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We report the synthesis, characterisation and self-assembly of
a nanoscopic Fe24 cluster using an organic dendrimer as a
molecular substrate for building up well-defined molecular
nanostructures.

The catalytic and magnetic properties of iron (Fe) nanoparticles
have led to their use as nanoscale ferromagnets,1 catalysts for
hydrogenation and isomerization reactions2 and catalytic seeds for
growing carbon nanotubes.3 Self-assembly of Fe or Fe-containing
nanoparticles has been the subject of scientific investigation because
of their importance in the development of high-density magnetic
memory-storage devices4 and surface-bound growth of nanotubes
or nanowires.5,6 The design and production of Fe nanoparticles
with a controllable size and even a controllable molecular structure
is therefore of significant appeal.

In this communication we report the synthesis of a nanoscale
Fe24 cluster built on an organic dendrimer host molecule. The
ability to precisely control the size, atomic number and surface
functionality of the nanoclusters distinguishes the synthesised
molecules from Fe colloidal nanoparticles. In addition, in view of
the general interest in the ‘surface behaviour’ of the particles, our
effort has been extended to the investigation of various surface-
driven self-assembly processes.

The starting material, DAB-dendr-[N(CH2PPh2)2]8 1, was
prepared by double phosphinomethylation of each of the eight
peripheral amino groups of a commercially available dendrimer,
DAB-dendr-[NH2]8, through the use of Ph2PCH2OH prepared
in situ from CH2O and HPPh2.

7 The completeness of the double
phosphinomethylation is evident by the observation of the 31P
NMR spectrum of 1, which shows a sharp single peak at d ~
227.8 ppm. The compound DAB-dendr-{N(CH2PPh2)2-
[Fe3(CO)9]}8, 2, was prepared by binding eight Fe3(CO)12 cluster
units onto the 8[P–N–P] tridentate terminals of compound 1,
thereby forming a nanoscale supercluster with each produced
molecule containing 24 Fe atoms.

The reaction was monitored by infrared spectroscopy (IR) in the
CO region. Following the progress of the reaction, a new set of
bands at 1973 (s), 1937 (vs) and 1885 (m) cm21 appeared.{ For
comparison, the IR profile of the starting cluster and the purified
product is shown in Fig. 1(a) and 1(b), respectively. Evidence for
coordination of all the tridentate P atoms to clusters is provided by
the observed single peak in the 31P NMR spectrum.{ The
significant downfield shift, from d ~ 227.8 ppm for the non-
coordinated phosphorus to d ~ 59.5 ppm in the coordinated
product, results from the donation of electrons from the P atoms to
the Fe centres. Elemental analysis is in agreement with that
calculated for each dendrimer molecule containing eight Fe3(CO)9

units,§ and also assuming the replacement of three carbonyl ligands
in the parent Fe3(CO)12 cluster by the amino nitrogen atom and
the two phosphorus atoms of each dendritic terminal. A similar
bonding mode was found in our previous studies using a
Ru5C(CO)15 cluster.8

Molecular imaging of this dendrimer-based Fe24 cluster has been
achieved by deposition of the molecules on a Si substrate and by
subsequent atomic force microscopy (AFM) (Fig. 2a).} The
topographical height measurements for the majority of particles

on the image give a dominant size of about 1.4 nm (Fig. 2b). The
smaller number of bigger particles is believed to be aggregates of
the single molecules. Given the fact that the dendrimer molecules

Fig. 1 IRspectrumofthestartingclusterFe3(CO)12(a),andoftheproduct(b).

Fig. 2 The image of the Fe24 superclusters under the atomic force micro-
scopy (AFM) (upper figure), and the corresponding topographical height
measurements (lower figure).D
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are soft and may flatten as a result of the surface adsorption, the
measured height value for each molecule should be smaller than the
real size (diameter). Based on our height analysis, and also taking
the atomic numbers and the molecular structure into account, we
estimate the real size of a single molecule to be at the scale of about
2–3 nm.

Interestingly, we find that depending on deposition conditions,
these supermolecular clusters may self-assemble into various
nanostructures on the Si substrate. A frequently seen structure is
nanorings consisting of either single molecules or their aggregates
(Fig. 3a). The rings are normally found after dipping the substrate
into a dichloromethane solution of the clusters for a few minutes
followed by a thorough rinse using pure dichloromethane and a
blow-dry by a N2 gun. Evaporation of the solvent may lead to
formation of discrete nanoparticles with a typical size of about 4 nm
(Fig. 3b). Cross-section measurements indicate that these nano-
particles possess similar characteristics to colloidal nanoparticles
under AFM scanning, suggesting a ‘‘solid’’ feature possibly arising
from a mechanism that involves the decarbonylation of the
molecules and their subsequent agglomeration. If the dipped
substrate is vertically taken out of the solution in a way such that
the solution is allowed to naturally flow down along the surface,
cluster islands may be formed (Fig. 3c). AFM scanning results
show that each island is made up of several smaller particles,
possibly the single molecules loosely assembled together. The
width of these islands is approximately 100–200 nm, and the height
3–4 nm. It is also observed that when the dipping operation is
replaced by a dropping one, a continuous film of molecules forms

on which many scattered nanoscale holes are displayed (Fig. 3d).
The diameter of the holes is typically in between 50 and 100 nm,
and the hole-depth is about 5–10 nm. We believe that all these
interesting nanostructures may arise from a combination effect that
involves the immobilisation force exerted by the hydrogen-bonding
between CO ligands of the clusters and OH groups on the sub-
strate, together with the mobilisation action driven by thermal
movement of the molecules and evaporation of the solvent. The
controlled deposition of metal cluster–dendrimer complexes opens
up new avenues for exploring their use as catalytic centres.
Currently we are using similar complexes for the controlled growth
of carbon nanotubes.

We thank Thomas Swan Lt. & Co. UK for financial support
during the period in which this work was carried out.

Notes and references

{ The band of the starting cluster at 2024 cm21 no longer exists in the
purified product presumably because of its transformation into the two
new absorptions at lower wavenumbers (1973 and 1937 cm21) following
coordination of the cluster units onto the chelating P–N–P ligands.
{ A weak second peak in the 31P NMR spectra for 2 was also observed at
d # 30 ppm. This is believed to arise from a slow fluctuating process
involving cluster rearrangement.
§ Elemental analysis (wt.%) for 2: found: C 52.16, H 4.55, N 3.25, P 7.01;
calcd for C320H272N14P16O72Fe24: C 52.64 , H 3.76, N 2.70, P 6.80.
} The employed Si substrates contain a thin native oxide layer. The
substrates were first cleaned by a mixture of ethanol and acetone, then by
water, in an ultrasonic bath, followed by O2 plasma polishment for
10 minutes before use. AFM imaging was carried out using Tapping Mode.
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Fig. 3 AFM images (a1–d1) showing the shapes or structures of the self-
assemblies of the Fe24 nanoclusters, and the topographical measurements
(a2–d2) showing the typical size of the nanoparticles or nanoholes.

Scheme 1 Synthesis of compound 2. Reagents and conditions: Fe3(CO)12

1.1 equiv. dendrimer 1 (the molecular structure is shown in this diagram),
1 equiv. CH2Cl2, rt, 22 h, in Ar, addition of hexene for precipitation of the
product, purified by TLC techniques and dried in vacuum at 33 uC.
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