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Abstract
Experiments using vibrationally resolved ultraviolet photoelectron spectroscopy (UPS) provide evidence that dissociative chemisorption of N2 becomes less stable than the molecular chemisorption on small clusters consisting of less
than 10 metal atoms, which can eﬃciently dissociate diatomic molecules in the bulk form. This result is diﬀerent from
the generally accepted view that undercoordinated atoms are chemically more reactive. Our observation can be rationalized with a less eﬃcient screening of the positive holes in smaller clusters created by a metal to adsorbate charge
transfer, caused by the lower number of the directly neighbouring atoms.

Nanomaterials are of potential importance in
heterogeneous catalysis, since nanoclusters can
show unusual catalytic properties, which are not
present in the bulk counterparts [1–6]. One of the
common characteristics of nanomaterials is that
the atoms in nanomaterials have much lower coordination numbers than those of the bulk materials. Ample evidence has been provided in surface
chemistry that surface atoms with lower coordination numbers are responsible for enhanced
chemical activities. On oxide surfaces, coordinatively unsaturated metal atoms allow catalytic
reactions, whereas coordinatively saturated sites
are inert [7]. Oxygen vacancies on oxide surfaces
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are responsible for the catalytic reactions, which
do not occur on the stoichiometric oxide surfaces
[8,9]. On metal single crystal surfaces, atoms at
steps, kinks and edges often act as active centres in
chemical reactions, whereas terrace atoms do not
catalyze the same reactions, which also demonstrates that atoms with lower coordination numbers are chemically more reactive [10,11]. Recent
experimental studies on MoS2 and Pd nanoparticles have shown that chemical reactivities on
nanoparticles are enhanced on the edges of the
particle, which is also evidence for higher catalytic
activities of the undercoordinated metal atoms
[12,13].
Metal atoms in a cluster consisting of less than
10–15 atoms should have lower coordination
numbers of the metal atoms and more opened
structures compared to the closely packed metal
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troscopy (UPS) (Fig. 2). An advantage of studying
Nb clusters is that previous studies have already
thoroughly characterized electronic and geometric
structures of Nb clusters [14–17]. Therefore, correlations between chemical activities and geometric or electronic structures can be determined.
Previously, changes of the N2 adsorption reactivities on Nb clusters were studied and the size dependent reactivity changes were explained in terms
of geometric or electronic eﬀects [17–20]. However,
spectroscopic measurements on the N2 chemisorbed on Nb clusters have rarely been carried out,
thus the chemisorption mechanism is still questionable [21].
For the Nb anion clusters with n ¼ 1–6, relatively narrow peaks at the lowest binding energies
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single crystal surfaces (Fig. 1) [14]. Within the
concept of the coordination chemistry, one may
expect that most of the metal atoms in these small
clusters should be chemically active. In the present
work, however, we provide evidence that smaller
metal clusters can less eﬃciently dissociate diatomic molecules than the bulk counterparts. This
conclusion is based on our experimental observations for three diﬀerent systems (N2 on Nb, N2 on
W, and H2 on Ti), suggesting that this may be
general phenomenon for many other systems [15].
This result is explained by less eﬃcient screening of
the residual positive hole in the metal cluster created by the charge transfer to the adsorbates,
analogous to the generally observed ﬁnal state
relaxation eﬀects in photoelectron spectroscopy
experiments on nanoparticles.
M
n anions (M ¼ W, Nb) are produced with a
pulsed arc cluster ion source and mass-selected
using a time-of-ﬂight spectrometer (mass resolution m=Dm ¼ 400). The temperature of the clusters
is estimated to be about room temperature [16].
The mass of the metal anion clusters reacted with
N2 molecules is selected by means of a timeof-ﬂight (ToF) mass spectrometer. A selected bunch
is irradiated by a UV laser pulse (hm ¼ 4:66 eV)
and the kinetic energies of the detached electrons
are measured using a Ômagnetic bottleÕ-type TOF
electron spectrometer with an energy resolution of
about 2%.
To shed light on the chemisorption properties
of Nb clusters, the N2 adsorption on Nb clusters
was studied using ultraviolet photoelectron spec-
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Fig. 1. Structure of an anionic cluster consisting of Nb atoms.
From [14].

Fig. 2. UPS spectra of the Nbn N
2 clusters with n ¼ 2–12. The
ﬁne structures of the anion UPS spectra corresponds to the
vibrational frequencies of the neutral state. Nb anion clusters
consisting of 8 and 10 atoms are generally less active towards
N2 adsorption than other Nb clusters. By increasing N2 partial
pressure in the cluster source, Nbn N
2 with n ¼ 8; 10 could be
synthesized.

646

Formation of the lying-down structure with much
lower N–N frequencies for the larger Nb clusters
indicates stronger N2 –Nb interactions for most of
Nbn , n > 6 compared to the case with n < 6.
with
Summarizing the results from Nbn N
2
n ¼ 1–10, the N–N bonding tends to be gradually
activated with increasing cluster size. Dissociation
of N2 does not take place on these Nb clusters at
room temperature.
In addition to Nb clusters, the molecular adsorption of N2 has also been found for W clusters
[24]. As it is displayed in Fig. 3, we observed the
vibrational ﬁne structures corresponding to the
stretching frequencies of N–N on W
n with n ¼ 6; 7
after the reaction of the W anion clusters with a
nitrogen environment. Considering that an indication for the molecule to atom transition was also
found for H2 on Ti
n with decreasing cluster size
[15], the non-dissociative adsorption of diatomic
molecules at room temperature seems to be relevant for many other diatomic molecules on small
transition metal clusters.
Because of the pronounced vibrational progression observed, the additional electron most
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tend to shift to even lower binding energies with
increasing number of Nb atoms (Fig. 2). It is important to note that the energy spacings between
neighbouring peaks at the lowest binding energy
regime amount to about 250–300 meV, which
correspond to the vibrational stretching frequency
of N–N with an end-on structure, i.e. N2 is molecularly chemisorbed with one nitrogen atom attached to the metal cluster [22,23]. Note that anion
UPS allows the detection of the vibrational frequencies of the neutral species which have an
identical geometry to the ground state of the anion, as a consequence of the Franck–Condon
principle. From the observation of the vibrational
frequency corresponding to the N–N stretching at
the lower binding energy regime, we conclude that
the detachment of an electron from this orbital
signiﬁcantly changes the N–N distance. Consequently, the distinct peaks at the binding energy
regime of 1.5–2.0 eV for Nb2 N
2 with n ¼ 1–6
should derive from the N2 -2p orbitals. Shifts of
the N2 -2p orbitals to lower binding energies with
increasing number of Nb atoms are most likely
caused by increased N2 –Nb interactions. An enhanced Nb–N2 interaction should lead to a larger
splitting of the molecular orbital (MO) formed by
the combination of the valence electronic levels of
Nb and N2 -2p orbitals. A consequence of a larger
MO splitting is that the antibonding MO moves
towards lower binding energies. It is interesting to
note that the Nb–N interaction gradually increases
with increasing number of Nb atoms in a cluster.
For n > 6, peaks at lower binding energies disappear and broader features develop. In contrast
to the results from n < 6, the electron aﬃnity increases with increasing cluster size (Fig. 2). The
changes of the UPS pattern from n ¼ 6 is likely to
be caused by a diﬀerent chemisorption pattern of
nitrogen. Energy spacings of about 150–180 meV
between diﬀerent peaks are often observed for
n > 6, which correspond to the N–N stretching
frequency of the lying-down N2 , i.e. two nitrogen
atoms are attached to metals [22,23]. It is not
surprising that the peaks from N2 -2p orbitals
disappear for n > 6, considering that the formation of the lying-down structure of the N2 molecules can result in the breakage of the p-bonding in
the N–N bonds, and only r N–N bonds remain.
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Fig. 3. UPS spectra of various W
and Wn N
clusters
n
2
(n ¼ 6; 7) obtained with a photon energy of 4.66 eV. Wn N
2
clusters were created by exposing tungsten clusters molecular
(+N2 ) nitrogen.
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likely occupies an orbital with a strong contribution of the antibinding 2p orbital of N2 on the Nb
and W anion clusters. It is reasonable to conclude
that the propensity of an anion towards dissociative chemisorption should be stronger than that of
the neutral counterpart, implying that molecularly
bound N2 is the most stable conﬁguration not only
for the anionic clusters, but also for the respective
neutral species.
Dissociative chemisorption of N2 on metal
surfaces is rarely observed under high vacuum
conditions at room temperature, since a high activation barrier exists for the dissociative adsorption. In this case, atomically bound nitrogen
species can be synthesized by exposing the metal
crystals to an atomic nitrogen environment instead
of molecular nitrogen. Analogous to this approach
in surface chemistry, mass-selected Nb and W
clusters were exposed to an atomic nitrogen atmosphere in order to gain insights into the
chemisorption energetics of these small nanoclusters. As it is illustrated Fig. 4, high intensities for
MN
n (M ¼ Nb or W) with n ¼ odd numbers can
be observed using atomic nitrogen reagent, indicating that mass-selected metal clusters actually
reacted with atomic nitrogen. Using a molecular
nitrogen atmosphere, only MN
n with n ¼ even
numbers can be observed [24].

In our UPS experiments, the Nbn N
2 and Wn N2
clusters prepared with atomic nitrogen and molecular nitrogen exhibit identical structures, indicating that nitrogen is always molecularly bound
on the Nb and W clusters, independent of the
preparation method. Two nitrogen atoms reacted
with the metal clusters spontaneously combine to
form di-nitrogen species, implying that molecular
nitrogen is thermodynamically more stable than
the dissociatively bound nitrogen. An alternative
interpretation of this result is that the massselected clusters selectively reacted with small
amounts of molecular nitrogen impurities from the
atomic nitrogen environments. Following the
interpretation that these metal clusters prefer interactions with molecular nitrogen to atomic
nitrogen, we also reach the same conclusion that
formation of molecularly bound nitrogen is energetically more favourable than dissociative
adsorption.
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Fig. 4. (a) Mass spectra of tungsten anion clusters before (top
trace) and after reaction with molecular nitrogen at two different background pressures of N2 . (b) Mass spectra of tungsten
anion clusters before (top trace) and after reaction with atomic
nitrogen at diﬀerent background pressures of N.

Early transition metals in bulk form such as Ti,
W and Nb have strong propensities towards the
dissociative chemisorption or the hydride and nitride formation under ambient conditions [23].
Due to lower coordination numbers of the metal
atoms in these small clusters, one may expect that
these clusters should exhibit higher activities with
respect to dissociative chemisorption of the diatomic molecules. However, our experiments demonstrate that these materials become rather
inactive for dissociative chemisorption of nitrogen
for limited cluster sizes.
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Cluster size dependent changes of reactivities
have often been interpreted in terms of geometric
structures, i.e. those clusters having speciﬁc adsorption sites show increased chemical activities.
In this context, it is important to note that the N2 –
Nb interaction gradually increases with increasing
cluster size in the size range between n ¼ 2–10, and
the chemisorption pattern changes from end-on to
the lying-down geometry at n ¼ 7. Considering the
previous results that the Nb
n exhibit compact and
low symmetric 3D structures in the size range between n ¼ 3–8 [13], there is no indication for the
activation of N2 being correlated with speciﬁc
adsorption sites of the Nb clusters.
Our result can be rationalized by considering
changes of the charge transfer from the metal to
the antibonding molecular orbital of the adsorbate for diﬀerent coordination numbers of the
metal atoms. For larger particles and bulk crystals, positive holes caused by the charge transfer
from the metal to the adsorbate are eﬃciently
screened by neighbouring metal atoms. In contrast, smaller clusters with reduced average numbers of directly neighbouring atoms do not allow
such an eﬃcient screening of the residual positive
charge. Since a larger charge transfer from the
metal atoms to the antibonding orbital of the
adsorbate are required for the dissociative
chemisorption, dissociation of the diatomic molecules becomes less eﬀective with decreasing
cluster size. The reduced screening of the positive
residual holes in smaller clusters is evident in
photoelectron spectroscopy experiments probing
shifts of core-levels as well as valence-levels [25–
30]. Binding energies of the electrons generally
shift to higher energies with decreasing clusters
size, since the hole created by the photoelectron
emission is not eﬃciently screened on smaller
clusters with lower coordination numbers. We
suggest that the ﬁnal state eﬀects of the hole states
in the photoemission experiments are also reﬂected in the chemistry of nanoclusters. It is important to mention that a close relationship
between the work function and the CO dissociation probability was found for transition metals,
in line with our suggestion that the binding energy
of electrons is crucial for the dissociation of these
diatomic molecules [31].

In conclusion, for N2 /Nb and N2 /W systems, we
observed that dissociative chemisorption becomes
less stable compared to the molecular chemisorption on small clusters consisting of early transition
metals, which can eﬃciently dissociate diatomic
molecules as bulk crystals. This result is consistent
with our previous results on H2 /Ti system [15].
This behaviour can be rationalized with a less efﬁcient screening of the positive holes in smaller
clusters created by the metal to adsorbate charge
transfer, due to the lower numbers of the directly
neighbouring atoms. Our experimental results
contradict the generally accepted belief that undercoordinated sites enhance reactivity. Our experiments suggest that, for this to hold, the
amount of metal atoms present should be large
enough to also screen the holes that often arise at
the surface during reactions. The molecular adsorption of diatomic reagents can also be relevant
not only for many other gas phase nanoclusters
but also for quantum dots. A better understanding
on variations of the chemisorption patterns as a
function of cluster size can contribute to determining the optimal cluster sizes for the best performance in various catalytic reactions.
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