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Tuning the Geometric Structure by Doping Silicon Clusters
Philipp Gruene,[a] Andr Fielicke,*[a] Gerard Meijer,[a] Ewald Janssens,[b] Vu Thi Ngan,[c] Minh Tho Nguyen,[c] and
Peter Lievens*[b]
Ever since the discovery of C60, much effort has been expended
in search of similar, finite-size stable clusters as building blocks
for nanostructures.[1] Apart from carbon, silicon has attracted
much attention due to its vicinity to carbon in the periodic
table as well as its importance in the semiconductor industry.
In contrast to carbon, however, silicon favours sp3 hybridization
and thus tetrahedral coordination, which leads to rather asymmetric and reactive structures for small, bare silicon clusters.[2, 3]
It has been argued that this deficiency can be solved by suitable doping of silicon clusters with transition metal ions.[4] Following up on this idea, many theoretical studies have investigated SinM structures for various dopants and cluster sizes.[5, 6]
Experimental information on doped silicon clusters has been
obtained from mass spectrometry,[7] photoelectron spectroscopy (PES),[8] chemical probe methods,[8, 9] and photodissociation
studies at fixed wavelengths.[10]
While there is no doubt that the structure of silicon clusters
can be changed upon appropriate doping, detailed experimental studies on the growth mechanisms of doped silicon clusters
are rather scarce, as it is difficult to investigate the structure of
gas phase clusters experimentally. A deep knowledge about
the influence of the dopant on the clusters’ structure, however,
is necessary for the design and production of tailor-made silicon materials.
It has recently been shown that infrared multiple photon
dissociation (IR–MPD) of complexes of metal clusters with raregas atoms is a suitable experimental technique to obtain vibrational spectra for clusters in the gas phase.[11] Comparison of
experimental IR–MPD spectra of clusters with those obtained
in calculations for different geometries, for example by using
density functional theory (DFT), allows for the deduction of the
cluster-size-specific structures.[12]
Herein we present the vibrational spectra of the small cationic copper- and vanadium-doped silicon clusters SinCu + and
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SinV + (n = 6–8). Copper- and vanadium-doped silicon clusters
show the same critical size for the transition from endohedral
to exohedral structures, which has been rationalized by the
similar atomic radii of the dopants.[9] It is thus interesting to investigate whether doping with these two atoms will generate
clusters with the same geometric structure.
Figure 1 shows the vibrational spectra of Si8V + . The experimental spectrum (bottom panel) is obtained upon IR–MPD of
its complex with one argon atom. In the case of resonant ab-

Figure 1. Vibrational spectra of Si8V + . The lower trace shows the experimental multiple photon dissociation spectrum of the corresponding complex
with one argon atom. It is compared to the calculated vibrational spectra
for low-lying isomers. The calculated stick spectra are folded with a Gaussian
line width function of 5 cm 1 full width at half-maximum for ease of comparison. The experimental data points are overlaid with a three-point running average to guide the eyes.

sorption of one or several far-infrared photons, delivered by
the ’Free Electron Laser for Infrared eXperiments’ (FELIX), the
cluster heats up. This eventually leads to evaporation of the
loosely bonded argon atom and depletion of the complex in
the mass spectrum. The IR absorption cross section s is constructed by recording the ion intensities of the cluster–argon
complexes as a function of the FELIX frequency (see the Experimental Section). It is characterized by at least four strong ab-
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sorption lines between 400 and 500 cm 1 and additional, less
intense features between 275 and 375 cm 1.
These features can be compared with calculated IR absorption spectra for low-lying isomers. The number of possible
geometrical isomers increases rapidly for increasing cluster size
and this holds especially true for binary systems. In fact, our
extended search for structural isomers resulted in a large variety of local minimum structures—many of which are very close
in energy. Figure 1 shows the calculated spectra for the eight
lowest-lying isomers (see the Supporting Information for a
more detailed description), which are all in a singlet electronic
state and lie within 0.25 eV, relative to the lowest energy
isomer. A structural assignment of the clusters, based only on
quantum chemical calculations, is thus not straightforward.
For Si8V + , most of the experimental spectral features are reproduced in the simulated spectrum of isomer 1—the calculated minimum energy structure. Its structure is that of a bicapped pentagonal bipyramid with the dopant atom in an axial
position. The peak positions are in good agreement, although
the experimental doublet at ~ 420 cm 1 and 430 cm 1 is split
by three wavenumbers only in the calculation and appears as
a single line in the simulation. The peak intensities deviate between theory and experiment. In particular, the low-energy absorptions around 300 cm 1 are less pronounced in the experiment, which could be due to the larger number of photons
needed for photodissociation. Furthermore, one has to keep in
mind that the IR–MPD spectra do not correspond directly to
linear absorption spectra.[13] Upon comparison of experiment
and theory, the coexistence of isomers, which is known for
bare silicon clusters in certain size ranges,[2] cannot be excluded. However, the experimental spectrum can be explained
almost completely by a single isomer and without radiation,
the absorption at ~ 490 cm 1 leads to depletion down to 25 %
of the initial ion intensity that is measured without IR irradiation. Thus, the major fraction of Si8V + can be assigned to the
most stable isomer 1.
Figure 2 shows the experimental and theoretical vibrational
spectra of SinCu + and SinV + (n = 6–8). Only the theoretical
spectrum of the particular isomer that best reproduces the experimental spectrum is shown (see the Supporting Information

Figure 3. Structures of SinCu + (top) and SinV + (bottom) (n = 6–8) of which
the calculated vibrational spectra fit best the experimental findings.

for a detailed comparison of experiment with various low-lying
isomers). The corresponding structures are shown in Figure 3.
The good agreement between experiment and theory justifies
refraining from time-consuming global optimization algorithms
for these smaller clusters. In almost all cases, the experimental
spectrum is reproduced best by the calculated lowest-energy
structure. With one exception, all of these are in a singlet electronic state. For Si6V + , theory finds a Si-capped octahedron as
the lowest-energy structure, while the experiment is reproduced much better by the spectrum of a triplet state pentagonal bipyramid with vanadium in an equatorial position, which
is calculated to be 0.03 eV higher in energy. Interestingly, the
experiment does not show any features that would point to
the coexistence of a second isomer, although the isomers are
calculated to be extremely close in energy. However, due to
the limited signal-to-noise ratio of the experimental spectra,
the presence of trace amounts of other isomers cannot be
completely excluded.
For Si7Cu + , theory finds two singlet isomers with similar geometries, which are separated by only 0.12 eV. Both consist of
a pentagonal bipyramid of silicon atoms. For the isomer calculated to be lowest in energy, copper binds to the equatorial
edge, whereas for the higher-lying isomer, the dopant atom is
situated in a more facial position. Both isomers are characterized by similar IR spectra, which makes the structural assignment difficult. Additionally, the lowest-energy isomer shows

Figure 2. Vibrational spectra of SinCu + (top row) and SinV + (bottom row) (n = 6–8). The upper traces in each panel show the experimental multiple photon
dissociation spectra of the corresponding complex with one argon atom. They are compared to the calculated vibrational spectra of the best fitting isomer.
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absorptions at around 280 cm 1, which are absent in the experimental spectrum. However, the spectral features between
350 and 450 cm 1 agree well and the not-negligible energy difference between the two calculated structures points towards
an edge-capped position of the copper atom.
The structures obtained for differently doped silicon clusters
can now be compared among themselves as well as with the
predicted structures of bare cationic silicon clusters in order to
elucidate the influence of the dopant. There is general agreement about the structures of small cationic silicon clusters.[14]
For Si6 + , an edge-capped trigonal bipyramid is found to be the
lowest-energy structure. Si7 + is a distorted pentagonal bipyramid of C2v symmetry, while Si8 + is a bicapped distorted octahedron, also of C2v symmetry. There is less consensus for Si9 + ,
with various structures found in the literature. In principle,
three types of doped silicon structures are possible. The
dopant can 1) add to or 2) substitute a silicon atom in a bare
silicon cluster structure or it can 3) induce a complete geometric reconstruction. Si6V + is an example of the second type, in
which vanadium adopts the position of a silicon atom in the
pentagonal bipyramid structure of Si7 + . Copper doping leads
instead to the third type, resulting in a new structure that can
be described as a distorted bicapped trigonal bipyramid with
copper sitting in an axial position. A very similar structure has
been suggested previously.[5] The resulting Si6Cu + has been
shown to be especially stable in photodissociation studies.[10]
The situation changes for the clusters with one more silicon
atom. Now copper leads to a structure that belongs to the first
type. The copper dopant simply adds to the equatorial edge of
a Si7 + pentagonal bipyramid. This structure is supported by
photodissociation experiments, in which Si7 + + Cu is the primary dissociation channel for Si7Cu + .[10] Vanadium prefers a
higher coordination and occupies the axial position of a pentagonal bipyramid which is face-capped by a silicon atom, thus
creating a whole new structure. In Si8V + , a silicon atom is
added to the face of Si7V + , further increasing the coordination
of the dopant. The pentagonal bipyramid backbone is also retained in the case of Si8Cu + , this time, however, entirely consisting of silicon atoms. The copper dopant occupies a face of
the bipyramid and additionally coordinates to an edge-capping silicon atom. Again, the structure is not related to that of
any bare silicon cluster.
In summary, we have obtained detailed insights into the
structural properties of doped silicon clusters upon comparison of the IR–MPD vibrational spectra of their complexes with
argon, and theoretical IR absorption spectra for various lowlying isomers. It is shown how three different types of doped
clusters are formed; the dopant can simply add to a bare silicon cluster (Si7Cu + ), it can substitute a silicon atom of a bare
cluster (Si6V + ), or it can lead to a complete structural reconstruction producing entirely new geometries (Si6Cu + , Si7V + ,
Si8Cu + , Si8V + ). Especially the latter type opens the door for tailoring the properties of doped silicon clusters.
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Experimental Section
The IR–MPD experiments are carried out on a molecular beam
setup described previously, coupled to the beamline of the ’Free
Electron Laser for Infrared eXperiments’ (FELIX).[15, 16] Doped silicon
clusters are prepared by pulsed-laser vaporization and condensation in a mixture of helium and argon using a dual target
source.[9, 17] In a cooled reaction channel doped silicon–argon complexes form and pass through a skimmer and an aperture of 1 mm
in diameter before entering the extraction region of a reflectron
time-of-flight mass spectrometer. A counter-propagating pulsed
far-IR beam delivered by FELIX is overlapped with the clusters in
the beam. Resonant absorption of IR light by the cluster complex
may lead to the evaporation of the argon ligand and depletion of
the complex in the beam. Depletion spectra are constructed by recording the ion intensities of the argon complexes as a function of
the FELIX frequency. From this, the far-infrared absorption spectra
are obtained.[16]

Computational Methods
All density functional theory calculations were carried out using
the Gaussian03 package.[18] Geometries of clusters were optimized
using the pure exchange–correlation BP86 functional in conjunction with the all-electron 6–311 + G(d) basis set. Harmonic vibrational frequencies calculated at the same level were uniformly
scaled by a factor of 1.03. IR intensities were plotted on an arbitrary scale relative to the largest peak. For each system, a large
number of isomeric structures in different spin multiplicities were
considered.
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