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In this work, the structures of cationic Si,Nb* (n = 4-12) clusters are determined using the combination
of infrared multiple photon dissociation (IR-MPD) and density functional theory (DFT) calculations. The
experimental IR-MPD spectra of the argon complexes of Si,Nb* are assigned by comparison to the
calculated IR spectra of low-energy structures of Si,Nb* that are identified using the stochastic ‘random
kick' algorithm in conjunction with the BP86 GGA functional. It is found that the Nb dopant tends to
bind in an apex position of the Si, framework for n = 4-9 and in surface positions with high coordination
numbers for n = 10-12. For the larger doped clusters, it is suggested that multiple isomers coexist and
contribute to the experimental spectra. The structural evolution of Si,Nb* clusters is similar to V-doped
silicon clusters (J. Am. Chem. Soc., 2010, 132, 15589-15602), except for the largest size investigated
(n = 12), since V takes an endohedral position in Si;,V*. The interaction with a Nb atom, with its partially
unfilled 4d orbitals leads to a significant stability enhancement of the Si,, framework as reflected, e.g. by
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1. Introduction

Over the past few decades, scientific interest in clusters has
rapidly increased, as they constitute a class of materials with
fascinating physical and chemical properties, which are distinct
from those of individual atoms, molecules or bulk matter.'™ In
particular, clusters of the semiconductor material silicon have
attracted a lot of theoretical and experimental attention due to
their potential applications in the modern microelectronics
industry.®™** Different from carbon clusters that usually show
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high binding energies and large HOMO-LUMO gaps.

sp” hybridization, bonding in pure silicon clusters occurs through
sp’ hybridization and thus they are more chemically reactive due
to the existence of unsaturated dangling bonds on the clusters’
surface, making them less suitable as nanoscale building blocks."
However, it has been found that silicon clusters can be stabilized
by doping with transition metal (TM) atoms,"**® and by now a great
number of studies, both experimentally’” > and theoretically,** >
have explored the structures and electronic properties of TM-doped
silicon clusters for their potential use in silicon-based nano-
materials. In fact, doping silicon clusters with appropriate transition
metal atoms®”™*" can reduce the number of dangling bonds on
the cluster surface or even fully saturate them via pd hybridization,
and thereby change the geometrical structures and chemical
reactivities compared to pure silicon clusters. Accordingly, novel
physical and chemical properties of transition-metal doped silicon
clusters, e.g., size-specific stability,*>** magnetic,'”***"%% and
optical properties,** open up many new and exciting applications,
for instance, for silicon-based nano-devices in optoelectronics,
tunable lasers, and sensors.

For example, Hiura et al.'* reported the formation of a series
of silicon cage clusters with endohedral TM atoms, TM@Si,,"
(TM = Hf, Ta, W, Re, Ir, etc.), and showed by density functional
theory (DFT) calculations that W@Si,, is a very stable cluster
due to both electronic and geometrical shell closures. Endohedral
TM@®@Si, (TM = W, Zr, Os, Pt, Co) clusters have been extensively
investigated theoretically, in order to test their potential as self-
assembly building blocks.'****>® The properties of the endo-
hedral clusters were shown to depend largely on the cluster size
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and the type of TM atoms.*”*’ Silicon clusters doped with a
lanthanide atom retaining a partially filled 4f shell, such as
Si,Ln~ (Ln = Ho, Gd, Pr, Sm, Eu, Yb), have been suggested as
magnetic silicon-based nanomaterials.'” Interestingly, the fully
TM-encapsulated silicon clusters, TM@Si; (TM = Ti and Zr), are
also predicted to exhibit luminescence in the visible range,
making them attractive for optoelectronic applications,** and
the neutral TiSi,¢ cluster has a closed-shell electron configuration
with a large gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO).'®
The isoelectronic TaSiy" has been recently reported to form stable
heterodimers with Cg, upon deposition from the gas phase.*®

Experimentally, information on relative stabilities as well as
geometric and electronic structures has been obtained from
mass spectrometric observations,'®**>° reactivity experiments that
probe the location of the dopant atoms,****>* photodissociation
experiments,® photoelectron spectroscopy,'” >>*° and infrared
spectroscopy.>*>° However, from most experimental studies
detailed geometrical information cannot be directly deduced
and comparison with theoretically predicted properties is required
for structural assignments. For example, from experimental infrared
spectra obtained using either IR multiple photon dissociation or
IR-UV two-color ionization together with theoretical studies the
structures for neutral Si,TM (TM = V, Mn, Co)**** and cationic
Si,TM* (TM =V, Mn, Cu, Ag, Au)*>>° have been determined. The
comparison with the experimental findings also allows to test
the suitability of different theoretical approaches for predicting
the ground state structures.

In general, there is still only limited systematic understanding
of how doping with different TMs influences structural properties
and, in particular, the chemical bonding in the doped clusters,
although this may be seen as a prerequisite for designing silicon-
based nanomaterials with tailor-made properties. Previous
studies®>*”*° on Cu, Ag, and Au doped Si clusters allow for a
direct comparison of the effects of the different coinage metal
dopants. Overall, for these three metals rather similar structures
are assigned for the doped clusters, having the dopants at low-
coordinated sites due to the similar electronic configuration
with completely filled d orbitals. Gradual differences between
the binding behavior of Cu Ag, and Au are due to the larger
atomic radii of the latter two atoms. In contrast to the coinage
metals, V with an [Ar]3d*4s® atomic configuration is able to
accept more electrons to participate in the chemical bonding,
which is reflected in a higher coordination of the V dopant
in silicon clusters.”” In this paper, we focus on Nb, having a
[Kr]4d*s5s' atomic ground state, as a dopant. The question is
raised in how far the different atomic configuration of Nb or the
larger atomic radius (198 pm vs. 171 pm) may affect the structures
of the doped clusters compared to its lighter homologue V.

In the following sections, we report on a combined experi-
mental and theoretical study investigating the structures,
stabilities, and electronic properties of cationic Nb-doped silicon
clusters, Si,Nb" (n = 4-12), applying infrared multiple photon
dissociation (IR-MPD) spectroscopy to the cationic cluster-
Ar complexes together with density functional theory (DFT)
calculations.
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2. Experimental and
theoretical methods
2.1 Experimental methods

The experiments are performed in a molecular beam setup,
which contains a dual laser vaporization source®* and a time-of-
flight mass spectrometer equipped for infrared (IR) excitation
experiments.*® The setup has been connected to a beamline of
the Free Electron Laser for Infrared eXperiments (FELIX) in
Nieuwegein, which recently has been moved to the RU Nijmegen,
the Netherlands.?® The source parameters are optimized for the
formation of cold singly niobium doped silicon clusters. Argon
atoms, which act as messenger atoms, are attached to the
clusters to record the IR spectra of the clusters in the gas phase.
The formation of cluster-argon complexes is induced at ~100 K
by the addition of a fraction of ~2% of Ar to the He carrier
gas, respectively. Resonant absorption of IR photons and sub-
sequent vibrational energy redistribution heat the clusters and
may result in evaporation of the weakly bound rare gas atom.
The IR-MPD spectra are constructed by recording the ion intensities
of the cluster-rare gas complexes as a function of the FELIX
frequency in the 260-590 cm™ " range. From the depletion spectra,
IR absorption spectra are calculated as described previously.>®

2.2 Theoretical methods

To aid structural assignments, the low-lying structures of the
cationic Si,Nb" (n = 4-12) clusters were searched using the stochastic
‘random kick’ procedure,’”*® interfaced with the Gaussian 09
program.®® The procedure starts with random structures for
each cluster size. Then the ‘kick’ procedure is performed to
generate a large number of possible starting geometries that are
used for further local optimizations, within a sphere-shell with
the radius between Ry, and Ryax (Rmin = 0, Rimax = 4-7 A). This is
repeated until no new minima appeared. The choice of R,y is
chosen to be 2-3 times the Si-Si or Si-Nb bond length; the
minimum distance (D) between two atoms is set to be 2.0 A,
which is smaller than the Si-Si or Si-Nb bond length.®® All
kicked structures were optimized by DFT with the pure GGA
functional BP86°"** in conjunction with def-SVP basis sets for
energy evaluation. This computational level has proven to
reproduce well the experimentally observed spectra for different
TM-doped silicon clusters, such as SiAg" (n = 6-15),>° Si,V*
(n=4-11) and Si,Cu" (n = 6-11).”” In the latter study, however, it
was found that relative energies are better predicted by the
hybrid functional B3LYP.*"*® In order to obtain a reasonable
probability for predicting the global minimum (GM), each cluster
size was searched two or three times by using the stochastic ‘kick’
procedure with different Rp,,ax. All initial optimizations were carried
out without symmetry constraint, and singlet and triplet spin
states were examined for each starting structure. If any local
minimum is found to have a specific symmetry, the structure
was reoptimized again within that symmetry. Vibrational frequency
analyses were employed to confirm that these structures are true
minima. To aid the visual comparison with the experimental
spectra the calculated infrared stick spectra were convoluted
with a Gaussian function with a full width at half-maximum
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(FWHM) of 10 em ™. In order to fit well with the experimental
data a frequency scaling factor of 1.04 was applied, similar to
previous studies.®?7:2%:4

The reported relative energies of the Nb-doped silicon
clusters do not include zero-point vibrational energies (ZPVE)
as they are small and almost provide the same energetic
ordering (see the energy evaluation for BP86 and B3LYP methods
shown in Table S1 of the ESIt). To test the influence of the Ar
ligand, calculations were performed on cluster-Ar complexes for
selected cluster sizes. The results show that Ar does not affect the
energetic ordering for most low-energy isomers, with the exception
of Siy;Nb* and has only a minor effect on the vibrational frequencies
and infrared intensities (see Fig. S1(a-d) of the ESIt). One of the
largest Ar induced shifts is observed for the Si;,Nb" cluster,
which is subjected to a small blue shift of less than 9 cm ™" for
the high-frequency region (see Fig. S1(d) of the ESIt).

3. Results and discussion

In this section, we first present the experimental IR-MPD spectra in
the 260-590 cm ™' range and compare them with the calculated
infrared spectra of different low-lying isomers to obtain structural
assignments for the cationic Si,Nb" (n = 4-12) clusters. The
identified low-lying structures for each cluster size are labeled as
isol, iso2, iso3, etc., along with increasing relative energies
obtained at the BP86/def-SVP level of theory. For the smallest
cluster sizes (n = 4-6) a favorable agreement between the
experimental spectra and the ones calculated for the putative
ground states is obtained and the energy gaps to higher isomers
are large. Therefore these are only briefly discussed. For some
cases, such as Si,Nb* and Si;,Nb", additional calculations are
performed using the B3LYP functional (full optimization) to
verify the relative stabilities of the low-lying isomers. Further on,
the clusters’ growth mechanism, electronic structure and bonding
are discussed in detail. We estimate the error in the given
experimental frequencies to be about 2 cm™*, mainly stemming
from uncertainties in determining the band positions and errors
in the calibration of the IR frequencies.

3.1 Structure determination

Si,Nb". As shown in Fig. 1, the experimental IR-MPD spectrum
of Si;Nb'-Ar has a comparably low signal/noise ratio but clearly
shows a band at around 410 cm™ . The theoretical prediction
revealed that the lowest-energy structure isol, a C;, symmetric
trigonal bipyramid with the Nb at one apex with singlet 'A
electronic state, reproduces well the experimental observation.
The most intense band of isol at 414 cm ™' (A;) that aids the
assignment corresponds to a stretching vibration of the tetrahedral
Si; moiety. The corresponding triplet state, a Cg-symmetrical
structure (*A’) is less stable in energy by 1.20 eV. Other structural
isomers are at least 0.8 eV above the putative ground state and
their spectra do not fit the experimental data (Fig. S2 of the ESIt).
The structure assigned for Si,Nb" is consistent with that of Si;V*.>

SisNb'. The experimental IR spectrum of SisNb‘-Ar also is of
moderate quality only, but it shows considerably more bands
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Fig.1 Comparison of experimental IR-MPD spectra (data points [red]
together with 5-point running average [black linel, right axis) of Si,Nb*—
Ar (n = 4-7) and the corresponding calculated IR spectra (left axis). For
SizNb* the relative energies for two isomers are given at the BP86/def-SVP
level of theory and at the B3LYP/def-SVP (in parentheses) level of theory.
The assigned structures are shown on the right-side of the corresponding
spectra.

than Si,Nb"-Ar with maxima around 320, 345, 400, 420, and
450 cm™' (Fig. 1). The overall pattern is well reproduced by
the lowest-energy structure isol with singlet 'A’ state in Cj
symmetry, which is also similar to the structure of the SisV"
cluster,”” and can be regarded as a Si atom capping a facet of
the Siy;Nb" cluster. Other isomers are shown in Fig. S3 of the
ESI, 1 in which the iso1 structure with triplet *A” state at 0.58 eV
is energetically closest. We can assign the experimental IR
spectrum by the correspondingly predicted vibrational frequencies
of iso1 at 320, 351, 408, 431, and 452 cm ™', where the latter three
modes mainly originate from the Si-Nb stretching vibration and
stretching vibrations of tetrahedral Si, and triangular Si; moieties,
respectively.

SigNb'. Experimentally, the SigNb'-Ar cluster is characterized
by two intense bands at around 390 and 480 cm ' and four
weaker bands at around 285, 305, 334, and 410 cm ™ *. This can
be compared to the calculated IR spectrum of the lowest-energy
isomer (Fig. 1). Additional isomers are compared in Fig. S4 of
the ESL{ Apparently, the experimental bands are in excellent
agreement with the computed spectrum of the lowest-energy
structure isol that is a face-capped tetragonal bipyramid in Cj
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symmetry (‘A’ state). The two main experimental bands at around
390 and 480 cm ™" correspond to the calculated bands at 389 and
483 cm™ ', respectively, while other weaker experimental bands are
reproduced well by those predicted at 279, 306, 337, and 415 cm ™,
respectively. Noteworthily, the structure of SigNb' does not
correspond to that of the SigV" cluster.?”

Si,Nb". The experimental IR-MPD spectrum of Si,Nb'-Ar
and the corresponding calculated spectra of the two lowest
energy isomers are compared in Fig. 1 (more isomers are shown
in Fig. S5 of the ESIY). Isomers iso1 and iso2 have only 0.004 eV
energy difference at the BP86/def-SVP level of theory and can be
generated by Si-capping of different faces of SigNb'. The lower
energy isomer, isol (Cg, 'A’), cannot explain the experimental
spectrum, while iso2 (C;, 'A) shows at 434 cm ™" an intense peak
consistent with the most intense feature in the experiment
(435 em™"). Using different theoretical methods the energetic
order changes and indeed it turns out that at the B3LYP/def-SVP
level of theory iso2 is predicted to be more stable in energy than
isol by 0.18 eV. The intense peak predicted for iso2 mainly
originates from a couple of vibrational modes, in which the Si-Si
stretching vibrations are related with the capping Si atom. These
results indicate that the hybrid B3LYP functional may be more
reliable for predicting relative energies than the BP86 functional,
similar to the calculation of HOMO-LUMO gaps of other metal
doped Si clusters,”” and the atomization energy of some small
molecules.®® Si,Nb" is another example where the structure of
the Nb and V doped silicon clusters are different. For Si,V' a
capped pentagonal bipyramid has been assigned.”” However,
the distortion of iso2 from such a structure is small.

SigNb*. The theoretically calculated IR spectrum of the lowest-
energy structure isol nicely matches the experimental IR-MPD
spectrum of SigNb'-Ar (Fig. 2). The structure of iso1 is similar to
that of SigV*>”** and is a bicapped pentagonal bipyramid with
the Nb dopant on an axial position. Similar to the sizes discussed
before, the singlet states are generally more stable (typically by
>0.5 eV) than the corresponding triplet states. We therefore
restrict the discussion to singlet electronic states. There are three
isomers is02, is03, and iso4 close in energy to the putative ground
state (within ~0.1 eV), and in this case the B3LYP calculations do
not lead to a different ground state, although the energy ordering
changes. While isol explains the experimental spectrum already
satisfactorily, minor contributions of is02, iso3, and iso4 cannot be
fully excluded as they also have their main bands at the positions
of the experimental features.

SigNb'. The experimental IR-MPD spectrum of SigNb'-Ar
displays broad bands with maxima at around 300, 400, and
440 cm~'. While isol and iso2 have intense bands in the
spectral range of the experimental features, none of them can
satisfactorily explain that IR-MPD spectrum. However, a combination
of the two lowest-energy structures, isol and is02, can reproduce
the experimental band pattern (Fig. 3). iso2, which is found to be
only 0.09 eV higher in energy compared to isol has an intense
peak at 442 cm ™', where also the most intense experimental peak
is found, but no band in the spectrum of isol. Isomer iso3
(+0.09 eV) seems not to contribute because its intense peak at
around 366 cm™ " is not observed in the experiment. At the B3LYP
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Fig. 2 Comparison of the experimental IR-MPD spectrum (data points
[red] together with 5-point running average [black line], right axis) of
SigNb*™—Ar and the corresponding calculated IR spectra (left axis) of low-
lying isomers. The isomers are ordered by their relative energies obtained
at the BP86/def-SVP level of theory and the energies in parentheses are at
the B3LYP/def-SVP level.

level the energy differences get more pronounced with iso2 lying
0.14 eV and iso3 0.20 eV above isol, respectively. The isomers
iso4 and iso5 are significantly higher in energy and their IR
spectra do not fit the experiment. Interestingly, the structures of
isol, is02, and iso3 are all triply capped pentagonal bipyramids
with the Nb atom on an axial position and with the same Si;Nb
base, but the two additional Si atoms are adsorbed to different
positions. Isomer iso2 is formed by capping the structure of the
SigNb" cluster with a Si atom. In iso1 this additional Si atom is
moved to an equatorial position, whereas iso3 is formed by two
additional Si atoms symmetrically capping the Si,Nb base. As
shown in Fig. 3, isol and iso2 are connected by a transition
structure (TS) with an imaginary frequency of 58i cm™" and a
Gibbs free energy barrier of ~50 k] mol ' calculated at the
BP86/def-SVP level of theory. While the barrier is probably too
high for observing interconversion, the 1:1 mixture of iso1 and
iso2 explains the experimental features well, and therefore both,
isol and iso02, are assigned to co-exist in the experiment with
similar abundances. For this size we have verified that the Ar
messenger has only a minor effect on the relative energies, band
positions and infrared intensities (see Fig. S1(a) of the ESIf).
The assigned structures are similar to the one found for SigV",
which is also based on a pentagonal bipyramid.””

Si;oNb". Similar to SigNb'-Ar, the experimental spectrum of
SiyoNb'-Ar exhibits broad, not well resolved bands, although
the signal-to-noise ratio is reasonable (Fig. 4). The experimental
IR-MPD spectrum is compared to the calculated IR spectra of
the five lowest-lying Si;(Nb" isomers iso1-is05. Again, no single
isomer can give a reasonable explanation of the experimental
spectrum. There is an option that we failed to locate the correct
isomer for such a large cluster. However, a 2: 1 mixture of isol

This journal is © the Owner Societies 2016
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Fig. 3 Comparison of the experimental IR-MPD spectrum (data points
[red] together with 5-point running average [black line], right axis)
of SigNb*—Ar and the corresponding calculated IR spectra (left axis) of
low-lying isomers. The mixing ratio of the mix (isol:2) spectrum is 1:1.
The relative energies are calculated at the BP86/def-SVP level of theory
and at the B3LYP/def-SVP level of theory (in parentheses). The transition
structure (TS) between isol and iso2 is also shown.

and iso2 (BP86: +0.10 eV, B3LYP: +0.06 eV) may explain the
IR-MPD spectrum. While the higher energy band observed at
~475 cm™" can only stem from is02, the most intense experimental
feature at ~400 cm ™' may be a signature of the presence of
isol. However, the intense band of iso1 at 312 cm ™' leads to
some discrepancy, as such a band is not observed in the experiment.
Furthermore, the presence of iso3 (BP86: +0.12 eV, B3LYP: +0.17 eV)
cannot be excluded. In particular below 375 cm™ " its calculated IR
spectrum shows some features that may have their counterparts
in the experimental spectrum. This gives some indications that
multiple isomers may coexist for the Si;oNb" cluster in the
experiment. Structurally, the lower-energy isomers isol and
iso3 have a special form of a basket-like cage with the Nb atom
in a central position of high coordination. The structure of iso1
is similar to the previously reported low-lying iso6 structure of
the Si; (V' cluster (for this V-doped cluster no definite structural
assignment has been made).”” Isomer iso2 of Si;oNb* can be
formed by adding two Si atoms on two faces of the SigNb"
bicapped pentagonal bipyramid.

Siy;Nb*. The IR-MPD spectrum of Si;;Nb'-Ar that actually
shows a very favorable signal-to-noise ratio and the corresponding
calculated IR spectra of the five identified lowest-lying isomers
of Si;;Nb" are shown in Fig. 5. There is no straightforward
assignment possible based on a single isomer, but a combi-
nation of the three lowest energy isomers isol, iso2, and iso3
leads to a reasonable agreement. Nevertheless, also iso4 can explain
most of the experimental spectrum, the predicted spectrum is only
slightly blue-shifted. However, the intense bands and shoulders in
the experimental spectrum at about 380, 420, and 450 cm™ " are
missing for iso4. All these isomers are comparably close in energy.

This journal is © the Owner Societies 2016

View Article Online

Paper

154 T T T T T T T =
12_ 0.21(0.23) eV is05 1
54 ]
0- T T T
124 016 (0.16) eV

.
¢
Tj

1
=

8] 012(0.17)ev

5
<Y

Zg- 0.10 (0.06) eV

0.00 (0.00) eV iso1 ]
al N\ ]
04

84 mix (iso1,2) q

o
e

Calculated intensities (km/mol)
» owd
g_
Experimental intensities (arb. u.)
= t

“lLo
200 250 300 350 400 450 500 550 600

Wavenumber (cm’ )

Fig. 4 Comparison of the experimental IR-MPD spectrum (data points
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The relative energies are calculated at the BP86/def-SVP level of theory
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The lowest-energy isomer isol with C,, symmetry can be generated
by Si-capping iso1 of the Si;(Nb" cluster. iso2 and iso3 are similar to
isol in that they contain the Nb atom in a high-coordinated, but not
fully encapsulated, environment.

Notably, the Nb atom is exohedral in all low energy isomers
of Siy;Nb*, while for the vanadium doped clusters this size
marks the transition from exohedral to endohedral structures.
The predicted ground state for Si;; V' is a metal encapsulating Si
cage, though experimentally it is found that at least a significant
fraction (~50%) of it contains an exohedral V atom.>”*>

Si;,Nb*. The five lowest-lying structures with a singlet electronic
state and their calculated IR spectra are displayed in Fig. 6, in
comparison with the experimental IR-MPD spectrum of Si;;Nb-Ar.
All these low-lying isomers have the Nb atom partly encapsulated
leading to different beetle-like structures. Isomer iso4, which
appears to become the ground state when using the B3LYP
functional, reproduces well the experimentally observed spectrum,
but the high-frequency part of the spectrum is blue-shifted by
about 25 cm ™. This blue-shift may be explained by the fact that
the calculated errors induced by the BP86 functional are rather
random, as outlined in an earlier report,’® and sometimes this
scaling factor is even slightly different for different cluster sizes, or
different normal modes.>*” It is noteworthy, that upon Ar attach-
ment only the higher frequency band shifts to the blue by 8 cm ™,
thereby leading to a similar frequency gap between the two highest
energy modes as observed experimentally (see Fig. S1(d) of the
ESIt). The other low-energy isomers do not show good agreement
with the experimental spectrum, but their contribution cannot be
fully excluded as some of their peaks fit to experimental ones (is02)
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or their IR intensities are mostly low (iso1, is03). The structure of
Si;,Nb" (iso4) is very different from that of Si;,V', which has been
predicted to contain an endohedral V atom based on the absence
of Ar complex formation,>® and was later shown to have a
hexagonal prism structure.*®
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3.2 Structural evolution with size

In Fig. 7 we present the structural evolution of Si,Nb" (n = 4-12)
clusters based on the structures for the individual sizes as
discussed above, in comparison with the bare Si,,;" and Si,V"
clusters.”?””°7°¢ v and Nb are both in group 5 of the periodic
table and possess five valence electrons but having different atomic
ground state configurations, ie. [Ar]3d*4s® and [Kr]4d’ss', with
closed and open s-shell, respectively, therefore it a priori is
not clear if they would induce a similar geometrical structure in
the doped silicon clusters. From the assignments given before,
it is obvious that for the smaller sizes (Si,M" with n = 4, 5
for M = V and Nb) the trigonal bipyramidal framework is
maintained.?” Different from the pentagonal bipyramidal SigV*,>”
the SigNb" cluster is a capped octahedron. One can see that the
larger sizes (Si,M" with n = 7-10 for M =V, and n = 7-9 for M = Nb)
appear as multi-capped pentagonal bipyramidal structures with a
metal substitution on an axial position. When directly adding one
Si atom to a side face of SigNb" or substituting one Si atom by Nb
at an axial position of Sig",” the capped pentagonal bipyramidal
Si;Nb" cluster is obtained after structural relaxation. Actually,
for n = 7-9, one Si atom always caps a face of the pentagonal
bipyramid building block, while the Nb atom occupies the opposite
apex of the bipyramid. Starting from 7 = 10, one finds new structural

Cluster Sj,V* Sipr” Si,Nb*
4 &> SV _S:Nb, £
asil. AT b A
5 «<% s-v AF- S-Nb b A2Si
A-Si|

%;\v

| ASi

I B

} A-si

} A-Si\A-2Si
|

AR
a4

A-2Si

=
W =

lA-Si

Fig. 7 Structural evolution of Si,Nb* (n = 4-12) clusters (right) in com-
parison with that of bare Si,1* (middle) and Si,V* (left) clusters. Arrows
indicate structurally related clusters. A-Nb, A-Si, and A-V stand for the
formal addition of a niobium, silicon, and vanadium atom. S-Nb and S-V
stand for the substitution of a Si atom by niobium or vanadium. The
structures of the bare Sis", Si,.1* (n = 5-10, 12), and Siy»* clusters are taken
from ref. 9, 67 and 68, respectively. The structures of Si,V* (n = 4-10) and
Si1pV* clusters are taken from ref. 27 and 26, respectively.
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forms with the Nb atom embedded in the surface in a 4-fold
(sometimes square) coordination, such structures are different
from the V-doped silicon clusters, e.g., for which the Si;,V"
cluster is a distorted V-doped hexagonal prism.>¢

In general, the Nb and V doped silicon clusters show similar
structures, except for n = 10 and 12. Probably, the larger atomic
radius of Nb becomes a relevant factor for the structures of the
larger clusters. Structurally, the Nb dopant prefers to adsorb to
an apex position of the Si framework for n = 4-9 and takes a
surface embedded position for n = 10-12, whereas, for instance,
Ag-doped clusters show similar Si frameworks but with the Ag
dopants in lower coordinated apex or edge positions.>

3.3 Relative stability of the doped clusters

To further understand the size dependent structure and stability
of the Si,Nb" (n = 4-12) clusters in comparison to Si,V" (n = 4~
10, 12), we evaluated the average binding energies (E,) per atom,
coordination numbers (CNs) and fragmentation energies (Ef, Ez,
and E}) for different fragmentation pathways, defined by:

Ep(n) = [Ex(Nb") + nE(Si) — E+(Si,Nb)/(n + 1) (1)
E}(n) = Ex(Si,) + Ex(Nb") — Ex(Si,Nb") (2)
Ef(n) = Ex(Si,") + Ex(Nb) — Ex(Si,Nb") (3)

EZ(n) = Ex(Si,_Nb") + Ex(Si) — E(Si,Nb") (4)

where Er represents the total energy including zero-point
vibrational corrections. For Si,Nb" (n = 4-12), the structures
that have been assigned above are considered. In cases where
several isomers may contribute, only the calculated lowest-
energy structure is taken for evaluating the relative stability. The
structures of the bare Si," and Si,, (n = 4-12) clusters are taken from
previous experimental and theoretical studies,”">*”7° and then
are reoptimized at the BP86/def-SVP level of theory.

Fig. 8(a) shows that the average binding energies Ej, of the
Nb-doped silicon clusters increase up to the size of n = 8 and
then are nearly constant at ~3.8 eV for larger sizes. This goes
along with the larger doped clusters having the Nb-atoms
interacting with more Si atoms leading to a smaller number
of dangling Si-bonds thereby stabilizing the Si, framework.
This is confirmed by the large coordination numbers of the
Nb atom, as shown in Fig. 8(b) (also see Table S2 of the ESIT), in
which fractional coordination numbers as proposed by Grimme
et al. are evaluated.”" The average binding energies of the Si,Nb*
clusters are higher than those of the bare Si,," clusters by at least
0.13 eV (n = 10), indicating that the Nb dopant enhances
significantly the stability of the Si, framework. By comparison,
the isoelectronic V dopant enhances the stability (in terms of Ey,)
only slightly and makes relatively weaker chemical bonds with
Si than the Nb. Further, the low-coordinated Cu/Ag dopants with
filled 3d/4d orbitals are weaker bound than the Nb atom leading to
a lower average binding energy of the doped clusters.””*°

The calculated fragmentation energies of the Si,Nb" clusters,
plotted in Fig. 8(c), show that the loss of the Nb" cation or the
Nb atom is in all cases unfavorable compared to the loss of a
single Si atom. This is different compared to Si,V' clusters
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Fig. 8 Evolution of different energy parameters and of the coordination
numbers as a function of cluster size. (a) The average binding energy (Ey)
per atom for Si,Nb™, Si,V*, and Si,*; (b) the coordination number (CN) of
Nb in Si,Nb* and V in Si,V*; (c) the fragmentation energies (E;) for three
fragmentation pathways of Si,Nb*: removal of (i) a Nb* cation (E), (i) a Nb
atom (£2), and (iii) a Si atom (E?); (d) HOMO-LUMO energy gaps (H-L gaps)
of Si,Nb*, Si,V*, and Si,,*. The energies of Si,V* (n = 4-10, 12) are obtained
from the reoptimization at the BP86/def-SVP level of theory, based on the
structures in ref. 26 and 27. Similarly, the structures of the bare Si,* and Si,,
(n = 4-12) clusters are taken from ref. 9, 12, and 67-70, and reoptimized at
the same level of theory.

where for most sizes the loss of the V cation is found to be
the most facile fragmentation channel.”” As the atomic ionization
energies of V and Nb are nearly identical (6.746 vs. 6.759 eV) this
once more shows the significant stronger stabilization of the Si
clusters by Nb doping.

The stabilization by Nb doping also becomes evident in the
HOMO-LUMO gaps that are distinctly larger by up to 1.5 eV for
the Si,Nb" clusters than those of the bare Si,," clusters (Fig. 8(d)).
For the Si, V' clusters the gap is slightly smaller and for SigV"
even lower compared to the bare Si clusters. Local maxima for
the HOMO-LUMO gaps are found for Si;Nb" and Si;;Nb*. To
further understand the effect of Nb doping, we have performed
a detailed analysis of the frontier molecular orbitals by probing
the partial density of states (PDOS, plotted in Fig. S6 of the
ESIT), in which the contributions of different atomic shells
(s, p, d) to the molecular orbitals are analyzed. From the NBO
analysis performed for the Si;Nb" cluster one recognizes that its
HOMO originates mainly from the Si 3p,-states (53%) mixed
with Si 3s (23%) and Nb 4d,. (7%) states, whereas the LUMO
state contains mainly Si 3p, (33%) and Nb 4d,2» (43%) states.
The Si 3s-states contribute only little. Interestingly, for the
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Siy;Nb" cluster, the HOMO state is mainly composed of Si 3p,
(27%) and Si 3p, (25%) states mixed with a relatively large
contribution of Nb 4d,» (15%) states, whereas the LUMO states
are largely delocalized around the Si surface of the structure.
The large HOMO-LUMO gaps may be related to this pro-
nounced hybridization of Si 3p and Nb 4d states. A similar
behavior is also observed for other cluster sizes.

3.4 Charge-transfer mechanisms. We performed a natural
population analysis to explore the charge-transfer mechanism
and electronic configuration of the Nb atom in the Nb-doped
silicon clusters (see Table S3 of the ESIt), using the NBO 3.1
program.”” It was found that the direction of charge-transfer
depends on the size of the Nb-doped silicon clusters, a behavior
similar to that found for the Si,M%* with M = Ta and Zr.”>””® In
the case of the small Nb-doped silicon clusters (e.g., Si;Nb" and
SisNb") there is a slight electron transfer from the Nb atom to
the Si framework. The charge-transfer direction is changed
for the larger Si,Nb" (n = 6-12) clusters with negative charges
on the Nb atom that gradually increase with cluster size. Note-
worthily, the charge-transfer direction may not only depend on the
cluster size and the dopant, but even on the overall charge state of
the cluster, see e.g. the findings for Si,La—%" (n = 1-21).”

This increasing electron transfer towards the Nb dopant
becomes apparent also in the occupation of the 4d orbitals of
Nb. The occupation of these orbitals increases with cluster size
from 4.41 e for n = 5 (4.41) to 5.58 e for n = 11, which is higher
than in the 4d orbitals (4.0) of the isolated Nb atom (for details
see Table S3 of the ESIT). The Nb atoms (similar for V) always
locate at high coordination positions in the Si frameworks as
shown in Fig. 7. Therefore, bonding to the Si framework must
involve the 4d orbitals leading to a rise of their occupation
along with an increase of the coordination number. Thereby
the high coordination numbers appear to be a reason for the
increasing stabilization of the doped clusters. In comparison,
for Cu and Ag doped silicon clusters the natural populations
of the metals’ d orbitals are about 9.8 and 9.9, respectively,
indicating that the d orbitals are not significantly involved in
chemical bonding, and the Cu and Ag atoms favor low coordination
in the doped silicon clusters.””°

4. Conclusions

In conclusion, we have performed a systematic experimental
and DFT study on cationic Nb-doped silicon clusters, Si,Nb"
(n=4-12), to obtain insights into their structures and stabilities.
Infrared spectra are obtained using multiple photon dissociation
of the cluster-argon complexes and are compared to calculated
harmonic IR spectra. In most cases, good agreement is found
when using the BP86 functional and the spectra are assigned to
the lowest-energy structures identified in the calculations. However,
for certain sizes, higher energy isomers need to be considered to
explain the experimental spectra. Here, the hybrid functional
B3LYP is found to give a more reliable energy ordering. While up
to the size of SigNb" the experimental spectra are well explained by
considering a single isomer, for the larger clusters multiple
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isomers appear to be present in the experiment. Structurally, it
is found that the Nb dopant tends to adsorb to an apex position
of the Si framework for n = 4-9, showing the same structural
evolution like the Si, V" clusters with the only exception of SigV'*,
and a high-coordination surface position for n = 10-12. Thus, at
least up to the size of Si;,Nb', where the V doped species is
already endohedral, only exohedral structures are identified.
The analysis of binding energies and HOMO-LUMO gaps indicates
that doping with Nb atoms leads to a significant stabilization
compared to the pure silicon cluster, as observed for the V-dopant.
Furthermore, the predicted lowest energy fragmentation channel
for these clusters is the loss of Si atoms, due to the high stability of
the Nb-doped clusters.

Note added in proof

A recent publication”” also reported the structures of cationic
niobium-doped silicon clusters, but some of their predicted
structures are not supported by our analysis, based on the
experimental IR-MPD spectroscopy and DFT calculations. In
that paper published by Xia et al.,”” the lowest-energy structures
and spin states of the cationic niobium-doped silicon clusters
are in good agreement with those with n = 4, 6, and 11 reported
here, but disagree with those with n = 5, 7, 8, 9, 10, and 12, as
identified by IR-MPD spectroscopy.
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