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ABSTRACT: A comprehensive theoretical investigation on structures and
properties of niobium clusters in the range from 13 to 20 atoms, in three different
charged states, is performed by using the BPW91 and M06 functionals and the cc-
pVDZ-PP basis set. These species are predicted to prefer low spin ground state, i.e.,
singlet (for even electron) and doublet (for odd electron) systems. In terms of
growth mechanism, a compact structure with one Nb encapsulated by a cage
formed from five and six triangles is found to be favored over an icosahedral
evolution. Unlike many 3d metals, whose volumes are much smaller, 13 and 19 Nb
atoms clusters do not exist as icosahedra and double-icosahedra. A distinct case is
Nb; as it bears a slightly distorted bcc structure. For some systems, several lower
lying isomers are computed to be so close in energy that DFT computations cannot
clearly establish their ground electronic states. The existence of structural isomers
with comparable energy content is established for Nb, species with n = 13, 18, 19,
and 20 in both neutral and charged states. The vibrational (IR) spectra are also
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calculated. While the spectra of smaller systems are strongly dependent on addition or removal of an electron from the neutral,
the spectra of the larger size clusters are mostly independent of the charged state. The neutrals and their corresponding ions
usually have a quite similar IR pattern. Electron affinities (EA), ionization energies (IE), average binding energies, dissociation
energies, and frontier orbital energy gaps are evaluated. The computed EAs and IEs are generally in fair agreement with
experiment. The Nb s system is observed to be stable and it can form a highly symmetric structure in all charged states with both

open and closed electron shells.

1. INTRODUCTION

The studies in the clusters of the elements have grown
exponentially in recent time, motivated by both fundamental
interest and practical applications."* Indeed, the deep knowledge
on molecular and electronic structures constitutes an initial step
in any attempt of understanding and interpreting the
experimental observations on the thermal, optical, magnetic,
and catalytic properties of nanoparticles. Compared with other
transition metals, in particular the coinage metals, relatively fewer
studies have been devoted to clusters of niobium by both
experiment and theory. Early spin-polarized DFT calculations™*
for Nb,, clusters containing up to n = 10 suggested that these
species prefer the lowest possible spin state, except for Nb,, and a
close-packed growth behavior. Magnetic deflection experiments
on neutral clusters also confirmed an antiferromagnetic ground
state with S = 0 for all even sized systems considered.®

The compact growth mechanism and the preference for the
low-spin configurations were also observed for niobium clusters
in a subsequent DFT study.’ Recent studies’ in addition pointed
out the existence of structural isomerism for 6,9, and 12 Nb atom
systems, which was suggested in an earlier study on N, and D,
reaction kinetics.® The structural isomers of transition metal
clusters are usually very close in energy, leading to considerable
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challenges for both theory and experiment to identify their global
minima. In these cases, information obtained from both
approaches is necessary. One of the more reliable determinations
involves a comparison of the measured IR spectra to those
computed for different isomers, as the vibrational spectroscopy is
particularly sensitive to the internal atomic arrangement.
Fielicke and co-workers'®'" were able to record the vibrational
spectra for both neutral and cationic Nb,”* clusters with n = 5—
12, but no experimental IR data are reported yet for larger
species, n > 12 atoms.

The reactivities of neutral Nb, toward small molecules such as
H,, N,, and CO showed a rather interesting and simple pattern:
even-numbered systems, such as Nbg, Nb,;, and Nby, are
significantly less reactive than odd-numbered counterparts.'>'?
Regarding the cationic clusters, the difference between the sizes
is on the contrary not significant, and their reactivities are
apparently size-independent."*™'® From the photoelectron
spectra recorded by using a laser vaporization technique,
Kietzmann et al.'” determined the vertical detachment energies
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Figure 1. Predicted IR spectra of Nby; neutral (left) and cation (right).
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(VDE) for niobium cluster anions containing from 3 to 25 atoms.
The ionization energies for a large number of neutral Nb,, (n =
2—76) clusters were also measured by using the photoionization
efficiency (PIE) technique.'® These investigations on ionization
energies and electron affinities pointed out even—odd
oscillations for clusters in the size range of 6—17 atoms. Along
the curve of ionization energy values as a function of the size,
local maxima have experimentally been seen at n = 8, 10, and 16.
Such cluster sizes were also predicted to have larger frontier
orbital energy gaps than their neighbors. Recently, Nb,, was
predicted to be particularly stable, having a spherically aromatic
character, high chemical hardness, and large HOMO—-LUMO
gap.” However, there is not much reliable information on Nbg
and, more generally, on the systems larger than Nb,. Many
aspects of these clusters are still not well established, and thus
insights into their basic properties should be helpful not only to
review the prior experimental findings but also to provide useful
predictions for future experiments.

In our continuing theoretical studies on Nb,, clusters, we have
considered their size from n = 2 to 12.” We now extend the work
dealing with the structural, electronic, energetic, and vibrational
properties of neutral and singly charged Nb,”* compounds in
the larger range from the tridecamer (1 = 13) to the eicosamer (n
= 20). First we report the results of geometrical and electronic
structures, along with their growth behavior. As for a prediction,
some spectroscopic features of the ground state and lower lying
states are also presented. The calculations of dissociation
energies (D,), binding energies per atom (BE), electron affinities
(EA), and ionization energies (IE) as a function of cluster size are
then determined and used to rationalize available experimental
data. The main purpose of this study is thus to complete the
predictions on the lowest energy structures for the whole range
from n = 2 to 20, and thereby to emphasize the general trends in
size-dependent growth.
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2. COMPUTATIONAL METHODS

All quantum chemical calculations are carried out with the
Gaussian 09 suite of programs.'” The neutral clusters Nb, with n
= 13—20 are initially investigated by making use of a GGA
functional, namely BPW91,% and the LanL2DZ basis set.”!
Subsequently, geometries of the most relevant lower-lying
isomers are reoptimized by utilizing the correlation-consistent
cc-pVDZ-PP basis set.”” These basis sets take the 4s, 4p, 4d, Ss,
and Sp orbitals of the Nb atom as valence orbitals. The electrons
in the inner shells along with the nucleus are considered as the
inert core. The interaction between valence electrons and the
inert core is included in the pseudopotential (PP), which already
includes the relativistic effects that are crucial in the treatment of
heavy elements.

For each size, we consider the two lowest spin states as
magnetic deflection experiments revealed that Nb clusters exhibit
an antiferromagnetic ground state with § = 0.° In order to
estimate the EAs and IEs, we furthermore explore the optimal
structures for the anionic Nb,~ and cationic Nb," clusters having
the same sizes (n = 13—20), using the same level, namely the
BPW91 functional in conjunction with the cc-pVDZ-PP basis set.
The accuracy of such a computational approach in predicting
molecular properties for Nb clusters has been evaluated in our
recent work.” Other thermochemical properties including
atomization and dissociation energies are computed by employ-
ing the hybrid meta-GGA MO06 functional, which appears to be
more reliable than the pure GGA BPW91. The calculations at the
MO06/cc-pVDZ-PP level are performed on the basis of the
BPWO91/cc-pVDZ-PP optimized geometries. Overall, error bars
of +£0.3 eV can be expected on the calculated energetic
parameters.

The structures considered for initial optimizations are
constructed by using two different routes. In the first one, the
initial geometries of a certain size Nb, are generated from the
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Figure 2. Predicted IR spectra of Nby, neutral (left) and cation (right).
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lowest lying isomers of the smaller size Nb,_; by adding an extra
Nb atom systematically at all possible positions. This procedure
can also be called a successive growth algorithm.> In the second
route, we employ the reported results of other transition metal
clusters at similar sizes as a guide. Harmonic vibrational
frequencies are also computed to confirm that the optimized
geometries correspond to local minima or transition states on the
potential energy surface, and more importantly to simulate their
vibrational spectra (without scaling). Though, to our best
knowledge, the experimental IR spectra for clusters containing
more than 12 Nb atoms have not been published so far; they are
reported here as predictions that may allow the optimal
structures to be verified when the relevant spectroscopic
information is available.

3. RESULTS AND DISCUSSION

We first discuss the properties of the Nb, clusters considered in
three different charged states. An analysis of the growth trends
with respect to the cluster size is presented in subsequent
sections.

3.1. Structures and Vibrational Spectra. The Tride-
camers Nb;; Relevant structures are displayed in Figure 1.
Although an icosahedral shape is found to be the lowest energy
isomer for several 13-atom 4d transition-metal clusters such as Y,
Zr, and Pd,** this form is not even a local minimum for Nb;;. A
severely distorted icosahedron similar to 13B was proposed as
the lowest energy form of Nb,;.>* Two isomers 13A and 13B,
which can be considered as degenerate with an energy gap of 0.1
eV, an amount lying within the error bars of the DFT methods
employed (see above), are found to compete for the ground
state. Both have a low-spin *A (C;) ground state. Other isomers,
namely 13C, 13D, 13E, and 13F (Figure 1), are located from
0.22 to 1.47 eV above 13A.

Following electron detachment or attachment, the forms 13A
and 13B are also giving rise to the most stable configurations for
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Nb,;" and Nb,;~ as well. However, in these ions, the resulting
13A% is 0.12 €V higher in energy than the 13B", while the anion
13A7 is predicted to be 0.32 eV more stable than the counterpart
13B™. Such energy difference remains small to allow a definitive
assignment for the global minimum to be made.

As shown in Figure 1, the spectroscopic signatures of 13A
contain the highest energy band centered at ~330 cm™" and the
highest intensity peak at around 300 cm™. The IR spectrum of
the isoenergetic isomer 13B is more complex with the most
significant peak at ~320 cm™" and some in the vicinity below 250
cm™". Though both the neutral and cation seem to have a similar
spectral pattern, there still exist some minor but typical
differences between their spectral lines. The spectra of 13A*
and 13B* are in fact much smoother than those of 13A and 13B.

The calculated spectra for some lower-lying states of the anion
are plotted in Figure S1 of the Supporting Information (ESI).
Both 13A™ and 13B™ isomers are predicted to vibrate in a range
below 320 cm™" with the appearance of a high-frequency band
above 300 cm™" related to the encapsulated atom.

The Tetradecamers Nb;, Related structures are given in
Figure 2. A previous study® revealed that the global minimum of
Nb,, can be described as a hexagonal antiprism with an atom
situated at the center and one face capped (cf. 14A in Figure 2).
Our findings concur with this, and demonstrate in addition that
such a shape turns out to be the energetically optimized
configuration for both the cation Nb,," and anion Nb,".

14A exhibits a particularly high stability as compared to other
structures detected for Nb,,. For example, an incomplete cubic
with one encapsulated atom 14B is computed at 0.54 eV above
the ground state 'A of 14A. Niobium clusters apparently do not
favor icosahedral form as a capped icosahedron is not even a local
minimum of the 14-atom system.

The vibrational spectrum of the neutral ground state 14A ('A)
covers the range below 325 cm™" with five specific peaks in the
vicinity of 200—325 cm™". As in the 13-atom system, the IR

dx.doi.org/10.1021/jp302279j | J. Phys. Chem. A 2012, 116, 7405—7418
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Figure 3. Predicted IR spectra of Nb; neutral (left) and cation (right).
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spectrum of this species is not much changed following the
removal of an electron from the neutral. We actually observe a
similarity in the band pattern of the cation spectrum. However,
the intensities of some bands located around 225 cm™" are now
substantially reduced, in addition to a small blue shift. The
spectrum of the anion in its ground state 14A~ structure (Figure
S1, ESI) is somewhat distinguishable from that of 14A.

The Pentadecamers Nb ;. Kietzmann et al.'” predicted that
the appearance of a bulk-like bce structure may occur at Nbs™.
Besides, upon electron detachment from the anion Nb,~ the
atomic arrangement remains almost unchanged,7 so the neutral
Nb; is expected to involve a geometric bee shell closing as well.
In fact, we find a rhombic dodecahedron (structure 15A in Figure
3) to be the most stable form of Nb. Because of a Jahn—Teller
distortion, the cluster prefers to exist in a low C; symmetry (2Ag
state), rather than in a perfectly cubic shape (O,,). Other isomers
include a capped hexagonal antiprism structure 15B, and an
incomplete Frank—Kasper structure 15C, both having signifi-
cantly higher energy content (0.77—1.45 eV).

The lowest energy isomer of the cationic state Nb,* is also the
distorted cube (C;), while that of the anion Nb, s~ corresponds to
a regular cube (0;). Again, both Nb,;* and Nb ;™ ions prefer to
exist respectively in low spin 'A, and 'A,, states. For the cation,
the 1Ag state is ~0.2 eV lower than the 3Ag. The energy
separations of other states to the ground state can be found in
Table 1. The HOMO of 15A7 is triply degenerate, so removing
either one or two electrons to form respectively the neutral 15A
and the cation 15A" is accompanied by symmetry reduction from
Oy, to C,. Overall, the Nb clusters can be regarded as the capped
cubes irrespective of their charged state.

Figure 3 shows the IR spectra computed for some lower-lying
states of the 15-atom clusters. The calculated spectra of both
neutral and cationic ground states 1SA (ZAg) and 15A* (lAgl)
contain the most intense band between 310 and 325 cm™,
besides several peaks in the vicinity of 175—250 cm™". However,
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they can still be distinguished from each other. In fact, while the
neutral is predicted to vibrate below 325 cm™, a relatively
distinct peak around 335 cm™ is seen on the IR pattern of 15A".
The predicted vibrational spectra of anionic species are displayed
in Figure S1 of the ESI. The spectrum of the ground state 15A~
structure is characterized by four triplets located at around 320,
240, 190, and 180 cm™".

The Hexadecamers Nb. According to Kumar and
Kawazoe,® the lowest energy isomer of Nb¢ can be described
as an hexagonal antiprism with one side capped by two atoms and
the other side capped by a single atom. Our results concur with
this finding, and demonstrate in addition that such a shape 16A
(Figure 4) turns out to be the energetically optimized
configuration not only for Nb,4 but also for its singly charged
states Nb,,* and Nb,".

16A is a Frank—Kasper polyhedron that has 15 vertexes and all
triangular faces. Note that a vertex that is the meeting of N faces is
called the N-degree vertex, or the vertex having a degree of N (-
faces stands for S triangular faces). Accordingly, among the
vertexes of 16A, 12 vertexes are the meetings of 5 triangular faces,
whereas the 3 remaining vertexes are the meetings of 6 triangular
faces. 16A conformation can thus be viewed as a (12,3) Frank—
Kasper (FK) polyhedron. However, this 15-vertex FK with three
6-degree vertices has a D3 point group rather than a perfect Dy,
deltahedron, whose faces are all equilateral triangles.

The isomer 16B, which is very similar to 16A only the atom
surrounded by 15 other atoms is not at the central position, is 0.6
eV higher in energy.

Capping of the 15-atom cubic structure yields isomer 16C,
which is 1.61 eV above 16A. Relative energies of the cationic and
anionic states are listed in Table 1.

The computed IR spectra of some lower lying states of Nb4
and Nb,¢" are shown in Figure 4. For all states, the vibrational
fundamentals appear below 325 cm™. The spectrum of the
neutral ground 'A state exhibits an intense peak at 310 cm ™', and

dx.doi.org/10.1021/jp302279j | J. Phys. Chem. A 2012, 116, 74057418
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Table 1. Ground and Lower Lying States of Nb,%* (n = 13—
17) Clusters and Their Relative Energies (RE, eV, BPW91/cc-
pVDZ-PP)

RE RE
cluster  structure  state  (eV)  cluster structure state  (eV)
Nb;; 13A(C) *A 000 Nby 15C(C) Z2A 145
13B(C,) *A 011  Nbys" 15A7(C) 'A; 000
13C (C) A’ 022 A, 020
13D (C,) A 0.37 15B* 'A 0.41
(€1
13E(C) A 125 15C* 'A 121
(€1
13F (C,)) A 137 Nb~ 1SA*(C) 'A, 000
Nb,;* 13(%*) A 0.12 A, 038
1
13B* A 0.00 15B* 'A 1.25
(€ (C)
13C¢*(C,) ‘A 0.20 15C* 'A 1.70
(€1
13D* A 046 Nby, 16A(D;) 'A 0.00
(€)
13E°(C,)) 'A 1.15 16B (C,) 'A 0.60
13F" (C)) 'A 1.30 16C (C;) 'A 1.61
Nb,~  13A° 'A 0.00 16D (C;) ‘A 2.70
(c)
13B~ A 034 Nb," 16A* A 0.00
(c) (C)
13C A’ 0.36 16B* A 026
(€) (€
13D 'A 1.31 16C* A 1.68
(€ (€1
13E~ A 145 16D* A 2.90
(€ (Cy)
13F~ A 1.57 Nb,~ 16A” A 0.00
(€ (C)
Nb,, 14A(C,) 'A; 0.00 16(1%‘) A 0.46
1
14B(C,) 'A 0.54 16C~ A 1.53
(€1
14C (C) A 0.67 16D~ ’A 2.58
(Cy)
14D (0,) 'A,, 122 Nb, 17A(C) ‘A 0.00
Nb,,* 14A° B 0.00 17B (C,) *A 0.45
(C)
14B" (C N 0.88 17C (C A 1.51
s. 1
14C* (C) A" 0.81 17D (C) A, 181
14D* A 143 Nb," 17A" 'A 0.00
(€) (€
Nb,,~ 14A° A, 0.00 17B* 'A 0.50
(Cy) (€
14B~ A 0.62 17C* 'A; 160
(c) (Cy)
14C N 0.70 17D*(C) 'A, 169
(c)
14D B, 162 Nb;,” 17A7 'A 0.00
(On) (€
Nb,,  15A(C) A, 0.00
17B~ A 0.57
(c)
‘A, 0.56 17(CC2’) 'A; 140
1
15B (C,) *A 0.77 17D~ A, 195

(c)

some lower intensity peaks below 300 cm™". The spectrum of the
*A ground state of 16A" is characterized by a doublet at ~305
cm™". In addition, five distinct peaks are present in the range
100—300 cm ™.
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As shown in Figure S1 of the ESI, at least four distinct
absorption bands can be found in the range below 300 cm™" on
the vibrational spectrum of the ?A anion ground state of 16A™.

The Heptadecamers Nb;;. We identify several possible low-
lying structures for Nb,, including 17A, 17B, 17C, and 17D
displayed in Figure S. Among them, the distorted (12,4) FK 174,
having no symmetry and a low-spin electronic state, is found to
be the global minimum of Nb,; and also for its ions Nb,,*. In the
case of 17-atom systems, a regular FK polyhedron, ie., a 16-
vertex tetracapped truncated tetrahedron (T, symmetry), is not
an energetically preferred conformation. Previously, an isomer
obtained from 16A by adding one Nb atom (see structure 17C)
has been predicted to be the most stable form for Nb,,.°
However, in the present study, 17C ('A) is computed to lie
around 1.5 eV above 17A (*A). Another isomer 17B, which is
very similar to 17A but more symmetric (C,), is located 0.45 eV
above. The 17-atom species can also appear as a heptagonal
antiprism with each heptagonal face capping one atom (see
structure 17D), but such a local minimum is much less stable
than 17A, being separated by 1.8 eV.

The spectra of 17-atom species are also faintly dependent on
the removal of an electron from the neutral. Both Nb,,; and Nb,,*
are predicted to exhibit in ground state a typical peak around 280
cm™" on their IR spectra. An interesting point here is that they
vibrate at a considerably lower energy than the smaller size
Nb,;”*—Nb,;”/* clusters. As compared to 17A (*A), the closed-
shell counterpart 17A" (*A) has a somewhat smoother spectrum
as it is likely to be more symmetric. There also exist some typical
bands as spectroscopic signatures of the 'A anion ground state at
~280 cm ™', besides several lower intensity bands in the range
below 240 cm™ (cf. Figure S1 of the ESI).

The Octadecamers Nb, 5. Our previous studies’” show that the
optimal Nb clusters prefer a close-packed growth behavior rather
than a successive growth pattern. This also holds true for the 18-
atom species. In fact, the isomer obtained from 17A by adding an
extra Nb atom (cf. structure 18C) is computed to be around 0.54
eV higher in energy than the compact 18A. The latter is also
derived from five and six faces, but it is not a FK polyhedron
because it has two pairs of adjacent degree six vertices. Only
deltahedra with degree S and 6 vertices and with no adjacent
degree 6 vertices are considered as FK polyhedra.*®

A 2-fold symmetry isomer 18B, being 0.25 eV higher in energy
than 184, is obtained when one top-side atom is cut from the
lowest energy of the larger size 19A.

Following electron detachment and attachment, the two
shapes 18A and 18B are also giving rise to the energetically
optimized configurations 18A* and 18B" for Nb,;* and 18A™ and
18B~ for Nb,;™. Isomers 18B* and 18B™ are now found to lie
0.36 and 0.10 eV higher in energy than 18A* and 18A7,
resgectively. In previous investigations on clusters of Fe, Ca, and
Sr,*”?® global minima for the 18-atom systems are related to a
double icosahedron by removal of one atom. In the present
study, such a form 18D (Figure 6) with D; symmetry and a low-
spin 'A,’ state remains a local minimum, but being ~0.77 eV
above the lowest energy isomer 18A. Other local minima, namely
18E, 18F, and 18G, which can be considered as arising from
capping one Nb atom to 17A (18E, 18F) and two Nb atoms to
16A (18G), are much less stable than 18A. These are predicted
to be 1.78—3.17 eV above the ground state 18A (see Figure S3 of
the ESI).

The vibrational spectrum of 18A ('A) contains (at least) six
distinct bands located in the range of 150—275 cm™’, where the
highest one is centered at around 260 cm™". The IR spectrum of

dx.doi.org/10.1021/jp302279j | J. Phys. Chem. A 2012, 116, 74057418
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18B ('A,) is much simpler with the presence of the most intense
band at ~190 cm™ and a doublet at ~255 cm™". Removal of one
electron from 18A and 18B forming 18A* and 18B" cations is
accompanied by a significant change in the vibrational spectrum.
While the intensities of bands below 225 cm™ of the 18A
spectrum are significantly reduced, the doublet at ~255 cm™ on
the 18B band pattern now splits into several peaks and some

substantially shift to higher energy levels. The band patterns of
18A™ and 18B™ anions are also quite different from those of the
corresponding neutrals and cations.

The Nonadecamers Nb;o. Species containing 19 atoms
constitute an extensively studied object in metal clusters as the
icosahedral growth pattern gives rise to a double icosahedron.”
However, in the case of Nbyy, no low-lying isomer is directly
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derived from a double icosahedron. Instead, it prefers a
hexadecahedron-like structure 19A (Figure 7), which is built
upon 18B. This lends support for the view that the icosahedral
growth is not favored in niobium clusters. Also particularly stable
is a compact structure 19B, being only 0.04 eV higher in energy
than 19A. In 19B, the numbers of vertices where five and six faces
meet amount to 12 and 6. Another compact isomer, i.e. 19C, with
one degree 4, seven degree S, and ten degree 6 vertices, is
predicted to be 0.44 eV above 19A. In addition, we can locate
several local minima built upon the 5-fold symmetry 18D of the
smaller size by capping one Nb atom randomly. They are
computed to be 1.0—2.2 eV less stable than the lowest energy
isomer.

The two lowest lying structures 19A and 19B also turn out to
be the energetically optimized configurations for both ions. The
state 'A of 19B" is now only 0.0S eV higher in energy than its
counterpart 'A; of 19A". Both structures are thus basically
degenerate. Early experiments also observed the presence of
different structural isomers for cationic species Nb,,".** Because
the cations and neutrals have similar structures, the structural
isomers of the neutral Nb,y could exist as well, but this is also
dependent on the energy barrier to their interconversion. This
kinetic issue is not addressed in the present work.

Figure 7 displays the vibrational spectra of 19-atom species in
both neutral and cationic states. The predicted spectrum of 19A
(*B,) contains distinct peaks in the vicinity of 110, 200, and 250
cm™, besides the appearance of a very low-frequency band below
50 cm ™. The IR spectrum of the quasi-degenerate state 19B (*B)
becomes much more complicated with the presence of (at least)
seven typical bands in the range of 125—250 cm™. The
vibrational spectrum of 19A* (*A;), as in 194, is also
characterized by recognizable peaks at around 110, 200, and
250 cm™!. However, their intensities are somewhat different, and
the low-frequency vibration below S0 cm™ is not observed on
the band pattern of 19A*.
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There also exist some minor but distinguishable differences
between the vibrational spectra of 19B and 19B*. Following the
electron detachment to form 19B*, the intensities of bands in the
range 150—200 cm ™" are substantially reduced, in addition to the
emergence of a distinct band at 225 cm™ and a small blue shift
from the peak around 125 to 135 cm™.

The Eicosamers Nb,,. Recently, Gruene and co-workers®'
confirmed a regular tetrahedron (T,) as the global minimum for
Au,, using a combined IR and computational study. On the
contrary, a double icosahedron (Dy;) with two encapsulated
atoms is predicted to be most stable form of Ni,,,>* whereas a
face-capped octahedron (C;,) is the favored form of Pd,,>>
None of such conformations is found in our extensive search to
be even a local minimum for Nb,,. Instead, the cluster has its
most stable form as the polyhedron 20A, whose degree five and
six vertices are 12 and 7, respectively. Besides, we detect an
isoenergetic form 20B ('A’) competing for the ground state of
Nb,, as it is located only 0.07 eV above 20A (*A). The shape 20B
arises from the 5-fold symmetry structure 18D by capping two
additional Nb atoms. Both 20A and 20B also turn out to be the
lowest and the second-lowest forms of the ions. However, the
energy separation is enlarged upon ion formation, in which 20B*
and 20B™ are now 0.27 and 0.13 eV above their counterparts
20A* and 20A7, respectively.

We now consider the vibrational properties of some lower
lying states of Nb,, and Nb,,", which are plotted in Figure 8. The
predicted spectrum of 20A contains two distinct peaks at ~175
and 240 cm™". In addition, the highest energy band is observed at
265 cm™" and several low-intensity ones in the vicinity of 175—
225 cm ™. The vibrations of 20B (*A’) are characterized by two
strong peaks at around 235 and 260 cm ™, and some lower bands
at ~18S, 145, and 75 cm™". Regarding the cation 20A", it is
similar to 20A that one can clearly find the significant peak
around 245 cm™'. However, the peak at ~175 cm™ is now
significantly reduced. The spectrum of 20B" contains three
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Table 2. Ground and Lower Lying States of Nb,”* (n = 18—
20) Clusters and the Relative Energies (RE, eV, BPW91/cc-
pVDZ-PP)

RE RE
cluster  structure  state  (eV)  cluster  structure state  (eV)
Nb,, 18A(C,) ‘A 0.00 19F* (C,) A 1.13
18B (C,,) 'A; 0.25 19G* A, 134
(Cy)
18C(C;) ‘A 0.54 19H" A 241
(€
18D 'Ay 077 Nb, 19A” 'A, 001
(D) (Cy)
18E (C;)) 1A 1.78 19B~ 'A 0.00
(c)
18F (C) A’ 2.03 19C A 0.37
(c)
18G A 317 19D~ A 0.98
(D) (c)
Nb,,*  18A7(C,) B 0.00 19E~ A 125
(€)
18B*(C,) A 0.36 19F~ (C) A" 096
18C* A 0.67 19G~ 'A 111
(cy) (G)
18D* A 098 Nby,, 20A(C,) 'A 0.00
(€)
18E* (C,) A 2.18 20B (C) 'A” 007
18F* (C,) A’ 2.30 20C (C;)) 'A 0.35
18G* A 345 20D (C) 'A 036
(€)
Nb,~ 18A~ A 0.00 20E (C;)) 'A 0.38
(c)
18B~ A, 0.10 20F (C;) 'A 0.58
(Cy)
18C~ A 0.42 20G (C) A 1.06
(€)
18D~ A 0.65 20H (C,)) 'A 1.20
(€
18E~ A 164  Nby"™ 20A7(C,) Z2A 0.00
(€)
18F (C) *A" 163 20B*(C;) ‘A 027
18G~ A 2.88 20C* A 0.31
(€ (€
Nb,, 19A(C,) B, 0.00 20D* A" 0.50
(c)
19B (C,) ‘A 0.04 20E(C;) ZA 0.38
19C (C,) A 0.44 20F* (C;) ‘A 040
19D (C,) A 1.00 20GT(C) A’ 1.06
19E (C;) *A’ 1.06 20H" A 1.32
(c)
19F (C;) °*A 120  Nby™  20A” A 0.00
(c)
19G(C,) B, 1.21 20B°(C) 2A" 013
19H (C,) *A’ 220 20C” ’A 0.35
(€
Nb,,"  19A* 'A; 000 20D A 028
(Cy) (c)
19B*(C,) ‘A 0.05
20E- A 0.45
(c)
19C* 'A 0.54 20F A 0.30
(c) (c)
19D* 'A 0.99 20G~ A" 073
(c) (c)
19E*(C;) ‘A 1.16 20H~ A 1.01
(€

closely spaced peaks at 255, 240, and 220 cm ™, and a relatively
typical one at around 150 cm™.
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3.2. Energetic Properties. Some basic energetics of pure
niobium clusters such as EAs and IEs have been determined
experimentally by several groups.'”'®** Photoemission studies'”
predicted that the even-numbered clusters, namely Nbg, Nb,,
Nb,,, Nb,,, and Nb,¢, have a closed-shell structure and that the
additional electron occupies the LUMO, giving rise to a small
peak at low binding energy of the corresponding anions.
Exceptionally large frontier orbital (HOMO—LUMO) energy
gaps found for 8-, 10-, and 16-atom neutral species correlate well
with experiments, that is, the reactivity of these clusters with H,,
N,, and CO is abnormally low as compared to other
counterparts.'>"® In our recent study,’” the relation of large
orbital gaps to low reactivities has been interpreted for Nbg and
Nb,, through the chemical index, i.e., the global hardness (n ~ IE
— EA),*® in which a “hard” cluster should be less reactive. As far
as we are aware, there is no theoretical data reported for both EAs
and IEs of Nb, containing more than 12 atoms.

We here systematically evaluate the vertical and adiabatic
detachment energies for Nb,” ™ species in the range of size n =
13—20, using the same BPW91/cc-pVDZ-PP level. The vertical
detachment energies (VDEs) of anions are calculated at the
anion geometry, whereas the adiabatic detachment energies
(ADEs) refer to the values obtained by using the optimized
structures of both neutral and anionic forms. The latter qualities
also correspond to the EAs of neutral clusters. Similarly, we
compute the vertical and adiabatic detachment energies of
neutrals, which correspond to the vertical and adiabatic IEs. The
vertical IEs of neutrals are thus computed by taking the
geometries of vertical cations to be the same as those of neutral
counterparts, while the adiabatic ionization energies are
computed from the difference between the energies of both
neutral and cationic ground states. Table 3 lists, along with
available experimental data, the vertical and adiabatic values for
both EAs and IEs of the Nb,”~ clusters considered.

The even/odd oscillations of IEs and EAs are typically found in
small metal clusters bearing an odd number of electrons per atom
such as Na, Al, and Au, 13637 and also are Nb clusters smaller than
Nb,,. For Nb,™ species with n = 13—17, such a pattern of the
VDE:s is again observed with local minima at n = 14 and 16, while
for n > 17 the VDEs tend to increase steeply with no clear even/
odd alternation. These results concur with the experimental data
estimated from the photoelectron spectra of mass-separated
Nb,~ clusters."”

We also find that, in general, the detachment energies
calculated from the lowest energy structures are in substantially
better agreement with experiment than those obtained from
higher energy isomers. For example, the predicted ADEs of 13A™
and 13B™ are 1.68 and 1.48 eV, respectively, as compared to the
experimental value of 1.70 eV. Only in the case of Nb,;™ a low-
lying structure 18B~ yields a closer VDE to experiment (see
Table 3), although it is computed to lie ~0.25 eV above the
ground state.

Kietzmann et al.'” suggested a considerable change in the
electronic structure and also the atomic arrangement around n =
16 as the photoelectron spectrum of Nb;;~ shows a peculiar
landscape, and for n > 15 the VDE:s start to increase considerably
with cluster size. A possible reason for such observations is that
NbD clusters favor solid bcc structures with the first geometric
shell closing occurring at #n = 1S. In this work, we find that the
preferred 15-atom capped cube actually corresponds to a piece of
bec bulk with one Nb atom encapsulated by a rhombic
dodecahedron shell. The unambiguous evidence for such early
transition to a bulk structure also indicates that these metallic

dx.doi.org/10.1021/jp302279j | J. Phys. Chem. A 2012, 116, 74057418
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clusters are strongly bound. The Nbs™ anion is in addition
computed to have a detachment energy much larger than any
other cluster considered, implying that it is remarkably stable
with respect to neutralization.

At the BPW91/cc-pVDZ-PP level, the VDE(Nb,;~) amounts
to ~2.04 eV as compared to 1.68, 1.60, 1.54, 1.63, 1.81, 1.75, and
1.80 eV of Nb;3~, Nb,,~, Nb,s~, Nb;,~, Nb,3~, Nb;y~, and Nb,,",
correspondingly. The calculated VDE of 2.04 eV for Nb, 5~ thus
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significantly overestimates the experimental values of 1.65 eV by
Kietzmann et al.'® or 1.79 eV by Pramann et al*® On the
contrary, the computed VDEs of Nb,,”, Nb,y~, and Nb,,” tend
to be 0.1—0.2 eV lower than the experiment. It is in addition
noticeable that the gap separating the vertical and adiabatic
EA(Nbs”) is the largest, due to the significant difference
between the lowest energy structures of Nb;s~ and Nb.

dx.doi.org/10.1021/jp302279j | J. Phys. Chem. A 2012, 116, 7405—7418
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Table 3. Ionization Energies of Nb, and Detachment Energies
of Nb,” (n = 13—20) (BPW91/cc-pVDZ-PP)

ionization energies (eV) detachment energies (eV)

isomer AIEs VIEs exptl (+0.05)° ADEs VDEs exptl (+0.05)"
13A 4.70 4.76 4.85 1.66 1.68 1.70
13B 4.47 4.50 4.85 1.44 1.48 1.70
14A 4.59 4.72 4.75 1.56 1.60 1.64
15A 4.60 4.65 4.53 1.93 2.04 1.65
16A 4.54 4.66 4.80 1.48 1.54 1.62
17A 4.43 4.48 4.67 1.58 1.63 1.80
18A 4.36 441 4.65 1.62 1.65 1.80
18B 4.47 4.56 4.65 1.77 1.81 1.80
19A 4.37 4.40 4.63 1.65 1.75 1.88
19B 4.42 4.50 4.63 1.66 1.70 1.88
20A 4.43 4.45 4.62 1.77 1.80 1.93
20B 4.60 4.64 4.62 1.72 1.73 1.93

“Taken from ref 18. ®Taken from ref 17.

Knickelbein and Yang'® assigned the IEs for clusters up to
Nb,, from the corresponding photoionization efficiency (PIE)
spectra. Such thermochemical parameters for systems in the size
range n = 4—200 were also reported by Wrigge and co-workers in
a more recent paper.* However, to our best knowledge,
theoretical calculations have only been performed for sizes up to
n = 12 so far. We now report both vertical and adiabatic IEs for
species with n = 13—20. The calculated results, along with the
experimental data, are listed in Table 3. It appears that the
experimental IEs correspond to the vertical values, and as in the
detachment energies, the best match to experiment is generally
related to the lowest energy structures, except for Nbys. In the
latter case, the calculated VIEs of 18A and 18B are 4.41 and 4.56
eV, respectively, as compared to the experimental value of 4.65
eV."® The VIEs computed from the low-lying isomers 19B and
20B also match better with experimental data. In both cases the
energy difference between those isomers and the ground state is
extremely small, and within the expected accuracy of the DFT
methods (see above), they are energetically degenerate. In these
cases, the higher energy isomer identified by DFT computations
could legitimately be considered as the observed structure in the
experiment.

Although there exists a clear odd—even oscillation of IEs for
clusters smaller than Nb,,,” such a pattern is not obviously
observed for the larger size range n = 13—20. In agreement with
experiment, the 13-atom cluster is computed to have the largest
IE value. Other local maxima appear at n = 14 and 16. In general,
the VIEs computed at the BPW91/cc-pVDZ-PP level compare

well to experiment but with some exceptions. According to
Knickelbein and Yang,'® Nb,5 has a lower VIE (by ~0.27 V)
than Nb, . However, our calculations yield comparable values for
both sizes. The predicted IE(Nb,s) = 4.65 €V is thus likely
overestimated, while that of Nb,4 (4.66 eV) underestimates the
measured data. The computed IE(Nb,,) = 4.48 eV also appears
to underestimate the experimental value of 4.67 eV, even though
the deviation still lies within the expected error bars of +0.3 eV.

Of the clusters considered, the 18-atom cluster appears
remarkable as both VIE and VDE values obtained from the
higher lying isomer 18B are closer to the experimental data than
those computed from the lowest energy 18A. As stated above, it
can be expected that 18B of Nb,4 is more likely to be present in
experiments than 18A. Previously, such a phenomenon was also
recorded for Nbg and Nb,,.” This finding again points out that in
many sizes, the global minimum cannot be assigned solely by
DFT computations.

3.3. Thermodynamic Stabilities. To obtain more
quantitative information about the cluster stability, we consider
the average binding energy per atom (BE), the second-order
difference of energy (A’E), and the stepwise dissociation energy
D.. For pure niobium clusters, these parameters are defined by
the following equations:

BE(Nb,*) = [(n — 1) X E(Nb) + E(Nb*) — E(Nb,*)]/n
A'E(Nb,*) = E(Nb,,,*) + E(Nb,_,") — 2E(Nb,")

D(Nb,") = E(Nb,_,") + E(Nb) — E(Nb,")

where x = 0, +1, —1; E(Nb,”*) is the lowest energy of the Nb,*
cluster.

The computed BEs for neutral species and their singly charged
counterparts calculated at various levels are given in Table 4.
Such parameter can be regarded as the energy gained in
assembling a definite cluster from isolated Nb constituents. First
we find a monotonic increase of BEs with respect to the cluster
sizes. This implies that the systems tend to gain stability during
the growth; larger clusters are indeed more stabilized. As
reported in our previous studies,’ although the BPWP1
functional is in general more reliable than other functionals in
predicting geometries, vibrations and energetics of Nb clusters, it
is deficient when computing the binding energy per atom and
dissociation energies. For the latter, the hybrid meta-GGA
functional MO6 describes somewhat better. The biggest
drawback of most GGA approaches is the evaluation of the
atomic energies,3’9 and asa consequence, quantities involving the
energies of free atoms become less relevant. For the sake of

Table 4. Average Binding Energy Per Atom (BE), Second-Order Difference of Energy (A’E), and Dissociation Energy (D,) of
Nb,”* Clusters (n = 13—20), Using BPW91 and M06 Functionals with the cc-pVDZ-PP Basis Set

neutral clusters

cationic clusters

BE (eV) D, (eV) A’E (eV) BE (eV) D, (eV) A’E (eV)
n BPWI1 Mo06 BPWI1 Mo06 BPW91 Mo6 BPW91 Mo6 BPWI1 Mo6 BPWI1 Mo06
13 4.67 5.14 4.93 5.85 -1.22 —0.68 4.87 5.28 4.77 542 -1.67 —1.14
14 478 528 6.15 6.64 —0.41 —-0.33 4.96 5.37 6.13 6.56 —0.34 —0.54
15 4.90 5.36 6.56 6.97 1.38 0.94 5.06 5.49 6.47 7.01 113 1.09
16 491 541 5.20 6.03 —0.20 0.28 5.08 5.52 5.34 6.01 -0.16 0.08
17 494 5.43 5.40 5.75 0.17 0.22 5.10 5.54 5.50 5.93 021 0.35
18 4.95 5.43 5.22 5.53 —-0.06 —0.17 5.11 5.55 5.29 5.58 0.02 —0.13
19 4.97 5.44 5.28 5.69 1.13 1.10 5.12 5.56 5.28 5.71 122 1.88
20 493 5.40 4.15 4.60 5.07 5.52 4.10 4.55
7414 dx.doi.org/10.1021/jp302279j | J. Phys. Chem. A 2012, 116, 7405-7418
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comparison, we here report both M06 and BPW91 values for
these quantities.

The cations are predicted to have larger BEs than the
corresponding neutrals by both functionals (Table 4). In
addition, the BPW91 systematically yields lower BE values
than the M06, with the average deviations of ~0.5 and ~0.4 eV
for neutral and cationic states, respectively. The BEs of clusters
considered are predicted to be in the range of 4.7—5.0 eV/atom
by BPW91, as compared to the corresponding values of 5.1—5.4
eV/atom computed using the M06. The BEs thus exhibit a
gradual growth and tend to reach the maximal value of 5.4 eV/
atom for Nb,, (M06 level). However, this quantity is still far away
from the cohesive energy of the bulk niobium (7.6—7.8 eV/
atom).* While measured values were reported for neutrals
smaller than Nb,,,*' no experimental data are found for the larger
clusters.

The time-of-flight (TOF) mass spectra of Nb clusters
recorded by Sakurai et al.** show a remarkably high intensity
for the systems in the range of n = 11—16. Subsequently the
intensity significantly decreases and reaches a minimum at n = 19.
This observation correlates well with the dissociation energy D,
values tabulated in Table 4. Indeed, the predicted values for
clusters with #n = 13—16 are much higher than those of the larger
systems. Especially, both Nb;s and Nb* are expected to be
exceptionally stable as they exhibit the especially large D, values.
Among the neutrals considered, Nb,s is characterized by the
highest D, value, implying a particular thermodynamic stability
even though it has an open-shell electronic structure. These
results indicate again the dominance of a geometric effect, namely
the cluster stability is determined more by the atomic
arrangement (shape) than by the electron distribution.

The magic number of n = 15 was found for the pure clusters of
Fe, Ti, Zr, and Ta, owing to their bcc structural unit.” In
addition, both Fe g and Ti,y were also assigned to be magic as
they are expected to hold a highly symmetric conformation, i.e., a
double icosahedron with two encapsulated atoms. The 19-Nb
atom species, on the contrary, does not prefer such a form
because, as compared to 3d elements, the 4d elements have larger
volume in such a way that the 5-fold symmetry cage of 17-Nb
atoms can conveniently encapsulate two Nb atoms. This concurs
with the low intensity on the abundance spectra of autoionized
Nb clusters observed by Sakurai et al. for Nb,y.**

As far as we are aware, no experimental dissociation energies
are actually available for clusters containing more than 11 Nb
atoms. We recently used both M06 and BPW91 functionals to
predict dissociation energies, and the former is found to yield a
better agreement with experiment than the latter.” In this
context, we would suggest to adopt the D, values predicted by the
MO6 level for Nb,, in the range of n = 13—20.

Another indicator that can be used to estimate the relative
stability of a cluster with respect to its immediate neighbors is the
second-order difference of energy (A’E). A cluster with a
positive value of A’E is considered to be more stable as compared
to the smaller and larger size neighbors. At both levels (Table 4),
the 15-atom species are found to have the largest values of A’E,
indicating their higher stabilities. This is again in perfect
agreement with the analysis based on dissociation energies
given above. For smaller systems, the A?Es clearly exhibit odd—
even fluctuations: clusters with an even number of atoms appear
to be much more stable than the neighboring odd-numbered
ones.” However, such a trend is not observed for the systems
considered here.
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The energy gap between frontier orbitals (HOMO—LUMO)
is also used to measure the kinetic stability of chemical species.
The relatively large HOMO—-LUMO gaps of Nbg, Nb,,, and
Nb,¢ that were estimated from photoelectron spectra of the
corresponding anions are found to correlate well with their low
reactivities toward hydrogen (Figures 9—11)."” Low reactivities
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toward nitrogen and deuterium were also detected experimen-
tally for these clusters.'* The graph of the HOMO—LUMO gaps
for the lowest energy structures of neutral and cationic Nb
clusters is given in Figure 9. Because such separations of the
closed-shell systems and the SOMO-LUMO gaps of the open-
shell radicals cannot directly be compared, we only plot the gaps
for closed-shell species. This clearly demonstrates that Nb 4 has
the largest band gap among neutrals considered. Concerning the
cations, the large gap obtained for Nb " correlates with its high
stability discussed above. However, its reactivity with simple
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molecules in the
cationic clusters."

In order to probe further the high stability of some specific
sizes, the shapes and symmetries of MOs generated from
interactions between valence orbitals of the encapsulated Nb
atoms with the outside niobium frameworks in Nb,s~ and Nb,4~
systems are displayed in Figure 12. Such combinations are
analogous to those of the homoleptic complexes in which the
encapsulated Nb serves a function of the central atom whose

ghase is comparable to that of other Nb
P64

Figure 12. Shapes and symmetries of MOs generated from valence
orbitals of central Nb in Nb,;~ (upper panel) and Nb,,~ (lower panel).
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benefit is a stabilizing effect for Nb cages. When placed at the
center of an Nby, cube, five d orbitals of Nb are no longer
degenerate (Figure 12). Instead they split into two non-
equivalent sets of orbitals with e, and t,; subsymmetries of the
O, group. Similar interactions are also observed in larger systems
such as Nb,o~. However, in the latter, five d orbitals split into five
discrete levels 2 a;, a,, b;, and b, of the C,, point group.
Furthermore, moving to Nb,y”, the Nb,; skeleton expands, so
linear combinations of encapsulated Nb valence orbitals with
those of the Nb,g cage become less effective. This is likely to
result in a greater stabilization of the pentadecamers, as
compared to other species considered in the present work. In
addition, we find an electron density flow from the outside Nb
atoms to the encapsulated one as the net charges of the latter
moiety are consistently negative (see Table 5). The incomplete d

Table 5. The Natural Charges Distributed on the
Encapsulated Nb Atom of Nb,, Clusters (n = 13—20)
(BPW91/cc-pVDZ-PP)

isomers NBO charges (au) isomers NBO charges (au)

13A -13 18A -1.1
13B -1.0 18B -12
14A —-11 19A -12
15A -1S5 19B -1.0
16A -13 20A -1.0
17A —-12 20B -1.1

orbitals of the central atom thus basically play as a global electron
acceptor. As expected, the electron transfer in 15A is much more
effective as compared to the similar procedure in other species.
Therefore, it can be suggested that the greater the charge
involved, the more stabilized the cluster is.

Figure 13 displays the density of states (DOS) of the lowest
energy isomers 14A~, 15A7, and 16A™. The occupied densities of
states of these systems are predicted to cover the range from —1.0
to —6.0 eV, and all associated mainly with 4d and Ss electrons.
The photoemission spectra for these anions have also been
investigated by several experimental groups,”’34 and that of
Nb,;~ is found to be particular with sharper peaks in the vicinity
of 2.5—3.0 eV, along with some minor intensities around 2.0 eV.
This is in general agreement with our results, though the
computed data are likely to be shifted to lower binding energies
as compared to the photoemission peaks. A simulation of the PE
spectrum requires computations of the Franck—Condon factors,
and a rough direct comparison of the electromc density of states
with the PE spectra is often carried out.** However, it should be
noticed that such an approach is only of qualitative value for
assignment of cluster geometrles as it does not take the relaxation
of the electrons into account.*

4. CONCLUDING REMARKS

In this theoretical study, we perform a comprehensive
investigation on the structures and related properties of niobium
clusters in the range from 13 to 20 atoms, in three different
charged states, using the BPWO91 functional and the
pseudopotential basis set cc-pVDZ-PP. The M06 functional is
also employed to evaluate some basic thermochemical
parameters including atomization and dissociation energies.
Together with the results obtained in our recent studies on
smaller clusters,” we can now draw some general trends for Nb,
with n ranges from 2 to 20.
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Figure 13. Plots of total density of states (DOS) for anions 14A~, 15A7,
and 16A".

The Nb clusters invariably prefer the lowest possible spin state
for their ground state, i.e., singlet and doublet states for even- and
odd-electron systems, respectively. We also find that, in terms of
their growth, these clusters do not favor an icosahedral evolution.
Instead, they consistently follow the path in which a compact
structure with one Nb atom encapsulated by a cage is formed
from five and six triangles. Unlike many 3d transition metals
whose volumes are much smaller, the clusters containing 13 and
19 Nb atoms are not likely to exist as icosahedra and double-
icosahedra. A distinct case is Nb,s as its capped cube bears a
slightly distorted solid bec structure.

In some cases, we also observe for a certain system several
lower lying isomers that are very close in energy, in such a way
that sole DFT computations cannot clearly establish their ground
electronic states. The present computed results confirm the
existence of structural isomers with comparable energy content
for species with n =13, 18, 19, and 20 in both neutral and charged
states. Thus additional spectroscopic information is necessary for
more reliable assignments of the global minima.

In addition to the structural predictions, we calculate the
vibrational signatures. An interesting observation is that while the
IR spectra of smaller systems are found to be strongly dependent
on the addition or removal of an electron from the neutral, those
of the larger size clusters are likely to be independent of the
charged states. The neutrals and their corresponding ions usually
have quite similar IR patterns.

We in addition determine the electron affinities, ionization
energies, average binding energies, dissociation energies, and
frontier orbital energy gaps. The computed EAs and IEs are
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generally in fair agreement with experiment. On the basis of the
analyses of these energetic parameters, the Nb;s system is
predicted to be stable and it can form a highly symmetric
structure in all charged states.
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