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Properties of Small Bimetallic Ni—Cu Clusters
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Geometric and electronic properties of planar configurations ef iwclusters containing up to five atoms

are studied using density functional theory with effective core potentials, focusing on the differences between
mono and bimetallic clusters. Reactivity is examined by testing hydrogen adsorption on bridge and on-top
sites. It is found that geometric effects have strong effect on reactivity; however, the significant differences
between the Cu and Ni atomic electronic structures are strong factors on the nucleation, stability, and adsorption
properties.

Introduction in Ni clusters of up to 10 aton?.Density functional theory
Several studies have shown that bimetallic systems have(DFT) was used to study clusters of hundred metal atoms with

certain characteristics that make them better catalysts than purepartlally optl_mlzed geometries using th‘? local dens_lty (LDA)
metalst— For this reason, bimetallic nanoclusters are used in and generalized gradient (GGA) approximatiSifanctionals.

several commercial catalyfi@nd electrocatalytfe’ processes. hDAt\ WaIS: alkso at;;pltljed to me(;atl O)i'd; cluls?fg?‘s?nd thle ¢
The enhancement of the catalytic effects in bimetallic nano- & oo ¢ 3r2ne od was used fo study a atoms clusier
particles is determined by several factors such as overaIIOf metallic Be3? Several symmetry restrictions and constraints

composition, temperature, and preparation of the catiiyat. are needed il‘.l order to have practical ab.initio calculaf[ions of
Changes in these macroscopic variables and processes ar@rge clusters; the resu]ts, nevertheless, y'?ld valugble |nforlma-
responsible for changes at the microscopic level. For example,tlon for the understan_dmg of Clu.Ster behawor_and Its evo!ut|on
the above changes affect the atomistic level on the well-known to bulk. Recent studies regarding the physical properties of

surface segregation phenomena, which in turn defines the'ltra:nsmct).n-metflIcll:sters.t(;]an b?I foulnd Iln a recer;t re\??ew.tl
reactivity behavior of the materi&t. 17 The active components nteractions of clusters with Small molecules were also recently

i 4
of dispersed metal catalysts are small clusters, and therefore,rev'eweds' ) ) .
We focus in this paper on small €Ni clusters of up to

the cluster properties, rather than the bulk properties, are ; ) ) i
responsible for the observed characteristicEhus, theoretical five atoms in order to understand their electronic and geometric
characteristics as a function of their stoichiometry. We also

and experimental studies of clusters are necessary for the ’
prediction and, eventually, for the design of the local chemistry. calculate the adsorption of H on each of the mono- and

Small clusters constitute an intermediate between single atomg?imetallic clusters to have a preliminary assessment of their
and condensed matter. Understanding their electronic and"€actvity.
dynamic properties and their relationship with observed mac-
roscopic phenomena has become one of the most active areafrocedure
in cluster science. Synergic approaches of theory and experiment  pET js nowadays one of the best methods to study small
are leading to systematic and faster advance in the field of 5ng medium-size systerit yields results comparable to those
material sciencé® Experiments have revealed the relationship gptained with standard correlated ab initic methods at a
between electronic and geometrical structure in clusters having computational cost similar to the lowest level, Hartré@ck,
a number of atoms as small as2®n the other hand, powerful  for which the important electron correlation contribution is
computers and efficient algorithms have allowed computational gpsent.

guantum chemistry to be applied to realistic systéhi$Among We have used DFT techniqéé@2340 combined with

the huge number of papers on cluzite.rs, impossible to cite in gftective core potentials (ECB)to optimize the geometry of
this f02c3:l;4$ed work, tight binding?* tight-binding Friedel  goyeral planar configurations of Qin (n+ m= 1—5) clusters.
model?32*and ab initio methodS were used to study transition-  geyeral planar structures were used as starting geometry for
metal clusters of up to several tens of atoms, and a modified optimization, and those with the lowest energy were chosen.

Htickel theory was used to study coinage-metals clusters. Ajihoygh the planar configurations may not correspond to a
addition, a combination of several methods has been used ingster global minimum, they are useful for understanding the

the stl_de of clusters, for instancm_e, a semiempirical potential Was gnergetics and reactivity properties of bimetalictive sites
used na Monte Carlo calculation to studyn;tléjssters 0= allowing us to compare them to active sites of similar geometry
2—-13p"and melting properties of Mand NiyH,*"**and tight- )+ composed of a single species. These sites may be part of
binding molecular-dynamics was used to study geometric effects yimetallic nanocatalysts where adsorption and reaction take
*To whom correspondence should be addressed place. As a probe system, we have investigated H adsorption
* Department of Electrical Engineering, University of South Carolina, 0N the metallic clusters. Over 200 systems were fully optimized
* Department of Chemical Engineering, University of South Carolina. within their corresponding point group. We used the B3P#/g1
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TABLE 1: Total Population of s, p, and d Character, Spin core of Ni in the LANL2DZ ECP involves the 3as2pf

State, and Character of the HOMO and LUMO of Ni and structure, leaving an atom with 18 electrons.

Ni* (in Parentheses) Predicted by a Mulliken Population L . .

Analysis at the MP2, HF, and B3PW91 Levels Using Cu and Ni Dimers. Table 2 shows predicted geometrical

LANL2DZ and 6-311G** Basis Set and energetic values for dimer structures, where the zero-point
MP2 and HE B3PWO1 correction has been included in the reported total energy of the

clusters. To assess the accuracy of our calculations, we have

LANL2DZ 6-311G** LANL2DZ 6-311G** . .
compared some properties of the smallest clusters to available

s g(g) 72(6) ) %(%) 8§6) X experimental values also shown in Table 2. The experimental
g 9 ((9)) é(é)l ) 9 ((9)) é(g()l ) dimer bond length is smaller for pthan for Cu, whereas the
HOMO/LUMO B (Ble)  olf (Blo)  BIB (Bla)  BIB (Bl calculated values show the opposite trend. This discrepancy

a-HOMO/a-LUMO s/s (d/s) s/s(dfs)  slp(dis) s/s(dls) found in the predicted bond lengths has been reported also in
B-HOMO/B-LUMO d/s (d/s)  dis(d/s)  dis(dls) s/d(dis) previous ab initio studi€sand may be attributed to the existence
aResults obtained using MP2 and HF methods are identical. of several electronic states very close to the ground state. The
discrepancy for Nj for instance, may be due to the experimental
functional with the Los Alamos National Laboratory (LANL2DZ) average of several electronic states; however, the difference in
ECP which includes a doubletype?6-48 All calculations were bond lengths is so small that the experimental error may

performed using the Gaussian 94 progtam overcome this difference, and no real tendency can be claimed.
] ) The Cu-Cu and Cu-Ni bond lengths are fairly estimated,
Results and Discussion differing with the corresponding experimental values by 0.04

We use all Gaussian 94 default thresholds, with the exceptionand 0.05 A, respectively. The NNi distance is overestimated
that the default SCF convergence of #@ould not be used for by 0.12 A. However, the calculated dissociation energies follow
triplet of Ni,, which converged to 1®, and for the quintet of ~ the experimental trend, higher bond length fog tian for Cy
Ni atom, which could not converge except to a useles$10 (Table 2). Cu-Cu and Ni-Ni binding energies are underesti-
tolerance; fortunately, this quintet state does not correspond tomated by 0.1 eV; therefore, dimer bond lengths and binding
a minimum energy electronic configuration. The quartet of energies are fairly well estimated differing from the experimental
Cuw,;"! could not be optimized:; it tends to dissociate, suggesting values by less than 6% except for the-Ni bond energy,
that it is not stable. which is underestimated by 15%. The calculated vibrational

Cu and Ni Monomers. The Cu 3d shell is totally filled, frequency for Cpis 256 cnt?, in reasonable agreement with
whereas the Ni 3d is partially filled yielding compounds with ~experimental results of 263,266.45%3and 266.4*cm™*. The
strong magnetic character. Ni atom states of different multiplic- calculated vibrational frequency of 280 chfor Ni, is identical
ity are closer in energy among each other than states of differentto that of the experiment&?. The calculated CuNi vibrational
multiplicity of Cu due to the open shell character of the Ni 3d. frequency is 250 cmt, whereas the experimental is 273
The fact that this d shell is filled in Cu makes it more inert cm~156:57

than Ni and energetically well separated from the 4s shell. From  Taple 3 shows the Mulliken population analysis of s, p, and
a Mulliken population analysis of valence orbitals at the ¢ orbitals for two-atom clusters. A reduction in the d level
B3PWI1/LANL2DZ, the Cu and Ni electronic configurations  population is observed in both atoms of each cluster as compared
are 383p°3d'%4s" and 383p°3dP4s, respectively. Experimental  ith their population in the isolated atom. This electronic
and theoretical work has found that the NF3#3cP4s" and redistribution opens up the 3d levels of the Cu atoms making
3s’3pP3d*4s” electronic configurations are almost degenerate them somewhat more similar to those of Ni atoms; however,
(within 0.03 eV)205t . perceptible differences are still observed in the way the presence
The ground states of pure Cu clusters have the lowest possibléyt gjther Cu or Ni affects the cluster properties. The bonding
multiplicity that can be obtained for a given number of unpaired 565y ation analysis (Table 3) illustrates the s character of the

electrons, whereas Ni clusters tend to have the higligte bond when Cu atoms are in the cluster, whereas the bond is
ground state of the Cu atom is a doublet, and its excited quartet,, ;o uniformly distributed between s, p, and d levels in-Ni

is 5.8 eV above. The ground state of Ni is a triplet, and it \jpong. The contributions to bonding in the CuNi cluster from
excne_d singlet and_qumtet have energies of 1.6 and 4 eV abovei,o Ni atom are mostly of s character. Thus, there is an
the triplet, respectively.

The highest occupied orbital for Cu has s character and is at
1.4 eV above the next occupied orbital, which has d character.
However, the highest occupied orbital of Ni has d character.

The next occupied orbital of Ni is just 0.23 eV below the highest dimer. . . . . .
and has s character. When Ni is ionized td"Nts electronic The ground state of Gus a singlet with the excited triplet

configuration becomes Z3pF3cP, suggesting that the s and d 1.7 eV above, whereas the ground state of iNlia triplet 2.3_
orbitals exchange positions, leaving the highest occupied orbital €V Pelow the excited-state singlet and 4 eV below the excited
with d character. Further calculations were performed using duintet. The ground state of CuNiis a doublet 1.4 eV below its
MP2, HF, and B3PW91 (Table 1) with both LANL2DZ and quart_et. The_4s orbltgl of .CU donates charge '[_0 one of the
6-311G**. MP2 and HF results are practically identical. Table unpalred orbitals of Ni leading to a doubletz .but Nl vacates a d
1 shows the population of s, p, and d orbitals, the spior() orbital, as a result the ground state of CtiN§ a triplet.

of the highest occupied and lowest unoccupied atomic orbitals  Trimers. The optimized geometries of the trimers ha¥g

of the atoms, and the character (s, p, or d) of each spin state.symmetry, where the distances to the apex atom are shorter than
Results for the cations are shown in parentheses. B3PW91/6-the base length. Table 2 shows the dissociation energy of the
311G** is the only level of theory that predicts the?3g°3cE- trimer into an atom and a dimer. This energy is smaller than
4¢ configuration for Ni (28 electrons) and correctly predicts the dissociation energy of the dimers, and it follows an-edd
323pP3cP for the ions like the other methods. Notice that the even oscillatory behavior with the cluster size because of the

equalization effect when Cu is bonded to Ni that makes Cu to
donate its s character to the bond and, therefore, yielding a
weaker bond in the bimetallic cluster than in the pure metal
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TABLE 2: Geometry, Multiplicity ( M), Total Energy (Includes the Zero-Point Vibrational Energy), Atomic Dissociation Qo)
and Atomization Energy (ZD,), Vertical (V) and Adiabatic (A) lonization Potential (IP), and Mulliken Charges of Metallic

Clusters (Experimental Data in Parentheses)

Cluster System M Geometry Energy (Ha) (atom)-D,, 1P Charges
(point group) A" (44)-2D, (eV) ©
(eV)
Cu Cu 2 -196.15426 7.69 1=00
7.60
Ni Ni 3 -169.27959 (7.64% 1=00
1-2=2255
Cu, (2219 1.91 (A)7.73 1=00
(Dh) Cui—Cu, 1 (22195F 39237867  (2.01)° W) 7.79 2=00
2.2197)¢ (2.069)°
1-2=2273
Ni, 2.155) 1.95 (A)7.47 1=00
(Dh) Ni;—nNi, 3 (2.1545)% 33863069 (20428  (V)7.75 2=0.0
2.20)" (2.068)" (7.43)¢
1-2=2.281
CuNi Cu;—Ni, 2 (2.233) -365.49951  1.79 (A)7.33 1=-0.1
(Cv) (2.2346) (2.05) (V)7.36 2= 0.1
Cu, 1-3= 2.686
/ 1-2-2.327 100
Cus ol 2 23=2327  -588.57205 (Cu)}-1.06 (A)5.64 2=101
(C2v) = Cu, 1-2-3= 705 (AD-297  (V)5.77 3=0.0
Nij 1-3=2.611
Nis 1-2=2.349 MNi-129  (A)5.60 1=00
(Cv) Ni 5 2:3=2349 -507.95761  (AD323  (V)5.65 2=0.1
2™ Nis 1-2-3=67.5 3=0.0
Cu4 1-3=2.745
Cu,Ni / 1-2=2327 Ni)-1.13  (A)5.58 1=-0.1
(Cav) Ni 3 23=2327 56169985  (Cu)-125 (V)5.73 2=01
Z\C 1-23=723 (A1)-3.04 =-0.1
Uz
Niq 1-3=2.736
Ni,Cu 1-2=2.330 (Cu)-1.18  (A)5.56 1=-01
(Cav) ol 4 23=2330 53482827  (Ni)-134  (V)597 2=0.1
2. = =
—— i, 12-3=719 (AD-3.13 =-0.1
12 =2.446
1-3=2.302
1-4=2.449
Cu, 2-3=2.449 1=0.1
Cuy 3-4=2.446 (Cu)-2.20 2=-0.1
(C:h) Cl, u, 1 2-14=1239 78480717 (ADS1T (V)647 3=0.1
s 2-3-4=123.9 4=-0.1
Cug 1-2-3=56.1
1-4-3 = 56.1
1-2=2382
1-3=2.239
1-4=2379
Ni, 2-3=2378 1=0.1
Nig TN 5 3-4=2380 2=-0.1
©) Ni | Niy 2-1-4=1238 -677.31674 (Ni)-2.16  (V)6.53 3=0.1
K N 23-4=1239 (A1)-5.40 4=-0.1
Nis 1-2-3=56.1
1-4-3 = 56.1
1-2=2.445
1-3=2315
Cuy 1-4 =2.448 1=0.1
TN 2-3=2447 (Cu)-2.22 =-0.1
Cu;Ni Cu, Nig 2 3-4=2450 75793568  (Ni)-2.29 (V) 6.47 3=0.1
€ ™~ - 2-1-4=1236 (AD-5.26 4=-0.1
Cus 23-4=1235
1-2-3=56.5
1-4-3=56.4
1-2=2.422
1-3=2324
Cuy 1-4=2.439
N 2-3=2.461 (Cu)y-2.17 1=01
Cu;Ni, Cuy Nig 3 34=2444 73106224 (Ni)-2.25 (V) 6.36 2=-0.1
©) ™~ N 2-1-4=124.1 (AD-5.29 3=02
3 2-3-4=1222 4=-01
1-2-3=5638
1-4-3=56.8
1-2=2.433
1-3=2346
Cuy 1-4=2435 1=01
4 N 2-3=2454 (Cu)-2.20 =201
NisCu Ni Nig 2 3-4=2452 -704.19284  (Ni)-2.31 (V) 6.41 3=02
(oA} K . / 2-1-4=1235 (At)-5.44 4=-0.1
Niz 23-4=12138
1-2-3=574

1-4-3=57.4
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Cluster M Geometry Energy (Ha) (atom)-D,, 1P Charges
(point group) A, (AY)-2D, (eV) (e)
V)
1-3=2414
3-4=2.467
2-4=2413 1=0.0
1-5=2.399 2=0.0
Cus 2 2-5=2401 -981.03080  (Cu)-1.89  (A)5.90 3=0.0
©C) 3-5=2.448 (Ap-7.06  (V)6.17 4=0.0
Cui— Cus—Cu; 4-5=2.452 5=-0.1
1-3-5=59.1
2-4-5=59.1
1-3 =2.461
3-4=2.437
2-4=2439 1=0.0
1-5=2.415 2=00
Nis 7 2-5=2.389 -846.67238  (Ni)-2.07  (A)6.02 3=00
[(eN) 3-5=2.459 (A1)-7.47 (V) 6.07 4=0.1
Nig Nip 4-5=2.425 5=-0.1
1-3-5=58.8
2-4-5=589
1-2=2.396
2-3=2.439
3-4=2396 1=0.0
1-5=2.426 (Cu)-1.76  (A)5.71 2=00
CuyNi 3 2-5=2.489 -954.15448  (Ni)-1.84 (V) 6.01 3=00
(Cy) / \N o 3-5=2.489 (A1)-7.02 4=0.0
Cly__ Uy 4-5=2.426 5=0.0
s 1-25=59.5
4-3-5=59.5

aReference 50° Reference 53¢ Reference 669 Reference 50¢ Reference 66.Reference 509 Reference 667 Reference 50.Reference 66.

i Reference 50¢ Reference 66.

TABLE 3: Population Analysis for Metallic Dimers

cluster —atom type total population

bonding population

Cw, 1Cu S
p

d

2Cu S

p

d

Niz 1Ni s
p

d

2 Ni S

p

d

CuNi 1Cu s
p

d

2 Ni S

p

d

3.0

0.1

higher (0.08 eV) in CpNi than in NpCu, whereas the GNi
atomization energy is slightly lower (0.09 eV) than that of
NizCU.

Both pure-metal trimers show very similar electron bond
population, although the bonds are stronger in the most stable
cluster, Ni, than those in Cu In the bimetallic trimers, the
population is mainly of s and p character for8lu(37% and
35% respectively) and of p and d character in GuM#% and
42% respectively), reminiscent of atomic Ni. The apex atom
(Ni in CuzNi and Cu in CuNj) has the highest s character in
both clusters because of the geometric structure rather than to
the nature of the apex atom. In both cases, the apex angle is
larger than each of the two vertexes angles.

Cus is a doublet 2.3 eV below the quartet, whereas iblia
quintet with the triplet lying only 0.06 eV above. This
guasidegeneracy between spin states fgrifdicates that the
incomplete 3d shell is very close to the 4s level. The septet is
just 0.9 eV above the quintet. The presence of Ni in the

removal of atoms from the clustef-8°

ties. For CuNi, the triplet is 0.5 eV below the singlet and 1.6

The atomization energy, or energy needed to dissociate the€V below the quintet, whereas for CylNihe quartet is 0.5 eV
cluster into its individual atoms, is an indicator of the cluster
stability. Niz is the most stable and gthe lowest (Table 2).
However, the highest dissociation energy for the Ni atom in
the trimers is found in NCu; i.e., it is more difficult to extract
one Ni atom from NiCu than from Ni. The Ni—Ni bond is
stronger in NiCu than in N§ where the cohesive energy is more
uniformly distributed among the three atoms. This effect can is slightly higher than for trimers, showing its tendency toward
be observed from the relatively small energy required to extract bulk values. The dissociation energy for atom extraction
the Cu atom in NiCu. The energy required for breaking the
remaining CuNi bond after extracting one Ni from,Ru is
lower than that needed to break aNNi bond after extraction
of one Ni from Ng. The combination of these two effects gives
Ni3z higher atomization energy thanJgiu but lower dissociation
energy for the Ni atom than that for )Gu. A similar effect is
observed for the separation of a Cu atom frorgQNi and Cy-

Ni; the dissociation energy to remove one Cu atom is slightly energy corresponds to Gu

below the doublet and 1.7 eV below the sextet.

Tetramers. Only planar geometriesCg point group) of
tetramers and pentamers were studied (Table 2). As expected,
when the number of atoms in the cluster increases, some
properties, while holding its cluster nature, show a tendency
toward bulk. For instance, the average bond length for tetramers

increases and is even higher than for the dimers, showing the
odd—even oscillatory behavior typical in clusters. Like in the
trimers, the bimetallic systems eNi and NiCu have the
highest dissociation energy for Cu and Ni, respectively. The
atomization energy increases with the number of Ni atoms in
the cluster; NiCu yields the highest atomization energy, even
higher than that in the Ni tetramer. The weakest atomization
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TABLE 4: Geometry, Multiplicity ( M), Total Energy (Includes the Zero-Point Vibrational Energy), Atomic Dissociation Q)
and Atomization Energy (ZD,), Vertical (V) lonization Potential (IP), and Mulliken Charges of the Hydrogenated Systems
(Experimental Data in Parentheses)

Cluster System M Geometry Energy (Ha) (atom)-D,, jig Charges
(point group) A, (At)-2D, eV) ()
V)
H H 2 -0.50101 1363 1=00
H, Hy Hop 1 1-2=0744 -1.16388 -4.40 1541 1=0.0
(D) 2=00
CuH 1=00
(o} Cur—H, 1 1-2=1499 -196.77473 250 943 2=00
1=0.0
NiH Niy H, 2 1-2=1485 -169.87756 2.64 875 2=00
(o]
1-2=1.599
H, 1-3=2.837 (H) -1.41 1=0.0
CuH 2 2-3=1.600 -392.93160 (Cu)-0.82 596 2=0.1
<) cu Cus 1-2:3= 125.0 (A1) -3.32 300
1-2=1.541
Ni;H (C,) 1-3=3.865 (H)-1.84 1=0.0
Nig Niy—Hy 4 2:3=2324 -339.19922 Ni)-1.14 617 2=-01
1-2-3=180.0 (A1) -3.78 3=0.1
1-2=1.536 (H)-1.89
CuNiH (Cy) ~_H 1-3=3.549 MNi)-1.17 1=0.0
Cugz—Niz 3 2:3=2340 -366.06987 (Cw-1.04 613 2=00
1-2-3=1314 (A1) -3.67 3=0.0
1-2=2411
1-3=4.355
2-3=2284
H4\ 4-1=1.581 1=0.1
ad U, 4-2=1.764 (H) -2.31 2=00
Cu;H 1 12-3=1361 -589.15797 (Cu) -1.96 669 3=-02
(o) 1-42=92.1 (At) -5.28 4=00
Cus 4-1-2-3=-179.7
1-2=2.422
1-3=2.286
Ni 2-3=2422 1=01
1-4=1.715 (H) -2.92 =-0.1
NizH 4 34=1715 -508.56603 (Ni)-2.37 678 3=01
(C) / ) 1-2-3=563 (A1) -6.16 4=-01
Nig i3 4-2-1=28.2
Ha 4-3-2-1=14
1-2 =2.466
1-3=2311 (H) -2.55 1=0.1
Cu;NiH (Cy) Ha 2-3=2.466 (Cu) -1.92 2=-0.1
Cun_ / 2 42=1578 -562.29471 Ni) 227 674 3=0.1
| _>Niy 1-2-3=559 (A1) -5.59 4=-01
Cusj 4-2-1-3=-128.1
1-2=2413
1-3=2.555
Cu 2-3=2413 (H) -2.20 1=0.0
/ \ 1-4 = 1.694 (Ni) -1.65 2=00
NiCuH (Cg) N . 5 3-4=1.694 -535.41009 (Cw -1.54 605 3=00
I _—Nis 1-2-3=63.9 (A1) 532 4=00
Hy 1-4-3=97.9
4-12-3=0.0
1-2=2.395
1-3=2478
1-4=2384
2-3=2473 1=0.1
H4\ 3-4=2.426 (H) 233 2=201
cd Su 2 1-5=1.691 -785.39387 (Cu) -2.22 3=0.0
CuH 2 2.5=1.715 (At) -7.50 4=0.1
(D) 2-1-4=1208 5=0.0
2-3-4=116.0
Clue—ci, 12-3=612
1-4-3=62.0
1-52=89.4
1-2=2.445
1-3=2.540
1-4 =2.401
2-3=2370
H 3-4=2377 1=00
cd 5\Cu 3-5=1.695 (H) -2.67 2=-0.1
NigH 3 4 6 4-5=1723 -677.97577 Ni) -1.91 3=0.1
(o)) / 2-1-4=1142 (A1) -8.06 4=201
2-3-4=118.0 5=0.0
Cup———Cu; 1-2-3=63.7
1-4-3=642

3-5-4=88.1
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TABLE 4: (Continued)

Cluster System M Geometry Energy (Ha) (atom)-D,, 1P Charges
(point group) A% (AY-3D,  (eV) (&
V)

1-2=2.428
1-3=2.458
1-4=2.458
Hew 2-3=2.386 1=0.1
o iy 3-4=2431 (H) -2.40 2=-0.1
CusNiH (Cy) 3 3 35=1695 -758.52500 ONi) -2.38 3=0.1
4.5=1.723 (Cu) -2.07 4=01
o 2-1-4=117.7 (AD) -7.66 5=0.0
z —Cu, 2-3-4=120.5
1-2-3=61.4
1-4-3 = 60.4
3-5-4=90.7

12=2413
1-3 = 2.405
1-4=2471
2-3=2.424
Hs; 3-4=2396 1=0.1
Ni \Ni4 3-5=1.683 (H) -2.57 2=-0.1
NipCuH (C1) 2 45=1738 -731.65776  (Ni) -2.27 3=01
/ \ / 2-1-4=1192 (Cu) -2.54 4=00
2-3-4=1219 (A1) -7.86 5=0.0
1-2-3=59.6
1-4-3=159.2
3-5-4=88.9

Cuy———Cuy

1-2=2.469

1-3=2.426

1-4=2418

2-3=2.389
Hs 3-4=2419 1=0.0
Ni;CuH (C;) Ni 2-5=1.734 (H) -2.52 2=00
/ 3 3-5=1.688 -704.78655 (Ni) -1.64 3=01

2-1-4=1183 (Cu)-2. 80 =01
o 2.3-4=1216 (At) -7.96 5=00

1-2-3=59.9

1-4-3 = 60.2

2-5-3=88.5

Nij

1-2=2.409

2-3=2.456

3-4=2.448

1-5=2.408

2-5=2.365 1=0.1
Cus——cu, 3-5=2718 2=00

4-5=2.330 (H) -2.57 3=00
CusH / \ 1 4-6=1.725 -981.62641 (Cu) -2.13 6.63 4=00

(€) cu cu Cu, 5-6=1.687 (A1) -9.63 5=-0.1
g 5 1-2-5=60.6 6=00

He 4-3-5=533
4-6-5 = 86.1
6-5-2-3=03

1-3=2.414
3-4=2.445
4-2=2.381
1-5=2.352
2-5=2.426 1=00
Ni, 3-5=2.586 (H)-2.78 2=00
NisH 6 4-5=2396 -847.27574 Ni)-219 629 3=-0.1
€y Ni 1-6 = 1.697 (At)-10.25 4=0.1
Nig— 12 5-6=1.683 5=00
1-3-5=56.0 6=00
He 2-4-5=61.0
1-6-5 = 88.2
6-5-4-2=-141.3

1-2=2.440
2-3=2.489
34=2481
1-5=2.399 1=0.1
Cus——Cu, 2-5=2.369 (H)-2.86 200
35=2.562 (Ni)-2.37 3=00
CuaNiH (C1) 2 4.5=2.329 95476074  (Cu)-222 649 4=0.1
- 4-6=1.782 A)-9.88 5=202
Cug Mis~—Cu, 5-6=1.665 * 6=00
Hg 1-2-5=598
4-3-5=55.0
46:5=85.0
6-5-2-3=-1.7

The presence of Ni atoms tends to increase the cluster Pentamers.Like in the tetramers, we found a small increase
multiplicity with the exception of CuNj which is a doublet; in the average bond length in these clusters with respect to the
thus, the planar structure is not the global minimum for this smaller systems studied in this work. The dissociation energy
cluster, and we expect that a three-dimensional structure yieldsfor each atom is lower for these clusters than for tetramers,
a lower energy resulting in a higher multiplicity configuration. following the odd-even oscillation pattern. On the other hand,
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the Cu and Ni dissociation energies in Sl are lower than ~ TABLE 5: Bond Energies and Lengths of CuH and NiH
those in Cy and Nk, respectively. This difference with most U%‘Tgéﬁf §3F_’W§’1 Iéuncnona(ljwm;] 'EAN'-Z.DZ anIdR |
of the systems discussed in previous sections may be attributed® asis Set Compared with Experimental Results

to a geometric effect. In pure-metal pentamers, the angle LANL2DZ 6-311G** experiment
between the three atoms located in the base of the cluster is bond bond bond bond bond bond
179.8, whereas in CiNi, it is 175.4, because the inserted Ni energy length energy length energy length

atom moved outward from the center of the structures. For this cyq 261  1.499 330 1.435 295 1.46257
reason, the bond length of Ni to each of the Cu atoms increasesNiH 2.75 1.485 1.61 1499 2.70 1.46,1.454
in the bimetallic cluster and the corresponding bond becomes
weaker.

A population analysis of the bcluster reveals that atoms 1 yrefer to migrate bonding to Ni atoms, even when the H atom
and 2 (Table 2) have higher s population than those of the jg ot initially bonded to Ni atoms during the geometry

corresponding atoms in Guvhereas the rest of the atoms have - optimization. Several top and bridge sites were tested yielding
s populations lower than those in £UAs the cluster size  several local minima as well as transition states, which were
increases, p levels become more populated. Increments of Upyrther investigated to find their corresponding local minima.

to 0.82 electrons are observed for the five-atom clusters, e report in Table 4 the lowest energy case from each of the
corresponding to the central atom in the monometallic clusters; sysiems.

this indicates that 4p have hybridized with s and d orbitals. The " 1ape 5 shows the experimental bond length and binding
Cus molecular orbitals (MOs) are made of 16% s, 35%apd energy, for CuH it is 1.463 ® and 2.75 e\B! respectively,
49% d character; however, the\MOs are 15%s, 33% p, and 414 the corresponding values for NiH are 1.4% And 1.454
52% d character. On the other hand, the atomic contributions ge4 5nq 2.70 e\p! respectively. Because of the small disagree-

for CwNi, 15% s, 34% pand 51% d, seem to be an average of mant petween these theoretical results and the experimental ones,
the corresponding contributions for €and Né. we checked if the use of a full electron basis set could improve
The oscillation in the dissociation energy of one Ni atom with  the results of the effective core potential. We used the 6-311G**
respect to the number of atoms in monometallic clusters is lesspasis set for NiH and CuH to calculate dissociation energies
pronounced than the oscillation observed when one Cu atom isand bond lengths. The full basis set practically converged to an
extracted from a Cu cluster most likely because of a competition excited state rather than the ground state, as can be noticed in
betweerionizationfrom sp levels and d levef.In the case of  Table 5, suggesting that ECP calculations are more practical
bimetallics, the same effect is observed when comparing clustersthan full electron calculations.
containing one Ni atom and a variable number of Cu atoms  The calculated vibrational frequency for CuH dimer is 1839
with those having one Cu atom and a variable number of Ni ¢m1, and the experimental value is 1940.75érf? For NiH,
atoms. The energy needed to extract one atom (of either Cu orthe calculated value is 1871 cthand the experimental value
Ni) is higher for clusters with even number of atoms. Atomi- s 2001.3 cm.64 The calculated dipole moment for NiH is 2.74
zation energies per atom yield the same oscillatory behavior asp, whereas the experimental is 2.45DThe calculated dipole
the number of atoms in the cluster varies. moment of CuH is 2.97 D, but no experimental result is
The average work function for Ni is 5.15 eV, and for Cu, it available. Previous ab initio results using an expensive multi-
is 4.65 eV®! Calculated ionization (IP) potentials for Cu clusters configurational second-order perturbation theory yielded 2.342
are higher than those of their corresponding monomer, dimer, D for NiH, in better agreement with the experiment, and 2.66
and trimer Ni clusters. For tetramers and pentamers, this trendD for CuH5?
reverts, and the IP approaches the bulk metal value. The overall Some of the other configurations found to be local minima
tendency of the IP for pure metal cluster is to decrease towardfor Cu,H and NiH are almost degenerate with those shown in
bulk values. The bimetallic clusters show lower IP than pure- Table 4. For CgH, the ground-state energy for the linear cluster
metal clusters. A higher IP is observed for8uthan for Ni- HCu, is only 0.15 eV above the bent configuration. The linear
Cu. Accordingly, CeNi has the highest IP for the bimetallic  NiHNi is 0.2 eV above HNINi, and the linear configuration
tetramers followed by NCu; however, the values reported in  CuNiH is a transition state, 0.03 eV above the minimum shown
Table 2 for the tetramer are the vertical IP, and the tendency in Table 4.
could be different than for the adiabatic IP. In the case of the The energy required to extract a metal atom from a
pentamer, the IP for Gus 0.19 eV larger than that for GNi. hydrogenated cluster oscillates with the number of atoms in the
Higher IP implies higher electronic stability against electron cluster. The HCu bond length was found between 1.5 and
ejection. The lowest bond stability of Cu clusters could be then 1.6 A for on-top adsorption and between 1.58 and 1.69 A for
attributed to the nature of the orbitals; the lowest binding energy adsorption on a bridge site. The—#li bond length varies
indicates a less bonding character of the orbitals in Cu than in petween 1.48 and 1.58 A for on-top adsorption, whereas it is
Ni which is manifested by the lower bond population observed between 1.66 and 1.71 A for adsorption on a bridge site. When
in Cu. H is adsorbed on a top site, the metatetal bond length from
Hydrogen Adsorption. Table 4 shows the geometric and the metal atom attached to H is longer (weaker) than in the
energetic properties of the metallic clusters with one adsorbedbare cluster, whereas metahetal bonds, for metal atoms not
H atom. In all cases, the+HNi bond is stronger than the-HCu directly in contact with H, are shorter (stronger). On the other
bond. The energy required for desorption of the H atom from hand, for H adsorption on a bridge site, the metaktal bond
bimetallic clusters is higher than that needed for desorption of length of the two atoms bonded to H is shorter (stronger) than
H from pure Cu clusters of the same number of atoms. Among in the bare cluster, except for the pure-Cu trimer. The metal
the investigated clusters, we found only two cases whereby themetal bond length between atoms that are not nearest neighbors
H binding energy to H-Ni.Cu, bimetallic clusters was higher  to H depends, instead, on geometric and electronic factors.
than that of a H-Ni, cluster withn = x + y; the two cases Clusters of odd number of atoms decrease their multiplicity
correspond tx = 1 withy = 1 andx = 1 withy = 4. H atoms in one when attached to an H because the electron from H pairs

aReference 512 Reference 62 Reference 6¢ Reference 64.
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one of the metal unpaired electrons with the sole exception of
Ni,Cu that is a quartet and becomes a quintet; however, the
triplet is only 0.4 eV above. On the other hand, multiplicity of

clusters with even number of atoms increases when attached to

an H because the addition of a new unpaired electron to the
system with the exception of ground-state tripleti€iy, which
becomes a doublet when H is adsorbed yet at only 0.07 eV
below the quartet.

The differences in the electronic structures of Cu and Ni
reflect in their interaction with H. Several states are very close
in energy, and minor changes in the geometry could modify
the ground-state multiplicity. For example, the octet and quartet
of NisH are just 0.3 and 0.08 eV, respectively, above the ground-
state sextet.

Geometric effects determine the charge distribution as shown
in Table 2. Negative charge tends to concentrate in less
coordinated atoms of trimers and tetramers and in atoms with

higher coordination number in compacted structures, such as

planar pentamers. Ni donates charge in CuNi and NiH. When
H is adsorbed (Table 4) and its closest neighbor is Ni, H always
becomes slightly negative. If H is adsorbed “on top” position
(HNiNi, HNiCu, and HNiCw) both H and Ni accept electrons
from the other atoms in the cluster. Also, if H is adsorbed on
a “bridge” position like in HNs, HNi,Cu, and all four-atom
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heterogeneous catalysis processes on nanoscale bimetallic particles through
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(5) Toshima, N.; Yonezawa, T. Bimetallic nanoparticles-novel materials
for chemical and physical applicationdew J. Chem1998 22, 1179~
201.

(6) Tess, M. E.; Hill, P. L.; Torraca, K. E.; Kerr, M. E.; Abboud, K.
A.; McElwee-White, L. Bimetallic Pt/Ru complexes as catalysts for the
electrooxidation of methanolnorg. Chem.200Q 39, 3942-3944.
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R. J. Nanoscopic Pt-bimetal colloids as precursors for PEM fuel cell
catalysts.J. New Mater. Electroc. Sys200Q 3, 199-206.

(8) Goodman, D. W.; Peden, C. H. F. Hydrogen Spillover from
Ruthenium to Copper in Cu/Ru catalysts: a potential source of error in
active metal titrationJ. Catal. 1985 95, 321.

(9) Goodman, D. W. Surface properties of mixed-metal catalpss
Symp. Serl989 411, 191.

(10) Hills, C. W.; Nashner, M. S.; Frenkel, A. I.; Shapley, J. R.; Nuzzo,
R. G. Carbon Support Effects on Bimetallic-FRu Nanoparticles Formed
from Molecular Precursord.angmuir1999 15, 690-700.

(11) Nashner, M. S.; Frenkel, A. |.; Adler, D. L.; Shapley, J. R.; Nuzzo,
R. G. Structural characterization of carbon-supported platinuthenium
nanoparticles from the molecular cluster precursor PtRuSC(CO)18)m.
Chem. Soc1997, 119, 7760.

(12) Nashner, M. S.; Frenkel, A. |.; Somerville, D.; Hills, C. W.; Shapley,
J. R.; Nuzzo, R. G. Core Shell Inversion during Nucleation and Growth of
Bimetallic Pt/Ru Nanoparticles. Am. Chem. Sod998 120, 8093-8101.

(13) Pan, C.; Dassenoy, F.; Casanove, M. J.; Philippot, K.; Amiens, C.;

systems, the charge on H is always negative except in the pur%ecante, P.; Mosset, A.; Chaudret, B. A New Synthetic Method toward

Cu clusters. The charge of the bridge atoms depends on the;

cluster geometry, and like in the bare clusters, the atoms with
the highest bond length in the cluster are negatively charged.
Cu donates charge to H in CuH but not in dimers and trimers

having two Cu as nearest neighbors to H where the charge ony

the H atom is positive.

Conclusions

Differences in physical and reactivity properties of the clusters
can be tracked down to the atomic structure as well as to
geometric factors. Pure Ni clusters have higher atomization
energy than Cu or CuNi clusters, whereas no clear trend is
found comparing Cu and CtNi clusters. The dissociation

energy oscillates as the number of atoms in the cluster changesigh-resolution electron m

from odd to even, with those with an even number of atoms
showing better stabilities.

Ni clusters yield stronger binding than Cu clusters to adsorb
H, and for dimers and pentamers, bimetallic clusters yield the
highest binding to H. These preliminary results indicate that
Cu clusters with small concentrations of Ni could be the best
adsorbents for H. The preferred adsorption site is close to Ni.
When adsorbed on bridge sites, H tends to strengthen the-metal
metal bond of nearby metallic atoms, whereas if it is adsorbed
on top sites, the nearest metahetal bond becomes weakened.
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