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We  report  a joint  experimental  and  theoretical  investigation  on  the  structures  and  bonding  of  a  series
of di-niobium  gold  clusters,  Nb2Aux− (x =  2–5), using photoelectron  spectroscopy  and  density  functional
calculations.  Well-resolved  spectral  features  are  observed  for the  Nb2Aux− clusters  at  different  photon
energies.  Global  minimum  searches  coupled  with  density  functional  calculations  are  performed  to find
the  low-lying  structures  of the  bimetallic  clusters.  Vertical  detachment  energies  are  calculated  and  com-
pared  with  the  experimental  spectra  to determine  the  global  minimum  structures.  The  Nb2Aux− (x =  2–5)
hotoelectron spectroscopy
imetallic clusters
old
iobium
etal-metal bonding

clusters  are  found  to feature  a  multiply-bonded  Nb2 dimer  coordinated  equatorially  by  the  Au atoms
with  Dxh symmetries  for x = 2–5,  respectively.  Each  Au  atom  interacts  with  the  Nb2 dimer  via  a 3-center
delocalized  � bond,  while  there  are no Au. . .Au interactions.  The  Nb  Nb  bond  length  is  found  to  increase
as  the  number  of gold  atoms  increases  in the  Nb2Aux− (x  =  2–5) clusters,  as  a result  of  the  decrease  of  the
bond  order  for the  Nb2 moiety  from  x =  2 to 5.
. Introduction

The relativistic effects stabilize the 6s orbital of gold, while
estabilizing its 5d orbitals, resulting in a reduced 5d-6s gap and sig-
ificant s-d hybridization [1]. The strong relativistic effects bestow
any unusual chemical and physical properties to gold [2–5],

ncluding its iconic golden color and its chemical inertness. The
tabilization of the 6s orbital gives rise to both a unusually large
onization energy and a large electron affinity for the Au atom. The
letronegativity of Au (2.54 on the Pauling scale) is higher than
hat of the H atom (2.20) and comparable to that of the Se atom
2.55). Hence, Au can even act as an electron acceptor to form ionic
ompounds with alkali metals [6,7]. One of the most remarkable
hemical properties of Au is its tendency to form covalent bonds
8–10]. In fact, it has been shown that Au can behave like H in its
onding to main-group elements in binary Au clusters with strong
–Au covalent bonds [11–34]. Transition metal doped gold clus-

ers display a wide range of interesting structural features, ranging
rom halide-like structures in MAu4 type clusters to planar M@Au6
ype structures and 3D structures [35–46].
Recently, the Nb2Au6
− bimetallic cluster was  found to be

 highly symmetric D6h molecular wheel, which contains an
xtremely short Nb≡Nb triple bond coordinated equatorially by an

∗ Corresponding author.
E-mail address: Lai-Sheng Wang@brown.edu (L.-S. Wang).

ttps://doi.org/10.1016/j.ijms.2018.08.013
387-3806/© 2018 Published by Elsevier B.V.
©  2018  Published  by  Elsevier  B.V.

Au6 ring [47]. The Au6 ring is bonded by three delocalized � bonds
and interacts with the Nb2 moiety via two 8-center-2-electron
(8c-2e) delocalized bonds of d-d characters. This was a surprising
observation and was in contrast to the D6hNb2B6 cluster [48], which
features a B6 ring sandwiched by two  Nb atoms without significant
Nb. . .Nb bonding. Clearly, there is a competition between Nb Nb
bonding and Nb M bonding in the Nb2M6 type of clusters.

In the current work, we  study a series of di-niobium-doped gold
clusters Nb2Aux− (x = 2–5), using photoelectron spectroscopy (PES)
and density functional theory (DFT) calculations, to help under-
stand the growth of the bimetallic clusters and the formation of the
Nb2Au6

− molecular wheel. We  find that Au atoms nucleate around
a multiply-bonded Nb2 dimer equatorially forming highly symmet-
ric Dxh type structures for x = 2–5, on their way  to D6h in Nb2Au6

−.
Notably, there is no Au Au interaction between the equatorial Au
atoms from x = 2 to 5, because of the large Au Au separations and
the strong Au Nb bonding. Each Au atom is coordinated to the Nb2
dimer via a 3-center � bond, in contrast to Nb2Au6

−, in which the
six Au atoms form a perfect ring with strong delocalized � bonding
around a triply-boned Nb Nb moiety.

2. Experimental and theoretical methods
2.1. Photoelectron spectroscopy

The experiments were carried out using a magnetic-bottle PES
apparatus equipped with a laser vaporization supersonic cluster

https://doi.org/10.1016/j.ijms.2018.08.013
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijms.2018.08.013&domain=pdf
mailto:Lai-Sheng_Wang@brown.edu
https://doi.org/10.1016/j.ijms.2018.08.013
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Fig. 1. Photoelectron spectra of Nb2Au2
− at (a) 532 nm, (b) 355 nm, (c) 266 nm,  and

(d)  193 nm.

Table 1
Observed VDEs from the photoelectron spectra of the Nb2Aux− (x = 2 − 5) clusters.
All energies are in eVa.

Nb2Au2
− VDE Nb2Au3

− VDE Nb2Au4
− VDE Nb2Au5

− VDE

X 1.82(2) X’ 1.81(2) X 2.29(3) X 2.86(3)
A  1.97(2) X 1.96(2) A 2.87(3) A 3.19(3)
B  2.37(3) A 2.60(3) B 3.13(3) B 3.60(3)
C  2.60(4) B 2.82(3) C 3.32(3) C 4.68(4)
D  2.96(5) C 3.23(4) D 3.92(6) D 4.93(5)
E  3.35(5) D 3.69(4) E 4.60(5) E ∼5.5
F  3.84(5) E 5.08(5) F 4.92(5) F ∼5.7
G  4.15(5) F 5.61(5) G 5.68(6) G ∼6.1
H  4.31(5) H 6.09(6)
I  4.55(5)
J  4.73(5)
K  5.06(6)
L 5.33(7)
 T. Jian et al. / International Journa

ource, details of which have been published elsewhere [49,50].
he second harmonic radiation (532 nm)  from a Nd:YAG laser was
sed to ablate a mixed target made of niobium and gold powder.

 helium carrier gas seeded with 5% argon was used to quench the
aser-induced plasma and initiate nucleation and cluster forma-
ion. Clusters formed in the nozzle were entrained in the carrier gas
nd underwent a supersonic expansion. Negatively charged clus-
ers were extracted from the collimated cluster beam and analyzed
y a time-of-flight mass spectrometer. The Nb2Aux− (x = 2–5) clus-
ers of interest were mass-selected, decelerated and photodetached
n the interaction zone of the magnetic-bottle electron analyzer.
everal detachment laser photon energies were used, including the
93 nm (6.424 eV) radiation from an ArF excimer laser, and 266 nm
4.661 eV), 355 nm (3.496 eV), or 532 nm (2.331 eV) from a Nd:YAG
aser. Photoelectrons were collected at nearly 100% efficiency and
nalyzed in a 3.5-meter-long electron flight tube. The photoelec-
ron spectra were calibrated by the known spectra of Au− or Bi−. The
nergy resolution of the apparatus was �Ek/Ek ≈ 2.5%, i.e., ∼25 meV
or electrons with 1 eV kinetic energy.

.2. Theoretical methods

Global minima were searched for Nb2Aux− (x = 2–5) employing
he simulated annealing algorithm [51,52] coupled with DFT struc-
ure optimization. In the initial searches at the PW91 level [53],
he Los Alamos basis set and effective core potential (LANL2DZ)
54] were applied to both the Au and Nb atoms. Low-lying isomers
rom the initial searches were further re-optimized using the PW91
nd PBE0 [55,56] functional with the Def2-TZVPPD [57,58] basis
et and the Stuttgart-Dresden (SDD) [59,60] relativistic effective
ore potential (ECP28MDF for Nb and ECP60MDF for Au). Vibra-
ional frequency calculations were done to verify that the low-lying
somers found were true energy minima on the potential energy
urface. Vertical detachment energies (VDEs) were calculated using
he PW91 functional, which was shown previously to be excellent
or transition metal doped gold clusters [39]. The first VDE was  cal-
ulated as the energy difference between the neutral and the anion
t the optimized geometry of the anion, while higher VDEs were
btained using the time-dependent DFT (TD-DFT) [61] calculations
f the neutrals. The vertical excitation energies of the neutral at
he anion geometry were added to the first VDE to approximate
he higher VDEs. The computed VDEs were fitted with unit-area
aussian functions of 0.03 eV width to obtain the simulated spectra,
hich were used qualitatively to compare with the experimental

E spectra. Chemical bonding analyses were done using the adap-
ive natural density partitioning (AdNDP) [62,63] method at the
W91/Def2-TZVPPD level of theory. The structural and chemical
onding pictures were visualized using GaussView 4.1 [64]. All the
alculations were carried out using Gaussian 09 [65].

. Experimental results

The photoelectron spectra of Nb2Aux− (x = 2–5) at different pho-
on energies are shown in Figs. 1–4, respectively. The detachment
ransitions are labeled as X, A, B. . .,  which denote the transitions
rom the ground electronic state of the anion to the ground and
xcited electronic states of the neutrals, respectively. The VDEs of
he resolved bands are measured from the peak maxima, as given
n Table 1 for the four bimetallic clusters.

The 532 nm spectrum of Nb2Au2
− (Fig. 1a) shows two  sharp

eaks. The intense peak X has a VDE of 1.82 eV, and the weak peak

 has a VDE of 1.97 eV. At 355 nm (Fig. 1b), four more bands (B, C,

 and E) are observed following a small energy gap from band A.
ands B and C are sharper, while D and E are quite broad. Bands

 and E are better defined in the 266 nm and 193 nm spectra,

M 5.71(7)

a Numbers in parentheses represent the uncertainty in the last digit.
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Fig. 3. Photoelectron spectra of Nb2Au4
− at (a) 355 nm, (b) 266 nm,  and (c) 193 nm.
ig. 2. Photoelectron spectra of Nb2Au3
− at (a) 532 nm, (b) 355 nm,  (c) 266 nm,  and

d)  193 nm.

robably due to the increased detachment cross sections for these
wo bands at the higher photon energies. The 266 nm spectrum
Fig. 1c) reveals three more congested bands (F, G, H) at the high
inding energy range. The 193 nm spectrum (Fig. 1d) reveals three

ntense and well-resolved peaks (I, J, K) and more congested fea-
ures beyond peak K (L and M).

The 532 nm spectrum of Nb2Au3
− (Fig. 2a) exhibits two  sharp

ands X’ and X, observed at 1.81 eV and 1.96 eV, respectively. At
55 nm (Fig. 2b), three more bands (A, B, C) are observed. There is

 discernible shoulder observed around 2.9 eV on the high bind-
ng energy side of band B (not labeled), which can also be seen
learly in the higher photon energy spectra. At 266 nm (Fig. 2c),
he high binding energy side shows highly congested features. A
road band can be seen (labeled D), but it is much better defined

n the 193 nm spectrum (Fig. 2d). At 193 nm,  a large energy gap is
bserved following band D, beyond which two more broad features
E and F) are observed. The strong signals between 4 and 4.5 eV
n the 266 nm spectrum (Fig. 2c) are not present in the 193 nm

Fig. 2d). These signals that overlap with band D could be due to

 threshold enhancement at 266 nm.  It will be shown below from
he comparison between experiment and theory that the first sharp
eak X’ is from a different isomer.

Fig. 4. Photoelectron spectra of Nb2Au5
− at (a) 355 nm, (b) 266 nm,  and (c) 193 nm.
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Fig. 5. The two lowest-lying isomers for Nb2Aux− (x = 2 − 5) at th

The 355 nm spectrum (Fig. 3a) of Nb2Au4
− displays four bands

X, A, B, C). Bands X (VDE: 2.29 eV) and A (VDE: 2.87 eV) are well
eparated, but quite broad, indicating there may  be large geome-
ry changes upon electron detachments or overlapping detachment
ransitions. Band X seems to exhibit a tail in the lower binding
nergy side, suggesting possible contributions from a low-lying
somer. Bands B and C are relatively sharp. At 266 nm (Fig. 3b),
trong and continuous signals are observed above 3.5 eV, which
re likely due to the overlap of multiple detachment transitions. At
93 nm (Fig. 3c), two relatively sharp bands (E and F) are observed,

n addition to the congested features around 6 eV (G and H).
The 355 nm spectrum (Fig. 4a) of Nb2Au5

− displays two well
esolved bands, X and A, with VDEs of 2.86 eV and 3.19 eV, respec-
ively. The 266 nm spectrum (Fig. 4b) reveals an intense band B
ith a VDE of 3.60 eV. Following a relatively large energy gap,

umerous features are observed in the 193 nm spectrum (Fig. 4c),
ncluding a sharp band C at 4.68 eV A broad band D is observed

ith a VDE of 4.93 eV, beyond which the spectrum is very con-
ested. Three more bands (E, F, G) are labeled for the sake of
iscussion.

. Theoretical results

The two lowest-lying structures of each cluster at the PW91
evel are presented in Fig. 5. More low-lying structures for Nb2Aux−

x = 2–5) are given in Figs. S1-S4 in the supporting information.
As shown in Fig. 5, the lowest-lying structure I for Nb2Au2

− is
ound to be a rhombus with a doublet electronic state (2B2g) and
2h symmetry. The two Au atoms are coordinated to a Nb2 dimer in

he same plane. The Nb Nb bond length (2.082 Å) is rather short. A
inear structure II (D∞h, 2�g) is 0.27 eV higher at the PW91 theory
Fig. S1). At the PBE0 level, these two structures are found to be
lmost degenerate with the linear structure being only 0.009 eV

igher. Other low-lying isomers are at least 0.49 eV higher in energy
t the PW91 level (Fig. S1).

The lowest-lying structure I of Nb2Au3
− is found to be open-

hell with a triplet ground state (3A1’) and D3h symmetry (Fig. 5).
1/Def2-TZVPPD level of theory. The bond lengths are given in Å.

The next low-lying isomer II is closed-shell with C2v (1A1) symme-
try, which is only 0.01 eV higher at the PW91 level. At the PBE0
level, the energy of isomer II is higher than isomer I by 0.05 eV.
These two structures should be considered as degenerate–both can
be viewed as adding a Au atom to the D2h structure of Nb2Au2

−

equatorially.
The lowest-lying structure I of Nb2Au4

− at the PW91 level is
found to be a 2B2g ground state with D4h symmetry (Fig. 5). As
shown in Fig. S3, isomer II (C2v, 2B1) is optimized to isomer I at
the PW91 level, while it is 0.0003 eV more stable than isomer I at
the PBE0 level. Since the optimized structures of isomers I and II
are almost identical at PBE0 level, we  believe isomer II being more
stable at the PBE0 level is likely a computational artifact. The next
low-lying isomer III (C2v, 2A1) is 0.07 eV and 0.10 eV higher than
isomer I at the PW91 and PBE0 levels, respectively. Other isomers
are at least 0.65 eV higher in energy at the PW91 level (Fig. S3).
Isomer I of Nb2Au4

− can be viewed simply by coordinating one
more Au atom equatorially to the Nb2 dimer of the global minimum
of Nb2Au3

−.
The lowest-lying structure I of Nb2Au5

− is found to be closed-
shell with a 1A1’ ground state and D5h symmetry. The next low-
lying isomer II (Cs, 1A’) is 0.09 eV higher at the PW91 level, and it is
optimized to isomer I at the PBE0 level. Other low-lying structures
are at least 0.1 eV higher in energy. The D5h structure of Nb2Au5

−

can be viewed as simply adding a Au atom equatorially to the D4h
structure of Nb2Au4

−.

5. Comparison between experiment and theory

The two lowest-lying isomers at the PW91 level for each cluster
are considered to be the best candidates for the global mini-
mum structure in each case. The simulated spectra, obtained by
fitting a unit-area Gaussian function of 0.03 eV width to each com-

puted VDE, are compared with the 193 nm photoelectron spectra
in Figs. 6–9 for Nb2Aux− (x = 2 − 5), respectively. The calculated
first VDEs of the two  lowest-lying isomers are compared with the
experimental first VDEs of Nb2Aux− (x = 2–5) in Table 2.
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Fig. 6. Comparison between the 193 nm photoelectron spectrum of Nb2Au2
− and

the  simulated spectra of the two  lowest-lying isomers at the PW91 level.

Fig. 7. Comparison between the 193 nm photoelectron spectrum of Nb2Au3
− and

the  simulated spectra of the two  lowest-lying isomers at the PW91 level.

Fig. 8. Comparison between the 193 nm photoelectron spectrum of Nb2Au4
− and

the simulated spectra of the two  lowest-lying isomers at the PW91 level.

Fig. 9. Comparison between the 193 nm photoelectron spectrum of Nb2Au5
− and

the simulated spectra of the two  lowest-lying isomers at the PW91 level.
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Table  2
Comparison between the calculated first VDEs of the two lowest-lying isomers of
Nb2Aux− (x = 2–5) at the PW91/Def2-TZVPPD level and the experimental first VDEs.
All energies are in eVa.

Band VDE (exp.) Isomer VDE (theo.)

Nb2Au2
− X 1.82(2) I 1.75

II 2.04
Nb2Au3

− X’ 1.81(2) I 1.76
X  1.96(2) II 1.80

Nb2Au4
− X 2.29(3) I 2.35

III 2.30
Nb2Au5

− X 2.86(3) I 2.78

5
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II 2.95

a Numbers in parentheses represent the uncertainty in the last digit.

.1. Nb2Au2
−

The simulated spectra of the top two isomers of Nb2Au2
− are

ompared with the 193 nm spectrum in Fig. 6. The simulated
pectrum for isomer I (Fig. 6b) is in good agreement with the exper-
mental spectrum. The calculated first VDE is 1.75 eV, slightly lower
han the experimental first VDE of 1.82 eV (Table 2). The calculated
igher VDEs are consistent with the observed VDEs at high binding
nergies almost quantitatively in terms of the spectral pattern. The
ood agreement between the simulated spectrum of isomer I and
he experimental data lends credence to the D2h structure as the
lobal minimum for Nb2Au2

−.
The simulated spectrum of the linear isomer II is shown in Fig. 6c,

hich clearly does not agree with the experimental spectrum. The
alculated first VDE for isomer II is 2.04 eV, significantly higher than

he experimental value of 1.82 eV (Table 2). At the PBE0 level, iso-

er  II is almost degenerate with isomer I (Fig. S1), but at the PW91
evel isomer II is 0.27 eV higher than isomer I. More importantly,
here is no identifiable feature in the experimental spectra that can

Fig. 10. Chemical bonding analyses of is
ss Spectrometry 434 (2018) 7–16

be attributed to isomer II. Hence, while we cannot rule out the pres-
ence of isomer II experimentally, its contribution is expected to be
negligible.

5.2. Nb2Au3
−

The simulated spectra of the top two  isomers of Nb2Au3
− are

compared with the 193 nm spectrum in Fig. 7. These two  structures
are found to be nearly degenerate at both the PW91 and PBE0 lev-
els of theory. The computed first VDEs of the two  isomers, 1.76 eV
for I and 1.80 eV for II are close to each other and are found to be
in reasonable agreement with the VDEs of bands X’ (1.81 eV) and
X (1.96 eV), respectively. Hence, bother isomers I and II probably
co-exist experimentally and contribute to the experimental spec-
tra. We can tentatively assign the observed features to different
isomers by comparison with the simulated spectra. The simulated
spectrum of isomer I (Fig. 7b) can reproduce qualitatively peaks X’,
B, C, E and F, while the simulated spectrum of isomer II can repro-
duce peaks X, A, B, D, E and F. The good agreement between the
experimental data and the combined features from isomers I and
II confirms the co-existence of both isomers experimentally and
their near-degeneracy energetically. Isomers I and II of Nb2Au3

−

(Fig. 5) are very similar to each other structurally. Isomer II, being
a singlet state (C2v, 1A1) can be viewed as originated from isomer
I (D3h, 3A1’), due to symmetry-breaking, analogous to Jahn-Teller
distortions.

5.3. Nb2Au4
−

The simulated spectra of the top two  isomers (I and III in Fig. 5) of
omer I of Nb2Au2
− using AdNDP.

Nb2Au4
− are compared with the experimental spectrum in Fig. 8.

The calculated first VDEs of these two  isomers, 2.35 eV for I and
2.30 eV for III (Table 2), are very close to each other; both are con-
sistent with the experimental first VDE of 2.29 eV. Isomer III lies
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Fig. 11. Chemical bonding analyse

nly 0.07 eV and 0.10 eV higher in energy than isomer I at the
W91 and PBE0 levels, respectively, and is expected to be popu-

ated experimentally. The simulated spectrum of isomer I (Fig. 8b)
grees well with the observed features except band E, whereas the
imulated spectrum of isomer III (Fig. 8c) can account for most fea-
ures except bands D and F. Hence, both isomers are needed to
nterpret the experimental data, confirming that both should be
resent experimentally. The spectral features of Nb2Au4

− are all
uite broad (Fig. 3), partly due to the fact that many of the features
f the two isomers overlap.

.4. Nb2Au5
−

The simulated spectra of the top two isomers of Nb2Au5
− are

ompared with the experimental spectrum in Fig. 9. The simulated
pectral pattern of isomer I (Fig. 9b) is in qualitative agreement
ith the experimental spectrum. All the observed features can be

dentified from the simulated spectrum of isomer I. The closest
ow-lying isomer II is 0.09 eV higher than isomer I in energy at
he PW91 level, but it is optimized to isomer I at the PBE0 level.
urthermore, the simulated spectrum of isomer II does not agree
ith the experimental spectrum. The well-resolved spectral fea-
ures for Nb2Au5
− (Fig. 4) do not provide evidence of contributions

rom minor isomers. Hence, we conclude that the D5h Nb2Au5
− iso-

er  should be the global minimum and is the only isomer present
xperimentally.
omer I of Nb2Au3
− using AdNDP.

6. Chemical bonding analyses

Chemical bonding in the global minima of the Nb2Aux− (x = 2–5)
clusters is analyzed using the AdNDP method at the PW91/Def2-
TZVPPD level, as shown in Figs. 10–13, respectively. The bonding
in all the clusters are similar, featuring multiple bonds between
the two  Nb atoms and 3-center 2-electron (3c-2e) delocalized bond
between each equatorial Au atom and the Nb2 dimer, as well as five
5d lone pairs on each Au atom. The only difference in the bonding
among the Nb2Aux− clusters is the bond order in the Nb2 moiety,
which decreases with increasing number of Au atoms.

In Nb2Au2
− (Fig. 10), we  find, for the bonding in the Nb2 moiety,

a 2c-2e � bond due to the overlap of the 4dz2 orbitals of Nb, two
2c-2e � bonds due to the overlap of 4dxz and 4dyz orbitals of Nb,
a 2c-2e ı bond (ON = 1.92 |e|), and a 2c-1e ı bond (ON = 1.00 |e|)
involving the overlap of 4dx2-y2 and 4dxy orbitals of Nb. Thus, the
formal bond order of Nb2 in Nb2Au2

− is 4½, consistent with the
extremely short Nb − Nb bond length (2.082 Å in Fig. 5), which is
comparable to that of bare Nb2 dimer [66].

In Nb2Au3
− (Fig. 11), the Nb Nb bonding involves one 2c-2e

� bond, two 2c-2e � bonds, and two  2c-1e ı bonds, giving rise to
a formal bond order of 4. One 2c-1e ı bond is lost sequentially in
Nb2Au4

− (Fig. 12) and Nb2Au5
− (Fig. 13), resulting in a formal order

of 3½ and 3, respectively. The decreasing bonder order in the Nb2
moiety with x in Nb2Aux− is consistent with the increasing Nb Nb

bond lengths (Fig. 5). The formal bond orders in the Nb2 moiety
in Nb2Aux− are also consistent with the Mayer bond order analysis
(Table S1). Because the Au − Nb2 3c-2e bond consists of one electron
from the 6 s orbital on Au and one electron from Nb2, the addition of
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Fig. 12. Chemical bonding analys

 Au atom in Nb2Aux− will decrease the number of weakly bonding
lectrons in the Nb2 moiety, hence its decreasing bond order with
ncreasing x. The formal bond order of Nb2 in Nb2Au5

− is 3. How-
ver, the Mayer bond order analysis (Table S1) suggests a bond
rder for Nb2 in Nb2Au5

− to be larger than 3. The Nb Nb bond
ength (2.136 Å) in Nb2Au5

− is also shorter than that computed
sing Pyykko’s triple bond radius for Nb (2 × 1.16 Å = 2.32 Å) [67].
his result reflects the contributions of the Au Nb2 3c-2e bonds to
he Nb − Nb bonding, as can be glimpsed from the five 3c-2e bonds
n Fig. 13.

. Structural evolution in the Nb2Aux− clusters

The structures of the Nb2Aux− (x = 2–5) clusters, dominated by
he strong Nb Nb multiple bond, are quite unique and intriguing.
he Au atoms can be viewed as special bidentate ligands coordinat-

ng to the Nb Nb dimer equatorially and sequentially. This mode of
onding is possible, mainly due to the strong Au Nb2 3c-2e delo-
alized � bond. This � bond not only involves the Au6s orbital,
ut also involves weak Au5d-Nb4d interactions, as a result of the
trong relativistic effects in Au. It is interesting that there is no
u Au interaction for x = 2–5 due to the high symmetry of each

luster and the large Au Au distance. Clearly, optimal Au Nb2 3-
enter bonding is more important than any Au Au bonding in these
lusters. As shown previously [47], the six Au atoms in Nb2Au6

−

orm a six-member ring with strong Au Au interactions, rather
omer I of Nb2Au4
− using AdNDP.

than six Au Nb2 3c-2e bonds. This mode of bonding in Nb2Au6
−

is possible for two  reasons 1) the Au Au distance is optimal, 2)
the strong Nb Nb bonding becomes more important than Au Nb2
bonding, because six separate Au Nb2 3e-2c bonds would weaken
the Nb Nb bond by breaking a strong � bond. Recently, Lu et al.
have reported a joint PES and DFT study on a series of di-niobium
silicon clusters, Nb2Sin− (n = 2–12), which were all found to con-
tain a Nb Nb moiety coordinated by the Si atoms [68]. There are
two significant differences between the di-niobium gold and di-
niobium silicon systems. In Nb2Sin−, the Nb Nb bond is much
weaker with the Nb Nb bond lengths ranging from 2.37 to 2.57 Å.
Furthermore, all the Nb2Sin− clusters are characterized by strong
Si − Si interactions. We  expect that the equatorial coordination by
Au atoms should be possible for all early 4d and 5d transition metals
with strong M M bonding in the M2Aux− clusters, which consti-
tute of a unique class of bimetallic clusters and may be accessible
synthetically if appropriate ligands can be designed.

8. Conclusions

Combined photoelectron spectroscopy and density functional
calculations are employed to probe the structures and bonding of a

series of di-niobium-doped gold clusters Nb2Aux− (x = 2 − 5). Global
minimum searches combined with density functional calculations
reveal symmetric bipyramidal type of structures for all the clusters,
which can be viewed as a multiply-bonded Nb Nb dimer coor-
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Fig. 13. Chemical bonding analyse

inated by Au atoms equatorially, resulting in highly symmetric
xh structures for x = 2–5, respectively. Chemical bonding analyses
how that there is multiple bonding between the two Nb atoms.
ach Au atom forms a three-center two-electron delocalized �
onds with the Nb2 dimer, whereas there is little Au Au inter-
ction. The Nb Nb bond length increases and the Nb Nb bonder
rder decreases, as the gold atoms increases in Nb2Aux− (x = 2–5).
his is a unique class of bimetallic clusters and may  exist for other
arly transition metal M2Aux− type of systems.
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