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Why do Bimetallic Clusters have more Chemical Reactivity?
Study the V,Ni,, (2 <n +m < 6) Clusters as the Nano Species
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This article provides some evidence on higher catalytic activity of bimetallic transition metal clusters, with a difference in
electronegativity, compared to the monoatomic clusters. In this respect, adsorption of ethylene on bimetallic clusters of vanadium-nickel
V,Ni,, (2 <n + m <6) is investigated. Our results show that hardness has a quite good linear correlation with the non-Lewis MO of V,Ni (n
= 1-5) cluster (R*=0.99). This finding is of particular importance, because, for the first time in literature, it presents an orbital description
for hardness. The optimized structure of pure and nickel-doped vanadium clusters and pure and vanadium-doped nickel clusters are studied
for up to six atoms. The maximum interaction belongs to nickel substituted alloy, V,Ni (n = 1-5). This finding corresponds to the lowest
energy gap between HOMO of bimetallic clusters and LUMO of ethylene, according to Fukui equation of reactivity. A successful
demonstration has been performed by extrapolation of theoretical results to predict the best mixing of two metals revealing that VgNi is the

best cluster if it is sable experimentally. We have also demonstrated that the larger bimetallic cluster has more conductivity and reactivity

which is the demonstration of nano character.
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INTRODUCTION

It is well-known in literature, both by experiment and
theory, that catalytic activity of bimetallic clusters are
different (and sometimes better) than that of monoatomic
ones due to the mutual influence of added metals [1,2],
however, no solid justification has been presented to explain
this feature for metals. Bimetallic catalysis has better
reactivity, if there are no deactivation conditions, such as (i)
poisoning, (ii) fouling, (iii) thermal degradation, (iv) vapor
compound formation accompanied by transport, (v) vapor-
solid and/or solid-solid reactions and (vi) attrition/crushing.

In the following references, some experimental or
theoretical studies for these observations are presented. For
example, supported Coys,Rh, (n = 0, 1, 2, or 4) bimetallic
clusters used for Fischer-Tropsch synthesis leads to better
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performance, because it has better reactivity and selectivity
than monometallic species [3]. Adsorption of CO molecule
on AusPt clusters was studied by Song et al. [4]. The
importance of bimetallic clusters can be also seen in Co/Mn
[5], Pt/Cu [6], Cu/V," (n = 1-5) [7], Cw/Nis [8], Fe/Cl [9]
and Cu/Na or Cw/K [10]. That is why, many research groups
focus on alloy systems such as small bimetallic clusters
[11,3,12,13]. There is a widely held belief among research
groups that bimetallic clusters can be the best models to
understand the catalytic reactions [1,14].

The mentioned studies aimed at realizing adsorption
strength of small molecules on various bimetallic clusters.
published on the
experimental and theoretical study of the reactivity of

However, nothing has been yet
ethylene adsorption on mixed nickel and vanadium clusters.
Both nickel, as a late transition metal (TM), and vanadium,
as an early TM, show low reactivity toward ethylene

adsorption. These observations were the main motivation to
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realize how the reactivity of vanadium-nickel bimetallic

clusters is promoted toward ethylene adsorption in

comparison to monoatomic ones. Therefore, the main
objective of this research is finding the reasons for higher
reactivity of bimetallic clusters in comparison with
monoatomic ones. The system of under our investigation is
V.Ni,, 2 <n + m < 6) clusters. Density functional theory

has been used in this research.

COMPUTATIONAL METHODS

Proposed ground state structures were obtained by
applying DFT method using Gaussian 09 program package
[15]. The BLYP functional was selected through calibration
procedure (Sec 3) because of good performance of BLYP
functional for studying the first row of TM clusters [16-18].
Quadruple zeta valence polarized (QZVP) [19] basis set was
chosen as an appropriate basis set for our calculations.

The bond dissociation energy (BDE) and adiabatic
ionization potential (IP,4) are used for DFT calibration. The
required energy for fragmentation of V,Ni, cluster into
VuiNiy, or VoNi,,.; and V or Ni atom is called BDE, which
is defined by the following equation [Eq. (1)]. BDE of pure
clusters is defined as the required energy to fragmentize the
M, cluster into M,.; and M atom (M means metal). The
BDE of pure clusters can be computed by [Eq. (2)]:

Eppp = EV,,N;',,, - ((EV i, OF EV Niy_ )+ (Ey siom OF E i iom) (M
BDI‘ (EMatom + EM,H ) - EM” (2)
where EVnNim ’ EV,H Ni, > EVnNi,,.,l ’ EV atom and ENiatnm are energy

of the fragments of bimetallic clusters, vanadium atom, and
nickel atom, respectively.
In complexes, binding and interaction energies were

calculated. Binding energy is a description of the

thermodynamic stability of the system:

Ehirxd = Lomplex — (Ecluxtcr + Eligand) (3)

where Ecompiexs Ecuser @nd Ejgna are total energies of
complex, pure cluster, and ligand, respectively. As species
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encounters with deformation during adsorption process
Eq. (3) cannot describe the quality of interactions well.
Therefore, interaction energy, E;, is calculated as a
function of bond strength [20] by the following equation:

E “4)

—(AE ., +AE

int bmd metal /igarzd)
where AEpca and AEjgnq are the deformation energies of
metal cluster and ligand, respectively. The difference
between the energy of the free molecule in the gas phase
geometry and the energy of the isolated and distorted
molecule in its complex is called deformation energy. The
more negative Ei, and Epng values are indication of the
more stable adsorption.

In interaction of cluster and ligand in their most
thermodynamically stable states, change of Gibbs free
energy, AG, is evaluated by the following equation:

AG =AG )

~(AG s + AGigq)

comlex cluster
where AGeompiexs AGetusier and AGiigang are free energies of
the complex, cluster, and ligand, respectively.

The natural bond orbital (NBO) [21,22] analysis is an
efficient approach for better chemically understanding

(electronic point views) of the nature of metal-ligand bonds,

through  donor/acceptor interactions, depletion of
occupancy, and stabilization energies ( E; ):
2
iH|j
2 ‘ (6)
” E -k,

where H, E,E, and <1‘H‘ j> are interaction Hamiltonian,

orbital energies, and the matrix element, respectively.

Although ionization energy can be obtained as the
negative energy of HOMO orbital by Koopmans’ theorem,
electron affinity (EA) cannot be obtained by LUMO energy,
since LUMO is not optimized. However, the better way to
calculate 1P,y and EA,q with less error is three-point
procedure (obtaining total energies of neutral, anion and
cation of particular species, called Parr procedure) [23].
Therefore, we calculate IP,4 and EA,4 through the following
equations:
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IP(Cluster)=E, ,(Cluster”) — E, ,(Cluster) (7

tot tot

EA(Cluster) = E, (Cluster) — E, (Cluster™) ®)

tot tot

Then, for evaluation of reactivity index, hardness 1 is [24],

IP — EA
e 2 )

)

Global softness as reverse of hardness is calculated by the
following equation [25]:

(10)

Higher chemical softness is indicative of the higher
chemical reactivity. Investigating the local softness can be
helpful to predict favorable sites of bimetallic clusters in
interaction with ethylene. Finite difference approximation
was applied to obtain Fukui function [26,27]:

=4 -a) (11a)
fi=ai —a" (11b)
si=f5.8 (12a)
s =/7.8 (12b)

where ¢V, ¢, and ¢ are the electronic populations on

selected atom for the N, (N+1) and (N-1) electron systems,

respectively. S; and s, are the local softness for
nucleophile and electrophilic attack, respectively. Fukui
Equation [26] for interaction between HOMO and LUMO

for reactivity is:

2

2‘<H0Mdﬁ‘L UMO>

(13)

2
HOMO,LUMO —

E

E E

Lumo ~— * Homo

In this equation, HOMO, LUMO, Eyomo, and Eryyo are the
highest occupied orbital, lowest unoccupied orbital, HOMO
energy, and LUMO energy, respectively.
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DFT CALIBRATION

DFT method was preferred in this research, since DFT
in the framework of Kohn-Sham is more suitable to
calculate TM clusters properties in comparison to ab initio
methods. DFT methods is not variational, since exact
xc-functional is not known yet, and all xc-functionals are
approximate. Therefore, it is necessary to search for
appropriate xc-functional and basis set for the molecules
under our investigation; DFT calibration.

There are many studies for performance of various DFT
methods and basis set for TM compounds [16-18]. Truhlar
et al. [18] research showed that for atomization energies the
generalized gradient approximation functional gives more
accurate results in comparison to their meta, hybrid, or
hybrid meta analogues. They recommended that M06-L and
MO0O6 functionals are most appropriate for TM
thermochemistry. Truhlar et al. [28] showed that PBE
functional performance for the series of 30 transition metal
elements is most balanced.

Starting point in the study of the V/Ni bimetallic clusters
is finding favorable xc-functional accompanied by suitable
basis set. Calibration must essentially satisfy correct spin
multiplicity with least deviation from spin contamination
(10%), successful frequency test and geometry with low
percentage of error in comparison to available experimental
data, which all guarantee to have a rather correct wave
function. There are not any available experimental data for
the VNi dimer in the literature [29,30], except spin
multiplicity and BDE.

In this research, DFT calibration was carried out with
different five recommended xc-functionals with QZVP basis
set. The results of the dimers calibration are presented in
Table 1. The VNi bimetallic dimer has also the lowest spin
contamination (107) using BLYP/QZVP level of theory
calculations, indicating a good agreement with experimental
results [29,30]. As a conclusion, BLYP/QZVP is selected
for studying the bimetallic clusters, V,Ni,, (2 <n + m <6),
and their interactions with ethylene molecule.

RESULTS AND DISCUSSION

Reactivity of Bimetallic Vanadium-Nickel Clusters
Full studies of pure vanadium and pure nickel clusters
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Table 1. Geometries and Energetic Parameters of the Lowest Energy States of VNi, V, and Ni, Dimmers
Using Different xc-functionals with QZVP Basis Set. The Values in Parentheses are Experimental

Data

N BDE d 1Py

Clusters Method Mul S?
(em™) (V) (A) (V)
VNi BLYP 4 3.777 (3.750) 269.1 2.89 (2.100)° 2.133 5.94
BP86 4 3.815 264.9 8.82 2.133 3.21
MO6-L 4 3.888 249.2 0.89 2.188 6.26
TPSS 4 3.828 255.7 2.47 2.139 6.61
B3LYP 4 3.852 271.5 1.29 2.168 6.42
V, BLYP 3 2.000 (2.00) 622.7(535.1)°  2.974 (2.753)° 1.786 (1.774)° 6.61
BP86 3 2.000 637.4 4.265 1.774 6.88
MO6-L 3 2.000 636.3 2.325 1.763 6.11
TPSS 3 2.000 641.7 2.581 1.777 6.41
B3LYP 3 2.000 867.8 0.468 1.670 6.10
Ni, BLYP 3 2.000 (2.00)  300.8 (280 = 20)° 2.88 2.147 (2.154)*  8.10
BP86 3 2.000 314.7 7.62 2.122 2.80
MO6-L 3 2.001 317.4 3.84 2.125 7.81
TPSS 3 2.000 324.6 1.78 2.112 7.87
B3LYP 3 2.001 330.7 1.19 2.099 8.86

“Ref. [32]. *Ref. [33]. Ref. [31]. ‘Ref. [32].

were carried out by Pakiari et al. [33,34]. All structures of
V.Ni,, (2 <n + m < 6) clusters were optimized without any
symmetry constraint, and results including spin multiplicity,
IP, EA, HOMO-LUMO gap, percentage of non-Lewis (the
explanation of Lewis and non-Lewis is in supplementary at
end this manuscript), global hardness, and local softness are
collected in Table 2. The basic properties of dimers, such as
spin multiplicity, bond length, BDE, frequency and IPy
have been reported in Table 1 in DFT calibration section
(Sec 3), where they are in a good agreement with
experimental reports [29-32]. Then, NBO analysis for each
species is performed that will be discussed in following
discussion. The important conclusions obtained from the

results are based upon hardness, non-Lewis portion of
electrons, interaction energies and HOMO-LUMO gap.
Hardness is also based on 1P,y and EA,4 obtained by three
point procedures ([Egs. (7) and (8)]). The values of [P, and
EA,q obtained from this procedure are more reliable than
Koopmans’ theorem, because all species in [Egs. (7) and
(8)] are optimized by DFT methods. The accuracy of IP,g
and EA,4 values also depends on the accuracy of applied xc-
functional. Obtaining a correct theoretical value for EA,q is
still a challenge in quantum chemistry, as reviewed by
Schaefer et al. [35]. In order to reduce the error and finding
best xc-functional, calibration was performed as mentioned
before (Sec 3) which was based on diatomic clusters, due to
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Table 2. Valance Non-Lewis, Spin Multiplicity, and Global Chemical Reactivity Parameters of V,Ni,, (2<n
+ m < 6) Bimetallic Clusters at BLYP/QZVP Level of Theory. AE is the HOMO-LUMO Gap Value,
and N is the Percentage of Non-Lewis Term

1Py EA AE
Cluster Shape Cluster-type ~ Mul. N H S
(eV) (eV) (eV)

—e A 3 6.61 0.35 0.5 @0.00 315 032
Dimer . o VNi 4 6.70 0.71 02 @000 3.00 033
o o Ni, 3 8.10 0.82 0.5 @:0.00 3.65 027
5& Vs 2 5.94 0.82 05 a:1.81 255 039
A V,Ni 3 6.01 0.81 02 Pp:087 260 038
Trimer
S VNi, 4 593 091 03 066 250 040
A Nis 3 6.73 0.94 02 PB:1.30 290 0.34
.ﬁé@ V, 1 5.28 0.70 07  0.85 230 044
A V3Ni 4 5.07 0.92 0.1 p:1.85 2.10 048
Tetramer @ V,Ni, 9 5.35 0.99 03  @l63 215 046
A VNis 6 5.65 1.20 03 P:223 225 044
A Niy 5 5.67 1.30 02 097 220 045
%“ Vs 2 5.10 0.86 09 PB:270 2.12 047
“% VNi 5 4.19 2.40 03 202 210 048
Pentamer % V;5Ni, 2 5.33 1.17 03 B:3.03 208 048
‘% VNiy 2 6.26 1.42 03 234 387 026
‘% Nis 3 6.31 3.87 04 Pp:1.59 122 0.82
%}) Ve 1 5.17 1.42 02 730 1.89 0.3
Hexamer @ VsNi 2 3.70 1.10 0.1 w417 130 0.77
@ VNis 2 5.96 1.70 02 Pp:290 213 047
@ Ni, 3 6.21 2.03 02 PB:1.81 2.09 048

availability enough experimental data. Calibration was done This is a disadvantage of DFT that xc-functional may
for larger clusters, because of the lack of experimental data. change from one species to another, due to lack of the
Hopefully, this xc-functional works for our larger clusters. universal xc-functional. Fortunately, this xc-functional
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(BLYP) is suitable for both pure vanadium and pure nickel
clusters. Accordingly, the fluctuations in trend of results are
expected. However, the calculations show some trends are
valuable to be considered.

There are also other sources of error in calculations of
IP,4 and EA,4 which are correlation and relaxation energies
explained by Szabo and Ostlund [36]. The error in
calculation of HOMO-LUMO energy gap is that HOMO
orbital is optimized in DFT procedure, whereas LUMO is
not optimized. This gap also depends upon the accuracy of
xc-functional used in our calculations.

It is quite interesting that hardness and non-Lewis of
these species, based on the results in Table 2, have a linear
relationship (R? = 0.99), as shown in Fig. 1. Although the
results in Table 2 have been generated by quite different
theories (Eq. (9) and NBO procedure), this phenomenon is
reasonable because non-Lewis is total depletion of
occupancies of each molecular orbital in specific species.
However, this is important because it is orbital description
for hardness. For clarity, non-Lewis will be briefly
explained in the supplementary section at end of this
manuscript.

It is well-known in chemistry when each molecular
orbital is completely filled, it is non-reactive orbital, such as
noble gases, and otherwise, it is reactive. When a molecule
entirely contains c-bond, this type of molecule cannot be
reactive such as methane (except radical reaction). When a
molecule does not have any o-bond, it still contains some &
and 6 bonds (especially conjugated n- and &-bond), lone
pair, or has all or some of them. This type of species may
have charge transfers within molecular orbitals; donor-
acceptor interactions within the molecular orbitals. This
phenomenon causes depletion of the molecular orbitals
leading to a considerable non-Lewis value (usually between
about 2% to 7%). Non-Lewis part is responsible for
donation, in

back donation, and hyper-conjugation

molecule. Our results show that non-Lewis structure
reduces hardness, and then the larger reactivity is expected.
Therefore, the larger non-Lewis may cause the less hardness
and consequently higher reactivity.

The question is which pure monoatomic clusters, nickel
or vanadium, is more reactive? Two factors are important
for reactivity: HOMO-LUMO gap and hardness (calculated

by three-point procedure, mentioned in Computational
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Methods, section 2). For pure clusters: nickel clusters Ni,,
have lower hardness and smaller HOMO-LUMO gap in
comparison with the vanadium clusters (exception: the
reverse trend is obsereved in hardness for dimmer, trimmer
and hexamer of vanadium cluster), shown in Table 2.
Therefore, pure nickel cluster is more reactive than pure
vanadium cluster. It may be justified by electronegativity of
nickel (1.9) compared with vanadium (1.56).

The hardness values of V,Ni, are 3.00, 2.60, 2.10, 2.10
and 1.30, for n = 1 to 5, respectively, with an average of
2.22, compared to the hardness values of Ni,,V; which are
3.00, 2.50, 2.25, 3.87 and 2.13 for m = 1 to 5, respectively,
with an average of 2.8. Therefore, we can say Ni-doped
vanadium clusters with one nickel is more reactive than
vanadium-doped nickel clusters. However, when we
extrapolate V,Ni; hardness, we will obtain minimum
hardness of 0.27 for bimetallic nickel-vanadium cluster
VNi, Fig. 2, corresponding to 12.4% of nickel in total
weight of this bimetallic.

The results show that with increasing the size of
bimetallic cluster from dimer to hexamer the 1P,y values
decrease. We found that among V,Ni clusters, the VNi
dimer has the highest IP,4 value; the trend is 6.70, 6.01,
5.07, 4.19 and 3.70 eV. The HOMO-LUMO gap values are
0.2,0.2,0.1,0.3 and 0.1 eV for di, tri, tetra, penta and hexa-
atomic V,Ni clusters, respectively, as shown in Table 2.
Comparing these gaps with pure metallic gaps of vanadium
shows that the reduction is as an average 0.4, and for nickel
is 0.1 eV. It means that a bimetallic cluster has a reduction
in HOMO-LUMO gap, indicating more conductivity than
monoatomic cluster. Therefore, bimetallic clusters behave
more nano-character. Quantum mechanically, nickel with
electronegativity of 1.90 perturbs valence electrons of
vanadium with electronegativity of 1.54, leading more
depletion of vanadium orbitals, therefore more non-Lewis,
more conductivity, and more reactivity in bimetallic clusters
are expected.

Interaction of Vanadium Nickel Bimetallic Cluster
with Ethylene

The interactions of V/Ni cluster with ethylene have been
studied, and the results of di-c and m interactions are
collected in Tables 3 and 4. Bimetallic TM cluster V, Niy,
generally promotes interaction energy considerably in
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Fig. 1. Linear relationship of global hardness vs. non-Lewis for V,Ni (n = 1-5).
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Fig. 2. Extrapolation of hardness vs. number of vanadium atoms in V;Ni (n = 1-8) Clusters. The lowest
chemical hardness (n = 0.27 eV) is observed for n = 8 (VgNi cluster).
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Fig. 3. Trend of Ey;,q and Ej, of VNi, (2 <n + m < 6) bimetallic clusters; the V,Ni (n = 1-5)
clusters have the most negative interaction energy.
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Fig. 4. Quadratic correlation for hardness against interaction energy for V,Ni (n = 1-5).
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Table 3. Interaction of the most Stable V,Ni,, (2 <n + m < 6) Clusters with Ethylene Molecule, Gibbs Free
Energy, Binding (Adsorption) Energy, and Interaction Energy in di-c Mode (in kcal mol™)

Cluster di-o Mul. Euinda  AEpimett  AEetylene Eint non-Lewis Hardness AG

VNi Il 4 -21.0 5.5 243 -50.8 0.0 3.0 -11.5
E

V,Ni ‘\& 3 -10.4 10.5 30.3 -51.2 0.87 2.60 +0.2
K

VNI, A 2 -27.6 3.9 26.1 -57.6 0.66 2.50 -16.2

V;Ni ‘Q\@ 2 -23.5 8.3 24.9 -56.7 1.85 2.10 -11.4

el

V,Ni, @,a 5 -30.5 21.2 11.3 -63.0 1.63 2.15 -19.7

VNi; A“i:jw 4 -30.9 28.0 33 -62.2 2.23 2.25 -20.8

V,Ni é ‘-.7; 3 -33.4 3.6 76.0 -110.4 2.02 2.10 -22.4

V;Ni, % 2 -13.5 8.5 24.8 -46.8 3.34 2.05 2.2

VNi,4 % 2 -44.7 0.9 9.7 -55.3 2.34 3.87 -34.4

V;sNi ‘Z%E* 2 -74.9 34.4 68.6 -177.9 4.17 1.31 -62.3

‘VNis . 2 -50.7 0.4 47.2 -98.3 2.90 2.13 -39.3

Interaction energies (in kcal mol™) of pure clusters with ethylene in di-c mode, Vs: -38.9, Vi: -41.2, Vy:
-52.9, Vs: -74.6, V. -96.1 and Ni,: -47.3, Ni3: -48.8, Niy -36.5, Nis: -67.8, Nig: -86.8.

comparison to monoatomic TM cluster V,, or Ni,, clusters
either for di-o or m-orientations. As shown in Table 5, these
promotions are as average of 39.04% for di-c in comparison
with pure vanadium cluster, and 47.10% as an average in
comparison with pure nickel cluster. Tables 5 and 7 also
clearly show that interaction energy is directly related to the
local softness: when the local softness is high, the
interaction energy is high, and the longer bond length is
expected, or vice versa. Table 6 shows that the promotion of
interaction energies in m-orientation is as average of 42.84%
in comparison with pure vanadium cluster, and 33.12% in
comparison with pure nickel cluster. For instance, in Tables
5 and 7, when local softness for = Ni in VNi is 0.83 eV, the
corresponding Ei is -62.6 kcal mol”, and bond length is
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1.987 a.u., whereas for = Ni in V;sNi with a softness of 4.35
eV, the E;y is -181.8 kcal mol™ and bond length is 2.061 a.u.
The best interaction energy was obtained for m mode as
shown in Tables 3 and 4 and Fig. 3. More importantly, for ©
mode, interaction energy from nickel site is more negative
than that from vanadium site (Table 4) and the most
negative interaction energies in the m mode are obtained
when one atom in vanadium cluster is substituted by the
nickel atom (V;Ni), as shown in Table 6, and Fig. 3. The
extrapolation of these results reveals that substitution of
10% of nickel atom in vanadium -catalysis caused a
maximum hardness, as shown in Fig. 2. This conclusion can
be checked with theory of Frontier Orbital by Fukui [26]
[Eq. (13)] expressing that the best interaction energy can be
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Table 4. Interaction of the most Stable V,Ni,, (2 <n + m < 6) Clusters with Ethylene Molecule, Gibbs Free
Energy, Binding (Adsorption) Energy, and Interaction Energy in ©1 Mode*

Softness
Cluster Site mmode Mul Euing AEpimeal AEctyiene Eint non-Lewis AG
(local)
VNi NI Fee 4 164 192 270 626 0.0 083 93
"
VNIV A 4 188 3.9 282 -509 0.0 056 95
VNI Ni X 3202 205 226 -633 0.87 135 106
0“
NV RS 1 237 17 3 565 087 LO8  q1g
B W9 ¢ 2.22
VNi, N Y 4 287 09 173 469  0.66 : 144
VNi,  V 2& 2 252 09 194 455 0.66 133 183
. . 2.94
ViNi N £ 2 236 158 286  -68.0 1.85 125
P
. ey 1.35
viNio v 4 566 35 67 668 1.85 165
VNi,  Ni ! F 5 299 62 253 614 1.63 312 194
ViNi,  V *LL\ 5 383 48 132 -563 1.63 132 29
VNi;  Ni ?&4 4 296 43 278 -61.7 223 213 97
VNi; Vv dé "6 309 06 285 600 223 133 00
. . ' 4.76
VN Ni 3 427 36 760 <1223 2.02 32.1
L 2.08
VNi vV b 3602 6.1 266 929 2.0 : 16.8
VN, NP 2 379 0.1 103 483 3.34 167 6.6
b
VNL Ve 2 32 83 255 370 3.34 167 -124
VNi;, N & 2 594 114 91 799 234 098  -48.8
Wi, v 4 10 49 41 30 <120 234 075 +47
VSN N 2 794 333 691  -181.8 417 435 -69.0
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Table 4. Continued

V;5Ni A% :&f\a 2 -449 278 686 -141.3 4.17 3.45 -33.3
VNis Ni é 2 -476 07 855 -133.8 2.90 2.56 -37.2
VNis \ "é‘ 2 -50.7 1.0 785 -130.2 2.90 1.89 -39.3

*Interaction energies (in kcal mol™) of pure clusters with ethylene in the = mode, V,, -23.7,
V;:-38.5, V4:-55.2, Vs -89.4, Vi -110.7, Ni,, -49.9, Nis: -45.8, Nig, -57.6, Nis: -99.5, Nig:
-112.7.

Table 5. Comparing the Interaction Energies (in kcalmol™) in the di- c Mode of
Bimetallic Clusters with Mono Metallic Clusters

Clusters Eint Clusters s Eint %a  Clusters sy Ei.  %b

VNi -50.8 Ni, 0.55 -473 74 V, 0.63 -38.9 30.6
V,Ni -51.2 Ni; 1.21 -488 5.0 V; 1.39 -41.2 243
V;Ni -56.7 Niy 2.86 -36.5 553 V, 1.89 -529 7.2
VuNi -110.4 Nis 3.05 -67.8 62.8 Vs 3.03 -74.6 48.0
V;Ni -177.9 Nig 3.47 -86.8 105.0 Vs 3.57 -96.1 85.1

aand b are promotion of interaction energies with respect to Ni and V clusters,
respectively.

Table 6. Comparing the Interaction Energies (in kcal mol™) in the 1 Mode of BTMCs with those in Mono

Metallic Clusters

Cluster w-Ni*  Ejy %a w-V®  Ep %b  Cluster s* Eix  clusters  s* Eint

VNi 083 -62.6 254 0.56 -50.9 1148 Ni, 0.55 -499 V, 0.63 -23.7
V,Ni 135 -633 382 1.08 -56.5 46.8 Nis 1.21 -45.8 V; 1.39 -38.5
V;Ni 294 -68.0 18.1 1.35 -66.8 21.0 Niy 2.86 -57.6 V4 1.89 -55.2
V4Ni 476 -122.0 22.6 2.08 -92.9 4.0 Nis 3.05 -99.5 Vs 3.03 -894
V;sNi 435 -181.8 61.3 3.45 -141.3 27.6 Nig 347 -112.7 Vs 3.57 -110.7

a and b are promotion of interaction energies with respect to Ni clusters and V clusters, respectively. *means

local softness (eV).

obtained in bimolecular interaction by second order However, interaction energy has a quadratic relationship
perturbation, when energy gap between HOMO of cluster with hardness, as shown in Fig. 4.

and LUMO of ethylene is the smallest, as shown in Table 8. Our results indicate that S has an ascending trend with
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Table 7. Correlation of Bond lengths and Local Softness
Values in the VNi (n = 1-5) Clusters

Clusters Ni* dyi.c N dvc
VNi 0.83 1.987 0.56 2.068
V,Ni 1.35 2.042 1.08 2.271
V;3Ni 2.94 1.974 1.35 2.188
V4Ni 4.76 2.046 2.08 2.230
V;sNi 4.35 2.061 3.45 2.289

d means distance, *means local softness (eV).

Table 8. V,Ni,,-HOMO and C,H;-LUMO Gaps and their
Corresponding Energies (in eV)

Cluster HOMO LUMO Energy gap
Cluster C,H,
V, -3.6 -1.8° 1.8
VNi -3.2 -1.8 1.4
Ni, 4.1 -1.8 2.3
V; -3.1 -1.8 1.3
V,Ni 34 -1.8 1.6
VNi, -3.3 -1.8 1.5
Ni; -3.4 -1.8 1.6
V, -3.1 -1.8 1.3
V;5Ni -3.0 -1.8 1.2
V,Ni, -3.2 -1.8 1.4
VNi; 34 -1.8 1.6
Niy, -3.5 -1.8 1.7
Vs 34 -1.8 1.6
V,Ni -3.3 -1.8 1.5
V;Ni, -3.2 -1.8 1.4
VNiy -3.7 -1.8 1.9
Nis -3.8 -1.8 2.0
Vs -3.5 -1.8 1.7
V;sNi -3.3 -1.8 1.5
VNis -3.9 -1.8 2.1
Nig -4.1 -1.8 2.3

“Ref. [37]. (1.78 + 0.05 eV).
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the size of V,, (n = 2-6) clusters, S: Vg > Vs>V, >V;>V,,
while for Ni,, (m = 2-6) the trend is, Nis> Nig > Niy > Ni3 >
Ni,, and there is not organized trend in V,Ni,, 2 <n +
m < 6) bimetallic clusters, as shown in Table 2. Doping the
Ni atoms in pure vanadium clusters leads to increasing
chemical sofiness values and consequently higher reactivity

in comparison with pure nickel or vanadium cluster.
CONCLUSIONS

This study provides some evidence on higher reactivity
of bimetallic clusters, V,Ni,, (2 <n + m <6), compared to
monoatomics, due to the considerable term of non-Lewis in
electronic structure of bimetallics. Hardness of these species
has a good correlation with non-Lewis part of electronic
structure of our clusters, (R* = 0.99). Additionally, hardness
has also a rather good correlation with interaction energy
(second-degree polynomial R? = 0.88). The extrapolation of
the results V,Ni (n
species is VgNi. The results show that the larger bimetallic
than

monoatomic cluster, which is indicative of a nano character.

1-8) shows that the most reactive

cluster has more conductivity and reactivity

SUPPLEMENTARY

Non-Lewis results are obtained by NBO analysis, based
on natural orbital introduced by Lowdin [38]. All electrons
in molecule by NBO procedure are divided into mainly two
categories; Lewis and non-Lewis. Lewis part is the classical
definition of valance theory of electronic structure of
molecule introduced by Lewis, and is more or less between
94% to 100% of total electrons in our species, and depends
on specific molecule. Some molecules have 100% of
electrons as Lewis such as methane. Lewis part is also
called localized orbitals. Small portion of electronic
structure of molecule, which is delocalized part and more or
less is 6%, is called non-Lewis of electronic structure of
molecule. Non-Lewis part is actually antibonding, and
responsible for charge transfer and donor-acceptor of
electrons, back bonding and hyperconjugation giving rise
the depletion of occupancies of some molecular orbitals.
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