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Abstract. The study of alloy clusters is particularly interesting since the importance of the electronic and
geometrical contributions to the stability can be investigated by examining the influences of substituting
different atoms in a cluster. In this work we study the equilibrium geometries, relative stability, and
electronic properties including the ionization energy (IE), electron affinity (FA), reactivity, aromaticity,
and gap of small Bi,,Cu,(bismuth/copper) clusters and their cations with m + n < 5. The work is
complemented with the study of small neutral bismuth/silver (BimAgn) and bismuth/gold (BimAu,)
clusters. The study was done using density functional theory with the M06] functional. Comparison of
neutral Bi,,Cu, clusters with the cationic Bi,,Cu;, and neutral BinAg, and Bi,, Au,, clusters show only
small distortions of the geometries, except for BioCuj , Bi;Cuf, BioCud, BisCuj, BisCu}, BizAgs, BisAg,
BisAga, BisAgs, BisAus, BigAu and BizAus. Our results on stability for cationic Bi,,Cu,l clusters are
consistent with experimental report. The electronic affinity for odd number of total atoms of Bi,,Cu,,
BimAg, and BinAu, increases with increasing number of copper, silver or gold atoms. Moreover, it
is found that the Bi,, Au, are more stable than Bi,,Cu, and Bi,, Ag, structures. Nuclear independent

chemical shift analysis confirms the presence of sigma and pi aromatic/antiaromatic character.

1 Introduction

The study of alloy clusters is particularly interesting since
the importance of the electronic and geometrical contribu-
tions to the stability can be investigated by examining the
influences of substituting various atoms in a cluster [1-6].
If such exotic materials could be formed, they might well
exhibit unique electronic, magnetic, optical, mechanical,
and catalytic properties, and these could potentially lead
to technological uses [7]. The interplay between isotropic
(copper, silver or gold) interaction and directional bonds
(bismuth) can be examined by studying bimetallic clus-
ters. Previous papers, report theoretical and experimental
studies of the stability of gold clusters doped with transi-
tion metal atoms (Sc, Ti, Cr, Fe) [8]. In other work, small
SnBi clusters were investigated by employing the electric
field deflection method [9]. Comparison of theoretical and
experimental results enables identification of the growing
patters of these small bimetallic clusters. It is well know
that small gold, copper and silver cluster adopt planar
structures for n < 5 atoms [10].

Yuan et al. [11] using DFT with Perdew and Wang
correlation functional and Becke’s exchange functional,
studied neutral and cationic Bi, clusters (n = 2—24).
The structures found are similar to that of other group-V
elemental cluster, extensive studies show that sizes with
n = 4 and 8 have a tetrahedron and wedge like structures.
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They also found that larger Bi clusters have a tendency
to be amorphous and are formed by combinations of Biy,
Big and Big structures and for each cationic cluster the
dissociation consist of Biy and Bi}Ir subclusters. This con-
firms that the subclusters are more stable than the larger
Bi clusters. The HOMO-LUMO gap shows that Bi clus-
ters would prefer a semiconductor character to metallicity.
Kuznetsov et al. [12] studied bismuth polycationic clusters
using Hartree Fock and DFT at B3LYP level with small
and large ECP’s. They found that there are some excep-
tions to Wade’s rule and that several show a meta-stable
behaviour.

There is only one experimental study of bis-
muth/copper clusters (Bi,,Cu,,) produced by gas aggre-
gation and investigated by time-of-flight mass spectrome-
try following ionization with a KrF excimer laser [13]. The
measurements are done on cationic clusters. In their study
most of their clusters have m +n < 5, only the (m,n) =
(2,5) and (3,6) clusters outside this range have high inten-
sities; signals for bigger clusters are small and in fact not
identified. They show that in this system the magic num-
bers appear at (m,n) = (1,4), (2,5), (3,6) and (4,1). Two
types of magic numbers are observed: those that reflect the
stability of jellium shell closing by counting the total num-
ber of valence electrons from the component metals (where
Cu atom donates one electron and Bi donates five elec-
trons) and those where Wade’s rule is predominant. How-
ever, up to now theoretical studies on Bi,,Cu,, Bi,Ag,
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Table 1.

Alloy Ej(ev)

CCSD CCSDT MO61
Cuz —1.70 —1.86 —2.02
Agy —-1.37 —1.45 —1.90
Aug —4.82 —4.91 —5.02
Bia —4.96 —5.38 —4.31
BiCu —1.82 —1.98 —1.75
BiAg —1.69 —1.81 —1.51
BiAu —3.82 —3.98 39.09

and Bi,,, Au, clusters have not been realized to understand
the geometric structures and electronic properties.

The aim of this work is to study the geometric struc-
tures, relative stability, and electronic structure including
the ionization energy (IE), electron affinity (EA), reactiv-
ity and the HOMO-LUMO gap (highest occupied molec-
ular orbital — lowest unoccupied molecular orbital) of
small bismuth/cooper, bismuth/silver and bismuth/gold
clusters and their cations with m + n < 5.

2 Computational procedures

Geometry optimizations were performed using density
functional theory (DFT) method with meta-GGA MO6!
functional as implemented in Gaussian 09 code [14]. Ef-
fective pseudopotentials were included for the atom’s core.
The Stuttgart small core pseudopotential (PP) and ba-
sis were employed for Bi, which includes scalar rela-
tivistic and spin-orbit effects (SO) [15]. The basis set
6-31+4G(d,p) was used for Cu and the SDD basis and
pseudopotential were used for Ag and Au atom’s [16].
The MO6] functional is designed to capture the main de-
pendence of the exchange-correlation energy on local spin
density, spin density gradient and spin kinetic energy den-
sity; it is parameterized to satisfy the uniform electron gas
limit and to have good performance for both main-group
chemistry and transition metal chemistry [17].

To scan the conformational space we evaluated the
quantum energy of 32 randomly generated candidate
structures for each type of alloy. The random search was
carried out using ASCEC program [18], which contains
an adapted version of the simulated annealing optimiza-
tion algorithm. No symmetry restrictions were imposed in
the process of geometry optimization. Frequency analyses
were performed to check that the optimized structures are
true local minima on the potential energy surface.

For the formation energy of neutral Bi,,Cu,, Bi,,Ag,
and Bi,Au, we used Ey = E(Bi,M,) — [mE(Bi) +
nE(M)] and for cationic Bi,,Cu,, Bi,Ag} and Bi,,Au,}
clusters, By = E(Bi,,M}") — [(n — 1)E(M) + E(M™) +
mE(Bi)], where E(Bi,,M,,), E(Bi,,M;) are the energies
of the final optimized structures; mE(Bi) + nE(M) is
the sum of the energy of Bi atoms and the metal atoms
with no interaction between them; M is Cu, Ag or Au.
E(MT) is the energy of M cation since we considered that
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Calculated energy of formation (E) in eV and bond distances (d) in A for binary alloys.

d (A)

CCSD CCSDT MOo61 Exp.
2.284 2.268 2.230 2.19%
2.627 2.621 2.570 2.5322
2.575 2.572 2.560 2.47%2
2.600 2.633 2.664 2.66%
2.489 2.473 2.460

2.677 2.670 2.860

2.557 2.552 2.748

the positive charge is on the dopant atom (Cu, Ag or Au)
since this atom has the lowest electronegativity.

We also calculated the condensed Fukui function to
study the reactivity of different sites in the clusters. Fukui
functions are defined as: f,” = qr (V) — qx(IN — 1) and
f = a(N +1) = g(N), where gx(N), g,(N — 1) and
gr(N + 1) are the NBO charge on atom k for N total
electrons, N + 1 with an electron added and N — 1 with
an electron removed to the neutral cluster.

To test our results with MO06] functional we have also
optimized the structure of the binary and ternary alloys
with CCSD [19-22] and CCSDT [23]. Since CCSDT is
computationally very expensive only the minimum energy
structures were calculated. In Table 1 the energy of forma-
tion and structure parameters are given, available experi-
mental values are included. For the binary alloys the M061
calculated bond length is in better with the experimental
values agreement than CCSD or CCSDT; the standard
deviation of the bond length for M061 is 0.031 A while
that for CCSDT is 0.052 A. The standard deviation be-
tween MO61 and CCSDT for all binary alloys 0.098 A and
the bigger difference of 0.2 A is for BiAu and BiAg. The
Bis, Cusy, Ags and Aus experimental vibrational frequen-
cies 173.1 cm~! [24], 264.5 cm~! [25], 192 em ™! [25] and
190.9 cm~! [26], respectively, are in good agreement with
our calculated values with M061 177 cm™!, 268.1 cm ™!,
195 cm~! and 213.5 cm™!, respectively. In general the
formation energy is in good agreement for all calculations
except for Aus. For Au, the energy of formation calcu-
lated with MO6I is positive and very large, while for both
CCSD and CCSDT is negative with a reasonable value;
it should be notice that for M06l in order to get conver-
gence we had to use the quadratic convergence procedure
of g09. Nevertheless, the bond lengths and vibrational fre-
quencies are in good agreement with the experiment and
with CCSDT calculations.

In Table 2 the same data is shown, with the addition
of one angle. Since all structures are isosceles triangles the
angle included is that between the equal sides. It should be
notice that the energy of formation follows the same trend
for both CCSD and MO06] and that always the triangular
structure is more stable than the best linear structure.
CCSDT and MO061 also follow the same trend; in fact, the
standard deviation in the energy of formation difference
is only 0.1 eV. In terms of structure the bond lengths are
very similar, the standard deviation is only 0.046 A and
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Table 2. Calculated energy of formation (E) in eV and bond distances (d) in A and angles (°) for ternary alloys. Tr denotes
the triangular structure and L the linear one. Linear alloys BiCu and Biz Au were not a minimum.

E¢(ev)

Alloy

CCSD CCSDT Mo6l  CCSD
Bis —8.23 —8.63 —7.2 2.826
Cus —2.59 —2.92 —2.52 2.344
BiCuz-Tr  —4.63 —4.97 —4.17 2513
BiCus-L —2.39 —3.18  2.547
BioCu-Tr —6.24 —6.72 —5.93  2.599
BizCu-L
Ags —2.08 —2.26 —1.80  2.856
BiAgy-Tr —4.35 —4.57 —3.65  2.700
BiAgs-L —2.14 —2.24  2.759
BisAg-Tr —5.99 —6.41 —5.57  2.816
BisAg-L —5.04 —4.62 3.321
Aus —7.37 —7.55 —7.20  2.620
BiAus-Tr  —8.46 —8.73 —7.48  2.590
BiAus-L —5.95 —3.40  2.651
BigAu-Tr —7.53 —7.92 —6.21 2.730
BizAu—L
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Fig. 1. Lowest-energy structures for neutral Bi,,Cu,, with
m-+n < 5.

the same for angles is 3.29°, which is smaller than that for
CCSD-CCSDT (4.11°).

The previous analysis shows that MO6! is a reliable
functional for this clusters and that results can be used
with confidence.

3 Results and discussion
3.1 Geometries of neutral and cationic Bi,,Cu, clusters

The lowest-energy structures for neutral Bi,,Cu, and
Bi,,Cu, for m + n < 5, optimized with MO06] func-
tional are shown in Figures 1 and 2, respectively. Pure
Bi clusters have 3D structures while Cu clusters have pla-
nar structures in agreement with previous DFT calcula-
tions [11,27,28]. In general, the Bi,,Cu,, clusters have 3D

d(A) Angle (°)
CCSDT Mo061 CCSD CCSDT Mo6l
2.825 2.890 63.58 64.00 63.96
2.326 2.230 68.81 67.40 60.04
2.506 2.503 64.26 62.10 59.06
2.520 180.0 180.0
2.579 2.562 64.16 65.72 68.27
2.691 2.680 55.22 67.61 60.00
2.696 2.717 69.10 67.97 64.20
2.780 180.0 180.0
2.810 2.807 58.65 59.67 61.29
3.020 180.0 180.0
2.614 2.660 122.8 122.69 121.4
2.588 2.651 T7.72 74.62 73.26
2.720 180.0 180.0
2.719 2.761 62.09 63.04 63.42

RS ST b

Fig. 2. Lowest- energy structures of Bi2Cuy’, BiCuj, BizCuj,
BizCuJ and BisCuj . All structures have Ca, symmetry.

structures only the BisCus is planar. From Figure 1 we
can also see that there is some kind of symmetry when
interchanging Bi by Cu; in other words, the structure of
Bi,,Cu,, is similar to that of Bi,,Cu,,. Most structures
have Co, symmetry, only two of them BiCus and BiCuy
have Cs, symmetry and BisCus has no symmetry. It
would be expected that BisCu and BiyCu would also have
a three-folded symmetry but in both cases the copper ion
does not like to be bonded to 3 bismuth atoms, it is only
bonded to 2 (for data associated with bond lengths (A)
and angles (°), see the Appendix).

The lowest energy structure corresponds to their low-
est spin states; in some cases the energy difference with
the triplet state is very small. When we compared our re-
sults for neutral clusters with the cationic clusters, we find
small changes, with slight distortions in the structures, ex-
cept for Bi;Cuy, Bi;Cuy, Bi2Cuj, BizCuj and BisCuj
where the structure is different as shown in Figure 2. The
big change is in the BioCus where the neutral is planar but
the cation is 3D. Cluster Bi; CujlL changes symmetry group
from Cs, to Cs,. The same behaviour mention above with
respect to the interchange of Bi by Cu is seen.

Yamada et al. [13] found the magic numbers for the
metal alloy clusters Bi,,Cu: (1,4), (4,1), (5,2), and (6,3).
The first 2 are explained in terms of the jellium model
and the last 2 by Wade’s rules. The magic numbers re-
fer to those clusters that are more abundant which should
imply that they are more stable. This means that there
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Table 3. Electronic properties of neutral Bi,, Cu,, with n = 1-5, m = 1-5 and m + n < 5: formation energy (eV), HOMO-
LUMO gap (eV), ionization energy (eV), electron affinity (eV) and electrical dipole (Debye).

Formation energy

Energy Ionization Electron

System  Formation energy per atom sap energy affinity Dipole
BiCu —-1.75 —0.88 0.41 —6.65 2.10 0.84
Bi2Cu —5.93 —1.98 0.57 —6.31 1.20 0.57
BiCus —4.17 —1.39 0.84 —6.40 2.24 1.84
BizCu —9.18 —-2.30 0.60 —6.35 1.52 0.95
Bi2Cuz —8.16 —2.04 1.08 —6.62 1.25 0.62
BiCus —7.80 —-1.95 1.70 —7.03 1.00 1.26
BisCu —13.2 —2.64 1.83 —6.15 1.56 0.52
BizCus —11.8 —2.36 0.71 —6.48 1.86 1.03
BizCus -10.7 —2.14 0.85 —6.64 1.84 0.21
BiCuy -9.73 —-1.95 1.66 —6.76 2.00 1.39

Table 4. Properties cationic clusters Bi,,Cu). The formation energy (eV), HOMO-LUMO gap (eV) and electrical dipole

(Debye).
System Formation energy Formation energy  Energy Dipole
(Cu cation) per atom gap
BiCu™ —2.70 -1.35 0.14 2.26
Bi>Cut ~7.32 —2.44 1.88 2.41
BiCug —5.57 —1.86 0.45 2.62
BisCu* —10.67 —2.67 0.44 1.54
BizCuf —9.58 —2.40 0.39 2.15
BiCuy —8.43 -2.10 2.25 3.12
BisCu™ —15.32 —3.06 2.35 2.26
BizCuy —13.20 —2.64 1.00 0.31
BisCuy —11.82 —2.36 0.17 1.03
BiCuj —11.67 —2.33 2.10 2.61

should be some correlation with the formation energy.
In fact there should be some correlation between the in-
tensities measured by Yamada et al. and the calculated
formation energy. In Tables 3 and 4 the formation ener-
gies of the neutral and cation clusters are given. For the
charged clusters we have computed the formation energy
assuming that the charged ion could either be a Cu or
a Bi. Both show the same behaviour so we will only re-
fer to the first one. To begin, the intensity for BioCu™ is
greater than that of BiCujy , the formation energies follows
the same behaviour 7.32 eV and 5.57 eV.

Similarly, in the series of 4 atoms, BisCuj has ap-
proximately the same intensity than BizCuj” and BiCuj,
the corresponding formation energies are 9.58, 10.67 and
8.43 eV, respectively. Finally, for the series of 5 atoms,
BisCu] has higher intensity (15.32 eV) than Bi;Cu}
(11.67 eV) and BizCuj (13.20 eV), the formation energies
follow the same trend.

On the other hand, we find that the neutral structures
are less stable than the cationic structures (cations have a
higher formation energy than neutral clusters), as shown
in Tables 3 and 4. Assuming that the Cu atom donates
one electron and Bi donates five electrons to the cluster,
the total number of valence electrons in Bi,,Cu,, is given
by 5m+n. The clusters with even number of atoms m +n

have even numbers of electrons. If we divide the forma-
tion energy by the number of atoms corresponding to its
stoichiometry and compare the results, we find that the
clusters with even number of atoms are as stable as the
neighbouring clusters having odd number of atoms.

3.2 Orbitals

Tables 3 and 4 show that the electric dipole and the
HOMO-LUMO gap oscillate as the cluster size increases.
The vertical IFE is calculated as IE = E} — E,, where
E; is the total energy of the cationic cluster with the
neutral geometry and the vertical E'A is calculated from
EA=FE,—FE_, where I, is the total energy of the anion
with the neutral geometry. Table 3 shows the calculated
IEs and EAs. The IEs of Bi,,Cu, clusters are approxi-
mately independent of size or number of atoms. However,
the FA of the neutral clusters increases with increasing
number of copper atoms; we find the following behaviour:

EA(Biz) < EA(BiCu) < EA(Cus),
EA(B13) < EA(BIQCU.) < EA(BICU.Q) < EA(CLI?,),
EA(Biy) < EA(BiCus) < EA(BiyCus)

< EA(Bi3Cu) < EA(Cuy)
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a) HOMOu
b) HOMOu

“ U s l .." .i
¢) HOMO LUMO  d) HOMO LUMO e) HOMO  LUMO

Fig. 3. Spatial representation of the HOMO and LUMO of
compounds: (a) BizCu, (b) BiCug, (c¢) BizCu, (d) BizCuz and
(e) BiCus.

and

EA(B15) < EA(CU5) ~ EA(B14CU)
< EA(BIQCUg) ~ EA(BIgCUQ) < EA(BICH4)

This is expected since Cu is less electronegative than Bi
and indicates that metallicity is lost as the number of Bi
increases.

The HOMO and LUMO orbitals of Bi;Cu, BiCus,
Bi3Cu, BiyCus and BiCug are shown in Figure 3. All these
orbitals are formed with main contributions from the 6p
orbitals of the bismuth and the 3d of the Cu. For com-
pound BisCu the HOMO alpha is antibonding with b,
symmetry and the LUMO alpha also antibonding has as
symmetry. The HOMO beta has b; symmetry, it is a bond-
ing orbital between al three atoms. The LUMO beta is b
and is antibonding between the bismuth atoms and bond-
ing for the Cu atoms with both Bi atoms. For compound
BiCus the situation is completely different, both HOMOs
are bonding, HOMO alpha with b; symmetry bonds all
three ions, while HOMO beta with by symmetry bonds
the Cu ions with the bismuth but is antibonding between
coppers; both LUMOs are very similar the alpha with aq
symmetry and the beta with b1.

The set of compounds with 4 ions is closed shell so we
only have one HOMO and one LUMO. Compound BizCu
has a HOMO with a” symmetry and LUMO with a’ sym-
metry. The HOMO is bonding between the Cu and 2 bis-
muths and antibonding between bismuths, in fact there
is one bismuth ion that does not participate; even more,
in the LUMO this ion shows a dangling bond. Compound
BiyCus should be a fairly unstable compound the HOMO
shows very poor bonding character and the LUMO is an-
tibonding. Finally compound BiCus that has Cj, sym-
metry, with a HOMO that bonds every thing together,
is doubly degenerated with symmetry e and the LUMO
with a7 symmetry has contributions from all four ions.
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Table 5. Fukui functions for neutral Bi,,Cu,, clusters.
Symmetric atoms are not included.

Cluster Atom  fT I~
: Cu 061 052
BiCu Bi 039 048
. Cul 023 023
Bi:Cu  pio 038 038
: Cul 0.18 021
BiCu; Bi3 065 058
Cu3 0.16 0.16
BisCu  Bil  0.33 0.14
Bi3 025 035
Cu3 011 0.14
. Cud 019 0.34
Bi:Cuz piy 031 010
Bi2  0.39 0.42
: Cu2 021 0.07
BiCus Bil  0.37 0.46
Cu5 015 0.09

Bi;,Cu  Bil  0.30 0.32
Bi3 013 0.13
Cu3  0.07 0.07

BiSCUQ Bil 0.12 0.12
Bi2  0.10 0.64

Cu2 002 003
BizCU3 Cu5 0.13 0.14
Bil 041 0.40
Cu3 040 0.44
BiCus  Cu2 0.08 0.07
Bil  0.38 0.36

This should be a fairly stable compound with an aromatic
character.

To determine the nature of bonding in Bismuth/copper
clusters, NBO population analyses calculations and molec-
ular orbital analyses were performed. The delocalized
molecular orbitals of all studied systems are alike. These
facts indicate that the Bi-Bi and Bi-Cu bonding in
Bi,,Cu,, clusters has a covalence character, while the
Cu-Cu has a metallic character.

3.3 Reactivity of neutral Bi,,Cu, clusters
and electronic properties

The condensed Fukui function can give, in general, valu-
able information about the site selectivity in chemical re-
actions and systematization in a family of clusters [29].
Table 5 shows the Fukui coefficients for lowest-energy
structures of neutral Bi,,Cu,, with m +n < 5.

The function fT is associated with LUMO and mea-
sures reactivity toward a donor reagent and fT is
associated with HOMO and measures reactivity toward an
acceptor reagent. An analysis of the most reactive clusters
shows that Big cluster presents three active sites, two nu-
cleophilic centres and the other Bi is an electrophilic cen-
tre, while Cug presents two electrophilic centres. In BiCu,
Bi is the most active centre and Cu is less active for both
nucleophilic and electrophilic attacks. In BiCuy the most
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Table 6. Calculated NICS at the centre of the cluster.

Cluster  p; ot BinCup  BimAge  BimAun
(m,m)

(1,2) 55.92 23.95 1480  —52.24
(2,1) 28.40 7.80 3223 —132.39
(1,3) 273.16 5217 4247 34.95
(2,2) 51.01  —9884 29691 —776.02
(3.,1) 2.08 12.09 18.35 11.41
(1,4) 149.95 A1.45 94.82 91.22
(2.3) 3878  22.73 11.11 24.68
(3.2) 21.45 5.84 16.24 34.15
(4,1) 4837 2781 3819  —0.65

b3

i%
"
*v

€

G

o

Fig. 4. Lowest-energy structures for neutral for BisAg,
BizAgg7 BigAgg7 BizAgg, BigAu7 BigAUQ and BigAU3.

o

active centre would be Bi for both electrophilic and nucle-
ophilic attack (see Tab. 5 and Fig. 3). Bi;Cu shows less
activity. For the cluster series with m +n = 4, Bi sites are
more reactive, while Cu sites are almost non reactive. In
Bi3Cu two Bi sites are nucleophilic and one electrophilic;
in BisCuy there is some electrophilic reactivity at the Cu
site; and in BiCus (see Tab. 5 and Fig. 3), Bi shows nucle-
ophilic and electrophilic reactivity. Finally for the series
m +n = 5, BigCus shows very high electrophilic reactive
sites at the Bi atoms, while Cu sites are reactive only in
the BiCU4.

In general we can conclude that in these clusters the
Cu sites have very low reactivity, while Bi sites are more
reactive to nucleophilic and electrophilic attack. Increas-
ing the number of Bi reduces the activity those sites.

In the following section we will discuss the properties
of neutral bismuth/silver and bismuth/gold clusters.

3.4 Neutral bismuth/silver and bismuth/gold clusters

We have also studied neutral Bi,,Ag, and Bi,,Au,. In all
cases the lowest energy structure corresponds to their low-
est spin state. From a structural point of view the struc-
tures of these clusters are almost the same than those of
Bi,, Cu,, discussed above, including the symmetry, except
for: BlglAg7 BiQAgQ, BigAgQ, BiQAgg, Bi2Au2, BigAu and
BizAus whose structures are shown in Figure 4 (for data
associated with bond lengths (A) and angles (°), see the
Appendix).

Eur. Phys. J. D (2013) 67: 239

In the case of BigAg, silver is only bonded to one Bi,
while in BizCu, the copper bonds to the three Bi atoms.
For BigCus and BigCu we have a 3D structure while
BizAgs and BizgAu are planar; on the other hand BisCus
cluster is planar while BisAgs has a pyramidal structure
and BisAus is planar but has a symmetrical structure.
This behaviour is probably a steric effect since Cu and Au
are smaller than silver.

In Figure 5 we compare Bi,,Cu,, Bi,,Ag, and Bi,,Au,
energy of formation, HOMO-LUMO gap, IE (ionization
energy) and FA (electronic affinity). The behaviour of
the IF is similar for all three transition metals clusters.
The extremely high T'E (see Fig. 5¢) and low EA in com-
pound (1,3) confirm the stability of Bi;Cus, BijAgs and
Bi;Aug, all with pyramidal structures. The EA for all
three alloys increases with increasing number of transi-
tion metal atoms, only for odd number of total atoms.
Finally compound (1,2) has the highest EA and (1,3) the
lowest.

From the formation energy, we find that the Bi,,Au,
structures are more stable than Bi,,Cu, and Bi,,Ag,
structures in all series, as is shown in Figure 5a. The ex-
pansion of the 5d orbitals probably contributes substan-
tially to increase the binding energy of the open 5d-shell
transition metal clusters by making these orbitals more ac-
cessible. In general we can see that the formation energy
for Bi,,Cu,, and Bi,,Ag, clusters decreases with number
of copper or silver atoms, respectively, while in the case of
Bi,, Au,, cluster the general trend is to increase with the
number of gold atoms.

Figure 5b shows that the HOMO-LUMO gap oscil-
lates with the number of copper, silver and gold atoms.
In the case of Bi,,Cu, and Bi,,Au,, the results suggest
that the clusters would like to be semiconductor rather
than metallic. In contrast, for BisAgs cluster has a small
HOMO-LUMO gap of 0.05 eV. The BisAgy cluster has
a pyramidal structure, its electronic orbitals are delocal-
ized and it is an antiaromatic compound. In the case of
Bi,,Ag,, clusters, we find that BiAg presents one nucle-
ophilic centre (Bi atom) and BizAg cluster has one nucle-
ophilic centre (Ag atom). The other clusters have very low
reactivity centers. For Bi,, Au,,, the cluster with the more
reactive site is BiAu that has one electrophilic centre (Bi
atom). The BigAu cluster has one nucleophilic centre (Bis
atom) and BiAuy has one electrophilic centre (Aus atom).
The other clusters have less reactive sites.

From NBO population analysis, we find that in the
Bi,,Ag,, clusters there is an electronic charge transfer from
the Ag atom to the Bi atoms. In contrast, Bi,,Cu, and
Bi,, Au,, there is electronic charge transfer from the Bi
atoms to the Au or Cu atoms. For example for BijAg,
we found that the Ag atoms have a net positive charge
+0.154. For BiyCu and BigAu clusters case, Cu and Au
atoms have a net negative charge —0.025 and —0.117, re-
spectively. The results for the reactivity in the clusters are
a consequence of the charge transfer from the alpha and
beta virtual and occupied orbitals available (LUMO and
HOMO). An analysis of the reactivity shows that BiyAg
and BisCu clusters have less reactive sites. In contrast,
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Fig. 5. Comparison between neutral bismuth/copper, bismuth/silver and bismuth/gold clusters. (a) Formation energy,

(b) energy gap, (c) ionization energy, (d) electronic affinity.

BigAu cluster presents one active site at the Au atom
(nucleophilic centre).

The density of states (DOS) can help understand the
above-mentioned behaviour (Fig. 6). The value of the total
DOS for lowest alpha and beta virtual orbitals available
is 2, 8 and 4 states/eV for BisCu, BisjAg and BijAu, re-
spectively (see Fig. 6). However, for BigjAu there are two
consecutive alpha virtual orbital available next to two con-
secutive beta virtual orbitals available. The LUMO alpha
is an anti-bonding orbital between unoccupied gold s or-
bital and neighboring Bi p orbitals; the LUMO beta is
a bonding orbital between unoccupied gold d orbital and
neighboring Bi p orbitals. For Bi,Cu, the energy gap be-
tween HOMO alpha and HOMO beta is 0.5 eV and 0
between LUMO alpha and LUMO beta (see Fig. 6). For
BigAg, the energy gap between HOMO alpha and HOMO
beta is 0.4 eV and 0.2 between LUMO alpha and LUMO
beta. For BiyCu and BijAg, both LUMO alpha and beta
are anti-bonding between unoccupied Bi p orbitals. This
indicates that BigAg has the biggest HOMO-LUMO gap
so it should be the less reactive. BijAu is more reac-
tive than BiyCu due to the contributions of s and d gold
orbitals.

An analysis of the reactivity shows that BiAuy and
BiCuy have more reactivity sites than BiAg, being the
Aus and Cug the most reactive sites. Figures 6b, 6d and 6f
show the DOS for these compounds. For BiCuy, BiAuy
and BiAgy clusters, the value of the total DOS for alpha
and beta virtual orbitals available is 4, 4 and 4 states/eV,
respectively (see Fig. 6). Again BiAg, has the biggest
HOMO-LUMO gap and is less reactive. On the other hand
the available states for the Cu and Au are analogous and
their reactivity is similar. In this case the frontier orbitals
of all three compounds are comparable and thus their
behaviour is alike.

3.5 Aromatic/antiaromatic metal clusters

It is always interesting to analyse the aromatic char-
acter of close ring clusters; it gives information about
delocalized electrons and stability of the cluster. To cal-
culate the aromatic character we used the nuclear inde-
pendent chemical shift (NICS) procedure [30], and the
GIAO method (Gauge Independent Atomic Orbital) to
calculate the magnetic susceptibility [31] at the centre of
the ring (see Tab. 4). Negative NICS denote an aromatic
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Fig. 6. Density states (DOS). (a) Bi4Cu, (b) BiCuy4, (c) BisAg, (d) BiAg, (e) BisAu and (f) BiAua.

character, whereas positive NICS denote antiaromatic be-
haviour [32]. Li et al. [33] using DFT have shown that only
Biy cluster is aromatic, forms a planar ring and satisfies
the Hiikcel rule of 4n + 2w electrons. The NICS analysis
suggests that the aromaticity for Big arises primarily from
the contributions of Bi-Bi ¢ bonds and Bi-Bi w bonds,
while the aromaticity of BisM (M = Li, Na, K) and BisM*
(M =Be, Mg, Ca) mainly owe to the Bi-Bi ¢ bonds [33].
In other work on bismuth polycation species, calculations
were performed at the Hartree-Fock and density func-
tional theory [12]. The bonding in bismuth polycations is
characterized by a high degree of electron delocalization
and three-dimensional aromaticity. In our systems, most

of the compounds have an antiaromatic character, except
for BisCus, BisAu, BiAuy and BisAuy with NICS value
of —98.8, —132.4, —52.2 and —776.0, respectively. It is to
be notice that most Cu and all Ag clusters have an antiaro-
matic character, which normally is an indication of insta-
bility, while some Au clusters have an aromatic character.
We only find an aromatic character in those clusters that
are flat and based on gold. In fact this is clear in the case of
clusters with (m,n) = (2,2) where the regular shape gold
based has the higher aromaticity and the 3D silver based
cluster is anti aromatic. For Bis Au, BiAuy and BisAuy we
find two contributions to the current, one due to pi elec-
trons and another to sigma electrons. The combination of
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sigma and pi ring current confirms the multiple aromatic
characters of these compounds.

4 Conclusions

In summary, the equilibrium geometries, relative sta-
bility, and electronic properties including the ionization
energy (IE), electron affinity (EA), reactivity, aromatic-
ity /antiaromaticity and HOMO-LUMO gaps of small bis-
muth/cooper (Bi,,Cu,) clusters and their cations with
m + n < b, were investigated using DFT method under
the framework of the MO06] functional. The work is com-
plemented with the study of small neutral bismuth/silver
and bismuth/gold clusters. When we compared our results
for neutral clusters with the cationic Bi,,Cu; clusters,
we find only slight distortion of the structures, except for
BiyCuy, Bi;Cuy, Bi2Cud, BizCuj and BisCuj . Our re-
sults on stability for cationic Bi,, Cu;l clusters are consis-
tent with experimental report. It is found that the neutral
structures are less stable than the cationic structures in
the case of bismuth/cooper clusters.

On the other hand, results for neutral Bi,,Cu, clus-
ters were compared with those for Bi,,Ag, and Bi,,Au,
clusters. For most clusters only slight distortions in the
structures were found except for BigAg, BisAgsy, BisAgs,
BisAgs, BisAus, BigAu and BisAus. The I E behaviour of
Bi,,Ag, and Bi,;,Au, is similar to that of Bi,,Cu, clus-
ters. For odd total number of atoms, the E'A increases with
increasing number of copper, silver or gold atoms. More-
over, we find that the Bi,, Au,, structures are more stable
than those of Bi,,Cu,, and Bi,,,Ag,. In the case of Bi,,Cu,,
and Bi,, Au,, the results suggest that the clusters would
like to be semiconductor rather than metal. Molecular or-
bital analysis and the application of the NICS index con-
firm the presence of sigma and pi aromatic/antiaromatic
character. Most of the compounds have an antiaromatic
character, except for Bi;Cus, BisAu, BiAus and BisAus.
For BisAu, BiAus, and BisAus which have an aromatic
character. We find two contributions to the current, one
due to pi electrons and another to sigma electrons. The
combination of sigma and pi ring current confirms the
multiple aromatic characters of these compounds. Finally,
the bismuth/cooper clusters have more reactive sites than
clusters of bismuth /silver and bismuth/gold.

Although the general behaviour for the three systems
is similar there are some important differences: Bi,,Au,
clusters are more stable and aromaticity is more impor-
tant, Bi,,Ag, shows are less reactive and Bi,,Cu, has
more reactive sites. Our results also indicate that Bi bonds
better with Au.

This research has received funding from the European Com-
munity Seven Framework Programme (FP7-NMP-2010-EU-
MEXICO) and CONACYT under grant agreements 263878
and 125141, respectively. We thank the Computing and In-
formation Technology Division of the UNAM for the computer
resources and the Direccién General de Asuntos del Personal
Académico for financial support (E. Rangel’s scholarship).
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Appendix: Data associated with bond
lengths (A) and angles (°)
of the bismuth/cooper, bismuth/silver
and bismuth/gold clusters

Table A.1. Bond lengths (A) and angles (°) of the neutral
clusters under study after optimization.

Cluster (Sim) Bond Length Angle
BiyCu(Cay)  Bi2-Cul  2.562 Bi2-Cul-Bi3  68.3
BiCuz(Cay)  Bi3-Cul 2503  Cul-Bi3-Cu2  59.1
Bil-Bi2  2.946 Cu3-Bil-Bi2  52.0
BisCu(Cs)  Bil-Cu3 2.812 Bi4-Bil-Bi2 76.4
Bi4-Bil-Bi2-Cu3 —52.1
Bil-Bi2  2.897 Cu3-Bil-Bi2  54.1
BioCu2(C1)  Bil-Cu3  2.652 Cud-Bil-Bi2  108.0
Bil-Cu4 2.627 Cud-Bil-Bi2-Cu3 0.0
. Bil-Cu2 2.531 Cu3-Bil-Bi2  58.3
BiCus(Csv) Cu4d-Bil-Bi2-Bi3  69.9
Bil-Bi2  4.065 Bi3-Bil-Bi2 48.1
BisCu(Cyy)  BIIBI3 304 Cus-Bil-Bid 789
Bil-Cub 2.568 Cub-Bil-Bi4-Bi2 —24.8
Bi4-Bil-Bi2-Bi3  84.8
Bil-Bi2  3.044 Cu3-Bil-Bi2  53.5
. Bil-Cu3 2.768 Bi4-Bil-Bi2 96.5
Bis Cuz(Cs0) Bi4-Bil-Bi2-Cu3  33.9
Cu5-Bil-Bi2-Cu3  67.9
Bil-Cu2 2567  Cu3-Bil-Cu2 755
Bil-Bid  4.042 Bi4-Bil-Cu2  38.1
Bi2Cusz(C2,) Bil-Cub 2.670 Cub-Bil-Cu2 56.7
Bi4-Bil-Cu2-Cu3 8.5
Cub-Bil-Cu2-Cu3 59.4
Bil-Cu2 2569  Cu3-Bil-Cu2  33.7
. Bil-Cu3 4.075  Cud-Bil-Cu2  57.5
BiCus(Cs) Cud-Bil-Cu2-Cu3 —34.8
Cub-Bil-Cu2-Cu3 34.8
BioAg(Ca)  Bi2-Agl 2.807 Bi2-Agl-Bi3  61.3
BiAga(Ca,)  Bi3-Agl 2716  Agl-Bi3-Ag2  64.2
Bil-Bi2  2.815 Ag3-Bil-Bi2 714
BisAg(C:)  Bil-Ag3 4.404 Bi4-Bil-Bi2 62.5
Bil-Bi4  3.046 Bi4-Bil-Bi2-Ag3 —40.4
. Bil-Bi2  3.092 Ag3-Bil-Bi2  57.5
Biz Aga(Ca0) Bil-Ag3 2.880 Agd-Bil-Bi2-Ag3 —70.8
. Bil-Ag2 2.737 Ag3-Bil-Bi2  64.3
BiAgs(Cs.) 2.914  Agd-Bil-Bi2-Bi3  72.4
Bil-Bi2  4.006 Bi3-Bil-Bi2 48.8
. Bil-Bi3  3.040 Ag5-Bil-Bid  86.3
BisAg(Co) b1 Ags 2838 AghBil-Bid-Bi2 27.9
Bi4-Bil-Bi2-Bi3 —82.3
Bil-Bi2  3.032 Ag3-Bil-Bi2  105.3
Bil-Ag3  2.858 Bi4-Bi2-Bil 63.0
BisAga(Ch)  Bi4-Bi2  2.992  Agh-Ag3-Bil  63.7
Ag5-Ag3 2.788 Bid-Bi2-Bil-Ag3 —103.4
Ag5-Ag3-Bil-Bi2 44.5
Bil-Ag2 2836  Ag3-Bil-Ag2  61.9
Bil-Bi4  3.183 Bid-Bil-Ag2  58.7
BizAgs(C.)  Bid-Ags 2.812  AghBil-Ag2  61.1

Bi4-Bil-Ag2-Ag3  68.6
Ag5-Bid-Ag2-Bil 138.3
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Table A.1. Continued.

Cluster(Sim) Bond Length Angle

Bil-Ag2 2.776  Ag3-Bil-Ag2 645

BiAga(Cau) Bil-Agd 2811 AghAgdBil 1045

Ag4-Ag3-Bil-Ag2 —36.2

Agh-Bil-Ag3-Agd 36.2

BizAu(Cs,) Bi2-Aul 2.761 Bi2-Aul-Bi3 63.4

BiAua(Cs) Bi3-Aul 2650  Aul-Bi3-Au2  73.3

Bil-Bi2  2.891 Au3-Bil-Bi2 43.6

BisAu(C,) Bil-Au3 3.981 Bi4-Bil-Bi2  83.3

Bil-Bi4 2.891 Bi4-Bil-Bi2-Au3 —20.8

Biy Atz (Cay) B.il—Bi2 4.240 Au3.—BiljBi2 37.7

Bil-Au3 2.680 Au4-Bil-Bi2-Au3 180.0

BiAug(Csy) Bil-Au2 2.677 Au3—‘Bil—.Bi2‘ 70.7

Au4-Bil-Bi2-Bi3  75.6

Bil-Bi2  4.037 Bi3-Bil-Bi2 48.5

BisAu(Cay) B.il-Bi3 3.045 Au5-.Bi1-.Bi4. 84.4

Bil-Au5 2.775 Aub-Bil-Bi4-Bi2 27.1

Bi4-Bil-Bi2-Bi3 —82.9

Bil-Bi2  3.067 Au3-Bil-Bi2 48.5

BizAuz(C2y) Bil-Au3 3.534 Bi4-Bil-Au3-Bi2 —122.7

Aub5-Bil-Bi4-Au3 —79.0

Bil-Au2 2.782 Au3-Bil-Au2 69.7

BisAus(Csp) Bi4-Au3-Bil 974

Bi4-Au3-Bil-Au2 37.5

Bil-Au2 2.711 Au3-Bil-Au2 41.9

BiAus(Csy) Bil-Au3  4.238 Au4-Bil-Au2 70.7

Aub5-Bil-Bi4-Au3 —37.8
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