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A systematic quantum chemical investigation on the electronic, geometric and energetic properties of
Au,V clusters with » = 1-14 in both neutral and anionic states is performed using BP86/cc-pVTZ-PP
calculations. Most clusters having an even number of electrons prefer a high spin state. For odd-
electron systems, a quartet state is consistently favoured as the ground state up to AugV. The larger
sized AuoV, Au,V and Auy,V prefer a doublet state. The clusters prefer 2D geometries up to AugV
involving a weak charge transfer. The larger systems bear 3D conformations with a more effective
electron transfer from Au to V. The lowest-energy structure of a size Au,V is built upon the most stable
form of Au,_;V. During the growth, V is endohedrally doped in order to maximize its coordination
numbers and augment the charge transfer. Energetic properties, including the binding energies,
embedding energies and second-order energy differences, show that the presence of a V atom enhances
considerably the thermodynamic stability of odd-numbered gold clusters but reduces that of even-
numbered systems. The atomic shape has an apparently more important effect on the clusters stability

than the electronic structure. Especially, if both atomic shape and electronic condition are satisfied, the
resulting cluster becomes particularly stable such as the anion Au;,V™~, which can thus combine with the
cation Au™ to form a superatomic molecule of the type [Au;,V]Au. Numerous lower-lying electronic
states of these clusters are very close in energy, in such a way that DFT computations cannot clearly
establish their ground electronic states. Calculated results demonstrate the existence of structural isomers
with comparable energy content for several species including AugV, AuoV, Au;zV and AuV.

1. Introduction

Gold clusters constitute an interesting research field owing to
their potential applications in nanoscale devices,' and their
unique catalytic activities supported by such nano-particles,”
contrary to the particular inertness of the gold bulk. In this
context, clusters of gold have been the subject of continuing
experimental and theoretical investigations. Electron affinities,
vertical detachment energies and ionization energies of small
to medium sized gold clusters were evaluated in early experi-
ments.>> Rate constants and monomer—dimer branching
ratios for decays of gold cluster cations were also measured.®
Recently, Gruene and co-workers’ were able to record the
vibrational spectra of neutral clusters Au;, Aujg and Auyg in
the gas phase. From experimental photoelectron spectra, Auyg
was confirmed to be a tetrahedron and hold a particularly
large HOMO-LUMO gap which is even larger than that of Cey.*
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Besides, numerous theoretical studies were carried out on
various aspects of geometrical, electronic and thermodynamic
properties of neutral and ionic gold clusters.””'® One of the key
findings is the preference for planar structures of small sizes,
and the crossover from planarity to non-planarity is found to
occur at the size of Au,; for neutrals.'® Concerning the cations
Au, and anions Au,,, the 2D-3D transition occurs at a size of
n ~ 7and n ~ 11-12, respectively.''*1® A widely accepted
explanation for such a remarkable difference is based on
strong relativistic effects,'”'® which compact the size of s
atomic orbitals, and subsequently enhance the s—d hybridization
and d—d interaction, leading to a preference for more directional
Au-Au bonds.'” >

From previous investigations performed on the doped gold
clusters, with dopant atoms ranging from light elements to
transition metals, the impurity atoms strongly influence the
physical and chemical properties of host gold systems. For
example, Au,Si prefers a platonic solid T} structure,? instead
of a 2D shape such as that of Aus, and is exceptionally
stable.?* Similarly, AusM clusters, in which dopant atoms M
are p elements such as Al, Si and P,? also exhibit non-planar
structures, moving away from the typical planar triangular
form of Aug.’ More remarkably, even though neither the
13-atom gold neutral nor its charged species favor a high
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symmetry icosahedral () structure,'>*® a number of icosa-

hedral clusters Au;,M, in which the impurity atom is normally
a transition metal, have been found. In fact, the existence of
platonic solid 7, clusters Au;,M”* with M¥ = V7, Nb~, Ta,
Ta~, W, Re™ was theoretically predicted and experimentally
confirmed by several groups.?’ ° These clusters are unique as
they possess an exceptionally high thermodynamic stability
and a particularly large frontier orbital energy gap.>' The
measured vertical electron detachment energies (VDEs) for
anions Au;,V™, AupNb™ and Auj,Ta™ amount to 3.79, 3.88
and 3.90 eV,?® respectively, as compared to that of 3.94 eV of
Auf3.32

Especially, a series of iso-electronic gold-caged neutrals
Au M (M = Zr, Hf) and anions AuysM~™ (M = Sc, Y) are
predicted to have HOMO-LUMO gaps even larger than those
of Au;,W and Auyg clusters, which hold a large measured gap
of >1.6 eV.*® Several groups also investigated the anionic
Aujg cage encapsulating Cu, Fe, Co, Ni, Ag, Zn, In etc.
species, and confirmed that the impurity greatly modifies the
geometric and electronic properties of the host.***° Recently,
a combined study using FIR-MPD vibrational spectroscopy
and quantum chemical calculations allowed Lin and co-workers
to determine the lowest-energy structures of a series of small
yttrium-doped gold Au,)Y (n = 1-9) clusters.’” It turns out that
these clusters differ from pure gold clusters and favor non-
planar geometries already from Au,Y. In addition, the presence
of Y tends to enhance considerably the thermodynamic
stability of the binary clusters.

In contrast to the well-developed understanding of pure
gold clusters, there is relatively less information available
about structural and electronic properties of bimetallic
gold-vanadium systems. Our knowledge on combinations
between gold and vanadium elements is restricted on some
discrete sizes such as AugV%"3%3 Au;,,v7, 283140 and
AunyV.*! and a more systematic investigation on the cations
Au, V" (n = 1-9) by Torres and co-workers.** These reports
do not allow us to have a view on the mixed V and Au species.
In this context, we set out to theoretically investigate a series of
small vanadium-doped gold clusters Au,V with n = 1-14 in
order to probe systematically their behavior and the evolution
of their structural, electronic and energetic properties. The
basic energetic properties, i.e. electron affinities (EA), ioniza-
tion energies (IE), dissociation energies (D.), and binding
energy per atom (BE), as a function of cluster sizes are
determined and calibrated from available experimental data.
In addition, the calculated results obtained for doped systems
are compared with those of pure gold systems in order to
evaluate the effects of impurity on the host clusters. The main
purposes of this study are thus to identify the lowest-energy
structures as well as the general trends in the size-dependent
stability and growth of bimetallic clusters Au,V in both
neutral and anionic states.

2. Computational methods

All electronic structure calculations are carried out using the
Gaussian 09 suite of program.*® The plausible geometries for
all sizes of Au,V are initially investigated making use of DFT
with the pure BP86 functional and the effective core potential

LANL2DZ basis set. Subsequently, geometries of the most
relevant lower-lying isomers are reoptimized utilizing the
correlation consistent cc-pVTZ-PP basis set,** where PP
stands for a pseudo-potential. This basis set with effective core
potential (ECP) already includes the relativistic effects that are
crucial in the treatment of heavy elements such as gold. For
the gold element, the basis set employed includes nineteen
electrons on 5s, 5p, 5d, 6s orbitals as valence electrons, while
those of vanadium comprise thirteen electrons on the 4s, 4p,
4d, 5s orbitals. The spin multiplicity of a specific size is
considered at 1 (singlet), 3 (triplet) and 5 (quintet) for even-
electron clusters and 2 (doublet), 4 (quartet) and 6 (sextet) for
odd-electron clusters.

The initial structures for geometry optimizations are
constructed via two routes. In the first one whose procedure
can also be called ‘successive growth algorithm’, the initial
geometries of a certain size Au,V are generated from the
lowest-lying isomers of the smaller size Au,_;V by adding
an extra Au atom randomly. In the second route, we employ
previous results on related transition metal clusters as a guide,
in particular we use the lower-lying structure of the pure gold
clusters Au, 1 to generate the structure of Au,V by substitu-
tion of one Au by V. A genetic algorithm code is also used but
it is extremely computer time-consuming and does not lead
to better results. Harmonic vibrational frequencies are subs-
equently computed to confirm that the optimized geometries
correspond to local minima or transition states on the poten-
tial energy surface.

In order to calibrate the computed results, we perform
density functional theory calculations on the diatomic clusters
Au, and AuV using the popular pure BP86, hybrid B3LYP
and hybrid meta-GGA MO06 functionals, in conjunction with
the cc-pVTZ-PP basis set. The calculated results are presented
in Table 1, along with available experimental data. For Au,,
the calculated bond length increases in the order BP86 <
B3LYP < MO06, and likely overestimate the experimental
value by ~0.05 (BP86), 0.08 (B3LYP) to 0.10 A (MO6).
Similarly, the BP86 functional consistently predicts the
shortest equilibrium (r.) distance for AuV, while the M06
gives the longest one. There is no experimental result for the
mixed diatomic species. Note that the experimental value is the
vibrationally averaged distance (ry). The calculated D, values

Table 1 Theoretical and experimental results of bond length R, (A),
dissociation energy D, (eV), ionization energy IE (eV), electron affinity
EA (eV) and vibrational frequency w, (cm~') for Au, and AuV

Calculation
Species Property BP86 B3LYP MO06 Experiment
Au, R. 2.520 2.547 2.575 2.472¢
D. 2.27 1.96 2.17 2.29 + 0.02¢
IE 9.58 9.33 9.15 9.20 4+ 0.21”
EA 2.08 1.89 1.77 1.92¢
We 173 167 160 191¢
AuV R. 2.465 2.512 2.528
D. 2.71 2.41 2.31 2.51 £ 0.09¢
IE 7.30 7.03 7.08
EA 1.17 1.10 1.41
We 231 219 212

@ Ref. 45. " Ref. 46. © Ref. 32.
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of Au, are ~2.3 (BP86), 2.0 (B3LYP) and 2.2 eV (MO06) as
compared to the experimental value of 2.29 + 0.02 eV.** The
BP86 functional appears to provide a better result for this
quantity. Concerning AuV, the predicted D, obtained from
B3LYP is however apparently in closer agreement with the
experiment. For ionization energies, the M06 prediction for
Au, deviates by ~0.05 eV from the measured value,*® while
B3LYP and BP86 values differ by ~0.13 and 0.38 eV from it,
respectively. In contrast, the EA of Au, obtained with the
BP86 is closer to the experiment®’ than other methods.
Although it appears to be difficult to judge on the absolute
accuracy of the results obtained by these DFT methods,
the BP86 functional provides in general for this type of
compounds a more consistent set of data.

The assessment of the performance of the BP86 functional for
transition metal compounds has abundantly been reported in the
literature.*’” Although each functional naturally has its own
advantages and drawbacks for different properties, the BP86
describes relatively well the electronic, geometric, spectroscopic
and energetic properties of transition-metal compounds. Barden
et al®® applied the LSDA, BP86, BLYP, B3P86, and B3LYP
functionals to nine homonuclear 3d dimers and found that the
mean unsigned error for bond distances obtained by BP86 is only
around 0.02 A as compared to 0.053 A of B3LYP. Li and
Dixon® used experimental electron detachment energies for MOy
M = Cr, Mo, and W) and M,Og (M = Cr and W) to test
the predictions of CCSD(T) and 28 functionals. These authors
found that the BP86 agrees best with the experiment, with a
maximum error of 0.29 eV and second largest absolute error of
0.07 eV; CCSD(T) had a maximum and second largest absolute
error of 0.31 and 0.12 eV, respectively. The functional was also
proved to be applicable in predicting bond dissociation energy of 3d
transition metal carbonyls.>® Stevens and co-workers®! applied two
LSDAs, seven GGAs, seven meta GGAs, and four hybrid GGAs
to bond distances, vibrational frequencies, and dipole moments
of diatomics of Cr, Mo, and W with C, N, and O. The BP86
functional is again judged to be the most satisfactory. Song er al.>
applied one LSDA, three GGAs, and five hybrid GGAs to bond
energies, bond lengths, and vibrational frequencies of 20 4d-series
neutral and cationic monoxides. The main conclusions about
performance are based on bond energies of neutrals, and the
BP86 functional, along with BLYP and BPW91 functionals, is
confirmed to yield the most reliable results. Therefore we selected
the pure functional BP86 for most calculations carried out in this
study. Unless otherwise stated, the values mentioned hereafter
are obtained from BP86/cc-pvTZ-PP calculations. For energetic
parameters, zero-point energy corrections are also included.

3. Results and discussion

As for a convention, the structures considered are denoted as
n—X where n is the cluster size ranging from 1 to 14, and X = I,
II, III efc. are the number of isomers located. The letter GS
stands for the ground electronic state.

3.A. Equilibrium structures of the neutrals and the growth
mechanism

The lowest-energy structures of bimetallic clusters Au,V are
presented in Fig. 1 and 2. They adopt planar forms up to

n = 8, and a 2D-3D transition apparently occurs at n = 9.
Clusters larger than AuoV tend to form 3D structures, in
which the V atom is endohedrally doped to maximize its
coordination number. From a growth mechanism point of
view, we find that the replacement of one Au in the Au, .,
species by one V atom to form Au,V complexes generally
results in a significant structural rearrangement. Except for
Au,V and Au,V, the doped Au,V and the pure Au,, | clusters
bear a completely different shape in their ground state. The
shapes of the doped clusters are described in some detail in the
following sections.

AuV. The GS of the smallest species AuV is a quintet state
with the orbital configuration °3"":.. .(26)*(35)'(2n)' (2n)' (35)".
The highest singly occupied orbital (SOMO) & (given in Fig. S1
of the ESIt) is an anti-bonding orbital and mainly of 4s,
3d.> (V). Other singly occupied orbitals are two © and one o
MOs. They all have anti-bonding character and are largely
contributed from V(d: d,., d,., d.,) orbitals as well. Hence, four

1

O—=0 -
S = 0.00
2-1 / 8
8:0 8 O‘B;— 0.00

-

O~

' -13

a1 O
Q / O O 4-1

Fig. 1 Lower-lying structures considered for Au,V clusters (n < 8)
and their relative energies at the BP86/cc-pVTZ-PP + ZPE level. Arrows

are the proposed evolution routes.
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Fig. 2 Lower-lying structures considered for Au,V clusters (n = 8-14)
and their relative energies at the BP86/cc-pVTZ-PP + ZPE level.

unpaired electrons are mostly located on the d(V) orbitals. The
interaction that forms chemical bonding in AuV occurs between
the 3d.., 3d,., 3d,., 45 AOs of V and the same symmetry
counterparts of Au, giving rise to lo, In and 2o bonding
orbitals. The lower spin singlet and triplet states are 2.42 and
0.97 eV above GS, respectively. The optimal bond length Au-V
varies from 2.47 (BP86), 2.53 (M06) to 2.54 A (B3LYP), while
that of Au, covers the range from 2.52 (BP86), 2.55 (B3LYP) to
2.58 A (MO06). Replacement of Au by V thus leads to a mild
decrease of bond length. In addition, due to the larger EA of the
Au element (2.31 eV) than that of V (0.53 eV),**> the Au-V
bond is relatively ionic with a positive charge centered at V
(+0.42 electron).

Au,V. The lowest-energy structure of the trimer Au,V is a
C», form 2-1 with a *B, GS, and an equilibrium Au-V distance
of ca. 2.44 A. The latter is slightly shorter than those in AuV
(~2.47 A) and in Au; (2.55 A) computed at the BP86/
cc-pVTZ-PP level. The low-spin ?B, state of this form lies
0.68 eV above GS. Another stable structure obtained for Au,V
is the linear 2-1II, which also prefers to stay in a high spin state

4", and is ca. 0.23 eV above the *B, GS. As the GS of
the vanadium atom possesses a [Ar]3d34s® configuration, it
consequently uses nine orbitals of 3d, 4s and 4p shells that
are available for making chemical bonds. In addition, empty d
AOs of V can act as electron acceptors by combining with
orbitals of the gold backbone. Therefore, Au,V is expected to
be more stabilized if the coordination number of V is getting
higher. Indeed, isomer 2-I in which the V atom has a
coordination number of two is much more stable than 2-III
(by ~1.4¢V), in which V has a coordination number of one.

AugzV. In terms of crystal filed theory, when placed in a D3y,
ligand field, five d orbitals of V will split into three levels as
follows:

—— e ¢, xl_)l'xy

— — ¢, X7, )2

— al'. Zz

Thus, starting from the higher symmetry D3, structure, Au;V
with four d electrons and a triplet state will have had two
electrons in aj, one in ¢’ and the other in ¢’. In this case, the
energy of the a} orbital is substantially lower than those of ¢’
and e’ orbitals which are very close in energy. Hence, a triplet
state is favoured over the singlet or quintet states. However
such a degenerate state is not stable upon Jahn—Teller distor-
tions and the molecule undergoes a geometry relaxation to
remove that degeneracy. The resulting stable structure 3-I of
AusV is thus vaguely distorted from D3, to C», with the V atom
occupying a central position. Again, this system also prefers a
high-spin *B, GS, and the quasi-degenerate *A; state is only
0.06 eV higher. The shapes and symmetries of frontier mole-
cular orbitals in Au;V, giving rise from the interactions between
valence AOs of V and Au atoms, are shown in Fig. S2 of ESL.¥
It is clear that, of five d V AOs, only 3d.2 is not involving in
bonding orbitals. The interactions between other 3d V AOs
with the symmetry-matching ligand orbitals yield b, a;, a; and
b; bonding and anti-bonding MOs. Two unpaired electrons are
located in anti-bonding MOs with b; and a, symmetries.
Previously, Lin et al.’’ found that the tetramer Au;Y exhibits
an ideal Ds;, form, as it possesses a 'A| GS.

AuyV. The most stable form 4-1, with the C,, point group and
the *A, GS, is built up either from replacing one Au in GS of
Aus>° by V, or from attaching one Au atom to 3-I. The low-
spin %A state of this form is less favored than GS by 0.57 eV.
The first 3D structure 4-11, which is distorted from a tetrahedral
to Cpy, symmetry, has a >A, state and is 0.37 eV higher in energy.

AusV. Three structures 5-I, 5-II and 5-III are predicted to
be the most stable forms of the hexameric cluster, in which 5-1
can be considered as arising from addition of one Au atom to
the lowest-energy isomer of the pentamer 4-I, while 5-II is
greatly distorted from a Ds, shape. The GS is a B, state of
5-1. Both triplet 3B, and 3A, states of 5-II and 5-III are
energetically less favorable by 0.14 and 0.30 eV, respectively.

This journal is © the Owner Societies 2011

Phys. Chem. Chem. Phys., 2011, 13,16254-16264 | 16257


http://dx.doi.org/10.1039/c1cp22078k

Downloaded by Katholieke Universiteit Leuven on 22 October 2012
Published on 11 August 2011 on http://pubs.rsc.org | doi:10.1039/C1CP22078K

View Online

AugV. Previous investigations®®* suggested the most stable

isomer of AugV to be a planar structure with the V atom at the
center of an Aug ring. Our calculated results concur with this
finding, and in addition confirm that such geometry 6-I with
Dy, symmetry is the most stable form of AugV. The shape of
6-I can be viewed as generated from 5-1 by adding one Au and
it now exhibits a D,;, configuration rather than a perfect Dgy,
structure. This is a result of the Jahn-Teller effect, which was
thoroughly discussed by Holtzl e al.’’ Furthermore, our DFT
calculations record two quasi-degenerate states 4B3g and 4B2g
competing to be the GS of AugV. Using the BP86 functional in
conjunction with the cc-pVTZ-PP basis set, the 4B2g state is
found to be only 0.03 eV higher than the 4B3g state. The lower
spin state 2B3g of this form is located at 0.17 eV higher in
energy than the 4B3g state. The two next lower-lying isomers
are 611 and 6-III, in which the former can be viewed as a
result of substituting one Au in GS of Aus,'® while the latter
bears a 3D structure and significantly less stable by ~0.26 eV
above GS. Other local minima, which are much higher in
energy, are displayed in Fig. S2 of the ESI.{

Au,V. The global minimum of Au,V is still a planar C,,
configuration 7-I and a *B; GS. As preceding systems, this
cluster is built upon the most stable isomer of the smaller size
6-I by capping one Au, in which the latest Au is attached to an
edge of the Aug ring. The second most stable isomer 7-11 has a
Cs, 2D as well. Its *B; state is 0.18 eV less stable than GS. We
also find several 3D structures for the octamer Au,V, but they
are much less stable than the 2D counterparts. Their geome-
tries, point groups, electronic states and relative energies (at
the BP86/LanL.2DZ level) are summarized in Fig. S3 of ESIL.¥

AugV. Continuous addition of one Au atom to the lowest-
energy structure 7-I yields the most stable form 8-I. The high
spin “B, state of 8-I is predicted to be GS, while the corres-
ponding low-spin ?B, state is less stable by ~0.30 eV. Other
local minima 8-II and 8-III have 3D structures and can be
considered as formed from addition of two gold atoms to the
lowest-energy 6-1. However, such forms are relatively less
stable than the 2D shaped 8-1. In fact, the 4A, state of 8-II
and the 2A, of 8-III are 0.26 and 0.35 eV above the GS,
respectively.

AugV. At the BP86/cc-pVTZ-PP level of theory, we find three
quasi-isoenergetic structures 9-I, 9-II and 9-III competing for
GS of AugV. Interestingly, they are all obtained by adding an
extra Au atom to the three lowest-lying structures of AugV (see
above). The 9-I corresponds to the third most stable 8-III
isomer, while 9-II and 9-III come from 8-II and 8-I, respec-
tively. Furthermore, the BP86 functional predicts 9—I with a 3A”
state as GS of AuoV, and two nearly-degenerate states *A” (9-II)
and *A, (9-11I) are only marginally located above (0.06 eV).

AuyyV. As mentioned above, small gold clusters as well as
their anionic and cationic clusters tend to prefer planar geo-
metries, and so are several transition metal doped derivatives.
Previous investigations on Au,Ti*® recorded a 2D-3D transi-
tion at n = §. For Au,V systems, we find that the crossover
from planarity to non-planarity is initiated at AugV. Indeed,
AuoV represents the first size considered in the present study

whose lowest-energy conformation does not have a two-
dimensional shape. The three most stable isomers of Au;oV,
i.e. 10~I, 10-II and 10-III, are all non-planar and exhibit low
spin GS. Isomers 10-II (*A,) and 10111 (2B2g) are evaluated to
be 0.07 and 0.18 eV, respectively, above 10-I (°A ). However,
it is worth noting that the latter structure is the lowest-energy
isomer of anion Au;yV~ and constitutes a cornerstone for
larger sizes as well.

Auy;V. The most stable structure 11-I is an incomplete
cuboctahedron with a C», point group and high spin B, state.
Such a form is acquired by capping a gold atom on 10-III
rather than on 10-I or 10-II. A growth path from 10-II leads
to 11-II, whereas the route going from the most stable 10-I
actually yields 11-I1I (¢f. Fig. S3 of ESIf). These structures
are much less stable than 11-1. In fact, the *A, state of 11-II
and *B; of 11-II are predicted to be ~0.46 and ~1.13 eV
above the *B, GS of 11-1.

Auy,V. Starting from 11-1 and adding an extra Au, we obtain
the GS 12-1. Previously, the [, icosahedral structure of the
anion Au;,V~ was reported to be significantly preferred over
the Oy, cuboctahedron.?®3! In addition, its HOMO is 5-fold
degeneracy (h,) with 10 electrons and the anion has a closed-
shell 'A, o state.*® Hence, removal of an electron from the ideal
icosahedron Au;,V™ to form the neutral Au;,V is expected to
reduce the molecular symmetry due to the Jahn—Teller effect.
Cuboctahedra and icosahedra are very closely related as they
can easily be interconverted.>® Thus, the distortion of this
icosahedron leads to a cuboctahedron. However, 12-1 is charac-
terized by a slightly distorted cuboctahedron with a Dy, point
group, instead of a perfect Oy, form, as it possesses an open-shell
but low spin electronic configuration (A, o). Previously, it was
found that all open-shell Au;,M species, where M is a 5d
transition element from Hf to Hg, and closed-shell Au;,Hg,
also energetically favor the O, geometry, whereas for closed-
shell Au;,W, both Oy, and I, forms are nearly isoenergetic.%

Au,3V. From attachment of one gold atom to an icosahedron
or cuboctahedron, two different isomers 13-1 and 13-II are
built upon. Nevertheless, they possess a tiny energy difference,
in which the low spin 'A’ state of 13-I is only marginally
~0.02 eV below the high-spin *B; state of 13-I. They are thus
energetically degenerate. It can be seen that 13-II is obtained
from a pathway, which is called a successive growth algorithm,®'
through the most stable 12-1. In contrast, 13-I can be viewed as a
super-atomic molecule, containing both Au;,V~ and Au™ units.
Indeed, NBO analysis shows that the Au;,V moiety bears a
partially negative charge of —0.26 electron, and the capping gold
atom has a positive charge of +0.26 electron. Likewise, 11-I can
also be considered as a super-atomic molecule constituted from
both AugV™ and Au™ parts. In this case, the capping Au has a
positive charge of +0.34 electron. Another superatomic mole-
cule of transition metal clusters was recently recorded for Cu;;Sc,
whose constituents are Cu;¢Sc” and Cu™.%

Au4V. Again, DFT computations detect two isoenergetic
structures, namely 14-1 and 14-II. 14-I, in which V is
encapsulated in a hollow cage formed by 14 gold atoms, is
very similar to those of Au;,M with M = Ti, Zr, Hf,*>%* while

16258 | Phys. Chem. Chem. Phys., 2011, 13,16254-16264

This journal is © the Owner Societies 2011


http://dx.doi.org/10.1039/c1cp22078k

Downloaded by Katholieke Universiteit Leuven on 22 October 2012
Published on 11 August 2011 on http://pubs.rsc.org | doi:10.1039/C1CP22078K

View Online

1411 is given rise from attaching one Au to 13-1. Even though
their geometries are much different from each other, they are
extremely close in energy; each of the two forms can emerge as
GS. Indeed, BP86/cc-pVTZ-PP calculations predict the state
2B, of 14-1 (D,q) and the A, state of 14-II (Cyy) have the
same energy context (a difference of only 0.004 e¢V). Another
meta-stable isomer is 14-I1I, which can be viewed as coming
from 13-11. The B, state of this C,, form is ~0.13 eV above
GS (BP86).

3.B. Lowest-energy structures of anionic clusters

To determine the adiabatic electron affinities (EAs), we
furthermore explore the optimal structures for the anionic
Au, V™ clusters having the same sizes (n = 1-14). The results
for the anions are shown in Fig. 3. All energetic results are
computed at the BP86/cc-pVTZ-PP level, including zero-point
energy corrections.

AuV
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Fig. 3 Lower-lying structures considered for the Au,V~ anions
(n = 1-14) and their relative energies at the BP86/cc-pVTZ-PP + ZPE
level.

The BP86 functional predicts the GS of anion AuV™ to be a
65" state, while B3LYP and M06 reveal a *>" " GS. Addition
of an electron to AuV (SZ+) forming the anion AuV™ (GZ+)
is predicted to increase the equilibrium distance by ~0.14 A.
In the case of Au,V™, the most stable form becomes linear,
deviated from the bent like the neutral Au,V. Concerning
Au3;V™, the minimum energy structure is not ideally planar,
but it is somewhat distorted from the C;, point group.
Similarly, reduction of AusV to produce AuyV™ brings about
a significant structural rearrangement, in which the regular
tetrahedron is much more stable than all other possible
isomers. Unlike the smaller species, each of the anions Au, V™
with n = 5,6, 7, 8, 11, 14 adopts the conformation identical
with that of the corresponding neutral.

The remaining anions, namely AugV™, Au;oV", Au;V™
and Au;3V™, do not bear the same shape as their correspond-
ing neutrals. The anion AugV™ clearly favors a 2D structure
over a 3D one, in which the isomer obtained from 9-III is
predicted to be ~0.28 eV lower in energy than that obtained
from 9-1. In the same way, the D,y shaped 10-I1I gives rise to
the most stable form for Au; V™.

Our result obtained for AugV™ is also consistent with
previous results by Li er al.*® For the anion Au;,V™, the I,
icosahedral structure was reported to be clearly preferred over
other isomers.*! Zhai er al.*® used the PW91 functional and a
triple-zeta with two-polarization function (TZ2P) basis set and
predicted the Oy, cuboctahedron to be less favored by ~0.2 eV
(20.5 kJ mol™"). In the present work at the BP86/cc-pVTZ-PP
level, such isomers are evaluated with a much smaller energy
difference of around ~0.06 ¢V (5.6 kJ mol™}).

3.C. Thermodynamic stabilities

To obtain more quantitative information about the stability of
Au,V clusters, we evaluate the average binding energy per
atom (BE), the second-order difference of energy (A%E), and
the embedding energy (EE). For these clusters, such para-
meters of a specific size are defined by the following equations:

BE = [nE(Au) + E(V) — E(Au,V)]/(n + 1)
A’E = E(Au, V) + E(Au,_,V) — 2E(Au,V)

EE = E(Au, ,V) + E(Au) — E(Au,V)

where E(Au,V) is the energy of the lowest-lying Au,V cluster.

The graph of BEs as a function of cluster size is plotted in
Fig. 4. This parameter can be regarded as the energy gained in
assembling a definite cluster from isolated Au and V consti-
tuents. Generally, the chart shows a monotonic increase of
BEs with respect to the cluster size. The systems tend to gain
stability during the growth; larger clusters are thus more
stabilized.

For the purpose of comparison, the binding energies per
atom of the most stable Au,V and Au, . are computed and
simultaneously illustrated in Fig. 4. There have been a great
number of studies on structures of small pure gold clusters.”!
Nevertheless, in the current work, we take the results from the
most recent report,'® in which the predicted structure of Au,
is consistent with a combined experimental and theoretical
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Fig. 4 Comparison of binding energies per atom (top), embedding
energies (middle) and second-order difference of energies (bottom) of
Au, ;1 and Au,V as a function of cluster size. The results are obtained
at the BP86/cc-pVTZ-PP + ZPE level.

vibrational investigation.” Optimal geometries, and then the
BE values, of pure gold clusters are recomputed using the
BP86/cc-pVTZ-PP level. Previously, Wang ez al.** used a local
density approximation to calculate the BEs up to Auy,.
Experimental data have not been systematically reported yet.

As shown in Fig. 4, the BEs of the pure clusters also roughly
exhibit a gradual growth and reach to the maximal value of
2.1 eV per atom for Auy4 and Au;s, whereas those of doped-
clusters up to Au,V amount to 2.3 eV per atom. In general,
the averaged binding energy of Au, . is slightly smaller than
that of the corresponding Au, V. Let us take the dimers AuV
and Au, as an example. The BE values are predicted to be
1.35 and 1.14 eV per atom, respectively, as compared to the
experimental values of 1.26 4+ 0.09 eV per atom for AuV and
1.15 + 0.02 eV per atom for Au,.** This indicates a stronger
interaction between atoms in the AuV cluster as a result of the
relativistic effects.

It has previously been shown that a relativistic stabilization
is increased for the AuX bond if the X atom is more electro-
positive than gold.®*% Due to the fact that the electro-
negativity of V is smaller than that of Au, the ionic contribution
to the bond Au-V is augmented by relativistic effects and, as
expected, the dissociation energy is subsequently increased.
Indeed, an NBO charge analysis reveals that the charge of V in
Au,V is quite positive (+0.64 electron). However, for clusters
larger than Au,V there exists electron back-donation from Au
atoms to V, as the latter is always negatively charged in Au,V
(see Table 3). In general, the natural charge of V decreases
monotonically, demonstrating that V can play as an electron
acceptor owing to its empty 3d orbitals. Electron donation
comes from a combination of the d orbitals of vanadium with
those of the gold framework. Hence, it is more effective if V is
endohedrally confined and the host is large enough to accom-
modate the dopant.

An interesting point to be mentioned is that V receives a
more negative charge with increasing gold cluster size. This
means that the Au,, framework becomes more electropositive
in the larger sizes. In this context, the electronegativity for gold
clusters can be estimated from the experimental ionization
energy (IE) and electron affinity (EA) values by using the
Mulliken formula, namely:

EN = 0.187(IE + EA).

We find that (¢f. results listed in Table S2 of the ESIf) the
electronegativity is marginally changed with respect to the
cluster size. For example, the predicted values for Au, and Au;
are around 2.14 and 2.13 eV as compared to 2.17 and 2.05 eV
of Auy;z and Auy,. The presence of V thus substantially
improves the ability to donate electrons of a gold cluster
irrespective of the resulting electronegativity.

As mentioned above, the optimal structure of Au,V at a
certain size is normally generated from that of the smaller one
by adding an extra gold atom. Accordingly, the energy gain in
incorporating an Au atom to the smaller size is called the
embedding energy (EE). It can also be considered as the
energy needed to detach one gold atom from Au,V, giving
rise to Au,_V. The EEs for Au,V clusters calculated at the
BP86/cc-pVTZ-PP + ZPE level are plotted in Fig. 4.

Among the Au,V species considered, Au,V and Au;,V are
characterized by the highest EE values, implying a particular
thermodynamic stability even though they have an open-shell
electronic structure. The calculated EE value of Au,V is
ca. 2.8 eV as compared to 2.7 and 2.3 eV of AuV and Au;V,
respectively. The trimer is found to be especially stable since
both Au and V are expected to fulfill their outer shells, in
which V donates two electrons for making chemical bonds.
A similar trend was also observed for Au,Mn, Au,Fe, and
Au,Zn.*"® However, Au,Cr and Au,Ag were found to be
extremely unstable,”>’" as chromium and silver are willing to
provide only one electron to the utmost orbital. Equally stable
are the clusters at n = 6, 11, 12 and 14. In contrast, the super-
atomic molecule Au;3V holds rather low dissociation energy.
It is worth noting that AugV, Au;,V and Au;4V possess an
odd number of electrons. Accordingly, their stability could be
due to a dominant geometric effect, in which the stability is
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determined more by the number of atoms rather than by the
number of electrons. In other words, these clusters are stabi-
lized as they can form a compact symmetric structure yielding
an enhanced stability.7l In fact, as discussed above, AugV is
slightly distorted from a Dg, form whereas Au,,V is nearly a
cuboctahedron and Au4V has a high D,4q symmetry.

For the sake of comparison, the EE values of pure gold
clusters up to Auys, re-calculated at the BP86/cc-pVTZ-PP +ZPE
level, are also displayed in Fig. 4, along with those of Au,V
clusters. It is clearly reflected in Fig. 4 that the EEs of the
smallest pure clusters, i.e. Au, and Aus, are much smaller than
those of AuV and Au,V. This indicates that a chemical bond
between Au and V is stronger than that between Au atoms.
Regarding the larger systems, replacement of Au by V greatly
increases the stability of Au, with odd number 7. In contrast, a
reverse result holds true for even-numbered size systems. For
instance, the EEs of Auy, and Auys are 2.9 and 1.9 eV, respectively,
as compared to 2.7 and 2.6 eV of Au;;V and Aup,V. These
observations lend support for a view that in addition to one
delocalized 6s electron from each Au atom, each V atom
contributes two 4s delocalized electrons and zero 3d delocalized
electrons to form electronic shells.*> However, it should be stressed
that the number of delocalized electrons depends on both the
behaviour of constituent atoms and cluster shape.”

The second-order difference of energy (A’E) is additionally
an important indicator that measures the relative stability of
clusters. In particular, peaks in the graph of A’E as a function
of cluster sizes were found to be correlated well with peaks in
the experimental mass spectra.”> As illustrated in Fig. 4, our
calculations show local maxima atn = 2,4, 7,9, 11 and 12,
implying that these clusters are more stable than their
immediate neighboring ones. However, the energy difference
between them is not very large. This is also in agreement with
the analysis based on embedding energies given above. For a
pure gold system (cf- Fig. 4), there exist extreme odd-even
fluctuations, in that a cluster with an even number of atoms is
more stable than the odd-numbered ones. In agreement with
the above analysis based on the embedding energies, replacing
an Au atom in odd-numbered gold clusters by vanadium
element invariably enhances the system stability. A reverse
fashion also holds true for the even-numbered gold clusters.
Thus, doping a gold cluster with impurity causes significant
changes in the magic numbers because their electronic shell
structure is strongly affected.”

3.D. Other thermochemical properties

Basic thermochemical properties of pure gold clusters such as
electron affinities (EA) and ionization energies (IE) have exten-
sively been investigated using both experimental and theoretical
approaches.®!%-131540.7578 1y contrast, there have been only a
few studies on such properties of Au,,V, and most of them were
carried out for a few specific sizes.?®%% In the present work, we
systematically evaluate the vertical and adiabatic detachment
energies for anions Au, V™ in the same range of size n = 1-14,
using the same BP86/cc-pVTZ-PP level (Table 2).

The vertical detachment energies (VDEs) of anions are
calculated at the anion geometry, whereas the adiabatic
detachment energies (ADESs) refer to the values obtained using

Table 2 Ionization energies of Au,V clusters and detachment
energies of Au,V~ clusters (n = 1-14) computed at the BP86/
cc-pVTZ-PP level

Detachment energies/eV

Vertical ionization

n energies”/eV ADEs VDEs
1 7.30 [9.58] 1.17 1.23
2 8.35[8.53] 1.82 1.97
3 8.16 [8.05] 2.60 2.87
4 7.51 [7.64] 2.82 3.39
5 7.38 [8.23] 2.78 2.86
6 7.60 [7.27] 3.29 3.40
7 7.24 [7.92] 2.91 2.92
8 6.99 [7.13] 3.05 312
9 7.28 [7.59] 3.24 3.26
10 7.05 [6.40] 3.31 3.59
11 7.12 [7.40] 3.19 3.32
12 6.81 [7.00] 3.20 3.85°
13 6.83 [7.46] 3.34 3.54
14 7.07 [6.86] 3.31 3.40

@ VIEs of Au,  are given in square brackets. © The values computed
with the LanL2DZ basis set.

the optimized structures of both neutral and anionic forms.
Furthermore, we computed the vertical ionization energies
(VIEs) of neutral clusters by taking the geometry of vertical
cations to be the same as neutral counterparts.

The odd/even alternations of IEs and EAs are typically found
in metal clusters with an odd number of electrons per atom such
as Na, Al and Nb,” 3! and so are clusters of gold.z""m‘82 On the
other hand, such patterns are not clearly observed for gold-
doped vanadium clusters. As presented in Table 1, the ADEs,
which are also the EAs of neutral species, increase gradually
with respect to cluster sizes. For example, the ADEs of AuV
and Au,V are 1.2 and 1.8 eV as compared to 3.3 and 3.3 eV of
Au;3V and Aup,V, respectively. The VDEs of anions also
exhibit a similar trend. Especially, both vertical and adiabatic
detachment energies increase drastically from Au,V to AusV.
This observation reflects the emergence of an electron transfer
from Au to V in clusters larger than Au,V, leading to a more
positive charge of gold skeletons. In fact, the natural charge of
Vin AuV and Au,V species is much more positive than that of
V in larger species (see Table 3). It is in addition noticeable that
the anions with n = 6, 9, 10, 12 and 13 have larger electron
detachment energies than the others, while the tetrahedron
AuyV™ holds the highest VDE among the smaller sizes.
Moreover, the difference between the vertical and adiabatic
EAs of clusters with n = 4, 10, and 12 is much larger because of
the large differences between the lowest-energy structures for
these anions and neutrals, as mentioned above.

Previously, Li et al.?® measured the photoelectron spectra
of AugV™ and evaluated its VDE and ADE values around
3.25 £ 0.02 and 3.23 £+ 0.02 eV, respectively. The corres-
ponding BP86/cc-pvTZ-PP value of ADE = 3.29 ¢V is thus in
good agreement, but the VDE counterpart of 3.40 eV is
somewhat overestimated. As reported in ref. 28, the icosa-
hedral anion Au;,V™ is characterized by a measured VDE of
ca. 3.79 eV, which is not only larger than that of “‘super-halide”
Alj3 (~3.57 eV)® but also even larger than that of the chloride
anion (3.61 eV).% Our calculated VDE and ADE of Auj,V~
amount to 3.20 and 3.85 eV, respectively. The calculated VDE
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Table 3 Natural charges (a.u.) distributed on V of Au,V clusters
(n = 1-14) computed using two different functionals with the
cc-pVTZ-PP basis set

NBO charges

Isomers BP86 MO06

1-1 0.42 0.56
2-1 0.64 0.62
3-1 0.23 0.22
4-1 0.26 0.23
5-1 —0.16 —0.26
6-1 —0.41 —0.56
7-1 —0.31 —0.39
8-1 —0.09 —0.12
9-1 —1.62 —1.61
10-1 —1.98 —1.98
10-111 —3.32 —3.31
11-1 -3.59 —3.66
12-1 —4.37 —4.45
13-1 —-4.93 —-5.13
13-11 —4.04 —4.12
14-1 —4.53 —4.60
14-11 —4.45 —4.52
of Au,V™ is thus compared well with the experimental value

of 3.79 eV, but the corresponding ADE of 3.20 eV appears
underestimated as compared to the experimental estimate of
3.70 eV. Nevertheless, in addition to the intense band centered
at around 3.70 eV, Zhai et al*® also found that the photo-
electron spectrum of Au;,V™ exhibits a low intensity peak at a
lower binding energy of ~3.20 eV. The origin of this peak can
either be contaminations or structural isomers. Indeed, the VDE
of the cuboctahedral isomer is computed to be 3.21 eV.

The particularly large VDE indicates that Aup,V™ is
unwilling to loose electron as, in terms of the modified pheno-
menological shell model,” it has a closed-shell structure with
a configuration [1S*1P°1D'?]. The anion is expected to have
18 valence electrons because, in addition to one delocalized
6s electron from each gold atom, it is assumed to have five
delocalized electrons on 4s and 3d orbitals of vanadium.
Moreover, the exceptional stability and a spherical aromaticity
for Au;,V~ are likely due to the simple fact that the well-
known 18-clectron rule® of d elements is here satisfied.
Recently, Pyykkd and Runeberg?’ predicted the existence of
Au;,W with a huge frontier orbital gap of 3.0 eV (B3LYP/
LanL2DZ). However, Li et al.*® evaluated from their experi-
ment a much smaller value of 1.68 eV, which is comparable to
the measured gap of 1.77 eV in the magic cluster Auy,.®

Due to the smaller electron affinity of vanadium as
compared to that of gold, AuV is much easier to oxidize than
Au,. In fact, the former has a predicted VIE of 7.3 eV as
compared to 9.6 eV of Au,. NBO analysis shows a net charge
of Vin AuV" to be +1.1 electron as compared to +0.4
electron of V in AuV. Forming cations from larger neutral
clusters, on the contrary, causes a little change of the vana-
dium charge (¢f. Table S1 of the ESIT). As a result, their VIEs
arise from the external gold cages. The VIEs of impure clusters
Au,V and the pure counterparts Au,, | are not much different
from each other. Up to the size n = 5, Au,V clusters are still
somewhat easier to oxidize than the corresponding pure
Au,, ;. For clusters larger than n = 5, replacement of Au
by V invariably increases 1Es of odd-numbered pure clusters,

and decreases those of even-numbered systems. For example,
the computed VIEs of Au;oV and Au;;V are 7.0 and 7.1 eV,
while those of Au;; and Auy, are 6.4 and 7.4 eV, respectively.
However, some exceptions include AugV and Au,V as their
VIEs are smaller than those of their counterparts Aug and
Auys. Among the larger sizes, AugV has the highest VIE,
indicating its higher thermodynamic stability.

Fig. 5 and 6 show the shapes and symmetries of valence
MOs for AugV and Aui,V systems. The chemical bonding in
both clusters is analogous to the homoleptic complexes in
which V plays as a central atom surrounded by the gold
frameworks. As illustrated in Fig. 5, when placed at the center
of an Aug ring, five d orbitals of V are no longer degenerate.
Instead they split into five un-equivalent orbitals with bsg, by,
bo,, lag and 2a, sub-symmetries of the Doy, group, in which the
b, orbital is doubly occupied, the three orbitals by, by, 1a,
are singly occupied, and the 2a, being the LUMO. The
primary orbital interactions occur between the valence orbitals
of V and 7/ orbitals of the Aug ring, giving rise to the orbital
configuration .. .blu2b3g2b2u2b3g2b1g1b2gllagl. Due to the
difference in energy, the HOMO-4 (b,,), HOMO-5 (bs,) and
HOMO-6 (b;,) are mainly ligand based and the valence
electrons from the Aug ring enter into these orbitals, thus
leaving bs,, bys, by, and a, orbitals to accommodate the
valence electrons from the V atom.

As compared to the Aug ring, the linear combinations of V d
orbitals with the m/3-orbitals of the Au;, cage are much more
effective. In AugV, three of five V d orbitals remain nonbonding,
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Fig. 5 Shapes and symmetries of valence MOs for AugV.
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while all five V d orbitals become bonding in Au;,V.
The orbitals up to HOMO-3 (e,) are filled by valence electrons
of the Au,, skeleton, and the valence electrons from V are filled
starting from b;, (HOMO-2). The doubly degenerate e, orbitals
(HOMO-3 and HOMO-4) are formed from the d.., d,. AOs
and & orbitals of the Au,, cage with E, symmetry. In addition,
these MOs play the role as acceptors of electron transferred
from gold atoms. As a result, V holds a highly negative charge
in Au;,V (—4.4 electron). The overlap between other V d AOs,
ie. dy., dy,, and d, and the Au;, orbitals with the same
symmetries yields the byg, by, and a;, orbitals. They are all
bonding MOs and their corresponding antibonding counter-
parts also have been found (see Fig. 6).

4. Concluding remarks

In this theoretical study, we perform a systematic investigation
on the electronic, geometric and energetic properties of
bimetallic Au,V clusters with the size n going up to 14, in

both neutral and anionic states, using the BP86 functional in
conjunction with the pseudo-potential basis set cc-pVTZ-PP.
The effects of the dopant atom are analyzed in detail.
All neutral clusters with an even number of electrons prefer
a high spin state, namely a quintet state for AuV and triplet
state for others with an exception of the 'A’ ground state for
Au;5V. For odd-electron systems, a quartet state is invariably
favoured as a ground state up to AugV. The larger sizes, i.e.
AugV, Au,V and Au4V, prefer a low spin (doublet) state.

Concerning the growth mechanism, we can now draw some
key points. The clusters prefer 2D geometries up to AugV
involving a weak charge transfer. In contrast, the larger
systems bear 3D conformations with a more effective electron
transfer from gold atoms to vanadium. In general, the lowest-
energy isomer of an Au,V species is built upon the most
stable form of Au,,_;V. Another important observation is that
during the growth, vanadium is always endohedrally doped
as a way of maximizing its coordination numbers and
augmenting the charge transfer.

Analyses of energetic properties including the BEs, EEs, and
A’E demonstrate that the presence of the V atom enhances
considerably the thermodynamic stability of odd-numbered
pure clusters but tends to reduce that of even-numbered
systems. The atomic shapes have an apparently more impor-
tant effect on the clusters stability than the electronic structure.
Even though Au,V, AugV, Au;,V, Au4V possess an odd
number of electrons, they are rather stable due to their ability
to form compact symmetric structures. Especially, if both
atomic shape and electronic conditions are satisfied, the
resulting cluster becomes particularly stable such as the anion
Au;,V™, which can thus combine with the cation Au™ to form
the superatomic molecule of the type [Au;,V]Au.

As in other transition metal clusters, multiple lower-lying
electronic states of these clusters are lying very close in energy,
in such a way that DFT computations cannot clearly establish
their ground electronic states. Calculated results demonstrate
the existence of structural isomers with comparable energy
content for several species such as AugV, Au;yV, Au;3V and
Au4V. We hope that these theoretical information would
stimulate experimental studies on these interesting binary
metal clusters.
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