35%. CyoHynFgNgO3-
PRujs (1287.0): caled. C 39.20, H 3.29, N 6.53; found C 39.10, H
3.89, N 6.40. MS (ESI): one peak at m/z = 1142.9; A(m/z) = 1.0
corresponding to the molecular ion.

[Ruz;O(CH5COO0)4(bpe);]PF: Yield ca. 25%. CygHysFsNgO3PRus
(1365.10): caled. C 42.23, H 3.54, N 6.16; found C 41.92, H 3.92,
N 6.03. MS (ESI): one peak at m/z = 1221.1; A(m/z) = 1.0 corre-
sponding to the molecular ion.

ct-AuNP: Stable suspensions in water were prepared by using the
method of Turkevich et al.3® Typically, an aqueous HAuCl,-3H,O
(Aldrich) solution (0.03% m/v, 100 mL) was heated up to the boil-
ing temperature and then a sodium citrate solution (1% m/v,
2.75 mL) was added all at once under vigorous stirring. The reac-
tion mixture immediately turned dark blue, then bluish red and
finally bright red. This colour is characteristic of ct-AuNPs of 20—
30 nm diameter, stabilized by citrate ions bound to the surface.
However, they are labile and can be readily exchanged by molecules
exhibiting suitable coordinating groups.

Physical Measurements: A suspension of ct-AuNP was diluted to
adjust the absorbance of the plasmon band at 520 nm to 1 u.a. (ca.
2.0X10*molL! of gold atoms in ca. 20 nm nanoparticles or ca.
2X10°molL! of surface gold atoms) and treated with a
3X 103 molL ! [RusO(CH;COO)4(L);]Cl aqueous solution. The
chloride salts were obtained by exchanging the counterion PF4~ for
Cl', adding the PFg salt solution to a saturated LiCl solution in
acetone, collecting and drying the precipitate. The reaction was car-
ried out inside a 10.0 mm quartz cuvette containing ct-AuNPs sus-
pension (3.0 mL) and by adding the corresponding ruthenium com-
plex solution (30 pL) whilst stirring. The evolution of the reaction
was monitored spectrophotometrically at 1 s intervals by using a
HP-8453A diode array spectrophotometer in the kinetic mode.

Raman spectra in the 350-2000 cm™! range were obtained by using
an InPhotonics spectrophotometer equipped with a 785 nm laser
(Pmax = 250 mWcem2) and a bundled fibre optics probe. All mea-
surements were carried out by using a sample-to-probe distance of
2 mm, an integration time of 120 s and 70% of the maximum laser
power. The Raman scattering spectra, exciting with a 532 nm argon
laser (Ppax = 100 mW), were recorded with a WITec Alpha 300R
Raman confocal microscope, an integration time of 120 s, 20X ob-
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jective and a numeric aperture of 0.4 in the 100-3200 cm™!

range.

spectral

The SPR spectra were recorded with an EcoChemie AutoLab
SPRINGLE instrument using the Kretschmann arrangement and
a diode laser (4 = 680 nm). The special glass substrate covered with
a 50 nm thick gold layer was cleaned with piranha solution for
15 min, washed with deionized water and kept in a 1 X 10~ mol L™!
aqueous solution of 1,4-butanedithiol for 24 h. Then it was
mounted in the SPR cell and exposed successively to solutions of
ct-AuNP and triruthenium cluster complexes (1 X 104 molL ), in-
tercalated by rinsing steps with deionized water. All processes were
carried out continuously and automatically using 50 pL samples
and a flux of 10 pLs'. The cell was kept at 25 °C by using a Phar-
macia LKB multi-temp II thermostatted bath.

The FTO substrates (4 = 1.0 X 1.5 cm?) were cleaned by dipping
them into a piranha solution activated with a H,O/H,O,/NH,OH
(5:1:1 v/v) mixture for 15min and then treating them with a
1.0X 103 mol L ! solution of 3-(mercaptopropyl)trimethoxysilane
(BMPTYS) in methanol for 6 h. Thin films of the hybrid materials
were constructed on top of 3-MPTS modified substrates by coordi-
native assembly, dipping them successively into an aqueous ct-
AuNP solution and then into a methanolic triruthenium cluster
solution for 10 min. After each deposition step the electrodes were
carefully washed with the corresponding solvent to remove the ex-
cess of reactant and assure the formation of AuNP/triruthenium
cluster hybrid materials for the spectroscopic, electrochemical and
morphological characterization.

The electrochemical measurements were carried out in a
0.1 molL™" KNOj3 solution containing 1.0 X 102 molL™! acetate
buffer (pH = 4.7) as electrolyte. The 1.0 X 103 molL~! NaNO,
solution was prepared by using the same electrolyte solution. The
cyclic voltammograms (CV) were recorded by using an AutoLab
PGSTAT?30 potentiostat/galvanostat and a conventional three-elec-
trode cell arrangement with an Ag/AgCl (1.0 molL ' KCI) refer-
ence electrode, a coiled platinum wire counter-electrode and a
modified FTO substrate as the working electrode. The SEM images
were obtained with a JEOL JSM-7401 scanning electron micro-
scope using a typical acceleration voltage of 6 KeV.

Supporting Information (see footnote on the first page of this arti-
cle): Tentative assignment of the FT-Raman spectra (Tables S1-S3)
of pure [Ru;0(CH3COO)¢(L);]PFs, AuNP/[Ruz;O(CH;COO)4(L)s]
hybrid material and the free L ligand; UV/Vis spectra (Figure S1)
of ct-AuNPs aqueous solution and AuNP/[Ru;O(CH;COO)q(L);]
hybrids showing the deconvolution of the plasmon coupling band;
and TEM images (Figure S2) of ct-AuNP and AuNP/[Ru;O(CHs;-
COO)¢(BPE);]* hybrid material on cooper grid.
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