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Gold clusters functionalized with interchain carboxylic
anhydride over their entire surface have been successfully
immobilized on amine-functionalized silica supports
through amide-forming coupling, providing ordered two-
dimensional arrangements of cluster monolayers, which
might find utility in the development of artificial
nanostructures for nanoelectronic device applications.

Composite nanostructures consisting of metal clusters and
solid-state matrices have recently attracted much attention and
are considered to be a potential class of materials for future
nanodevice applications based on novel functions arising from
size-quantization effects.' In particular, monolayer-protected
gold clusters (Au-MPCs) have been the subject of intense study
with respect to the fabrication of cluster-based structures as
part of the development of artificial nanostructured materials.
More recently, these structures have been recognized as
potentially useful in nanoelectronic applications, on the basis
of Coulomb charging effects.’

Surface modification of the clusters and their immobilization
on an appropriate solid support, such as metals, dielectric
materials, or semiconductors, is an indispensable technology
for practical applications of MPCs in nanodevices. A wide
variety of methods for the fabrication of Au-MPC-based
structures have been reported. Most studies have focused on
the immobilization of clusters on the support through
self—assembly,2"’2/"2"’2‘5"3“‘4 electrostatic interaction,?>> com-
plexation,® molecular linking,” and/or covalent bonding.?®
Among these, non-covalent bond-mediated immobilization
is considered to be stable only under specific conditions due to
the relatively weak interaction, effectively limiting the range
of applications for this approach. Although the covalent bond-
mediated immobilization of clusters may be suitable for
various applications with regard to stability, there have been,
as yet, few studies on the topic. Gold cluster deposition on self-
assembled monolayers bearing mercapto groups provides
immobilization of the clusters through simple covalent bonding
(typically alkyl chains).?*3¢# In this case, however, under-
ivatized Au clusters are necessary for immobilization, for which
the preparation of very small clusters (<2 nm) is generally
difficult. Recently, Chan and Yu reported the immobilization
of Au-MPCs through stable oximes formed by chemoselective
ligation, but no direct evidence for covalent bonding was
presented.® There remains a need for the development of a
facile process for stable chemical immobilization of clusters on
supports.

Herein, we describe an experimental study involving a new
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approach for the synthesis of Au clusters functionalized with a
highly reactive intermediate and the immobilization of these
clusters onto a silica support. The immobilization is mediated
by covalent bond formation, which utilizes an amide-forming
coupling reaction between carboxylic anhydride introduced on
the surface of the Au clusters and amine groups attached to the
silica support (Scheme 1). The procedure involves the synthesis
of Au clusters functionalized with a carboxylic acid monolayer
(MPC 1), followed by transformation of these protective mole-
cules into interchain carboxylic anhydride by treatment with
trifluoroacetic anhydride, as applied to self-assembled mono-
layers on gold substrates.” The anhydride-protected Au clusters
(MPC 2) are then reacted with amino groups on a thin silica
film and/or a colloid, uniformly immobilizing the Au clusters
as a monolayer through covalent bonding. In this reaction,
carboxylic anhydride, chosen as the functional molecules for
Au clusters, and the amine group on the support react directly
in a facile, predictable and reproducible manner to form stable
amide bonds in high yield without protection or derivatization
of these pairs of functional groups.
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Scheme 1 Schematic illustration of proposed transformation from
carboxylic acid-functionalized Au clusters (1) to interchain carboxylic
anhydride-functionalized Au clusters (2) and subsequent immobiliza-
tion on amine-functionalized silica supports through an amide-forming
coupling reaction.
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Fig. 1 TEM images of (a) MPCs 1 and (b) MPCs 2, and (c) FT-IR
spectra of these clusters, showing clean transformation from carboxylic
acid to interchain carboxylic anhydride on the Au clusters. TEM
samples were prepared by dropping a small amount of THF solution
containing the Au clusters onto carbon-coated TEM copper grids.

MPCs 1 were prepared according to the method reported by
Brust ez al.'® using 11-mercaptundecanoic acid as the stabiliz-
ing agent.!! Transmission electron microscopy (TEM) revealed
a mean diameter of 1.9 nm (standard deviation = 0.33 nm) for
MPCs 1 [Fig. 1(a)]. These clusters are observed to form a
number of aggregates on a carbon thin film supported on a
TEM grid, presumably due to the formation of carboxylic
acid dimers between neighboring Au clusters. For prepara-
tion of MPCs 2, a solution containing MPCs 1 (30 mg, ca.
4.7 x 1072 mmol of -CO,H) in DMF (15 mL) was added to
a freshly prepared solution of trifluoroacetic anhydride
(1.4 mL, 9.9 mmol) and triethylamine (2.8 mL, 20 mmol) in
DMF (45 mL) under argon. After this mixture was stirred at
room temperature for 1 h, volatile materials were removed by
distillation at 40 °C under reduced pressure. The oily resi-
due was slowly added to vigorously stirred water (800 mL,
distilled) to give a black precipitate, which was then collected
by filtration, washed with copious amounts of water, and dried
under vacuum. TEM observation of MPCs 2 reveals a uniform
two-dimensional dispersion of clusters, confirming that there
is no significant aggregation of these clusters [Fig. 1(b)].

The surface structural features of the present Au clusters are
characterized by surface-bound carboxylic acid functionality.
The Fourier transform infrared (FT-IR) spectrum for MPCs 1
[Fig. 1(c)] shows a band attributed to the backbone modes of
alkyl chains, together with a C=0 stretching band at 1715 cm ™!
with a shoulder at 1740 cm ™!, assigned to hydrogen-bonded
and free carboxylic acids, respectively.'?> The relatively high
intensity of the signal assigned to the hydrogen-bonded
carbonyl groups reflects the presence of head-to-head hydrogen
bonding between neighboring MPCs 1 (inter-shell dimer
formation),* which leads to the formation of aggregates, as
seen in Fig. 1(a).

After treatment with trifluoroacetic anhydride and triethyl-
amine (MPCs 2), the spectrum in the C-H stretching region

remain unchanged, while new bands were observed, corres-
ponding to C=0 asymmetric (1822 cm™ ') and symmetric
(1750 cm™ ') stretching modes of carboxylic anhydride.
These bands arise from intramolecular coupling between the
carbonyl vibrations in in-phase and out-of-phase modes.'
Most importantly, the complete disappearance of all carboxylic
acid C=0O stretching bands indicates that the reaction of
carboxylic acids with trifluoroacetic anhydride proceeds
cleanly. The peak position and relative intensity of these
stretching bands are characteristic of acyclic anhydrides,'*
and the changes in the IR spectra after treatment of 1 with
trifluoroacetic anhydride are similar in form to those observed
for self-assembled monolayers of 16-mercaptohexanoic acids
and their anhydrides on a flat Au substrate.®® Preliminary
X-ray photoelectron spectroscopy measurements for MPCs 2
revealed no sign of the presence of trifluoroacetyl moieties, and
no aggregates appeared in the TEM image [Fig. 1(b)]. This
indicates that the carboxylic anhydrides are derived from the
reaction of two adjacent carboxylic acid moieties attached to
one Au core, and not from carboxylic acid and trifuluoroacetic
acid or the interconnection of two carboxylic acids attached to
neighboring Au cores.

The reaction of MPCs 2 with n-butylamine in THF for
10 min resulted in the formation of Au clusters protected by
a mixed monolayer comprised of a mixture of carboxylic acids
and alkylamides (results not shown) on the Au core."* This
demonstrates the extremely high reactivity of MPCs 2 with
respect to the amide-forming coupling reaction. This type
of reaction is rapid and can be used for immobilization on
amine-functionalized silica supports.!> Representative results
are shown in Fig. 2. The TEM image in Fig. 2(a) confirms that
the Au clusters are successfully immobilized on the silica thin
film after immersion of the film in THF containing MPCs 2
(reaction time: 20 min). Most of the clusters are isolated
individually to form an ordered two-dimensional hexagonal
arrangements of the Au cluster monolayer on the silica surface.
Several defects are seen in the image, which could be due to the
size distribution of the clusters. The Fourier transformation of
the image [inset in Fig 2(a)] displays spots with spacings
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Fig. 2 TEM images of MPCs 2 immobilized on (a) a silica thin film
(inset: Fourier transform of the TEM image) and (b) colloids. (c) FT-IR
spectrum of MPCs 2 immobilized on silica colloids and enlargement
(inset) of the 1400 to 2000 cm ™! region.
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corresponding to the separations of ordered planes comprised
of Au clusters, supporting the long-range ordering in the cluster
monolayer. Although ordered arrangements of metal clusters
were reported for ligand-stabilized Au clusters on a polymer-
modified surface through acid—base interaction,? the present
results can be considered as the first successful immobilization
of Au clusters in ordered two-dimensional form mediated
by a covalent bond-forming reaction. The almost complete
organization area was dependent on experimental conditions; a
detailed study related to the organization mechanism for the
anhydride-protected Au clusters is in progress and the results
will be presented elsewhere.

Direct evidence for the amide-forming reaction has been
obtained from FT-IR measurements on Au clusters immobi-
lized on silica colloids, the results of which are shown in
Fig. 2(b) and (c). After mixing, with stirring, a THF solution
containing MPCs 2 and amine-functionalized silica colloids,
precipitation took place within 5 min. TEM observation of
the obtained precipitates revealed that each silica colloid is
surrounded by a number of Au clusters, which are sometimes
attached to neighboring silica colloids [Fig. 2(b)].!® The peaks
observed at 1642 and 1550 cm ™! in the IR spectrum of these
precipitates [inset of Fig. 2(c)] are assigned to the amide I (C=0O
stretching) and amide II (N-H bending) modes of the amide
bond.!” Other characteristic peaks can be seen, which arise
from the remaining carboxylic anhydride (1820 and 1748 cm ™)
and carboxylic acids formed by the coupling reaction
(1714 cm™'). These results indicate that the immobilization
of Au clusters arises from the amide-forming coupling reaction.
The chemical bond thus formed between the Au clusters and
the support prevents the Au clusters from being removed by,
for example, repeated washing under ultrasonication. As the
amide I and II modes are predominantly conformationally
sensitive to local order related to the structural arrangement of
carbonyl groups,'” a detailed analysis of the spectrum of the
amide mode is currently being made in order to verify the local
structure of the interface between Au clusters and the silica
support.

In conclusion, the trifluoroacetic anhydride-promoted reac-
tion presented here allows clean transformation from the
carboxylic acid moieties attached to Au clusters to interchain
carboxylic anhydride. The highly reactive intermediate intro-
duced uniformly over the entire cluster surface provides direct
and rapid immobilization of Au clusters as a two-dimensional
hexagonally close-packed monolayer on amine-functionalized
silica substrates through an amide-forming coupling reaction.
This process can also be extended to the preparation of pat-
terned architectures and three-dimensional superstructures,
and is applicable for immobilization of the clusters on various
kinds of supports, including complex shapes and large surface
areas. Additionally, these clusters allow facile modification of
the cluster surface with other types of functionality (e.g. fluoro-
phores, biomolecules) with a controlled structure through
the appropriate choice of molecules, even after immobiliza-
tion, because anhydrides remain on the cluster surface after
immobilization. Potential applications for this approach are
currently being investigated.
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