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The discovery of nanoscale molybdenum oxide based clusters
with spherical as well as wheel and hedgehog-type shapes
containing between 102 and 368 atoms[1–3]—belonging to the
family of polyoxometalates[4]—was considered as a step
forward in inorganic chemistry because it led to new length
scales and to the study of new phenomena and this in
particular for confinement scenarios.[1–3] Members of this
family are the (considered herein) mixed-valence wheel-
shaped diamagnetic clusters of the {Mo11}n type (n = 14, 16)[3b]

with multifunctional properties; they react specifically with
the environment[5,6] and with themselves forming unique
vesicles.[7, 8] All the above mentioned clusters are of the
Molybdenum Blue type.[2a] The wheel-shaped clusters are also
of interest for materials science,[9–12]for example, for the
generation of films (with surfactants),[10c–e] liquid crystals,[10a]

as well as of molecular[11] and solid-state magnetic materials
exhibiting conductivity properties[12a] and they are also of
interest for catalysis.[12b] Furthermore, materials exhibiting
internal nanospaces—such as the wheel-shaped species—
allow phenomena/processes to be studied under confined
conditions.[13] It is interesting when the electronic structure of
a material can be directly correlated with its properties as in

the two wheel-shaped mixed-valence molybdenum oxide
based clusters of the type Mo154 (studied herein) and Mo176.
These contain 28 or 32 (partly delocalized) electrons,
respectively, causing the blue color[2a, 14a] and the related Vis
absorption band with extremely large extinction coefficients,
to which each MoV center contributes with the high value of
5 � 103 L mol�1 cm�1.[14a] (The larger Mo176

[14b] cluster is only
considered herein for the comparison of the analogous
electronic properties.[14a]) Though the color was known to
scientists from Carl Wilhelm Scheele�s early work in the
1770s,[2a, 14a] its origin, discussed in numerous cases, was only
recently disclosed.[14a] As the clusters played not only a role in
different areas of materials science but also show a unique
chemistry[15–18] it was our aim to learn more about the basic
electronic structure (which is analogous for both the wheel-
type clusters) especially of the Mo154 cluster by scanning
tunneling microscopy (STM)/spectroscopy (STS), allowing us
to obtain high spatial resolution down to the atomic regime.[19]

The highest occupied molecular orbitals (HOMOs) of the
tetradecameric Mo154 (formula in the legend of Figure 1) have
mainly Mo-4d character, are occupied by 28 electrons (32 in
case of the hexadecameric Mo176)

[14a] and are confined to
14 {MoV/VI

5O6}-type compartments—identical subunits of the
necklace like structure—the focus of the present studies.

Mo154 clusters (for the preparation see Experimental
Section[20, 21]) deposited on single-crystalline gold (111) surfa-
ces were measured by using STM at 78 K under ultrahigh
vacuum (UHV) conditions. Figure 2 shows the STM top-
ography with the clusters mostly adsorbed having their
equatorial plane parallel to the substrate surface and clearly
displaying ring-like features. Only few of the clusters are tilted
or stand up with their equatorial plane perpendicular to the
substrate surface giving an apparent height greater than the
flat lying clusters (Figure S1, Supporting Information). No
long-range ordering and no real close packing is obtained; the
average nearest-neighbor distance is approximately 4 nm.
The diameter of the wheels as obtained from STM (opposite
maxima of the ring across the center hole) is in good
agreement with the crystallographic data giving inner and
outer diameters of 2.0 and 3.4 nm respectively.[20] In some
cases also smaller particles (ca. 1 nm in size) were found on
the substrate coexisting with the ring-like clusters (Figure S1
and S2, Supporting Information). They may originate from
the decomposition of the complete clusters because of their
sensitivity to O2 especially in solution (but to a less extent),
the preparation procedure on the Au substrate (i.e. by
removing most of the water shell in the UHV), and the
interactions with the metal surface. Remarkably, a movement
of the small particles (induced by the STM tip) into the
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central cavity of the wheel is possible (Supporting Informa-
tion Figure S3).

The sevenfold rotational symmetry of the Mo154 clusters is
clearly visualized in our experiments, as shown in the inset of
Figure 2. Most of the clusters show seven bright and rather
broad protrusions, corresponding to seven repeat units with
the central {Mo5O6} compartments containing partially re-
duced MoV/VI centers.

Figure 3a and b show STM images of the Mo154 clusters
obtained with positive and negative bias voltage, displaying

the distribution of unoccupied and occupied states, respec-
tively. Applying a negative sample voltage, scanning of the
STM tip may result eventually in the destruction of the
clusters in the scanned region (Supporting Information,
Figure S3). While both images exhibit sevenfold symmetry,
the negative-bias image shows also fine structure subunits. To
assign the observed features qualitatively we have performed
simple molecular orbital (MO) calculations on the basis of the
extended-H�ckel method yielding three occupied energy
bands which may be assigned (with increasing energy) to
MoO s-, MoO p-bonding levels, and those with mainly Mo-d
character, which form the highest occupied molecular orbitals
(HOMOs) containing the 28 4d electrons (see also legend of
Figure 1).

The spatial distributions for some of the MOs of the above
mentioned type of bands/levels are shown in Figure S4 of the
Supporting Information. Each single level shows a dominant
electronic density on a part of the ring only, accompanied by a
second region located diagonally opposite according to the
approximate D7d symmetry, like for the first LUMOs which
have mainly Mo-4d character (example in Supporting Infor-
mation, Figure S4a). A summation of the density distribution
of all levels accounts well for the observed sevenfold diffuse
electron delocalization-based compartmental regions, that is,
a necklace type structure as observed in Figure 3. Interest-
ingly, the localization of each of the higher energy MoO p-
bonding levels is almost completely confined to only one of
the fourteen compartments (Supporting Information, Fig-
ure S4c). Important, the finer features of the observed
protrusions as seen in Figure 3b, can be assigned to the
metal centers of the {MoV/VI

5O6} compartments containing the
Mo-4d electrons (two delocalized in each; see also Fig-
ure S4a).

The local features of the molecular orbitals have been
experimentally confirmed by scanning tunneling spectroscopy
(STS), giving information about the distribution of the
electronic density of states (DOS) inside a cluster. STS has
been performed at different positions on the surface of the
wheel-like clusters (Figure 4). The bright protrusions are
caused by the units exhibiting MoV/VI centers and the nodes in
between by the Mo atoms with almost no 4d electron density.
Whereas the steep increase of DOS at higher positive voltages
results in all cases from the unoccupied states mainly p*-MoO
in character, the weak features (shoulders) at lower positive

Figure 1. Structure of the nanosized Mo154-type wheel (general formula
[{Mo2}14�x{Mo8}14{Mo1}14]

(14+2x)�� [{MoVI
2O5(H2O)2}

2+
14�x{MoVI/V

8O26-
(m3-O)2H(H2O)3MoVI/V}3�

14]
(14+2x)� ; x =number of missing {Mo2}

groups). The studied compound contains 50% of the wheels with
x = 1 (see Refs. [14a,20,21] as well as Experimental Section). a) Ball
and stick representation of the wheel and side-views of three of the
14 {MoV/VI

5O6} double cubane-type compartments (yellow) in which,
according to bond valence sum calculations, practically all of the 4d
electron density occurs[14a, 20] ({MoV/VI

1} units of the wheel as well as
the corresponding Mo atoms (enlarged) in the compartments in
yellow; O red; other Mo blue). b) Polyhedral representation of the
wheel based on 140 MoO6 octahedra and 14 MoO7 pentagonal bipyr-
amids (cyan) forming the three types of basic building blocks ({Mo8}:
blue and cyan, {Mo2}: red, and {Mo1}: yellow; together these blocks
form the {Mo11} unit[3b]).

Figure 2. Constant current STM image of wheel shaped Mo154 clusters
deposited on Au(111) (Vsample =3 V, I =5 pA). Inset: high-resolution
STM image of the Mo154 cluster exhibiting sevenfold rotational
symmetry with seven bright protrusions on the ring (Vsample = 3 V,
I =2 pA).

Figure 3. Bias dependent STM images of Mo154 clusters deposited on
Au(111). a) Positive sample voltage (Vsample = 3 V, I = 5 pA) showing the
spatial distribution of the unoccupied states. b) Negative sample
voltage (Vsample =�2 V, I = 5 pA) showing the spatial distribution of the
occupied states.
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voltages can be assigned to the LUMOs originating from the
unoccupied Mo-4d levels. The most obvious differences
between the subunits and the connections appear at negative
sample bias, which correspond to the occupied states, easily
recognizable by comparing Figure 4a and Figure 4c. More-
over, the STS results indicate an energy gap (with very low or
no DOS) slightly above 1 eV corresponding to the observed
optical transition energies at about 1100 nm and 750 nm[14a]

The latter corresponds to the long-known blue color of the
Mo154 clusters in solution.[14a] Both bands may be assigned to
HOMO!LUMO excitations, that is, MoV!MoVI interva-
lence charge transfer (IVCT) transitions. This agrees with the
spectrum of the Mo176 cluster[14a] showing only higher
extinction coefficients due to the presence of four more
MoV centers.

Our STM/STS experiments unveil a necklace- or corru-
gated circular tube-like distribution of the 4d electrons in the
Mo154 cluster. According to several experimental results, there
are 28 spin-coupled Mo-4d electrons in total, leading to a S =

0 spin ground state mostly located in the 14 linked {MoV/VI
5O6}

compartments (having an average Mo bond valence sum of
5.6 which is the same as that of the related 16 compartments
of the Mo176 cluster containing 32 4d electrons[14a]). The
compartments—formed from four MoV/VI atoms of the
{Mo8} (according to the bond valence sums) and {Mo1}
units—are linked by Mo-O-Mo bridges forming the necklace
structure (see Figure 1). Importantly, resonance Raman
spectroscopy[14a] also shows nicely that the 4d electrons are
almost only delocalized in Mo-O-Mo-type bridges (the
constituents of the 14 compartments) as the spectrum practi-
cally does not contain a band with high intensity due to the
symmetrical n(Mo=Oterminal)-type vibrations. The {MoVI

2}
units and four Mo atoms of the {Mo8} units not belonging to
the {MoV/VI

5O6} units—for which darker features appear in
STM images—do not contribute to the occupied Mo-4d
frontier states. These Mo atoms have Mo bond valence sums
of approximately 6.[14a, 20]

To conclude, the nanosized Mo154 cluster with its unique
electronic structure, is an intriguing nanoelectronic system in
view of the localization of states within the 14 cluster
compartments and the correlation of these states with optical

properties of the cluster. These states, as
investigated by STM/STS, originate from
(bound) chemical states within the subunits
and thus make the system different from
conventional quantum dots carrying free
electrons or excitonic states. It will be of
interest to further study the possibility to
stimulate these complex metal oxide nano-
particles by light (note the strong light
absorption[14a]) and magnetic fields (espe-
cially with additionally incorporated para-
magnetic centers)[11, 12] as well as by electric
fields (in the context of conductivity), but
also to investigate how they act with respect
to different types of catalytic processes.[12b]

Activation of molecules can result if they are
placed near areas containing the “flexible”
Mo-4d electrons; in this context also the

absorption of gases[12b] and the type of interaction with
water[22] is of interest and that cations, such as Cu2+, can be
placed near to the {MoV/VI

5O6} compartments.[11,23] It would be
interesting to extend the STM study to wheel derivatives, like
those with different defects,[17b] different ring sizes/shapes,[24]

and to those in which the wheels are linked.[25]

Experimental Section
Crystalline Na15[MoVI

126MoV
28O462H14(H2O)70]0.5[MoVI

124MoV
28O457-

H14(H2O)68]0.5·ca.400H2O (in the second constituent one {Mo2}
group is missing) was prepared as described in Refs. [20,21].
Complete Mo154 cluster anions and defective ones with one {Mo2}
unit missing at a ratio of 1:1 coexist in these crystals. They were
dissolved in H2O or CH3OH at concentrations of 10–20 mm. The
solution was then dropped onto an Au(111) single crystalline surface,
which was cleaned by cycles of Ar+ sputtering and annealing in
ultrahigh vacuum (UHV). The drop of solution was held on the
substrate for around 10–20 seconds and the excess solvent was
removed by a pipette. The substrate was then introduced into the
UHV chamber (ca. 10�10 mbar) again and cooled to 78 K for STM
measurements. An electrochemically etched tungsten tip was used.
Mo154 clusters deposited on the Au(111) surface are sensitive to the
scanning of the STM tip. Only at low tunneling currents (typically 2–
10 pA), and relatively high positive sample bias (2–4.5 V) the clusters
are stable during scanning. Movement and even decomposition of the
POM clusters at the surface may be induced by tip scanning under
lower bias and larger current conditions. For STS, the tip was located
at a specific position upon the cluster and the differential conductance
(dI/dV) as a function of bias voltage was measured by using a lock-in
amplifier with a modulation frequency of 946.5 Hz and an amplitude
of 50 mV, added to the dc-bias during STS measurement. In all cases
the presence of O2 was excluded.
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