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Reaction of tungsten anion clusters with molecular and atomic nitrogen

Young Dok Kim,? Davor Stolcic, Matthias Fischer, and Gerd Gantefor
Fachbereich Physik, Universit&onstanz, D-78457 Konstanz, Germany

Ultraviolet photoelectrorspectra for WN, (n=1-8) clusters produced by addition of atomic and
molecular nitrogen on W anion clusters are presented. Evidence is provided that molecular
chemisorption of N is more stable than the dissociative one on tungsten anion clusters consisting
of eight atoms or less, which is completely different from the results on tungsten bulk surfaces. A
general tendency toward molecular chemisorption for small clusters can be explained by reduced
charge transfer from the metallat-orbitals of cluster in contrast to buli-orbitals. Comparative
studies on chemisorption of atomic and molecular species of diatomic molecules on nanoclusters are
expected to provide important information on size-dependent changes of chemical properties of
nanoclusters.

I. INTRODUCTION of chemisorption is required, which can be obtained by de-

. ) veloping new experimental techniques to facilitate the kineti-
Adsorptive behaviors of gas molecules on metal clustergy)y hindered reactions steps.

change significantly as a function of cluster size, leading to |, this paper, interactions of tungsten anion clusters with
the interesting cluster size effects on catalytic reactivitie8.  atomic nitrogen and molecular nitrogen were compared us-
For example, oxygen adsorption reactivities of Au anionjng time of flight (TOF) mass spectroscopy and ultraviolet
clusterls exhibit an even/odd alternation, i.e., _Au anion C|U5photoelectron spectroscogWPS). Dissociation of nitrogen
ters with even numbered gold atoms are active for oxygeRyas found to be less stable with respect to the molecular
adsorption, whereas odd-numbered clusters are rRates chemisorption on \J clusters forn=1-8, which is com-

of chemisorption for H, D, and \; on Fe, (Refs. 8and 9)  pletely different from the results for tungsten bulk
and Nh clusters,’**and CO on different metal clustéfs  ¢ystals!®1° This result can be explained by the different
vary by several orders of magnitudes as a functiomof yroperties of the metallid-orbitals with lower coordination
Tungsten clusters (W n=number of atomswith <15 ympers in small clusters: The less effective screening
show relatively Iow reactivities towarq _nitr_ogen adsorption, c5sed by the smaller number of directly neighboring atoms
whereas a sharp jump of the reactivity is detected for  hampers charge transfer from the metal to the antibonding
=15 at liquid-nitrogen temperature as well as r0omzx opital of the adsorbate. Consequently, the adsorbate is
temperatur€.” In many cases, correlations between elec-not gissociated, but molecularly bound with the intermolecu-
tronic structures(for example, ionization potentialsand  |ar ponding being highly activated. Our result suggests that
chemisorption reactivities of metal clusters have beenyyong cluster-size-dependent changes of catalytic activities

1,2,5,8-10,13,14,16 . . . .
found.=> _ . _ may be present for the reactions which involve nitrogen
Chemisorption experiments can end up with a metazgsorption.

stable state, when further transitions to other metastable
states or to the ground state are kinetically hindered, thus
determination of the ground state for the chemisorption/l EXPERIMENTAL DETAILS
based on experimental observations can be misleading. For

’ e > Our experimental setup has been described in detalil
example, dissociation of nitrogen molecules on metal SUrgise\wher@® Briefly, tungsten clusters are produced with a

faces, which is the rate-determining step of the ammonia, iseq arc cluster ion source in which tungsten is evaporated
synthesis, can involve large activation barriers, and thereforeby a pulsed electric arc within a carrier géde) injected

only molecular chemisorption can be observed in the “ItraUsing a pulsed valve. He gas pulse flushes the evaporated

high vacuum conditions, even though dissociation is thermofnaterial through a 10-cm-long channékxtender) into
dynamically rr}gore favored with respect to the molecular,acyym. In the extender, the plasma generated by the arc
chemisorption.” Under conditions of real catalysi$iigher 5|5 down to about room temperature, and tungsten clusters
pressures, higher temperatyrdsigh activation barriers can grow. W,N,, clusters can be generated by two different

be easily overcome, and consequently chemical specie%ays: A pulse of N gas is injected 2—3 cm downstream into
which are not identified in scientific experiments, can formy,o"He flow and N molecules react with the clusters. Alter-
on the surface, opening unexpected reaction channels. TQyvely, a pulse of M gas is inserted into the source before

acquire a molecular-level understanding for the mechanisi,o He valve opens to allow Nbeing present in the electric

of real world chemistry, information on complete energeticsarc’ leading to the dissociation of a large fraction of the N

molecules into atomic nitrogen. The mass of the clusters can
@Electronic mail: young.kim@uni-konstanz.de be selected using a reflectron time-of-flight spectrometer. A
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FIG. 1. Mass spectra of tungsten anion clusters before and after reactions in § ) | ¢ .
different background pressures of molecular. N FIG. 2. Mass spectra of tungsten anion clusters before and after reactions

with different atomic nitrogen background pressure.

mass-selected bunch is irradiated by a UV laser puls&ast to the case of molecular nitrogen, smaller clusters as
(photon energy4.66 eV), and the kinetic energies of the well as larger clusters can readily react with atomic nitrogen
detached electrons are measured using a “magnetic bottle’to yield W,N,, clusters.

type time-of-flight electron spectrometer. The peaks in the

photoelectron spectra correspond to vertical transitions fron8. UPS spectrum for WN 5

the anionic ground state to the allowed states of the neutral

having the same geometry as the anion. The peak at the As a first example, the photoelectron spectrum of the

- L eacted monomer W(N™ is shown in Fig. 3. The spectrum
lowest binding energy corresponds to the transition into th(%s independent of the method of synthesis, i.e., the same

neutral ground state and its position is the vertical position in ectrum is obtained by usina molecular or atomic nitrogen
the vertical detachment energy. Vibrational fine structures inbroa d feature with v?/bratiogr]\al fine sStructures can begob-'
this feature can be assigned to vibrational modes of the neu- o i
tral species in the geometry of the anion. served between 0.5 and 2.5 e\( binding energy. A spacing of
290£20 meV between the main peaksand B is slightly
lower than the stretching frequency of freg .NWe assign
featureA to the 0—0 and featureB to the 1—0 vibrational
transitions of N—N stretching mode, implying tha} Noes
A. Mass spectra of W | reacted in molecular and not dissociate. Since the intensity of the-D transition is

atomic nitrogen environments higher than the one of the-Q0 transition, further transitions

Mass spectra for the tungsten anion clusters taken beforBto higher vibrational states of the neutral are expected cor-
and after reaction with molecular nitrogen Nare illus- ~ "€sponding to the “normal” Franck—Condon profile. How-
trated in Fig. 1. As the background pressure ofiftreases, €Ver higher vibrational state is not dete‘cted. in Fig. 3, most
concentrations of some pure tungsten clusters decrease, alffly due to the fact that the higher vibrationally excited
concomitantly new peaks for \N, appear. W do not react sta_tes are not bound and_ un(_JIergo V|brat|ona_\l pred|5500|at|pn,
with nitrogen at all, whereas Wcan be partly converted to Whlc_h is very f_a_st, res_ultmg in the observation of broad vi-
W,N; only at very high N background pressure, indicative brational transitions without discrete peaks.
of very weak W, —N, interactions fom=2—-4. With further
increasing cluster size, the reactivity toward nitrogen adsorp-
tion becomes higher. It is important to note that the forma-
tion of W, N, with m=odd numbers is not observed, sug-
gesting that the concentration of atomic nitrogen in the
cluster source was negligibly low in this experiment.

Figure 2 shows the mass spectra of tungsten anion clus-
ters taken before and after reaction in atomic nitro@€h
environments. Here, W\, with m=odd numbers as well as
even numbers are observed, indicating that tungsten clusters
actually reacted with atomic nitrogen. For the Idvpres-
sures, the WWN™ peak intensities are higher than those of the

respective WN, peaks, indicating that the_ m"f‘jority of tung- Fie. 3. UPS spectra of VW, . The same spectrum can be obtained using
sten clusters actually reacted with atomic nitrogen. In conatomic and molecular nitrogen.

Ill. RESULTS AND DISCUSSIONS
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Some weak “hot bands” are observed in Fig(rBarked
by arrows at binding energies below 2 )eWhich we assign
to transitions from excited vibrational levels of the anion.
This frequency is significantly lower than that of the neutral
WN,, indicating that the N—N bonding is more activated in
the anionic state with respect to the neutral one. In contrast
to the bulk W surface, chemisorption of vibrationally excited
N, to a W atom does not allow quenching of the vibrational
excitation. The vibrational quantum of,Ns so large that
collisions with He atoms in the extender cannot efficiently
cool down the clusters. This explains our observation for the
highly excited anions, although the vibrational temperature
of anionic clusters created in our cluster source is usually
estimated to be room temperature.

According to the qualitative analysis of the photoelec-
tron spectra of W(B)~ described earlier, nitrogen is mo-
lecularly bound to the W anion. Because of the pronounced
vibrational progression observed, the additional electron
most likely occupies an orbital with a strong contribution of
the antibinding 2r* orbital of N,. Accordingly, the addi-
tional electron of the anionic state further weakens the N—N
bond. From these considerations, it is reasonable to conclude
that the propensity of the anions toward dissociative chemi-
sorption should be stronger than that of the neutral counter-
part, implying that a molecularly bound,Ns the most stable

configuration not only for the anionic W@\, but also for ‘i_ . 2 3 4
the respective neutral species. Binding Energy (eV)

FIG. 4. UPS spectra of various Wand W,N, clusters (=6-8). W,N,
_ clusters were created by exposing tungsten clusters to atoRfitN) or
C. UPS spectra for W ;N; (n=6-8) molecular ¢N,) nitrogen. The arrows mark peaks with a spacing of 200

_ L meV, which are tentatively assigned to the stretching frequency of molecu-
) For the Iarggr WN, clusters withn=6-8 pfepa_red UST larly adsorbed M (see the text). In case of Yreacted with molecular N
ing molecular nitrogen, UPS spectra show vibrational finete cluster intensity was too low for recording a spectrum.

structure$?! corresponding to about 200 me¥ig. 4). This
value is attributed to the stretching frequency of chemisorbed
N, molecules based on previous high resolution electron erare almost identical. UPS spectra for these clusters also show
ergy loss spectroscopy data fog Bdsorption at liquid nitro-  fine structures corresponding to about 200 meV, indicative of
gen temperature on tungsten single crystal surfétesi- the formation of di-nitrogen species, i.e., two nitrogen atoms
cating that nitrogen is molecularly adsorbed on theseadsorbed on these clusters can spontaneously recombine to
clusters. These results are different from those frod®@U), form di-nitrogen species. Molecular adsorption of i¥ en-
on which dissociative chemisorption of nitrogen takes placesrgetically more stable than dissociative chemisorption, and
at room temperature. Our results can be interpreted in twethe mobilities of nitrogen atoms on these clusters are quite
different ways: Analogous to the case of tungsten bulk cryshigh. The energy diagram relevant for the nitrogen adsorp-
tal surfaces, dissociative chemisorption of nitrogen on theséon on these clusters is illustrated in Fig. 5. This energy
tungsten clusters is thermodynamically more favorable thauiagram illustrates that the molecularly bounglisl energeti-
molecular adsorptioff® but the activation barriers for the cally more stable than the dissociatively bound one, which is
dissociative adsorption are too high to be overcome at roomeversed with respect to the energetics on tungsten bulk
temperature, ending up with molecular chemisorption. Ancrystals.
alternative interpretation is that the formation of molecular ~ We cannot rule out the possibility that tungsten clusters
nitrogen results from a larger thermodynamic stability of mo-did not react with atomic nitrogen but selectively with small
lecular chemisorption than dissociative one, i.e., on thesamounts of molecular nitrogen, existing in atomic nitrogen
tungsten clusters, the stable and metastable states of nitrogenvironments. If dissociative chemisorption was energeti-
adsorption are reversed with respect to bulk crystals. cally more favorable than the molecular one, the tungsten
In order to better understand the energetics pbNsorp-  cluster would react better with atomic nitrogen than molecu-
tion on W, clusters withn=6-8, UPS spectra are collected lar nitrogen. That the tungsten clusters preferentially react
for the W,N,, clusters prepared using atomic nitrogen envi-with molecular nitrogen (B) indicates that molecular
ronments(Fig. 4: +2N). Considering that minor differences chemisorption of nitrogen is energetically more stable than
in UPS can come from different cluster temperatures, thelissociative chemisorption. Thus, the energy diagram in Fig.
positions and intensities of the features in the UPS spectra & is still valid within this scenario. These results are much
W,N, (n=6,7) created by atomic and molecular nitrogendifferent from those found for tungsten bulk crystals, on

Intensity (arb.units)

‘ 1 fE=0.2eV
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Energy (arb. units) cluster size. Our results demonstrate that the thermodynamic
Ny W' n>5 stabilities of dissociative and molecular adsorption are
. NpW, " n=2 strongly dependent on cluster size.

This size-dependent variation of chemisorption energet-
o ics can be rationalized within an electronic model. However,

A e it is obvious that a complete understanding on the adsorptive
behaviors of nitrogen molecules on metal clusters can only
be obtained by considering geometrical shapes of clusters as
well as their electronic structures, implying that further the-
oretical studies on this issue are required. Our experimental
data provide an important base line for future studies.

2N-W, n=3-8

D. UPS spectra for W ,N; (n=2-5)

Destabilization of N, with decreasing n from 8 to 2-> Increase of Ea

FIG. 5. Potential energy diagram for the nitrogen chemisorption on tungsten "1 antraSt to the results far=6-8, UPS spectra for
anion clusters consisting of eight atoms or less. W,N, with n=2-5 depend strongly on the source of nitro-

gen, i.e., atomic nitrogen and molecular nitrogen yield dif-

ferent UPS resultéFig. 6). W, and W; did not react at all
which dissociation of nitrogen is thermodynamically moreWith molecular nitrogen at room temperature even at the
favored with respect to the molecular chemisorpfidt highest N background pressure in our experiments, thus no

Our experimental observations that molecular nitrogen idJPS spectrum is available for - N, and W; +N,. For
more stable than atomic nitrogen on,Wvith n=6-8 can W, with n=4,5 almost no modification of the electronic
be rationalized by an electronic model, in which metal tostructures for the tungsten clusters can be observed upon
adsorbate charge transfer is important for the dissociativéeaction with N to form W,N, , indicating very weak
adsorption. The required energy to remove electrons fronyan der Waals interactions between hind these tungsten
tungsten is decreased with increasing cluster size, sincglusters.
larger clusters with higher average coordination numbers can When atomic nitrogen is used instead of molecular ni-
more effectively screen the residual positive hole created bjrogen to produce WN, with n=2-5, the UPS spectra are
removal of an electrof???This kind of final state screening Significantly modified with respect to those of the respective
effects is evident in core level and valence level shift experipure W, clusters, indicative of quite strong nitrogen—
ments, in which binding energies of electrons shift to highertungsten interactiongFig. 6). Our results for WN, and
energies with decreasing cluster sf?eSimilarly, the less WS;N, are suggestive of atomic chemisorption, since mo-
effective screening of the positive holes in smaller clusterdecular adsorption of nitrogen on Vand W, was shown to
reduces the charge transfer from tungsten fo Msufficient  be unstable. For W, the vibrational fine structure of the
charge transfers to the ,Ne#* orbital cannot separate two most intense feature at 2.1 eV binding energy corresponds to
nitrogen atoms, lowering the energy gain of the dissociativés0 meV, which can be attributed to the W—N stretching
chemisorption in comparison with those of the molecularmode!® suggesting that nitrogen is atomically bound in this
adsorption. It is worth mentioning that the variation of thecase. For WN, synthesized using atomic nitrogen, vibra-
CO dissociation probability on differentd3metals strongly tional fine structures can be hardly identified in the UPS
correlates with the work function change, in line with our spectrum, however the UPS spectrum of this cluster consist-
suggestion that the effectiv@.e., including final state ef- ing of three distinct peak is almost identical to those of
fects) electron binding energy—in our case of the W W,N, , suggesting that nitrogen atoms adsorbed on both
5d-orbitals—in the substrate is an important factor to deterclusters exhibit very similar structures. Thus, we propose that
mine the thermodynamic stability of the dissociative chemi-analogous to Y, W5 do not allow recombination of two
sorption of diatomic molecule$. nitrogen atoms to di-nitrogen species.

Similar to the arguments used for WN the additional Considering the cluster-size-dependent changes of the
electron in the anionic state should occupy an orbital with éhole screening effect aforementioned, the charge transfers
strong contribution of the antibindingz2 orbital of N,, in ~ between N and W, for n=2-5 are expected to be weaker
other words the additional electron of the anion furtherthan those fon>5. TOF mass spectroscopy experiments in
weakens the N—N bond. Taking this into account, we suggedtig. 1 reveal that reactivities of \V(for n=3-8) toward N
that the propensity of the anions toward dissociative chemiadsorption become lower with decreasing cluster size, which
sorption should be stronger than that of the neutral counteiseems to reconcile with the weaker charge transfers for the
part, implying that a molecularly bound,Ns the most stable smaller clusters. In this context, the experimental results in
configuration not only for the anionic WYN,)~ with n Fig. 6 that nitrogen atoms on Wwith n=3,4,5 do not re-
=6-8 but also for the respective neutral species. combine to N are surprising, since the stabilization of

It is a generally accepted view that the activation barrieratomically chemisorbed nitrogen can be regarded as indica-
of dissociative chemisorption is sensitive to the cluster %ize,tive of a larger charge transfer.
whereas less attention has been paid to the variation of ther- Our observation for the atomically chemisorbed nitrogen
modynamic parameters of chemisorption as a function ofn W,N, (n=2-5) can be rationalized taking into account
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W' W;N, , molecular adsorption of nitrogen is observed. For
2 the tungsten anion clusters smaller thag Wmolecular ad-
sorption of nitrogen was found to be thermodynamically
more stable with respect to the dissociative chemisorption. In
contrast to our results, dissociative adsorption of nitrogen is
energetically more favorable than molecular adsorption on

+2N - tungsten single crystal surfac¥st® suggesting that the
1 2 3 4 ground state of nitrogen chemisorption undergoes transition
- from molecular to dissociative adsorption {N2N) with
W3 increasing number of tungsten atoifm. It is important to

note that sharp increase in the reactivity of YWward nitro-

gen adsorption was observed @t 15 in Refs. 6 and 7,
which may be indicative of the N»>2N transition at this
cluster size. It is likely that similar variations of the chemi-
sorption energetics upon decreasing cluster size can occur for
other metal/gas systems.

Comparative studies for adsorption of atomic and mo-
lecular species of diatomic molecules on metal clusters can
be expected to play an important role for unveiling
molecular-level mechanisms of various catalytic reactions on
nanomaterials. For example, we have recently provided evi-
dence for the stabilization of di-oxygen species on, Aand
Au, clusters, which are suggested to play a pivotal role for
CO oxidation on gold catalysts.Yet, it is not clear if our
observation for the molecular oxygen species on gold clus-
ters is due to larger thermodynamic stabilities of molecular
oxygen with respect to atomic oxygen, or increased activa-
tion barrier for the dissociation of oxygen, which is energeti-
cally more stable than molecular adsorption. Comparative
studies for the adsorption of atomic and molecular oxygen on
gold anion clusters are on the way to provide an answer to
this question.
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