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With a gradient-corrected density functional method, we have studied computationally the influence of single
impurity atoms on the structure, electronic, and magnetic propertiessafliNiters. The squargyramidal

isomer of bare Njwith six unpaired electrons was calculated 23 kJ/mol more stable than the trigonal bipyramid
in its lowest-energy electronic configuration with four unpaired electrons. In a previous study on the cluster
Ni4, we had obtained only one stable isomer with an O or an H impurity, but we located six minima for ONi
and five minima for HNi. In the most stable structures of HNthe H atom bridges a NiNi edge at the

base or the side of the square pyramid, similarly to the coordination of an H atom at the tetrahedral cluster
Nis. The most stable Ohlisomers exhibit a trigonal bipyramidal structure of the Mbiety, with the impurity
coordinated at a facetu{-O)Nis, or at an apex edgeu{O)Nis. We located four stable structures for a C
impurity at a Ni cluster. As for CNj, the most stable structure of the correspondingddmplex comprises

a four-coordinated C atomu4{-C)Nis, and can be considered as insertion of the impurity into-aNNibond

of the bare cluster. All structures with C and five with O impurity have four unpaired electrons, while the
number of unpaired electrons in the clusters kiWiries between 3 and 7. As a rough trend, the ionization
potentials and electron affinities of the clusters with impurity atoms decrease with the coordination number
of the impurity. However, the position of the impurity and the shape of the metal moiety also affect the
results. Coordination of an impurity atom leads to a partial oxidation of the metal atoms.

1. Introduction Recently, we reported a computational study of dlusters

. . containing single impurity atoms H, C, or ®These impurity
. Impurities of nonmetal atoms on small me_tal clusters, either 4ioms were selected not only according to their importance for
in the gas phase or-on support, can consujerably affect they, gas-phase chemistry of size-selected clusters, but also with
structure, electronic, and magnetic properties of the metal o 14 o heterogeneous catalytic systems where supported
moiety. Such “ligated” clusters can be produced by the i ansition metal clusters often are utilized as components of
Interaction of bare metal clusters W'th gas molecﬂj!dsg/, . active multifunctional catalyss:**We determined unique stable
reactions of supported metal cluster.slwnh surface active sites,jgomers of the species HNand ONj, where the impurity atom
e.g., OH groups;?or by the decomposition of molecular ligands ;461 2 2-fold coordinated position at an edge of the tetrahedral
_(e.g., CO) adso_rbec_i on the metal _m0|ét9.T he latter approach ._Nigcluster. We also located three structures for the clusteg CNi
is routinely applied in the preparation of supported metal species,, .. o.o ¢ exhibits a preference for 4-fold coordination. The

on oxide surfaces or in zeolite cages when carbonylated y,,4ing of the impurity atoms H, C, or O to the cluster causes
transition metal clusters are used as precur&drsn several a partial oxidation of the metal atoms.

computational studies, complementing available experimental In the present work, we considered how single impurit

information, we have concluded that supported metal clusters atoms. H. C. or O affe’ct the structure and other properties )éf

produced in this way are not free of heteroatdm8 Despite he cl ’ ¢ T A ’ tioned ab th . 't'p pft

the importance of such impurity atoms for the behavior of metal the clus er Ng. As mentioned a Oveé, INese Impurities often are

clusters, experimental information about the presence of hetero-presem n heterogeneous catalytic systems, e|ther f“’m the
preparation process of the catalyst or from catalytic reactions.

atoms and their influence on the properties of clusters is ratherWe determined the maanetic states of such clusters. their Spin
scarce due to difficulties with preparing and characterizing such  magnetc < ers, heir sp
and electron density distribution as well as their ionization

samples in a reproducible way. This lack of essential experi- . -

menFt)aI informat?on provides gne of the motivations for Ft)he potential (IP) and electron affinity (EA).

theoretical model studies of small transition metal clusters. . )

Various computational approaches have been applied to clarify2- Computational Details

bondmg_ in and magnetic properties of ba_re _rnetal_clu@tén‘s; . All calculations were carried out with the linear combination

alternatively, oneBCshZa&r?lcterlzes clusters with impurity atoms via. ¢ Gaussian-type orbitals fitting-functions density functional

spectral feature’?® method (LCGTO-FF-DFf as implemented in the program

. . — PaRAGAUSS.3637 We applied the unrestricted KohiSham

Ch*tucnsrégsf’ond'”g authors. E-mails: gnv@chem.uni-sofia.bg; roesch@ procedure with the gradient-corrected exchange-correlation
T University of Sofia. functional suggested by Becke (exchange) and Perdew (cor-
*Technische Universitaviiinchen. relation)383% A recent extensive study on transition metal
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TABLE 1: Calculated Characteristics of Bare Nis and Nis Clusters with H, C, and O Impurity Atoms: @ Number Ns of
Unpaired Electrons, Binding Energy BE per Atom of Bare Nis, BE of Impurity Atoms at Ni 5 (Both in kJ/mol), Interatomic
Distances (in pm)

structures Ns BE N#NiP Ni—X¢
Nis/Ca,-Sp 6 231 23l aaab
Nis/Cs,-bp 4 226 237 ab, 229 bb, 236 bc
(u-H)Nis/Csspl 5 273 231 ab ac, 234 bc, 225 bb, 234 cc 167 b
(u-H)Nis/Cs-sp2 5 266 242 ab, 232 ac, 231 ad, 235 bd, 233 cd 166 a, 163 ¢
(us-H)Nis/Cs-bp 5 262 232 ab, 243 ad, 233 bc, 236 bd, 234 dc, 225 dd 163 a,179d
(7-H)Nis/Cs-bp 3 234 239 ab, 234 ad, 231 bc, 231 bd, 235 cd, 230 dd 149 a
(7-H)Nis/Cssp 7 209 234 ab, 235 ac, 231 cd 152 a
(ua-C)Nis/Cs-sp 4 660 232 ab, 253 ad, 231 bd, 241 cd 181 a, 182¢c, 182d
(u3-C)Nis/Cs-sp 4 646 237 ab, 235 ac, 237 ad, 231 bd, 243 cd 206 b, 184 c, 181 d
(7-C)Nis/Cs-bp 4 403 234 ab, 228 ac, 233 ad, 227 bd, 246 cd 162 c
(7-C)Nis/Cssp 4 378 230 ab, 230 ac, 230 ad, 234 bd, 234 cd 160 a
(us-O)Nis/Cs-bp 4 436 242 ab, 261 ad, 238 bc, 230 bd, 235 cd, 260 dd 177 a, 187 d
(u-O)Nis/Cs-bp 4 412 236 ab, 231 ad, 249 bc, 231 bd, 243 dd 179b,174c
(#-O)Nis/Cy-sp 6 402 241 ab, 238 ac, 230 ad ae, 237 bc, 239 de, 230 bd 178 bc
(u3-O)Nis/Cssp 4 390 255 ab, 230 ac, 232 bc, 296 bb, 231 cc 1904a,180b
(ua-O)Nis/Cssp 4 340 238 ab, 235 ac, 236 ad, 238 bd, 238 cd 192bcd
(7-O)Nis/Cs-sp 4 313 232 ab, 239 ac, 231 ad, 230 bd, 226 cd 163 c

aFor the notation of the atoms in the clusters, see Figures 1 The types of Ni atoms involved are indicated after the value; see Figurés 1
¢ The type of the Ni atom bound to the impurity X is indicated after the value; see Figus 2

compounds concluded that this exchange-correlation potential TABLE 2: Vertical lonization Potential IP, Electron Affinity

furnishes very satisfactory accuracy, in particular when one Eg’MHOo,(VIO El?/learj%)r/it;HO/Mfo a&?niﬁég)cng &%er OLfUtPIC/IeO Gp
K . o — ) - ’ -

considers the compytatlonal e_ffd?@For all open-shell systems, Acy of Bare Nic and Nis Clusters with a H, C, or O

we checked the spin contamination of the underlying Kehn  |mpurity Atom (Energies in eV)

Sham determinant; the contamination of the ground states of

all local minima of Ni in bare form and with an impurity was structures P EA €Hovo  Aen”
below 4%. Nis exp. 6.18+ 0.24 1.57+0.06

The Kohn-Sham orbitals were represented by Gaussian-type 6.224 0.08

. . . g 6.17+ 0.02

basis sets contracted in generalized fashion: (15s11p6d) Nig/Ca,-Sp 6.64/6.46 1.64 — 4450 075
[6s5p3d] for Nito4! (9s5p2d)— [5s4p2d] for C and O, and  Nig/Cs,-bp 6.41/6.24  1.39 —4.038 051
(6s1p)— [3slp] for H*2 The auxiliary basis set used in the  (u-H)Nis/Csspl  6.95 1.62 —4.32a.  0.69
LCGTO-FF-DF method to describe the Hartree part of the (u-H)Nis/Cysp2  6.56 1.79 —4.40a 051
electron-electron interaction was derived from the orbital basis (/‘3;*"'%\"\_“5/(:05?" g-‘?‘? i% _iéio‘ 8-22
set in the usual fashidhand augmented by five p-type and EZngmijcisE 708 503 :4:79':“1 1.98
five d-type “polarization” exponents for each atom. These (,,.C)NigyCesp  6.59 1.68 4318 045
exponents were constructed as geometric series with a factor (us-C)Nis/C<sp ~ 6.69 1.79 —4.378 0.38
2.5, starting with 0.1 and 0.2 for p- and d-exponents, respec- (7-C)NissiCsbp ~ 6.73 2.08 —4.500c  0.35
tively 3543 (7-C)Nis/Cssp  7.07 2.09 —4.8200  0.56

Gas-phase Niclusters with and without an impurity were &?gmjgiip g'gg i'gg :j'ii'g (1)&21
optimized with the help of analytical energy gradients invoking (,u-O)Ni5/Ci-8p 6.90 177 —4580 079
various symmetry constraint€4,, Dan, Cs,, Cz,, Cs or Cy).# (uz-O)Nis/CsSp  6.54 1.62 —4.290. 0.57
The stability of bare clusters was characterized by the binding (#s-O)Nis/Cssp  6.34 1.47 -3.958 0.32
energy (BE) per Ni atom (in 3ds' configuration; Table 1): (7-O)Nis/Cssp ~ 7.04 2.06 —4.778  0.68

. . aFor the notation of the clusters with impurity atoms see Section
BE = —[E(Nis) — SE(N)]/5 3.2; for the structures, see Figures-4 brI)—|Ol\>I,O—LUMO gap

] ) ) ) o calculated within one spin manifol@ Ref 47.9 Ref 48.¢ Ref 49.f Ref
For clusters with an impurity atom, we determined the binding 53.9 Calculated adiabatic IP.

energy of the impurity ¥X=C, O, H with respect to the most

stable isomer of bare Ml procedure). We also determined atomic charges, both with a
_ . . Mulliken analysis and by fitting the electrostatic poterffial
BE = —[E(XNig) — EgafNis) — E(X)] (potential derived charges, PDC) (Tables-S5 of Supporting

Information). We characterized the local spin s of an atomic
center by the difference between majority and minority charge
contributions of that center as obtained in a Mulliken analysis
a(Tables S2-S5 of Supporting Information).

Thus, the larger a BE value, the more stable are the species Ni

or XNis, respectively. For the optimized configurations, we

carried out a normal-mode analysis without symmetry con-

straints, to corroborate that the structures represent local minim

of the potentlal energy surface (Table S1 of Supporn_ng 3. Results and Discussion

Information). For this purpose, the second-order energy deriva-

tives were estimated as finite differences of analytic displace- 3.1. Bare Cluster Ni. We started our studies with the bare

ment gradients. In cases with at least one imaginary vibrational cluster Ni as reference, exploring four topologies: (i) a square

frequency, the original symmetry constraint was reduced and pyramid (Ni-sp, Figure 1a), (ii) a trigonal bipyramid (Nbp,

the structure was re-optimized. Figure 1b), (i) a tetrahedral cluster with the fifth Ni atom bound
The vertical IP and EA values of bare and ligated clusters to a Ni—Ni bond (Ni-t); and (iv) a square-planar cluster with

(Table 2) were estimated as differences of total energi&CF the fifth Ni atom bound to a NiNi bond (Ni-e). The
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a atom Ni contributes to an unoccupied molecular orbital
4 (LUMO+2).

The apex Ni atom of NIC,,-sp has the effective valence
. b electronic configuration®4p%-3408-93 the Ni atoms at the base
b of the pyramid have the configuratioh%p°24®84 A somewhat
higher d population is determined for the Ni atoms of/N,-
a) Nis/Cay-sp & bp which are $7p0-2&8-95 (base) and 's®4p0-1%d8-%4 (apex). In
b) Nis/Cay-bp both structures of Nj the metal atoms with three nearest
i . o neighbors (apex atoms in bp and base atoms in sp) have higher
Figure 1. Structures of the_bare Neluster. Also shown are the labels 4o populations than the atoms with four neighbors (base atoms
for the different types of Ni atoms; see text and tables. in bp and apex in sp). In both structures the spin population s
per atom is higher on Ni atoms with three neighbors and smaller

optimization of the square pyramid structure Wi, and C, for atoms with four neighbors. The variation of s for different

symmetry constraints lead to the same geometry, binding energy, - . -
and spin state of the cluster: tih, symmetry of the ground atoms is larger for the Nisquare pyramid, 0.35 e, than that for

) ) - the bipyramidal structure, 0.14 e (Table S2).
state was confirmed by normal-mode analysis. The trigonal . o . .
bipyramid structure was optimized witBs, Cs,, and Cs The vertical ionization potential of the square pyramid

symmetry constraints. The bipyramidal structureyBiy-bp structure of bar_e Nicluster is 6.64 eV (Tfi?le 2),0.4 evgigher
features one imaginary frequency in the vibrational analysis, than the experargental values 6.380.24/16.22+ 0.05,%and
while the structure with lower symmetry, $Cs,-bp, represents 6.174 0.02 eV# The vertical IP of Ng/C3U-.bp is smaller, 6.41
an energy minimum® The last two isomers, Mit and Ni-e eV (Table 2), hence closer to the experimental values. As the
were optimized irC,, andCs symmetry constr'aints and are I,ess calculated vertical IP value overestimates the experimental
stable than the quare pyramid by 50 and 90 kJ/mol respec-ionization potential, we calculated the adiabatic IP of the square
tively; however, each of these structures exhibit imaginary Pyramid structure without symmetry restrictions (Table 2). The
vibrational frequencies. Release of the symmetry constraints €Sulting value, 6.46 eV, is 0.18 eV smaller than the vertical IP
from the initial Nis-e and Ni-t geometries results in the square value because the structure of the final state cation differs from
pyramidal and bipyramidal structures, respectively. Thus, the that of the initial state (square pyramid) which was used in the
only stable structures of the neutral Ni pentamer are the clusters€valuation of the vertical IP. The same effect is calculated for
Nis/Ca,-sp and N&/Ca,-bp. Nis/Cs,-bp (Table 2). The structure of Mi can be considered
The stability of the obtained spin states of the bargdtimers S |nterm(()ad|ate between bipyramidal and square pyramid
was checked by single-point calculations (at fixed geometry) structqreé. The_ estlmated adiabatic IP values of the square
where the number of unpaired electrons, Ns, was varie¢t by ~Pyramid and bipyramidal structures are 6.46 and 6.24 eV,
2. In the square pyramid structure, the number of unpaired "€SPectively. The former value is0.3 eV higher than experi-
electrons in the ground state is Ns 6, while the trigonal ment, while the latter one essentially coincides with experi-
bipyramid, Ni/Cs,-bp, has two unpaired electrons less, Ns ment>! The vertical EA of the square pyramid structure, 1.64
4. The square pyramid structure ofsNFigure 1a) is 23 kJ/ eV (Table 2), is very close to the experimental value 1457

mol more stable than the trigonal bipyramid structure (Figure 0-06 €V3°while the vertical EA of the bipyramidal isomer i
1h). Cs,-bp, 1.39 eV, is~0.2 eV lower. Thus, both Nisomers show

As square pyramidal and triangular bipyramidal structures reaso_nable agreement of_calculated IP and EA values with
of Nis differ very little in energy, we reoptimized them using experimental results and either of them could correspond to the

an uncontracted basis set (15s,11p,6d). We obtained the samé&Xperimentally studied Niclusters. The calculated vertical IP

structures; nearest-neighbor distances changed less than 1 pnnd EA values of the stable dclusters are higher than the
Also the relative stability of the two stable isomers remained Corresponding values calculated for the tetrahedralcNister

the same as with the contracted basis set; the energy differenc®¥ 0-75 and 0.24 eV, respectively. This trend fits the experi-

changed very little, 1 kd/mol for the whole cluster. mental values of Niwhich are aIso_ larger, b_y 0.47 (IP) and
None of the modeled high-symmetry structuress/Glj,-sp %i?;“g\; (EA), than the corresponding experimental values of

or Nis/Cg,-bp, has partially occupied degenerate spin orbitals.
In both cases the HOMO is a doubly occupied e-type spin- The vibrational frequencies of the stable structureg@j-
orbital. sp and N#/Cz,-bp fall into the intervals 78312 cntt and 61~

The Ni—Ni distances of the isomer MCs,-sp are 231 pm 334 cml, respectively (Table S1 of Supporting Information).
(Figure 1a and Table 1), close to the values in the tetrahedral The vibrational frequencies of the tetrahedron-like cluster Ni
structure of Ni, 230 pm32 In the bipyramidal structure, Bi were calculated in the same region, @29 cnr*.32
Cs,-bp, the distances between the Ni atoms in the triangular Previous computational studies of barg; Miusters yielded
base of the bipyramid are 229 pm, while the-Wli distances two isomers (Table 3), square pyramid and/or trigonal bipyramid
involving one atom at an apex are longer, 236 and 237 pm structures with six and four unpaired electrons, respectiéfy>6
(Figure 1b and Table 1). as obtained in the present work (Table 1). Also, the relative

The tetrahedral NICs clustef? has a very small HOMO stability of the two isomers had been calculated to be very
LUMO gap, 0.09 eV, but the gap of the most stable structure similar; the overall energy difference was at most 20 kJ/mol.
of Nis, the cluster NJ/Cq,-sp, is much larger, 0.75 eV (Table The local density approximation (LDA) combined with triple-
2). Ni 3d Mulliken populations dominate to more than 80% the quality basis sét gives a BE per Ni atom of 275 kJ/mol for
six unpaired majority spin orbitals of the square pyramidal the trigonal bipyramid and 271 kJ/mol for the square pyramid
cluster Ni/C4-sp; the remaining contributions exhibit 4s (Table 3). Calculations using the Perdew’s exchahgmd
character. The two highest occupied MOs have majority spin correlatiorf® functional yielded only 1 kJ/mol difference per
character and exhibit dominant 4s contributions of the four Ni atom between the two isométswith structures optimized at
atoms at the base of the pyramid, while the 4s AO of the apex the highest symmetrie®s, and Cy,, respectively. Recent DF
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TABLE 3: Results from Previous Calculations for the 8 a H
Cluster Nis: Binding Energy per Ni Atom BE in kJ/mol, b d
Number of Unpaired Electrons Ns, and Ni=Ni Distances in 3 :"
pm
method, symmetry, c b b - e

basis set shape BE Ns distances
LSDA, Tz Dan-bp 275 4 231, 239 -HINi = -H)Ni 4
Corsp o 6 926, 228 a) (u-H)Nig/Cg-sp1 b) (u-H)Nig/Cg-5p2
P91/P86, TZ Dan-bp 213 4 231, 239
Ca-Sp 214 6 234,235 H
BLYP, DNFP* Dan-bp 341 4
Cy,-bp 343 4 <237>4
Ca-Sp 346 6 a
Ca-sp 347 6 <235>d
VWN, DZVP2¢ Bp 296 4
PW86/P86, DZVP2 Bp 241 4 231, 236
GGA-NS Bp 197 4 b d

aRef 54. Ref 21; P91/P86 denotes a combination of Perdew’s
exchange, ref 57, and correlation, ref 39, functionaRef 56, DNP
denotes a double numerical basis with polarization functions where
the 1s, 2s and 2p orbitals are kept “frozefiAveraged value¢ Ref
55, PW86/P86 denotes a combination of the exchange functional
suggested by Perdew and Wang, ref 59, and the correlation functional
of ref 39.

c
d) (n-H)Nis/Cg-bp

modeling using the BLYP functiorf&lfound the square pyramid : -
isomer to be overall 20 kJ/mol more stable than trigonal e) (n-H)Nig/Cq-sp

bipyramid, where bOI.h structures had been optimized with a Figure 2. Stable structures of HMclusters. Also shown are the labels
Ca, symmetry constraint (Table 3). However, the calculated BE ¢, ihe different types of Ni atoms: see text and tables.

per Ni atom was rather high for a GGA exchange-correlation

functional, 347 kJ/ mot8 compared to calculations with other a a
GGA functionals including the present results which yielded a & d
BE per Ni atom of 231 kJ/mol.
The Ni—Ni distances that we obtained for the bipyramidal b 9 .
structure are shorter than the values reported in previous works. c d . d

The equatorial distances are up to 2 pm shorter; this holds for

previous calculations with various exchange-correlation func- VNI IO
tionals (LDA2* GGA21:39.5557.59 while the bonds involving an oy S e
apex atom differ by up to 3 pm (Table 3). All studies suggest
close values for the NiNi bonds at the base and the apex edges
for the cluster with square pyramidal shape; the distances differ
at most 2 pm. The averageNNi distance, 227 pm, from LDA
calculation&* is slightly shorter than that from our BP calcula-
tions, 231 pm, while optimization with P91/P86" or BLYP38.60
functionals gives slightly longer distanc®<$f 235 pm.

Finally, we note that the reliability of the exchange-correlation
functional and the basis set used in the present work for c) (n-C)Nig/Cs-bp d) (n-C)Nig/Cg-sp
reproducing experimental values of binding energy and inter- rigyre 3. Stable structures of Chlelusters. Also shown are the labels
atomic distancé$ was recently confirmed for /062 for the different types of Ni atoms; see text and tables.

As direct experimental information about the structure of
small neutral nickel clusters is not available, we may compare  3.2. Clusters with Impurity Atoms. 3.2.1. Localization of
our results with structural information derived from experiments Stable MinimaTo locate the preferred positions of the impurity
with cations. Parks et &F.used the saturation coverage ofNi atoms H, C, and O on hliwe selected various initial positions
cluster cations with Bligands to deduce the structure. FogNi of the heteroatoms at square pyramid and trigonal bipyramid
they found five and eight Nmolecules adsorbed at low and metal frameworks (Figure S1 of the Supporting Information).
high N, pressure, respectively, and concluded that the structureTo identify the bonding mode of the impurity, we use a
of the cluster should be a trigonal bipyramid. This agrees with nomenclature adapted from that common for inorganic com-
our finding that the stable structure of{Niresembles that ofa  plexes, that has served already well for Xiomers®? Direct
distorted bipyramid with a single extended equatoriat-Ni coordination of an impurity atom to a single Ni atom is denoted
distance (see endnote 50). However, the adsorption energy of ey the prefixy (Figures 2d,e; 3c,d; 4f), coordination to a-Ni
N2 molecule on a small Ni cluster, estimated at 116 kJ/mol per Ni bond is denoted by the prefix (Figures 2a,b and 4b,c), and
ligand for the neutral complex B{N2)s and at 86 kJ/mol per  simultaneous coordination to three or four Ni atoms by the
ligand for the corresponding catiéfjs much larger than the  prefixesus (Figures 2c, 3b, and 4a,d) o (Figures 3a and
total energy difference between square pyramidal and bipyr- 4e), respectively.
amidal conformations of the bare Ncluster, 23 kJ/mol. Thirteen initial structures of the clusters with impurities were
Therefore, N coordination could easily change the structure of constructed in the following way. For the square pyramid
the metal moiety. structure, the impurity atom X was located (i) in on-top fashion

Cc
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at the apex and base Ni atomg;X)Nis-spl and §-X)Nis- i.e., it has one unpaired electron more than the corresponding
sp2, respectively; (i) inside the clustens{X)Nis-sp; (iii)) below bare Ni/Cy,-sp cluster.

the base of the pyramidu{-X)Nis-sp; (iv) at a side facetug- In four of the five reported structures, variation of the number

X)Nis-sp; (v) over a Ni-Ni bond at the base utX)Nis-sp1; of unpaired electrons by 2 resulted in a reduced stability of the

(vi) over a Ni-Ni bond at a side facetutX)Nis-sp2 (see  isomer, by more than 25 kJ/mol. Only the clustes-H)Nis/
Supporting Information Figure Siay). For the bipyramidal  Csbp has similar stability when optimized with three and five
structure, the impurity atom X was located (vii) on-top at the unpaired electrons: 259 and 262 kJ/mol, respectively (Table
apex and base Ni atomsy-K)Nis-bpl and g-X)Nis-bp2, 1). This small energy difference does not allow us to assign
respectively; (viii) over a Ni-Ni bond involving an apex atom,  the ground state configuration. However, on the basis of the
(u-X)Nis-bp1; (ix) over a facet,us-X)Nis-bpl; and (x) overan  estimated spin contamination, 18% for Ks3 and 1% for Ns
equatorial Ni-Ni bond («-X)Nis-bp2; and (xi) inside the cluster, = 5, we expect the higher spin multiplicity to represent the
(us-X)Nis-bp2 (see Supporting Information Figure S1 h-m).  ground state.

All these structures were optimized applying pertinent sym-  Extended Hukel calculation® suggested also bridge coor-
metry constraints. To check the stability of the resulting dination of H to be most stable for §liyet at an edge involving
structures, we carried out a normal-mode analysis without any the apex of trigonal bipyramidal NiSpin-polarized DF-GGA
symmetry restriction as described in Section 2 and proceededstudies, directed to hydrogen adsorption on different surfaces
at a lower symmetry constraint if necessary. of metallic nickef® suggested slightly smaller binding energies

The stability of the obtained spin states was checked by (by 2—18 kJ/mol) than calculated here for bridge coordinated
single-point calculations (at fixed geometry) where the number H at Nis. The BE(H) values were 252264 kJ/mol for Ni(100)
of unpaired electrons was varied fy2. For nearly degenerate  and 255-264 kJ/mol for Ni(111). Periodic slab model calcula-
structures, where we found a BE difference with respect to the tions also showed that H adsorption on 3-fold sites (fcc or hcp)
initial multiplicity below 10 kJ/mol, we subsequently optimized of low-index single-crystal surfaces is-+21 kJ/mol more stable

the cluster geometry, keeping the spin multiplicity fixed. than adsorption on bridge sitsThis trend is opposite to the
In the following, we discuss the geometry and some features fesults reported here for H adsorption ag,Nvhere the isomer

of the electronic structure of the obtained stable minima. with bridge-coordinated H is 11 kJ/mol more stable than the
3.2.2. Clusters with H ImpurityWe identified five minima isomer with a 3-fold coordinated @purlty. ]

for an H impurity atom at the Nicluster: fi-H)Nis/Cs-sp1, In the most stable structurg-{{)Nis/Cs-sp1 the HOMO is a

(u-H)Nis/Cssp2, (13-H)Nis/Csbp, (7-H)Nis/Csbp, and ¢- majority spin orbital. Both HOMO energy;4.32 eV, and the

H)Nis/Cs-sp (Figure 2&e). In the most stable structures, the HOMO—LUMO gap, 0.69 eV, of this complex are very similar
first two of this series, the H atom bridges one of the two types t0 the analogous quantities of bareslls,-sp (Table 2). A

of Ni—Ni bonds of the square pyramid, similarly to the notable deviation in effective electron configuration \{wth respect
coordination of an H atom at the tetrahedral, Niuster32 In to the bare cluster was found only for the 4s population of atoms
(u-H)Nis/Csspl (Figure 2a) with BE(H)= 273 kJ/mol, the ~ Nib, bound to H, which decreases by 0.19 e.

impurity atom is coordinated at the base of the pyramid, while  In all HNis structures, the H atom features a small spir,

in the -H)Nis/Cs-sp2 isomer with BE(H)= 266 kJ/mol, the =~ —0.02 to 0.14 e. In the most stable structyzeH)Nis/Csspl,

H atom is bound at an edge involving an apex of the pyramid the maximum difference between the spins s on the various types
(Figure 2b). Both structures are sextets, i.e., the number of of Ni atoms is reduced from 0.35 e in the bare cluster to 0.18
unpaired electrons decreases by one with respect to the barg¢ in the ligated cluster (Tables S2, S3 of the Supporting
square pyramidal Nicluster. The binding energy of H in the  Information). This reduction occurs due to smaller s values of
most stable isomeru¢H)Nis/Cs-spl, is 12 kJ/mol smaller than  the Niy and Ni atoms at the base of the square pyramid where
the BE of this impurity atom at the cluster ¥ Coordination ~ H is bound in the ligated cluster, 1.00 and 1.07 e, while the
of H to an edge at the base of the square pyramid shortens thiscorresponding s values in baresMis-sp are 1.27 e. The s of
Ni—Ni distance by 6 pm compared to the bare/®,-sp cluster. the apex Ni atoms, 0.89 e, remains almost at value in the
A similar effect had been determined for an H impurity at corresponding bare cluster, 0.92 e. On the other hand, the second
tetrahedral Nj.32 In the other isomer with bridge-coordinated isomer fi-H)Nis/Cs-sp2 with H coordinated at the apex bond
H, (u-H)Nis/Cs-sp2, the impurity does not affect the length of Nia—Nic, features a larger difference between s values of the
the Ni—Ni. bond to which it is coordinated (Figure 2b), but Ni atoms in the cluster, 0.56 e, because the impurity is bound
the Nir-Ni, bond in trans position at the same apex is elongated to the apex Niatom and reduces that s value by 0.27 e. In the
by 11 pm. structure with a three-coordinated H atom (Ns5) at the

In addition to bridge-coordinated H, which was the only stable trigonal bipyramidal cluster NICs,-bp (Ns= 4), the additional
structure of the HNj cluster32 for HNis we also found mono- unpa|red_ electrqn increases f[he atomic spin s m{imly on the
and three-coordinated positions to be local minima. In the isomer 20ms Ni and N which are distant from the impurity.
(us-H)Nis/Csbp the heteroatom is three-coordinated. This  The calculated atomic charges for various conformations of
structure has 5 unpaired electrons and a BE(H) value of 262 the HNk cluster are shown in Table S3 of the Supporting
kJ/mol (Table 1, Figure 2c). The impurity H atom, coordinated Information. Both types of charges of the H atom of 5iNere
at a facet of the trigonal bipyramid, is notably closer to the determined to be negative: PDC fron0.51 e to—0.39 e and
apex Nj, 163 pm, than to the two equatorial centers, Ni79 Mulliken charges from—0.25 e to—0.18 e.
pm. In the structuresy¢H)Nis/Cs-bp and -H)Nis/Cs-sp (Figure Similarly to the trend calculated for the HNEluster3? the
2d,e), the H atom is coordinated on top to an apexaiym of vertical ionization potential of the most stable structure with
each of the two fundamental framework topologies, bipyramid an H impurity, ¢-H)Nis/Cssp1l, is higher than for the bare nickel
and square pyramid, respectively. The corresponding BE(H) cluster, by 0.31 eV. In contrast, the IP of the second most stable
values are quite a bit smaller, 234 and 209 kJ/mol, respectively. structure, g-H)Nis/Cs-sp2, is 0.08 lower than the vertical IP of
The former cluster is stable with three unpaired electrons, by the bare NJ/C,,-sp cluster (Table 2). The calculated IP values
one less than bare MCs,-bp, while the latter isomer is an octet, (Figure 5a) roughly follow a trend to smaller values with
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a) (u5-O)Niy/Cs-bp

€) (1,-O)Nig/Cq-sp

Figure 4. Stable structures of ONclusters. Also shown are the labels

b) (1-O)Nig/Ce-bp

f) (n-O)Nig/Cq-sp

for the different types of Ni atoms; see text and tables.
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increasing coordination number of H, but this correlation is not
strict, as can be seen both fprandu coordinated impurities.
The calculated electron affinity of four of the H\Nstructures
varies in the interval 1.531.79 eV, which is close to the value

Petkov et al.

qualitatively with the coordination number of the impurity
(Figure 5b).

As previously done for Ni%? we tried to rationalize how a
hydrogen impurity affects the magnetism of a Nioiety. We
used a simple model which focuses on the HOMO and the
LUMO of the bare metal clust&27 and assumes that the
HOMO—-LUMO gap of the cluster is small. In a simplified two-
orbital three-electron picture, the 1s orbital of the H impurity
interacts with the most appropriate filled orbital of the cluster,
resulting in a pair of bonding and antibonding MOs of KN
the energy of that antibonding MO is above that of the LUMO
of the (bare) cluster, the extra electron of H will occupy the
LUMO of the bare cluster. The spin multiplicity of the cluster
will decrease (increase) if the LUMO of the bare cluster belongs
to the minority (majority) spin manifold. If the antibonding
orbital is situated below the HOMO of the bare metal cluster,
then it will be filled by an electron of the HOMO of the (bare)
cluster and the spin character of the HOMO will affect the
number of unpaired electrons in HNi

Both HOMO and LUMO orbitals of the reference bipyramidal
structure N§/Cg,-bp belong to the minority spin manifold. Thus,
one expects a decrease of the number of unpaired electrons if
the Ns—H antibonding orbital lies above the LUMO, or an
increase if the antibonding orbital lies below the HOM@- (
H)Ni/Cs-bp follows the former situationANs = —1), while
(us-H)Nis/Cs-bp, corresponds to the latter situatiakiNs = 1).
Hence, the simple orbital model does not allow a clear
prediction. HOMO and LUMO of the NICy,-sp isomer of the
bare cluster belong to majority and minority spin manifolds,
respectively. Hence, both variants of the simple orbital argument
predict a decrease of the number of unpaired electrons. Indeed,
we found both g£-H)Nis/Cs-spl and g-H)Nis/Cs-sp2 isomers
to be stable with Ns= 5 whereas the bare MC,,-sp has Ns=
6 (Table 1). However, the result for the structuneH)Nis/Ces
sp (with Ns= 7) does not fit to the above orbital argument.
Thus, the latter case is another example that demonstrates the
limitations of the simplified orbital model for rationalizing the
spin multiplicity. In this context, note that compared tosNi
which has a small HOMOLUMO gap of 0.09 e\82 Nis
structures feature considerably larger gaps: 0.75 eV fgf Ni
Cy4-sp and 0.51 eV for NiCs,-bp (Table 2).

3.2.3. Clusters with C ImpurityWe found four stable
structures for the cluster Chlitwo of them with C at a terminal
position, and one each with C three- and four-coordinated
(Figure 3); the stability of these structures increases in that order.
All structures have four unpaired electrons. In the most stable
structure {4-C)Nis/Cssp (Figure 3a), BE(C) is 660 kJ/mol,
which is by 20 kJ/mol higher than the BE of C at thesNi
cluster3? Similarly to the 4-fold coordinated C atom at4\the
optimized structure of Ys-C)Nis/Cs-sp (Figure 3a) can be
considered as insertion of the impurity in aNNi bond— either
into an apex bond of the square pyramid or an equatorial bond
of the trigonal bipyramid structure of NiThe bonds of the C
impurity to the four neighboring Ni atoms, 18182 pm (Table
1), are very similar to the distances determined forQ)Nig,
181-184 pm. In fact, the clustepg-C)Nis/Cs-sp can formally
be constructed fromug-C)Nis simply by adding a Ni atom to
a facet of an open tetrahedron.

In the complex g3-C)Nis/Cs-sp, the BE is 646 kJ/mol. The
impurity is bound at the base of the square pyramid, close to
three of the Ni atoms, at 181184 pm, while the distance to

of the bare cluster, 1.64 eV (Table 2). The only larger change the fourth metal center, hiis 206 pm.

in the EA is calculated for the least stable complexH)Nis/

In the last two local minima, the C atom is coordinated at

Cssp, with EA = 2.03 eV. The EA values also decrease the apex Njof the square pyramid or to an equatorial Ni atom
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of a bipyramid which has been distorted toward a square
pyramid. In both cases the BE of C, 378 and 403 kJ/mol, is
considerably lower than for the previous two isomers. As
expected from the lower coordination of C, the-Bi bond is
rather short, 1606162 pm (Table 1).

While the C impurity on Nj leads to a stabilization of the

HOMO with respect to the bare cluster in all observed structures,

in the case of CNithe stabilization of the HOMO depends on
the coordination of the impurity atom. In the stable isomers
with a high coordination number of Gy4-C)Nis/Cs-sp and f-
C)Nis/Cssp, the HOMO energy is essentially the same as in
the bare cluster NIC4,-sp, while for n-coordination the

J. Phys. Chem. A, Vol. 111, No. 11, 2002073

In the other four isomers of the ONtomplex the Nj moiety
has a square pyramidal shape. The O impurity atom is
coordinated at the base or a side of the pyramid, to-aNli
bond of the base, or to a Ni atom of the base, forming the
complexesfs-O)Nis/Cs-sp (Figure 4e),us-O)Nis/Cs-sp (Figure
4d), (u-O)Nis/Cs-sp (Figure 4c), onf-O)Nis/Cs-sp (Figure 4f),
respectively. The BE of the impurity to the square pyramid
increases with decreasing coordination number: 340, 390, and
402 kJ/mol for four-, three-, and two-coordinated O. However,
the mono-coordinated O ligand of the clustgr@)Nis/CsSp
forms an exception with the lowest value, BE(6)313 kJ/
mol. The complex §-O)Nis/Cs-sp has six unpaired electrons,

stabilization depends on the shape of the Ni moiety. The main as the bare NIC4,-sp cluster, whereas all other complexes with

change in the effective electronic configuration of the Ni centers
in the most stable isomep{-C)Nis/Cs-sp with respect to the
bare cluster NfCy4,-sp is the reduction of the occupation of 4s
AOs of the metal atoms bound to C by 0-08.14.

The spin s in CNj isomers (Table S4 of the Supporting
Information) is not equally distributed on the nonequivalent
types of Ni atoms. In the structureg{C)Nis/Cs-sp and {s-
C)Nis/Cs-sp the spin s on the C atom is low0.01 and 0.12 e,
respectively, while in one of the structures with top-coordinated
C atom ¢-C)Nis/Cs-sp the spin on C is higher (by absolute
value),—0.45 e. In all CNj clusters Ni atoms bound to carbon
show some spin quenching compared to the bagecNister.

In all locally stable structures of Chlithe C center has a
strong “carbidic” character, with PDCs ranging fron®.54 e
for (y-C)Nis/Cs-sp to—0.89 e and—0.90 e in the more stable
structures #3-C)Nis/Cs-sp and f4-C)Nis/Cs-sSp, respectively
(Table S4 of the Supporting Information). In both latter

an O impurity have 4 unpaired electrons. The-li distances
increase with increasing coordination number of O, from 163
pm for (7-O)Nis/Cs-sp to 192 pm for g4-O)Nis/Cs-sp (Table

1).

The energy of the HOMO of four of the structures with an O
impurity is similar to that of the most stable bare cluster; the
difference ranges from-0.13 to 0.14 eV (Table 2). In the
structure with highest coordination of the impurity,{O)Nis/
Cssp, the energy of the HOMO is 0.50 eV higher than for the
bare cluster, while in the isomer with on-top bonded @, (
O)Nis/Cs-sp (Figure 4f), the HOMO is stabilized by 0.32 eV.

The effective configurations of the Ni atoms of the most stable
isomer f13-O)Nis/Cs-bp suggest a strong decrease of the 4s
population of the centers Niand Ny compared to the bare
cluster, due to N+rO bonding which results in a positive
potential-derived charge on these centers (Table S5 of the
Supporting Information, Mulliken charges are given in brackets),

complexes, the positive counter charge is almost equally d(Nia) = 0.23 [0.22] e andj(Nig) = 0.30 [0.29] e, while the
distributed over the four Ni atoms bound to C, while the farther Nip and Nt atoms, far from O, are essentially neutig(Nip,c)

Ni atom is neutral or slightly negative.

The presence foa C heteroatom in the cluster does not
significantly change the IP of the two stable structurgs®)Nis/
Cssp and f3-C)Nis/Cs-sp compared to the bare square pyramid
cluster (Table 2). The EA values of these isomers of M

= —0.05 [0.02,—0.05] e. The high electronegativity of the O
atom is reflected in its large negative charge, ranging from
—0.71[-0.62] e to—0.76 [-0.78] e on the clusters witth and

usz coordination of the ligand and from0.52 [-0.78] e to—0.64
[—0.51] e forus andy coordination, respectively. The O atom

0.04 and 0.15 eV higher, respectively, than the EA of the bare f€afures a spin s of 0.610.25 e in the isomers with four

cluster, 1.64 eV. As for the H impurity complexes, the IP and
EA values of the clusters wita C impurity tend to lower values
with increasing coordination number of the impurity atom
(Figure 5). However, comparing the complexesQ)Nis/Cs-

bp and {-C)Nis/Cs-sp, one can conclude that the structure of
the Nis moiety and the coordination site of the impurity also
affect the IP value.

3.2.4. Clusters with O ImpurityAt variance with the ONi
complex32 where we determined only one stable structyte, (
O)Niy/C,,, for the Nk cluster we found six local minima with
an O impurity. The coordination of O in these complexes varies
between 1- and 4-fold. The most stable isomers are based o
the trigonal bipyramid structure of the Nmoiety with the
impurity coordinated to a facetu4-O)Nis/Cs-bp, or apex edge,
(u-O)Nis/Cs-bp, (Figure 4a,b; Table 1). The former isomer is
more stable with a BE(O) of 436 kJ/mol; for the isomer with

unpaired electrons and 0.33 e in the structuré]Nis/Ci-sp
with six unpaired electrons. That spin is associated with the O
2p contribution to the HOMO of the cluster. The remaining
spin s is not equally distributed over the Ni atoms.
Depending on the location of the O impurity on the cluster,
the vertical IP of ONj isomers varies from 6.34 to 7.04 eV.
The IP of the most stable structupe;{O)Nis/Cs-bp is only 0.12
eV higher than the vertical IP of the bares/s,-bp cluster.
Calculated EA values vary from 1.30 to 2.06 eV. As can be
seen in Figure 5, both the IP and EA values roughly decrease
with the increasing coordination number of the impurity atom,

similarly as for the clusters Hiliand CNk.

The calculated binding energies of an oxygen impurity at a
single-crystal nickel surface, calculated with respect to 3/20
are 163 kJ/mol for adsorption at a bridge site of Ni(111) and
221 kJd/mol for adsorption at an fcc site of that surfécEor

bridge-coordinated O we calculated a smaller value, 412 kJ/ comparison with these values, we recalculated the BE of O in

mol. Both isomers are quintets, as the bipyramidal isomer of
bare Ng. In the most stable structure, the,NO bond to the
apex Ni atom is calculated at 177 pm, while the-ND bonds

the relevant structures of the Qf\iluster with respect to 1/20
using the calculated energy of the reaction L2p— O(g) of
196 kJ/mol; the resulting values were 216 kJ/mol o) Nis/

to the metal atoms at the base of the bipyramid are 10 pm longer.Cs-sp and 240 kJ/mol foru-O)Nis/Cs-bp. This comparison

All Ni —Ni distances of the facet, where the impurity is
coordinated, are extended by24 pm compared to the bare
cluster. The structural changes in the; Nioiety of («-O)Nis/
Cs-bp with bridge-coordinated O are smaller; the-Ni; bond
closest to O elongates only by 13 pm (Table 1, Figure 4b).

suggests that oxygen atoms bind stronger at small metal clusters
than on a regular close-packed surface; this observation was
already made for the Bicluster3?

3.2.5. Detachment Energy of Ni Atoms from the ClusfBos.
evaluate the influence of the impurity atom on the stability of
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TABLE 4: Calculated and Experimental? Detachment
Energy DE (kJ/mol) for a Ni Atom from the Ni 5 Cluster
with and without Impurity 2.8+
reaction DE(calc)  DE(exp) © Ni,
Nis" — Nig* + Ni 256 206+ 23 S ' “ &
Nis — Ni + Ni 320 256+ 22 L 2640 Ni, o
(u-H)Nis/Cs-sp1— (u-H)Nis/C4(5) + Ni 306 § ) a
(14-C)Nig/Cs-Sp— (1t-C)Nig/Czy + Ni 313 g BN 8 "
(uz-O)Nis/Cs-bp— (u-O)Nis/Cy, + Ni 340 & 54 A S
T 24+
2 Ref 67. g -
small nickel clusters, we calculated the detachment energy (DE) < Ni,
of a Ni atom from the Nj cluster with impurity and compared 22 0 1 2 3 4

it with the DE of bare Nj and Ni* clusters (Table 4). For both
latter values, experimental estimates are avail&bfeor the
evaluation of the calculated DE, we used the energies of the Figure 6. Estimated total hardnegsof bare Nj clusters ( = 3—6)
most stable structures of the corresponding clusters with five @1d NsX clusters (X=H, C, and O) with different coordination
and four Ni atoms, reported here and in ref 32. The calculated "UMPers of the impurity atom. Squares, kiiircles, CN; triangles,

. " . . ONis; rhombus, bare clusters.
DE of a Ni atom from neutral Niis 320 kJ/mol, while a Ni
atom is detached much easier from the cationic clustet,Ni
where the DE is 256 kJ/mol. These values are about680
kJ/mol overestimatéd compared to experimental results which
were determined with an accuracy 22 kJ/mol. However,
the difference between calculated DE values foy &id Ni™,
64 kJ/mol, is quite close to the difference between the values
derived from experiment, 50 kJ/mol. According to experirfient
the difference in the DE of the neutral and cationic clusters of
the same nuclearity depends strongly on the size of the cluster

On the other hand, the presence of an impurity atom on the
cluster modifies only slightly the detachment energy of a Ni
atom, at most by 20 kJ/mol. H or O impurities facilitate the
detachment of a Ni atom by 14 and 7 kJ/mol, respectively,
compared to bare BiA C impurity has the opposite effect: it
slightly stabilizes the cluster as the DE value increases by 20
kJ/mol. On the basis of this result, one may speculate that a C
impurity would foster the growth of a nickel cluster, while a H
impurity would assist in its decomposition.

Comparison of the DE of a Ni atom from the clusters with
impurity with the BE of the impurity to Nj (Table 1) suggests
that the cluster HNiwill easier release the H impurity. The
corresponding energies are 273 kJ/mol for the removal of H
and 306 kJ/mol for the removal of a Ni atom. It requires less
energy to remove a Ni atom from CfNand ONi clusters, with
DE values of 340 and 313 kJ/mol, respectively, whereas the
detachment of the impurity atom requires much more energy, In agreement with earlier studies, the square pyramid and
660 kJ/ mol for a C atom and 436 kJ/molfa O atom. the trigonal bipyramid have been calculated as the more stable

3.2.6. Baluation of the Readtity of the ClustersTo evaluate structures of Nj. In the square pyramid structure, the barg Ni
the influence of impurity atoms on the reactivity of thesNi  cluster has six unpaired electrons, Ns6, while the trigonal
cluster, we estimaté@ the total hardnes$yn ~ (IP — EA)/2 bipyramid has two unpaired electrons lessN4. In the square
using the calculated values of IP and EA (Table 2). The hardnesspyramid structure (Figure 1a), the cluster is 23 kJ/mol more
concept was previously applied to analyze the relative stability stable than in the trigonal bipyramid structure (Figure 1b).
and the reactivity of small sodium and coinage metal clugters. The binding energy of the impurity (relative to an isolated
The calculated values of the total hardness of both stakje Ni impurity atom) increases in the order H (273 kJ/mol), O (436
structures and all NX clusters are presented in Figure 6. The kJ/mol), and C (660 kJ/mol; values quoted for the most stable
values are ordered according to the type of coordination of the isomers). Comparison with calculated atomization energies of
impurity at the metal cluster, as in Figure 5. The two isomers H; or O, in the gas-phase suggests that the reactionss 2-Ni
of Nis yield essentially the same hardness, 2.5 eV. Impurity X2 — 2 NisX (X = H, O) are exothermic with 90 kJ/mol
atoms hardly change the hardness (Figure 6) and hence thg€X = H) and 480 kJ/mol (X= O).
reactivity of the cluster; values vary withit10% around the The adsorption positions of H and C atoms at a nickel
result for Ns. As both IP and EA tend to decrease with pentamer are essentially the same as those at #eMamer.
increasing coordination number of the impurity atom, the total The preferred coordination of O on s 3-fold, while on the
hardness of the cluster changes neither with the coordinationsmaller Nj cluster it was coordinated to a NNi bond. The
number nor the type of the impurity atom. structural distortions of the nickel moiety due to impurity

For comparison we included in Figure 6 also thealues of coordination correlate with the BE of the impurity atom. The
the stable structures of HiNis and Ni,326272calculated in H impurity has the lowest BE and causes small changes in the

Coordination number of the impurity atom

analogous way. The hardness of; i 0.25 eV smaller than
that of Nis, while the values of Niand N are larger, by 0.22
and 0.10 eV, respectively. Thus, the effect of impurities H, C,
or O on the hardness of the cluster is comparable with the
changes caused by addition to or removal of metal atoms from
the cluster. The variations of the hardness of,Ne= 3—6,
clusters (determined also from calculated IP and EA values)
with their nuclearity were reported larger, 6:6.7 eV, and
‘exhibited an odeteven oscillation, typical for sodium clustefs.
Following Pearson’s principl® Nis and NiX clusters should
react preferably with reactants with similar total hardness, i.e.,
with  between 2 and 3 eV. These values are much smaller
than the hardness of molecules considered as soft, as CO and
N2 with » values above 7 eV. As the difference between the
hardness of these ligand molecules and the clustgisMiuch
larger than the variations of from Nis to NisX, one should
not expect substantial changes in ligand binding energy due to
addition of a single impurity atom to dli According to the
estimated total hardness, the reactivity of the modeled metal
clusters, both with and without impurities, is expected to be
higher with softer reactants, e.g., with other metal clusters,
suggesting a propensity to cluster aggregation.

4. Summary
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