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Abstract

The attachment of Ngito Ni, clusters was studied both theoretically and experimentally. Experiments were conducted by
generating the clusters in a flow tube reactor and reacting them withgdbl The experimental mass spectra show that in
Ni,—(NHz),,, the dominant products for cations occur at 1:2, 1:3, 3:3, 4:4, 5:5 and 6:6. This paper also reports the results
theoretical ab initio density functional calculations, which were carried out to examine the nature of binding, stability and the
effect of NH; on the electronic and magnetic behavior of Miusters. It is shown that the binding energy (BE) of \BI Ni,,
clusters changes non-monotonically with size and that the observed peaks in the mass spectyeiNekB)j clusters can
be understood from the theoretical energetics. Although the magnitude of the bond energies is greater for ammonia bounc
Ni* than to the neutral atom, based on the energetics, the trend leading to a truncation in the cluster distribution is expec
to be the same in accord with the experimental findings. Theoretical attention was also directed to a study of the trends in 1
magnetic properties of the system. We show that the absorption leads to a gradual quenching,pfitbmélits. In some
cases, however, the moments can reappear at higher coverage. This reappearance of magnetism is shown to be a conseq
of the variation of Ni—N distance with coverage of the adsorbent. (Int J Mass Spectrom 220 (2002) 171-182)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction properties of clusters are also quite unique. Small clus-
ters of ferromagnetic solids can exhibit superparam-
It is now fairly well established that the geometry, agnetic relaxationfs] while clusters of paramagnetic
electronic, chemical, and magnetic properties of clus- solids can be magnetif6,7]. These developments
ters are different from those of the individual atoms are redefining the limits of material science and the
or the solids[1,2]. For example, clusters of noble possibility of forming materials using clusters as
metals can be highly reactive while the reactivity of the building blocks does not seem too dist§3i.
transition metal clusters can change by orders of mag- The stumbling block of this dream has been the real-
nitude with size[3]. The electronic features are also ity that almost all clusters generally coalesce to form
very different. For example, size selected clusters of bigger units when assembled. One of the ways to
simple metal atoms (e.g., &) can have properties get around this problem is to coat the clusters with
resembling those of halogen atoifd$. The magnetic ligands before assembly. This has generated consider-
able interest in studies of the effects of ligands on the
* Corresponding author. E-mail: awc@psu.edu behavior of clusters. The study of ligated clusters is
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also important for another reason. One of the funda- The Ni, clusters have also been the subject of nu-
mental problems that has remained largely unsolved merous theoretical studies using ab initio techniques
is the determination of the geometrical structure of with core potentials[5,15], semi-empirical meth-
clusters. Generally clusters are too small for using mi- ods such as complete neglect of differential overlap
croscopic techniques but too large for spectroscopic (CNDO) [16], tight binding methodg17], effective
studies. Cluster structure determination, therefore, medium theories[18], and density functional ap-
has to rely on indirect methods, for example the proacheg19]. All these methods generally agree that
chemical approaci®]. Here, one exposes the clus- the small clusters have compact structures that differ
ter to non-invasive gases and studies the equilibrium from the bulk arrangements. The studies also agree
coverage as a function of temperature and pressure.that the magnetic moment per atom in clusters is
The plateaus in the uptake data can then provide in- higher than in the bulk and changes non-monotonically
formation on the number of different kinds of sites with size. There are however, only limited attempts
and this can be used to derive structural information. to study the effects of ligands on the geometry, elec-
This approach implicitly assumes that the geometry tronic structure, and magnetic properties.
of clusters is unaffected by the adsorbed species. A In this paper, we present experimental studies of
study of the ligated clusters is needed to examine the the attachment of ligands to Ncation clusters. The
applicability of these methods. experimental studies are accompanied by ab initio
The 3d transition metals and in particular Ni have theoretical calculations on neutral nickel clusters that
recently drawn attention because of their important confirm some of the experimental findings and further
catalytic and magnetic properties. Nickel is one of provide explanations of the mass spectra peak abun-
the widely used catalysts in large-scale industrial pro- dances and the truncations of series adducts to nickel
cesses such as the Fischer—Tropsch reaction of carborclusters of certain sizes, as well as possible structural
monoxide hydrogenation and ethylene hydrogena- configurations of Ni-ligand complexes. We use the
tion. Ni is also interesting because of its magnetic NH3 reaction as a case study. Experimental results
properties. It is one of the three itinerant 3d ferromag- also indicate that the alcohol systems are analogous
netic solids. Studies of small clusters have suggestedto NH3. The results of NH reactions with nickel are,
that the magnetic moments per atom of, Miusters therefore, also applicable to GBH and GHsOH.
are enhanced from the bulk val§#0] and change  We are able to show that geometric properties as well
non-monotonically with siz§l1]. In fact some of the  as the electronic energy states are the determining
small clusters have magnetic moments per atom that factors for the formation of cluster-ligand complexes.
are even larger than bulk Co. We will particularly focus on the changes in the
In addition to magnetism, the geometrical struc- magnetic moment of transition metal clusters upon
ture of nickel clusters has been investigated using adsorption of NH and show that the adsorption of
chemical methods. Riley and co-workers have used NH3 can lead to quenching of the NHnoments and
NHs3 [12] and N> [13,14] to probe the structures of that in some cases, the moments reappear after fur-
several small to medium size neutral nickel clusters. ther coverage. In some cases, the adsorption can lead
They have measured the adsorption profiles as a func-to the fracture of NH molecules. Since the products
tion of temperature and assuming that different sites remain attached to the clusters, such fragmentations
have different binding energies, and that sites with will not be observed in experiments that depend on
lower coordination can attach multiple molecules, the mass changes to signify reactions.
plateaus in the experimental adsorption profiles have We would like to add that while the current experi-
been used to deduce their structures. As mentionedments are done on cations, most of the theoretical cal-
above, they assume that the adsorbed species doesulations are carried out on neutral species where there
not change the structure of the clusters. is interest in the changes in the magnetic properties
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of Ni, clusters upon adsorption. The magnetic mo-
ments of clusters are measured via Stern—Gerlach
experiments. Such studies can only be carried out on
neutral clusters since any net charge will produce a
large Lorentz force. As we will show, the trend in the
energetics calculated for the neutral clusters are the
same as those of the cationic clusters.

2. Experimental techniques

The details of the experimental setup are described
elsewherg20,21] Briefly, Ni clusters are produced
via a laser evaporation source located at the end of a
flow tube reactor, which is operated under well-defined
laminar flow conditions. An excimer laser is used to
ablate a 1/4 Ni rod turned by a step motor to main-
tain a fresh Ni surface. Ni clusters are carried by the
He carrier gas (99.997% from Matheson) to the flow
tube reactor through a 1 mm orifice. The Ni rod we
used (99.9% from Alfa), has the naturally occurring
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pressure at X 10~° Torr. The signals are detected by
the Electron Multiplier (Norland Inc., Model #1710).

3. Theoretical method

The theoretical calculations were carried out us-
ing a linear combination of atomic—molecular orbital
approach within the density functional formalism.
Briefly, the molecular orbitals are expressed as a linear
combination of atomic orbitals centered at the atomic
sites. The atomic orbitals are formed from a linear
combination of Gaussian functions. The molecular
integrals required in the solution of the Kohn—Sham
equation are carried out numerically over a carefully
chosen mesh. The actual calculations were carried out
using the NRLMOL set of codes developed by Peder-
son and co-workerf22] and the reader is referred to
original papers for details. The exchange correlation
contributions were included via a gradient corrected
functional proposed by Perdew et 3] and all the
calculations were carried out at the all electron level.

isotopes of 58 and 60 amu. The He carrier gas passes

through a series of molecular sieves and a liquid ni-
trogen trap to remove any impurities before it reaches
the source chamber or flow tube reactor. The reactant
gas is introduced into the flow tube reactor from a re-
actant gas inlet (RGI). Nilgas from Matheson (with
99.99% purity) is introduced from the RGI without
helium dilution. CHOH and GHsOH (from Alfa,
with purity as 99.7%) are introduced into the RGI af-
ter the reaction line is cleaned up by a technique called
pump-thaw cycle. We first freeze the liquid reactant in
the test tube connected to the RGI with liquid nitrogen

and then pump the pipes between the RGI and reactant

gas container to the desired low pressure. The liquid
nitrogen is then taken out, the reactant is thawed, and
then the line between the reactant, reactant container,
and the RGI port is flushed before we pump the line
again. We freeze the reactant for the second time and
perform the pump—-thaw cycle at least three times to

We have studied Ni clusters containing up to 4
Ni and 6 NH; molecules. The basis set for Ni had
20 primitive Gaussians contracted into 7s, 5p, and
4d Gaussians, for N there were 13 primitive Gaus-
sians contracted into 5s, 4p, and 3d Gaussians, and
for H there were six primitive Gaussians contracted
into 4s, 3p, and 1d Gaussiaf2]. The ground state
determination involves optimization of geometry for
various spin multiplicities. This is a daunting task
and to render calculations manageable, we initially
assumed symmetry constraints and then relaxed the
constraint to allow complete optimization. The final
structures therefore include all possible distortions. In
some cases, the relaxation of the constraints did lead
to very different structures.

4. Results and discussions

ensure that the reactant gas line is flushed clean. The4.1. Experimental results

pressure in the flow tube reactor is around 0.3 Torr.
It is pumped by the root pump as well as the two
diffusion pumps, which keep the detection chamber

Fig. 1is a typical Ni cation mass spectrum from our
mass spectrometry apparatus. Each peak is identified
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Fig. 1. Mass spectrum of cationic Ntlusters. The number of atoms for different sizes is marked.

with the calibrated Ni atomic mass and the Ni cluster clusters were generated. At high concentrations
isotope patterns. The small peaks between the Ni clus- (e.g., typically about 100 standard cubic centime-
ter are the Ni oxides with one or two oxygen adducts. ters per minute flow rates) the distribution reached a
It is believed that the oxygen is from the Ni rod. “saturated” condition; that is, the cluster-size ratios
A series of experiments were run with increasingly did not further shift to larger sizes and no further
longer concentrations, where upon nickel-ammonia ligand addition took placeFig. 2a and b(insert)
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Fig. 2. (@) Ni cation reactions with N4l the peaks corresponding to ,N{NHj3),, sizes are labeled by, m in the mass spectrum. (b)
Larger clusters are displayed in the insert.
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show the final products of the Ni-NHat the satu- ON TOP SITE

rated NH condition. There are two distinct features.

Fig. 2ais the Ni-NH; reaction mass spectrum. Nickel

monomer association of NHis dominated by the BRIDGE SITE
peaks of Ni:ligand= 1:2 and 1:3. This shows that it
is difficult to attach more than three NHnolecules

to a single Ni site under the present, well thermal-
ized, experimental conditions which do not involve
expansion techniques normally used to affect cluster
formation and growth. The second noticeable feature
is the dominating 1:1 stoichiometric ratio products
beginning with nickel trimer shown ifig. 2h There for both alcohols, CHOH and GHsOH, binding to
are also additional secondary peaks at-INH3)4 nickel clusters.

Fig. 4. Top and bridge sites in a nickel trimer.

and Ni—(NH3)7. Fig. 3 shows the pattern for the The active sites of the Ni probed are nearly inde-

association of nickel with alcohols. The prominence pendent of the ligands used here, and the observations
of the 1,3 peak is similar to the pattern seen for the raise interesting questions about the binding of ligands
NH3 as are most of the larger complexes as seen byto clusters and in particular the ground state geome-

comparingFig. 2band the insert irFig. 3. The only tries and the spin multiplicities. First of all, we want

notable difference is that there is also some modest to answer the question of whether the binding sites of
intensity of the 1,4 and 2,4 species observable in the NH3 to Ni clusters is on a bridge site or on a top site

spectra. Very similar distribution patterns were seen (seeFig. 4).
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Fig. 3. (a) Ni cation reactions with £150H, Ni,(C2HsOH),, peaks are labeled bg, m in the mass spectrum. (b) Insert: Ni cation

reactions with CHOH in the high mass range, NCH3OH),, peaks are labeled by, m in the mass spectrum.
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4.2. Binding of NH3 molecules to Ni atom For Niz, we obtain an equilateral triangle with a bond
length of 2.24 A and a BE of 5.54 eV. The ground state

Before we discuss the binding of NHnolecules of Nig is a Dyq structure. It has a multiplicity of 5 and

to Ni clusters let us briefly recall the properties of a BE of 8.52 eV. All the results are in good agreement

pure Nj, clusters. Small Ni clusters have been the with recent density functional calculatiofi®4].

subject of numerous theoretical investigations over the  To investigate the nature of Ni-NHbonding, we

past few years and the reader is referred to a recentbegin with a consideration of the binding of a single

paper by Reddy et a[24] for details. InFig. 5, we NHs3 molecule to Ni. The NHmolecule can bind head

show ground state geometries, binding energies andon with N towards the Ni atoms as an upside down

multiplicities of pure Nj clusters containing up to  umbrella as depicted iRig. 6aor with the H atoms

4 atoms calculated using the NRLMOL. The ground toward the Ni atom as right side up umbrella shown in

state of Nj is a spin triplet with a binding energy (BE)  Fig. 6 We found that even when the Nl given the

of 2.86 eV and an equilibrium bond length of 2.12A. chance to have H approach Ni first, the configuration

CLUSTER Spin Multiplicity Atomization Energy

(eV)
v @ ;
e . © 286
? ! 3 5.54
2.24
2.3% 5 8.52
227
1 13.08

Fig. 5. The ground state geometries, spin multiplicities and atomization energies (AE) of the pumed\\H; clusters. The bond lengths
are in angstrom (A) and the binding energies are in electron volts (eV).
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Fig. 6. Umbrella configurations of Ni bonding with NH

flipped back to the N—Ni bonding configuration af-
ter the optimization. The ground state of Ni—plfi$
therefore a spin singlet with N attached to Ni atoms
as shown inFig. 6a The Ni-N-H diheral angle was
found to be 110.

The NHz BE is defined as

Ni—-NH3z — Ni + NH3

BE = E(Ni) + E(NH3) — E(Ni—-NH3) 1)

We find a BE of 1.27 eV. We also find a spin triplet
with a Ni-N bond length of 2.05a.u. and a BE of
0.82eV. In order to further probe the nature of bond-
ing, we carried out an analysis of the resulting elec-
tronic charge density by calculating the total charge
within radii of appropriate sizes drawn around the
various atoms. We found that the Ni sites gain around
0.78€e . The Ni-NH; molecule was found to have
a dipole moment of 1.03 Debye. This shows that the
binding has an appreciable ionic character.

We now consider the binding of two NHo Ni. It
can either be by direct binding of Ni to the two NH
molecules or alternatively whereby one B binds to
Ni and the second Nfibinds with the first NH. The
ground state corresponds to the first situation and in
Fig. 7, we have shown the ground state geometry for
the spin singlet and triplet multiplicities. The BE for
the two NH;
Ni(NH3)2 — Ni + 2NH3
BE = E(Ni) + 2E(NH3) — E(Ni—(NH3)>) (2)

molecules is 2.93 eV which corresponds to a BE per
atom of 1.47 eV. This is higher than the case of a single
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NH3 molecule and shows that the binding increases
as a molecule is added.

For the case of Ni—(NE)3, we tried two possible
geometries. One where all the NHre directly at-
tached with Ni and the other where NHbinds with
NH3 through an NH-NH3 bond instead of with a
Ni. Surprisingly, the ground state corresponds to a
spin singlet Fig. 7) with one NH; weakly bound to
another NH and Ni. This is a highly asymmetric
structure and the BE for the additional Ntk only
0.25eV. We also find that the three Nidan bind to
Ni in a higher multiplicity state however, the BE of
this state is lower than the previous one.

In the case of Ni—(NH)4, we considered various
geometries. It is interesting that in its ground state, the
Ni—(NH3)4 does prefer to have NfHn a nearly planar
shape somewhat similar to the case of the solutions
where it is a square structuf2s]. The ground state
is again a spin singlet and the BE of the additional
NH3 is only 0.19eV. This shows that the attachment
of NH3 to a single Ni site becomes progressively less
stable as Ni#s are added beyond Ni—(Nfp. We also
found that the ground state for the spin triplet is a
tetrahedral configuration, however, this state is lower
in energy than the singlet state.

One of the common features of all the structures is
that the Ni-NH bond length in the singlet structures
is around 1.8-1.9 A while in all the triplet configu-
rations the bond lengths are 2.05-2.19 A. This shows
that while the attachment of NHquenches the Ni
moments, if one could stabilize the structures with
the Ni-NH; bond lengths around 2.04 A, the clus-
ters would maintain a high spin state. Does it really
happen?

Before proceeding further, we would like to add
that for all the Ni—(NH),,, we also carried out cal-
culations on cationic clusters to examine if the ener-
getics would be affected by the charged state. This is
needed since the adsorption experiments are carried
out on cationic clusters. The results showed that the
ground states have the lowest spin multiplicity as in
the neutral clusters. The energy gain in adding one,
two and three NH for the cationic clusters are 2.97,
2.47 and 0.97 eV, respectively, compared to 1.27, 1.66
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Fig. 7. Ground state geometries and the total binding energy of bltkters to a single Ni atom for various multiplicities. The bond
lengths are in angstrom (A) and the binding energies are in electron volts (eV).

and 0.25 eV for the neutral clusters. Note that in both 4.3. Binding of NH3 to Ni»

cases, the energy for adding the third Nid lower

than the first two indicating that the energetic trends  Ni, presents the most interesting example of the
are similar. Since the charging effects are expected tointerplay between adsorption and magnetism. The
be most dominant at smaller sizes, we believe that our ground state of Ni is a spin triplet. The first NEl
studies on the larger neutral clusters will be applica- molecule binds in “on-top” modé~{g. 8). The ground
ble to the adsorption experiments on cationic clusters. state is a spin triplet and it is 0.59 eV more stable than
As pointed out before, the theoretical calculations are the singlet configuration. The NHmolecule is bound
carried out on neutral clusters since most of the em- by 0.84 eV which is smaller than the BE of an kltd
phasis here is on the changes in magnetic moment anda single Ni site. The ground state for N{NHj3)2 is

the magnetic experiments are carried out on neutral a chair configuration where the NBl bind at on-top
clusters. sites. The BE per NgIlmolecule is 0.86eV and the



B. Chen et al./International Journal of Mass Spectrometry 220 (2002) 171-182 179

7,9, BE. =084 ¢V
-~
S -
BE.=152eV €% BE.=172eV
&4
.04
B.E.=333eV B.E.=3.03¢eV
0.98

BE.=253eV BE.=297eV

Fig. 8. Ground state geometries and the total binding energy af tlilrsters to a Ni molecule for various multiplicities. The bond lengths
are in angstrom (A) and the binding energies are in electron volts (eV).

BE of the additional NH is 0.88eV compared to it does show that these kinds of processes are possible
0.84 eV for the first molecule. The ground state is a but will be undetectable in ordinary experiments.
spin triplet and it is more stable than the singlet by ~ While the experimental mass spectra show a dom-
0.20eV. This is a highly asymmetric configuration. inant peak at 2:4 adducts, the 2:6 adduct is very
For Nio—(NHzs)4, we tried several configurations. weak. To examine this, we carried out calculation on
The ground state now corresponds to a spin singlet Ni.—(NH3)g. The ground state configuration corre-
conforming to our earlier result that the addition of sponds to NH adsorbed on on-top sites. There are,
NH3 generally leads to a quenching of the Ni mo- however, two interesting features. Firstly, the spin
ments. The BE per Nglis 1.01 eV. What is interesting  triplet is more stable than the spin singlet. This reap-
is that the ground state of the spin triplet configuration pearance of magnetism on continuous adsorption is,
corresponds to a situation where the Nhkholecule in our view, a unique feature. Note that the Ni—-N bond
breaks into NH and an H atom and the two H atoms length in the spin triplet state is larger than in the
form the NH molecules attached in the bridge site spin singlet configuration. We will come to this point
to form an KB molecule. Since this is not the ground later. The other point is that the BE of the six jIH
state configuration it will not be observed. However, molecules is less than for Ni—(Np} cluster. It is
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therefore energetically favorable for theoN{NH3)g mum energy configurations for various multiplicities.
cluster to fragment to N(NH3)s and two NH; For Niz—(NHz)s, the ground state corresponds to an
molecules. We believe that this energetic instability on-top arrangement and the ground state structure is a
is responsible for the weak peak corresponding to planar structure. The ground state is a spin triplet and
Ni>—(NH3)g in the mass spectrum of MNi(NHz),, the BE of the NH molecules is 8.67 eV. Addition of

clusters. an NH; molecule leads to a complete rearrangement
of the structure. The Niassumes a linear structure
4.4. Binding of NH3 to Niz and Nig and the four NH molecules bind to the outer atoms.

The BE of the NH molecules is however less than in
For the case of Niand Ni, we only examined  the case of Ni—-(NHz)3. Any Niz—(NH3)a will there-
limited compositions. For Nionly the (3,3) peak  fore lose an NH and assume a more stable structure.
is observed in the experimental mass spectrum. We This explains the weakness of the 3:4 adduct in the
therefore carried out studies on N{NHz)3 and mass spectrum. Another surprising feature is that the
Ni3—(NH3)4 clusters. Various geometries were tried ground state is a spin singlet. The magnetic moment
and in Fig. 9, we show the corresponding mini- per Ni atom in a bare linear Rlicluster is higher

BE. =294¢eV BE.=290eV

BE.=3.70eV " BE.=420eV

Fig. 9. Ground state geometries and the total binding energy of ditsters to N§ and Niy clusters for various multiplicities. The bond
lengths are in angstrom (A) and the binding energies are in electron volts (eV).
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than in the triangular structure. The adsorption of
NH3, however, leads to a quenching of the magnetic
moments.

For Niz—(NH3)4, the ground state is a tetrahedral
Ni4 with a NHz attached to each Ni atom in the on-top
configuration. Although we optimized the geometry
without any symmetry constraints, the final structure
has a near By symmetry. The ground state configura-
tion is a spin triplet and the Ni—Ni bonds are stretched
from those in the bare cluster. The BE per Ni$
1.06 eV which is comparable to that of other clusters.

The present results slightly deviate from the com-
mon trends regarding the binding of ligands to metal
dimers. Recent studies have shown that for a major-
ity of cases the metal cluster dimers form significantly
stronger bonds with ligands such as NHCO, and
C,H4 than the corresponding metal atoms. For exam-
ple, in the reactions of Agand M@ with NH3, 1:1
stoichiometry complex ratios are formed at high pres-
sures and long residence times in the reaf26f. It
is believed that the Ag, Au, and Cu dimer complexes
with NHg all have linear configurations becausee-
pulsion is alleviated. The second ligand stabilizes the
binding, so the polarization induced by the first lig-
and is not the dominant factor. While our optimized
results show a larger BE of the NHo the Ni dimer,
the difference from the binding to a single Ni is rel-
atively small. We also found a switching reaction of
NH3 with the Ni dimer cation. The switching reaction

181

2.50

-o-Singlet
2.00 —nTriélet

1.50
1.00

Energy (eV)

0.50 -

0.00 T \ \
3.00 325 3.50 3.75 4.00 4.25

Bond Length (au)

Fig. 10. The relative stability of the singlet and triplet spin config-
urations for a Ni-NH cluster as a function of Ni—N separation.

site. Note that the Ni-N bond lengths in the case of
triplet lowest energy configurations are larger than in
the case of the singlet configurations. We find that at
high coverage Ni-(NHz),, clusters can recover their
lost magnetic moments. To understand these behav-
iors, we carried out a calculation of the singlet and
triplet configurations of a Ni-Ngldimer as a function

of Ni—N separation. For each separation and spin mul-
tiplicity, the positions of the H atoms were optimized.
In Fig. 10 we show the variation of the total energy
as a function of Ni-N separation for all these cases.
Note that for larger Ni—N separations, the triplet state
is more stable while at shorter separations the singlet
state is more stable. The reappearance of magnetism
in Ni—(NHs),, clusters is associated with the increase

was done with a double quadruple mass spectrometerin Ni-NH3 separation at enhanced coverage.

apparatus in our group. It was found that f$#vitches

off one Ni atom when it reacts with the Ni dimer. We
believe that this arises due to the attachment of two
NH3 molecules to the same Ni site. As our ab initio
results show, the BE of two NdHmolecules to a sin-
gle Ni site is more than the BE of ilt is possible
that the switching reaction by NHs the reason we
do not see a Ni-+(NHz3)2 peak in the mass spectrum.

In a recent papdR7], we had reported preliminary
results of our investigations on N#(NHjz),, clusters
using the Gaussian codg8] and a smaller STO-3g
basis. In that study pseudopotentials were used to
replace the ionic cores. Those calculations were car-
ried out using symmetry and therefore did not allow

full variational freedom. While the present results do

qualitatively agree with the previous results in that

Next, we consider the variation of the magnetic mo- the initial NHz adsorption leads to a quenching of the

ment of Nj, clusters upon adsorption of NHIn all
cases we observe that the initial addition of NElads

to a quenching of the magnetic moments. This quench-
ing is consistent with the fact that the Ni—-NHond-

ing proceeds via a charge transfer from Nid the Ni

Ni,, moments and that the moments can reappear at
large coverage, the quantitative changes in the mo-
ments are different. This shows that it is necessary

to perform symmetry-unrestricted calculations to get

guantitatively accurate results.
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5. Conclusion

The present results show that jlF¢acts with Ni via
direct binding on the top reaction site, with no bridge
site being found in the ground state,N{NHj3),, clus-
ters. The calculations show that theslStructure does
not undergo reconstruction when it formssN{NH3)3
but undergoes a substantial rearrangement when form-
ing Nis—(NHz)4 clusters. Nj is also found to have a
similar structural framework as that of Ni(NH3)g.

The calculated binding energies explain the experi-
mental mass peak abundance and the truncation of
certain peaks in the mass spectra. The calculations of
the Nb—(NHs), clusters also indicate that switching
reactions occur in the Ni-N¢teaction which are sim-

ilar to those observed with the flowtube reactor for Ni
cluster cations. Our studies also show that the mag-
netic moments of Ni clusters are initially quenched
upon adsorption of Nglbut the moments reappear at
high coverages. We have become aware that Knick-
elbein has performed Stern—Gerlach experiments on
Ni, clusters coated with N{[29]. Their preliminary
results indicate that the Ng-adsorption quenches the
magnetic moment of Niclusters in agreement with
current studies.
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