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Covalent assembly between gold-thiolate nanoparticles
(AuNPs) and the cluster [Fe(n’-CsHs)(us-CO)ls, 1, can be
achieved either by direct Brust—Schriffin-type synthesis using
a mixture of undecanethiol and a thiol functionalized with 1,
or by substitution of undecanethiolate ligands in AuNPs by
thiolate ligands functionalized with 1; cyclic voltammetry of
these AuNPs functionalized with 1 allows us to recognize and
titrate the oxo-anions H,PO,  and ATP?".

Anion sensing is a modern topic of high interest given the key roles
of anions in biology and the environment. It has been investigated
inter alia using redox sensors' attached to endo'? or exo-
receptors™* and the redox system that is chosen for anion sensing
most often involves ferrocene. The latter is reliable and con-
venient,>® and ferrocenyl-terminated dendrimers’ are an example
of such an application.® The long-known organometallic cluster
[Fe(n>-CsHs)(13-CO)J4, 1, is another example of a robust redox
system (Fey/Fe,"), the oxidation of the neutral cluster to the
cationic one being fully reversible and located at as mild a potential
as that of ferrocene.’ This cluster is larger than ferrocene, however,
and presents several potential sites for supramolecular interactions
by hydrogen bonding, such as the four carbonyl ligands. Indeed,
attempts to decorate dendrimers with these clusters showed
promising results.'” Gold nanoparticles (AuNPs)!"'> have been
shown to be particularly useful for redox sensing, because they can
be readily assembled with a large number of branch termini, such
as ferrocenyl."

The cluster 1 bearing an amido substituent does not recognize
oxo-anions, and we will show here that AuNPs serve as templates
to assemble nanostructures whose many tethers bearing the
amido-cluster derived from 1 recognize H,PO,  and ATP>".
The electrochemical response in such assemblies distinguishes
between the redox centers that are connected to the guest species
by supramolecular interactions and those that are not.'

Stable AuNPs functionalized with the thiolate ligands deriva-
tized with the cluster 1 were synthesized using two strategies as
follows. First, undecanethiolate substitution by the thiolate anion
of the air-sensitive cluster-thiol [Fes(ui3-CO)4(n>-CsHs)s(n° -
CsH,CONH(CH,);;SH],T 2, in homoleptic Brust-Schiffrin-type
undecanethiolate-AuNPs'? was achieved in CH,Cl, by mixing
undecanethiolate-AuNPs'? with 2 (one equiv. 2 per coordinated
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undecanethiol) at room temperature (RT) for 3 days (Scheme 1).
The iron-cluster-derivatized AuNPs, 3, were purified, after
removing the solvent under vacuum, by washing the solid residue
of 3 with methanol, then with acetone, which allowed the complete
separation of 2 and non-functional thiols. The 'H NMR analysis
showed that the proportion of cluster-functionalized thiolate
ligand coordinated to the AuNPs 3 was 7%. Elemental analysis
(S: 4.10%; Au: 64.73%) corresponds to a Au/S atomic ratio of 2.6,
and TEM showed the low dispersity and the average diameter of
the Au cores of 2.10 + 0.5 nm. Combining these two data gives an
average number of Au atoms per core of 285 and a number of
thiolate ligands m = 110, which corresponds to an average of 8
iron-cluster-functionalized thiolates per AuNP, ie. each AuNP
contains in average 285 Au (core) and 32 Fe atoms (periphery).

In the second method, we used the direct Brust-Schiftrin-type
synthesis'> by mixing equal amounts of undecanethiol and 2 in
toluene with an aqueous solution of HAuCl, to which NaBH,4 was
slowly added while stirring (Scheme 1). After 3 h of reaction at RT
and the usual work-up procedure,'” the "H NMR spectrum
showed that, in the AuNPs obtained (4), the C;,H,5S/Fe,-cluster-
thiolate ratio was 52/48, and elemental analysis (S: 3.38%, Au:
45.55%) indicated an atomic ratio Au/S = 2.2. The AuNPs 3 and 4
are air-stable dark-green powders. TEM of 4 (Fig. 1) provided an
average diameter of 1.6 + 0.4 nm corresponding to 101 Au atom
per AuNP and 58 thiolate ligands including 28 Fey-cluster-
functionalized thiolate ligands per AuNP.

The cyclovoltammogram (CV) of 1 was reported to show two
reversible monoelectronic oxidation waves and one reversible
monoelectronic reduction wave.” The CVs of 3 and 4 (Fig. 2) in
CH,Cl, on Pt with 0.1 M n-BuyNPF, resemble that of the
monomeric cluster 1, except that they additionally show adsorp-
tion due to the large size of these nanostructures. This analogy is
due to the fact that the clusters are sufficiently remote from one
another to render the electrostatic factor almost nil. Therefore, all
the clusters of 3 or 4 are active at about the same potential.'*'* For
instance, the redox change Fe, — Fe," appears in a single
reversible wave (the wave Fe,” — Fe,~ also is reversible, whereas
the wave Fe,” — Fe,>" is only partly chemically reversible with
ip/i. < 1, see Fig. 1). Adsorption is also well visible upon scanning
the first oxidation wave. The monoelectronic oxidation wave 1/1"
is located near 0 V vs. ferrocene, whereas the two other CV waves
are found at remote positive and negative potentials. These large
assemblies also provide facile adsorption onto electrodes for the
fabrication of electrodes derivatized with 3 or 4 (Ej,, — E,. = 0 mV)
by simple dipping and multiple cycling around the potential of
Fe,/Fe,*, whereas for instance the monocluster-derived alkylthiol
2 does not provide a clean modified electrode.
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Fig. 1 TEM photograph and size distribution histogram of AuNP 4,
synthesized by the direct method.
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Fig. 2 CV of the Fe, cluster-AuNPs 4 (CH,Cl,, [BuyN][PF], 0.1 M;
internal reference: [FeCp,*]; scan rate: 0.1 V s~ '); (a) scan of the three
waves (top), showing the redox activity of the species resulting from the
decomposition of the dicationic clusters (shoulder, top right); (b) scan of
only two waves (bottom).

Recognition of oxo-anions by the exo-receptors 3 and 4 was
carried out by adding their N(#-Bu)," salt into the electrochemical
cells containing a CH,Cl, solution of the exo-receptor at a
Pt anode and was efficient, the oxo-anions H,PO,  and ATP?~
disclosing recognition features that are very different from each
other and different from those obtained with dendritic ferrocenyl
exo-receptors.3 13

Addition of [H,POy4] [N(n-Bu)4] to 4 gives a new CV wave at a
potential 60 mV less positive than that of the initial wave whose
intensity concomitantly decreases (Fig. 3, left). The replacement of
the initial wave by the new wave is much more readily observed
and monitored with 4 than with dendrimers whose tethers are
terminated with 1,'° which allows easier sensing. In the Echegoyen—
Kaifer model,'® this corresponds to a strong-interaction case
leading to the ratio of apparent association constants K,/K, =
11 + 2. There is no cathodic shift of the oxidation wave, which
indicates that interaction of H,PO, with the neutral form is weak.
On the other hand, the oxidized form of 4 strongly interacts with
H,PO, . The oxo-anion brings electron density onto the cationic
Fes" cluster frame through hydrogen bonding. This makes its
oxidation easier, thus occurring at less positive potential than in its
absence. This difference of interactive structure between the
cationic and neutral cluster forms in 4 is responsible for the large
Ey. — E value at the end of the titration. This phenomenon was
not observed to such a large extent in the titration previously using
amidoferrocenyl dendrimers.'” The titration graphs yields a
number of [HoPO,] [N(n-Bu)y] per amido-Fe, cluster unit at the
equivalent point of 1.3, in accord with a one-to-one interaction.
The AuNPs are best suitable for the recognition of [H,POy]
[N(n-Bu)y], because the strong interaction between the oxidized
form of 3 or 4 and H,PO, ™ brings about a clear-cut phenomenon.
We believe that this is due to the large number of amidocluster
units in the AuNP defining narrow channels that afford a tight
interaction between the amido groups and the small oxo-anion.

Addition of adenosine-5'-triphosphate, ATP> as its N(n-Bu),"
salt into the electrochemical cell containing the CH,Cl, solution of
4 provokes the appearance of a new CV wave at a potential
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Fig. 3 Titration of [(n-Bu)yN]J[H,PO,] (left) and of [(n-Bu)sN], [ATP]
(right) by 4 in CH,Cl,. CVs: supporting electrolyte, 0.1 M [(n-Bu)4N]
[PF); reference electrode, Ag; auxiliary and working electrode Pt, internal
reference, FeCp,*; scan rate, 0.2 V cm L (a) 4 alone; (b) in the course of
titration, new wave for 4, E1pinitial — E1/onew = 0.060 V for H,PO, " ; and
0.095 V for ATP>™; (c) with excess of salt of anion.

150 mV less positive than the initial wave. This new wave is much
better separated from the initial wave, however, in the case of
ATP*>™ than with H,PO,  (Fig. 3, right). The K,/K, ratio for
ATP?™ is 43 + 8, ie. much larger than with H,PO, . This means
that the interaction between the cationic form of the cluster in 4
and this dianion is stronger than with the monoanion H,PO, ",
probably due to the charge difference between these two anions.
Thus, recognition of ATP? is easier than that of H,PO, . This is
in sharp contrast with all the previous studies with ferrocenyl
dendrimers'® whereby the recognition of [HyPO,] [N(n-Bu),] and
[ATP] [N(#-Bu)s], gave similar results, the recognition of ATP*~
being slightly disfavored compared to that of H,PO, . The large
size difference between H,PO,  and ATP*>  and the charge
difference are responsible for the new observed selectivities that
were absent with ferrocenyl-terminated dendrimers and AuNPs.
The Fey-cluster offers a larger frame providing a better possibility
of encapsulation by ATP?>~ than ferrocene and interaction sites
with the carbonyl ligands that are susceptible to give rise to
additional supramolecular interactions compared to ferrocene.

In addition, a new oxidation wave also appears in the course of
titration. This shows that, contrary to what is observed with
H,PO, ", the interaction between the neutral form of the cluster
and ATP?>™ is strong enough to induce a change of oxidation
potential. The difference of shifts of potential of the new oxidation
and reduction waves confirms that, as expected, the interaction
between ATP?>™ and the cluster is much stronger in the oxidized
cluster form (reduction waves) than in the neutral one (oxidation
waves).

The titration diagram (Fig. 4) shows an equivalent point close to
0.5 (0.55) equivalent [ATP] [N(n-Bu),], per Fes-cluster branch due
to the double negative charges, which means that each of the two
negatively phosphate monoanion units of ATP?™ interacts with a
Fey-cluster branch. Other stoichiometries have been reported in
such titrations.®

In conclusion, the first cluster-AuNP assemblies were synthe-
sized using two routes, the direct Brust-Schiffrin synthesis being
more efficient than the thiolate ligand-substitution procedure.
Redox recognition of oxo-anions is easier than with ferrocenyl
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Fig. 4 Titration of ATP?>™ with AuNP 4 in CH,Cl,. Decrease of the
intensity of the initial CV wave (H) and increase of the intensity of the new
CV wave (®) vs. the number of the equiv of [#n-BuyN] [ATP] added per
cluster branch of 4 (3 x 107> M).

dendrimers or AuNPs, and ATP>~ provokes a larger CV wave
shift than H,PO,4~ contrary to titrations using ferrocenyl-based
exoreceptors. These features show the advantage of the use of both
AuNPs and the large cluster 1 for sensing over dendritic and
ferrocenyl-based exoreceptors.
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