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Journal Name

Gold Doping of Tin Clusters: Exo- or Endohedral
Complexes†

Martin Gleditzsch,∗a Lukáš F. Pašteka,b, Daniel A. Götza, Armin Shayeghic, Roy L.
Johnstond and Rolf Schäfera

We present molecular beam electric deflection experiments on neutral gold-doped tin clusters.
The experimental SnNAu (N = 6−16) cluster beam profiles are interpreted by means of classical
trajectory simulations supplied, with cluster structures generated by a genetic algorithm based on
density functional theory. The combined experimental and theoretical analysis confirms that at
least nine tin atoms are necessary to form a cage that is capable of encapsulating a gold atom,
with high symmetry only marginally distorted by the gold atom. Two-component DFT calculations
reveal that spin-orbit effects are necessary to properly describe these species. Partial charge
analysis methods predict the presence of charge transfer effects from the tin host to the dopant,
resulting in a negatively charged gold atom.

1 Introduction

The discovery of fullerenes1 followed by their synthesis and
macroscopic assembly, have confirmed that materials composed
of clusters are very different from those composed of atoms or
small molecules2. In C60 this results from an increased stability
due to the spherical π-bonding of the carbon p electrons which
makes them suitable for the assembly of even larger stable ag-
gregates. This stability is attributed to spherical aromaticity3,
where electrons are delocalised over the entire cage structure.
Fullerenes have been generated in pure and doped form by laser
vaporization sources1,4. The heavier homologues of carbon are
able to form cage structures as well; for example, lead based cage
structures have been predicted5 and reported in the gas phase6

as well as in the solution7. The Sn2−
12 cluster8 was found to be

a remarkably stable cage with high Ih-symmetry, which allows its
5p electrons to delocalise over the complete cage and form π-
bonds.8 The bonding pattern was reported to be similar to the
valence-isoelectronic B12H2−

12 molecule, which was the first syn-
thesis9 based on the stability prediction by molecular orbital the-
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ory10. The spherical aromaticity i.e., the spherical π-bonding, is
the reason why the heavier group 14 clusters are discussed as the
inorganic analogues of fullerenes8,11,12. The examination of iso-
lated Sn2−

12 and Pb2−
12 in the gas phase was not possible up to now,

even though a positive electron binding has been theoretically
predicted8. Stabilization with an alkali metal atom is necessary
and results in an endohedral incorporation of the dopant. The for-
mation of K@Sn−12 or K@Pb−12 was observed in mass spectra and
further investigated by photoelectron spectroscopy8. Formally,
the stability of Sn2−

12 or Pb2−
12 can be justified in terms of the ionic

resonance structures K+@Sn2−
12 or K+@Pb2−

12 , respectively. The
Sn2−

12 cage was reported to have a diameter of 6.1 Å and is thus
only slightly smaller than the C60 fullerene, which has a diameter
of 7.1 Å2. This is theoretically large enough to accommodate not
only main group elements but also transition metals of the d- or
even f -block elements13.

Doping with alkaline earth metals leads to neutral species, e.g
of the type Mg@Sn12 or Mg@Pb12. Electric deflection experi-
ments show these species to be endohedral complexes with van-
ishing electrical dipole moments14. Typical transition metals such
as manganese or iron are encapsulated in the same type of cage
structure15,16. Though, for Fe@Sn12 density functional theory
(DFT) calculations and magnetic deflection measurements indi-
cate that the iron dopant is not located exactly in the centre of the
cage. However, doping with group 15 elements give examples to
an entirely different behaviour. Here, the dopants are not endo-
hedrally encapsulated but form part of the cluster cage, formally
contributing an additional electron, leading to the overall struc-
ture mimicking the geometries of tin clusters with an increased
negative charge17. The same observation applies to doping with
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bismuth18.

In this study, we have analysed the effect of late transition
metal doping on the structure of tin clusters in detail. Specifically,
we have examined the coinage metal gold. Similarly to alkali met-
als, coinage metals tend to form mono-charged cations, this sug-
gests that clusters of the type Au@Sn12 might be also described
by an ionic structure such as Au+@Sn−12. However, one needs to
take the high electronegativity of gold into account. Whether this
prevents the encapsulation of gold and leads to the formation of
an ionic resonance structure, is the subject of this study. In this
context, it is interesting to note that the cluster [Au@Pb12]

3− has
been recently synthesized19. The quantum chemical investiga-
tion indicates that the mesomeric structure could be described as
Au−@Pb2−

12 , again indicating the formation of a Pb2−
12 cage.

In this article, a detailed study of the size-dependent evolution
of the dielectric properties of neutral tin clusters doped with a
single gold atom is presented. Electric deflection molecular beam
profiles of SnNAu clusters have been recorded at the nozzle tem-
perature T=20 K for N=7-16 and at T=40 K for N=6-16. The
experimental results are supported by the DFT calculations for
geometries obtained by a global geometry optimization based on
a pool genetic algorithm20. Classical beam profile simulations
based on the obtained geometries and their calculated dipole mo-
ments allow structural assignment.

2 Experimental Details

2.1 General

Electric beam deflection measurements have been estab-
lished15,21 as a reliable tool to probe the dielectric properties of
neutral clusters in molecular beams. The presence of an inhomo-
geneous, electric field results in a deflection of the cluster beam.
This beam deflection is due to both the permanent and the in-
duced electric dipole moments, with the latter depending on the
polarizability of the cluster.

However, it is not possible to extract directly the dielectric prop-
erties of the clusters from the measured beam profiles with and
without electric field. The dielectric response depends on the
shape of the cluster, i. e. the three moments of inertia, and on
the magnitude of the interaction energy with the electric field
strength with respect to the average rotational energy of the clus-
ters. It is only possible to extract the approximate dielectric prop-
erties of the clusters with a perturbational theory approach. For
a spherical, rigid rotor first order perturbation theory (FOPT)22

can be applied, if the perturbation caused by the electric field is
sufficiently small. In that case, the broadening of the cluster beam
induced by the electric field allows one to determine the perma-
nent electric dipole moment µ and the average beam deflection
gives the value of the electronic polarizability α 21. If FOPT is
no longer justified, the obtained values for µ are still confidable,
but the extracted values of α are wrong because the permanent
dipole moment contributes significantly to the observed average
beam deflection23. Therefore, reliable values for α could be only
obtained if the clusters possess no permanent dipole moment. If
the clusters are not spherical in shape, which is in almost all cases
true, an analytical analysis of the measured beam profiles is not

possible anymore24. Therefore, an approach based on the sim-
ulation of the rotational dynamics in the electric field has been
developed. For that purpose the moments of inertia of the in-
vestigated cluster as well as the rotational temperature Trot of a
canonical cluster ensemble are needed as input parameters. The
exact value of the rotational temperature is not known. It is, how-
ever, possible to narrow down the extent of the rotational temper-
atures influence by systematically studying the impact of Trot on
the beam profiles. Therefore the simulations allow one to predict
the influence of the electric field taking quantum-chemically cal-
culated moments of inertia into account. In this way the shape
of the cluster and also the dielectric properties could be deter-
mined22.

But, this approach still requires that the clusters could be
treated as rigid rotors. If this is not the case, i. e. the clusters
are vibrationally excited, the influence of the permanent electric
dipole moment on the measured beam profiles is reduced and
the beam broadening is partially quenched21. Thus, the vibra-
tional temperature needs to be sufficiently cooled down. This
effect is analysed in this work by measuring beam deflections
for two different nozzle temperatures. If the measured beam
profiles are only slightly influenced by the variation of the nozzle
temperature this indicates that the clusters are nearly rigid and
the measured beam profiles could be well compared with the
trajectory simulations. Additionally, it has been shown that the
velocity vx of the clusters in the direction of the molecular beam
is an indicator of Tvib

26. Therefore, it is possible to estimate
the vibrational temperature and to compare this value with
typical frequencies of the vibrational normal modes calculated by
quantum chemistry in order to decide if vibrational excitation is
relevant for the performed experiments.

2.2 Details

The experimental setup has been described in detail elsewhere15,
only a brief overview is given here. Gold-doped tin clusters
are generated by pulsed laser vaporization of an alloy target
(15 atom-% Au in Sn). Helium is used as the carrier gas which
enables cluster formation in an aggregation chamber. The cluster-
helium mixture is cooled via a cryogenic nozzle (nozzle temper-
ature Tnozzle = 20 K and 40 K) and expanded into high-vacuum.
The supersonic expansion cools the various degrees of freedom
of the clusters inside the molecular beam to a different extent.
Under current experimental conditions, the rotational tempera-
ture Trot is approximately 10 K15. However, vibrational degrees of
freedom are less efficiently cooled27.

It has been previously reported15 that in our current experi-
mental setup the assumption that the vibrational temperature Tvib

is equal to Tnozzle is reasonable down to Tnozzle = 30 K. However,
for lower values of Tnozzle thermalisation is not complete, prob-
ably due to short dwell times. The velocity vx is measured with
a mechanical chopper based on a solid state disk28,29. After ex-
pansion, the molecular beam passes two conical skimmers and
is shaped into a rectangular profile by two collimating slits and
afterwards enters an electric deflection unit (deflection voltage
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U = 20 kV). After deflection, the clusters arrive at a scanning slit
aperture, are photoionised by an F2 excimer laser (7.9 eV) and
are subsequently detected in a time-of-flight mass spectrometer.

3 Computational Details
To support the experimental data, a thorough global minimum
search for each cluster size has been performed using the pool-
Genetic-Algorithm (pool-GA)20, based on the Birmingham Clus-
ter Genetic Algorithm (BCGA)30. The genetic algorithm (GA)
is coupled with the plane-wave self-consistent field density func-
tional theory (PWscf DFT) module of the Quantum Espresso pack-
age31. Ultrasoft Rabe-Rappe-Kaxiras-Joannopoulos pseudopo-
tentials32 are employed to describe 54 core electrons for gold
and 36 for tin. The remaining electrons are described explicitly
with a cutoff energy of 40 Ry. Nonlinear corrections are applied
and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation (xc)
functional33 is used within the framework of spin restricted DFT.
Additionally, a Methfessel-Paxton smearing34 is used to improve
the efficiency of electronic convergence. The geometry optimiza-
tions during the GA calculations are performed with an electronic
self-consistency criterion of 10−6eV, and total energy and force
convergence threshold values of 10−4 eV and 10−3 eVÅ−1, re-
spectively. Convergence of the pool is achieved, when the mini-
mum energy of the structures changes by less then 10−6eV within
1000 structures. The generated structural candidates are then
sorted by energy, interatomic distances and moments of inertia.
All structural candidates within 0.5 eV of the energetic pool min-
imum are then subjected to further local optimization employing
spin unrestricted orbital based DFT. These calculations are carried
out at the scalar relativistic level with PBE035/cc-PVTZ-PP36,37,
and its corresponding effective small core pseudo-potential with
the NWChem package38. This basis set has been benchmarked
against pure neutral and charged as well as against phosphorus-
doped tin clusters17 and all-electron scalar relativistic benchmark
calculations36,37. The PBE0 functional is reported to ’perform ex-
ceedingly well’39 and to give good agreement with experimen-
tal beam deflection data and coupled cluster calculations for pure
neutral tin clusters21,40. These results were compared with calcu-
lations employing the def2-TZVPP41,42 basis set and the TPSS43

and B3P8644,45 functionals. The electric dipole moments are cal-
culated and vibrational analysis is performed. As the calculated
relative energies depend on the level of theory, all isomers within
a range of 0.1 eV are considered as possible experimental candi-
dates or ground states. The calculated values of the electric dipole
moments µ have to be treated carefully, since coupled cluster sin-
gles, doubles and perturbative triples (CCSD(T)) calculations for
different Si8 and Si11 isomers indicate that the results obtained by
DFT calculations using various xc functionals vary from 10-20%
with respect to the CCSD(T) benchmark calculations46.

Classical beam deflection simulations24,47 are applied using
the calculated values of the electric dipole moment µi and mo-
ments of inertia Ii (i = x,y,z) for all structural candidates. The
simulations describe the rotational dynamics of an ensemble of
rigid rotors (of any type) in an electric field for a given value of
Trot . This yields the dipole moment distribution function, which
is convoluted with the experimental deflected beam profile46 to

generate the simulated beam profile. The latter can be compared
to the experimental beam profiles to discriminate between struc-
tural candidates. To investigate the possible spin-orbit (SO) ef-
fects, two-component DFT calculations are performed using the
DIRAC17 program package48 for different iterations of the all-
electron Dyall basis set family (v2z/v3z/av3z)49–51 and the PBE0
functional35.

4 Results and Discussion

4.1 Electric Deflection Measurements

In the mass spectrometric analysis of the tin-gold system, clusters
with N = 6−16 tin atoms and 0−1 gold atoms can be observed.
An exemplary mass spectrum is shown in the Supporting Infor-
mation†. Smaller doped species with N = 6− 9 appear with low
intensities in the mass spectra. Starting with ten tin atoms, the
doped clusters are more stable in the mass spectrum. Larger as
well as double-doped species are also abundant, but cannot be
measured due to the low intensity in the beam and the broad
isotopic distribution of tin. However, electric deflection experi-
ments of SnNAu were successfully carried out for N = 7− 16 at
Tnozzle=20 K and N = 6− 16 at Tnozzle=40 K. The corresponding
experimental SnNAu beam profiles have been shown in Figure 1.
Here the discrete experimental values of the beam profiles are
fitted with a Gaussian, to acquire a continuous beam profile. It
is important to consider possible thermal (vibrational) excitation,
which would result in a fully or partially quenched electric dipole
moment25. Thus, the experimentally obtained values for µ based
on the beam broadening should be considered as lower limits on
the true values. As mentioned in Section 2, the vibrational tem-
perature Tvib of the clusters can be estimated based on their ve-
locities. This analysis indicates that Tvib is up to 10 K higher than
the corresponding Tnozzle. Figure 1 supplies further information
on the extent of vibrational excitation. Since the species with
N = 9−12 and N = 8,13,14,16 are shown to display no or minor
thermal excitation between 20 K and 40 K, they are quite likely
only negligibly vibrationally excited at 20 K. Thus, they can be
considered as rigid at 20 K and thermal excitation is not expected
to hinder the structural assignment via the trajectory simulations
in Section 4.3.

The electric dipole moments extracted by first order perturba-
tion theory (FOPT) for Tnozzle = 40 K are listed in Table 1. The
FOPT analysis is only valid for spherical or weak symmetrical ro-
tors and if the perturbation caused by the deflection field (~E) is
sufficiently small (|~µ · ~E| << kbTrot). For highly symmetrical or
asymmetrical rotors and for species with strong dipole moments,
the extracted values are incorrect. The measured beam profiles
and the FOPT extracted values of µ at 40 K, already allow a few
basic conclusions to be drawn. As the clusters Sn10Au and Sn12Au
do not show beam broadening, they do not possess electric dipole
moments. This indicates symmetrical structures where the gold
atom is encapsulated in a highly symmetrical cage. The species
N = 9−12 show no thermal excitation, while N = 8,13,14,16 show
only negligible thermal excitation. For N = 7,15, there is a distinct
influence of the nozzle temperature, which indicates the electric
dipole moment to be at least partially quenched at 40 K, i.e. the
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datapoint / gauss fit 20 kV 20K
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Fig. 1 Experimental electric deflection results for SnNAu, with Tnozzle=20 K (blue) and 40 K (red). The intensity profiles with electric field switched on
(solid line) and off (dashed line) are fitted with Gaussians in order to extract the electric dipole moment by FOPT. The comparison of the beam profiles
for different temperatures allows to draw conclusions on the extent of vibrational excitation which would result in a reduced broadening of the beam
profile. While the species N = 9− 12 and N = 8,13,14,16 show no and minor thermal excitation, respectively, N = 7,15 show a pronounced thermal
effect. It is thus unlikely for most clusters to be vibrationally excited at 20 K and they can be considered as rigid when compared with the trajectory
simulations.
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obtained values for µ based on FOPT for N= N = 7,15 are larger
at 20 K up to 30%. Starting with N = 13, significantly higher
values of µ are observed, which suggests less symmetrical struc-
tural motifs for the clusters. In order to interpret these findings
quantitatively, classical trajectory simulations need to be carried
out.

Table 1 Results from the FOPT analysis of the experimental beam pro-
files at 40 K nozzle temperature. The average value (µ) of the electric
dipole moment µ and its respective standard deviation σµ in Debye (D)
have been taken over at least five different beam profiles, such as those
shown in Fig. 1. Since the FOPT approximation assumes a spherical
shape for the clusters, its application is questionable for symmetrical or
asymmetrical rotors.

Cluster µ σµ

Sn6Au 0.12 0.11
Sn7Au 0.27 0.15
Sn8Au 0.20 0.14
Sn9Au 0.20 0.18
Sn10Au 0.12 0.14
Sn11Au 0.23 0.21
Sn12Au 0.18 0.21
Sn13Au 0.43 0.21
Sn14Au 0.52 0.30
Sn15Au 0.43 0.31
Sn16Au 0.39 0.22

4.2 Structural Data I - Scalar Relativistic Calculations

Figure 2 depicts all calculated structural isomers with energies
up to 0.1 eV above the predicted ground states (GS) for SnNAu
clusters with N = 6− 16. Structures up to 0.5 eV above the GS
and a collection of all calculated cluster properties, are shown in
the Supporting Information†. All structures display doublet mul-
tiplicities, as quartet isomers are at least 0.7 eV higher in energy.
The vibrational modes of the predicted GS are depicted in Fig-
ure 3. Most species display their softest vibrational mode above
40 cm−1 and thus should not be thermally excited under the ex-
perimental conditions with Tnozzle=20 K. However, at 40 K, ther-
mal excitation of soft vibrational modes is possible. The cluster
Sn6Au (ν̃min=21 cm−1) is an exception. The smaller clusters with
N = 6−8 are shown to embed the gold dopant in their cage struc-
ture and seem to resemble the structures of Sn0/+

N+1 to some ex-
tent21,52. This results in asymmetrical rotors for N = 6−8, which
would make the application of FOPT to extract values of µ for
these species problematic. Starting with N = 9, the gold dopant
is endohedrally encased in the tin cage. Most of the endohedral
GS structures are nearly-symmetrical rotors with two principle
moments of inertia being almost equal. The species with N = 12
(spherical) and N = 11,14,16 (asymmetrical) are exceptions. The
GS tin cage motifs of N = 9− 12 resemble the anionic GS for
Sn−9 , Sn−10, Sn−11, Sn−12

53 and for N = 9−13 manganese-doped tin
clusters15. The dipole moments of the gold-doped species with
N = 9,11,13, however, are smaller than their manganese-doped
counterparts. Since the species Sn12Au has the same structure
as the hypothetical Sn−12Au+, which would support the previously
mentioned assumption where the gold dopant behaves similarly

to an electro-positive alkali metal surrounded by a negative tin
cage. However, in contrast to manganese, the heavier gold atom
reduces the symmetry of the overall GS structure, resulting in a
Cs point group for N = 9,11,13−16.

The ground state (GS) of Sn6Au is a tricapped tetrahedron,
with Au as one of the capping atoms. The energetically close iso-
mer II is a tin-capped octahedron, with gold forming part of the
octahedron. For Sn7Au the GS is a pentagonal bipyramid with
capping gold atom. This corresponds to a gold-capped Sn0/+

7 GS

or the Sn0/+
8 GS with gold taking the place of the capping tin

atom. The isomers of Sn8Au are all based on pentagonal bipyra-
mids and mimic the different Sn0/+

9 isomers. In case of the GS
and isomer II the gold dopant lies in the equatorial plane, re-
sulting in the Sn+

9 GS and isomer II, respectively. Isomer III is a
permutational isomer (homotop) of the GS. Starting with N = 9,
the gold dopants are endohedrally inserted resulting in tin cages
which do not imitate the neutral or cationic pure tin analogues.
For Sn9Au, the tin cage closely mimics the Sn−9 and Sn9Mn GS.
The Sn10Au GS also closely resembles the Sn−10 and Sn10Mn GS,
which results in a highly symmetric D4d structure and a vanishing
dipole moment. The same structural trend can be seen for the
Sn11Au and Sn12Au GS, which also resemble the anionic pure tin
and manganese-doped tin clusters.

Starting with N = 13, the structural motif differs from the Sn−N
species. While Sn13Au, which is a tin-capped icosahedron, still re-
sembles the manganese-doped structures, the GS of Sn14Au rep-
resents a new structure. Here, the tin cage is more distorted and
the additional tin atom is moved to the top, which results in a
more asymmetrical rotor. The additional tin atom of the Sn15Au
GS is added to the top and results in a near-symmetrical rotor.
The structural motif of the Sn16Au GS is very similar to this, how-
ever again the additional tin atom at the top results in a more
pronounced asymmetry of the principle moments of inertia. The
low lying isomer II is also an asymmetrical rotor.

4.3 Structural Assignment with Trajectory Simulation

Trajectory simulations have been carried out for each isomer
with rotational temperatures in the range Trot = 5− 25 K. As
shown in the Supporting Information†, the influence of the value
of Trot is only minor. Thus, a value of Trot = 10 K is applied
which conforms to the previous work16 and justifies the classical
description of the rotational dynamics. As mentioned in Section
4.1, thermal excitation might quench the experimental beam
broadening. This is clearly visible for most of the beam profiles
at Tnozzle = 40 K (which exhibit Tvib ≈ 40−50 K) and is supported
by the results of the frequency analysis in Fig. 3. However,
with the exception of Sn6Au, the trajectory simulations were
compared with the 20 K measurements and, therefore, for those
species, no or negligible thermal excitations are expected. The
differences between experimentally deflected and simulated
beam profiles are quantified with the sum of squares due to error
(SSE) method. Figure 4 shows the simulated beam profiles and
comparison with the experimental beam profiles at Tnozzle = 20 K.

The simulated beam profiles for both Sn6Au isomers match the
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 0.00 eV 0.56 D                      16-I C
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Fig. 2 Energetically low-lying isomers, up to 0.1 eV above the GS, for
SnNAu with N = 6− 16 as obtained at the PBE0/cc-PVTZ-PP scalar rel-
ativistic level of theory. The first number displays the number (N) of tin
atoms, while the roman numeral denotes the isomer and is followed by its
symmetry in Schönfließ notation, its relative energy in electronvolt (eV)
and its absolute dipole moment in debye (D). Smaller clusters with N < 9
form exohedral structures and mimic to some extent pure tin clusters,
with gold acting as a tin atom. Starting with N = 9 tin cages develop
endohedral complexes with the gold dopant and mimic their manganese-
doped counterparts from N = 9− 13. Starting with N = 14, the tin cages
take different shapes around the gold dopant.

experimental profiles reasonably well with SSE value of 0.023
for both. Because the experimental profile was recorded at 40 K
and the cluster shows soft modes, a possible thermal effect has
to be considered. However, both isomers only have relatively low
dipole moments. Therefore, the thermal effect is quite small and
a good agreement is obtained between experiment and theory.
It is, thus, not possible to favour one candidate. For Sn7Au, the
sole predicted candidate describes the experimental beam profile
well and is, therefore, a good candidate for the experimentally
generated cluster. The simulated profile is not a proper Gaussian,
which further indicates that FOPT is not entirely appropriate for
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Fig. 3 Vibrational modes ν̃i for SnNAu with N = 6− 16 at the PBE0/cc-
PVTZ-PP scalar relativistic level of theory. Most species display their soft-
est vibrational mode above 40 cm−1 and thus should not be strongly ther-
mally excited under experimental conditions at Tnozzle=20 K. The species
Sn6Au, however, is an exception and might display thermal excitation un-
der experimental conditions, resulting in a reduced beam broadening.

this cluster under the experimental conditions of Tnozzle = 20 K.
In the case of Sn8Au, the GS profile with a SSE value of 0.150
can be excluded, while isomers II (0.081) and III (0.107) both
describe the experiment equally well and are possible candidates.
However, the lower energy of isomer II (only 0.01 eV above the
putative GS) means this may be a better candidate. For Sn9Au,
the GS describes the experimental beam profile well and is a good
candidate for the experimental structure. The deviation between
experimental and simulated beam profile might be caused by
the slight thermal excitation or the semi-empirical nature of
the DFT functional. While both beam profiles for Sn10Au and
Sn12Au show a vanishing dipole moment and perfectly matched
by their theoretical GS, the beam profile for Sn11Au and Sn13Au
are not properly described by the trajectory simulations. In both
cases, the DFT dipole moments of the only possible candidates
are considerably higher than the experimental dipole moments.
Because the differences in measured beam profiles between
Tnozzle = 20 K and 40 K are not pronounced enough, thermal
effects are unlikely to be responsible for this. As shown in the
Supporting Information†, the only identified isomer of Sn13Au
with a low dipole moment is located over 0.4 eV above th GS.
However, since gold is known for its relativistic properties, SO
effects will be analysed and discussed in Section 4.4, particularly
for Sn11Au and Sn13Au. For Sn14Au, the simulation again
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Fig. 4 Experimental electric deflection results, with Tnozzle = 20 K and, with the simulated beam profiles for the different isomers gold-doped tin clusters
at the scalar-relativistic level of theory. The experimental data points with field switched off (blue) are fitted with a Gaussian (solid blue line). The
experimental data points with field switched on (red) are compared with the different simulated beam profiles (dashed lines with the colours black,
green and yellow ). The results are quantified with the sum of squares due to error (SSE) method. The SSE values are mentioned in the corresponding
text. Clear matches are visible for N = 7,9,10,12,14,15 and there are multiple possible candidates for N = 6,8,16. In the case of N = 11,13, it is not
possible unambiguously to assign the experimental structure at the scalar-relativistic level of theory.

describes the experimental beam profile quite well. Again, the
slight difference might either be low thermal excitation or the
semi-empirical nature of the DFT functional. While for Sn15Au
the GS gives a near perfect match to the experimental profile and
is, therefore, a good candidate for the experimental structure,
in the case of Sn16Au it is not possible to distinguish between
the GS (0.089) and isomer II (0.052). Both isomers describe the

experimental profile well and are thus both possible candidates.

To summarize these results: starting from N = 9 the gold atom
is endohedrally encased in the tin cage and forms analogous
structures to electropositive dopants.
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4.4 Structural Data II - Spin Orbit and Basis Set Effects

The results of the two-component DFT calculations as well as
the scalar relativistic cc-PVTZ-PP and Dyall-v3z calculations
are summarized in Table 2. At the two-component level, the
clusters retain the same structural motifs as in the scalar rela-
tivistic calculations, with only small differences in bond lengths
observed. Consequently, the two-component calculations reveal
only minor differences in relative energies and dipole moments
(0-18 %). While these changes are of the same magnitude as the
DFT functionals error, the effect of changing the basis set from
cc-PVTZ-PP to Dyall-v3z (0-68 %) is more pronounced. Since
the latter is a decontracted all-electron basis set, it is considered
more flexible for an accurate description of the system. However,
the error of the pseudo-potential approximation as in cc-PVTZ-PP
is expected to be smaller than the overall error of the correlation
part due to the used DFT functionals54.

For Sn6Au isomer II, the dipole moment grows with basis
set change to Dyall-v3z and also increases slightly at the two-
component level of theory. This makes isomer II a closer match
to the experimental beam profile. However, as in Section 4.3,
both candidates are too similar to be distinguished based on the
measured beam profiles. In Sn7Au, the basis set change enlarges
the dipole moment which is nearly fully compensated by the SO
effect. For Sn8Au, the energetic order of the nearly degenerated
isomers I and II is already switched for Dyall-v3z at the scalar
relativistic level. While the SO effect on the values of the dipole
moments is nearly zero, isomer III is energetically slightly shifted
out of the 0.1 eV range and is thus not considered anymore as
a potential experimental species. This leaves isomer I as the
only possible experimental structure for Sn8Au. In the case of
Sn9Au, the basis set effect is again far more pronounced (16 %)
compared to the SO effect (2 %), which results in an increased
dipole moment. While this is not reflected in the experimental
beam profile, low thermal excitation might partially quench the
beam broadening. The Sn11Au cluster however displays a pro-
nounced basis set and SO effect, both resulting in a significantly
reduced dipole moment. The structure is more symmetrical at
the two-component level of theory, which results in a reduced
dipole moment. This is clearly reflected in the experimental
beam profiles. The mismatch between the experiment and the
scalar relativistic level of theory is thus not caused by thermal
excitation, as already suggested in Section 4.3. The importance
of SO effects for this species is quite interesting, but not clearly
understood, since the other clusters do not show any such effect.
Thus, much like Sn9Au and Sn13Au the cluster display a lower
dipole moment than its manganese-doped counterpart.

For Sn13Au, neither the basis set nor the SO effects are
pronounced. Since thermal excitation also cannot explain the
mismatch between theory and experiment, a likely explanation
is that the GA was unable to find the isomer observed in the
experiment. Thus, the structural assignment of Sn13Au remains
a challenge. For Sn14Au and Sn15Au, basis set and SO effects
are negligible so the structural assignment is already possible at

Table 2 Comparison of the cc-pVTZ-PP-1c results with Dyall-v3z at the
1c and 2c level of theory. The first column shows the label of the cluster,
followed by ∆E the energy relative to the minimum in electron volt (eV)
and the electric dipole moment in Debye (D) for each level of theory, re-
spectively. The table reveals for most species only minor SO effects and
a pronounced basis set effect. Noticeable exceptions are isomer 8-III,
with an SO induced effect on the relative energy and 11-I, with an SO in-
duced lowering of the dipole moment. The latter is especially interesting,
since it is necessary to explain the experimental results for Sn11Au.

cc-pVTZ-PP-1c Dyall-v3z-1c Dyall-v3z-2c
Label ∆E/eV µ/D ∆E/eV µ/D ∆E/eV µ/D
6-I 0.00 0.30 0.00 0.30 0.00 0.29
6-II 0.09 0.09 0.07 0.15 0.07 0.18
7-I 0.00 0.39 0.00 0.48 0.00 0.40
8-I 0.00 0.08 0.01 0.09 0.01 0.10
8-II 0.01 0.32 0.00 0.33 0.00 0.33
8-III 0.04 0.24 0.08 0.27 0.10 0.26
9-I 0.00 0.41 0.00 0.47 0.00 0.46
10-I 0.00 0.00 0.00 0.00 0.00 0.00
11-I 0.00 0.24 0.00 0.18 0.00 0.15
12-I 0.00 0.00 0.00 0.00 0.00 0.00
13-I 0.00 0.93 0.00 0.91 0.00 0.88
14-I 0.00 0.63 0.00 0.65 0.00 0.64
15-I 0.00 0.56 0.00 0.58 0.00 0.57
16-I 0.00 0.38 0.00 0.39 0.00 0.41
16-II 0.05 0.45 0.01 0.41 0.06 0.41

the cc-PVTZ-PP-1c level of theory. For Sn16Au, both isomers I
and II display a slight basis set dependence, resulting in closer
dipole moment values of both species with Dyall-v3z. Thus, even
more so than on the scalar cc-PVTZ-PP-1c level, both isomers
are experimentally indistinguishable. To summarize, it is thus
possible to describe all gold-doped tin clusters with the exception
of Sn13Au at the two-component level very well. A clear identi-
fication of the GS is in principle possible. However, in the cases
of Sn8Au and Sn16Au, two isomers fit the experiment equally well.

5 Discussion and Conclusions
We have investigated the dielectric properties of isolated neutral
gold-doped tin clusters SnNAu (N = 6− 16) for different nozzle
temperatures (20 K and 40 K). The electric beam deflection
experiments reveal pronounced thermal excitations for N = 7,15
between 20 K and 40 K, which is in good agreement with the fre-
quency analysis of the predicted ground states. This emphasizes
the need for cryogenic conditions, as already at 40 K, the thermal
excitation hinders the structural assignment.

Two component DFT calculations reveal for most species
only minor SO effects. However, for Sn8Au, the energy shift
allows the experimentally detected species to be distinguished.
Interestingly, the Sn11Au cluster shows a more pronounced SO
effect, which leads to a more symmetric structure with a reduced
dipole moment. This is also reflected in the experimental beam
profile and was previously attributed to possible thermal exci-
tation. The structural assignment of Sn13Au, however, remains
a challenge, as neither the thermal excitation nor SO effects
explain the deviation between theory and experiment. A likely
explanation is that the GA was unable to find the experimental
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isomer. Deflection experiments on copper-doped tin clusters are
in preparation, as the less electronegative and lighter dopant
might result in a different charge distribution in the clusters.
Additionally, the comparison of Sn11Au and Sn11Cu would
allow the dopant-induced and host-inherent SO effects to be
distinguished.

The experimental investigations of SnNAu, together with the
dielectric rotational dynamics simulation, show that with increas-
ing cluster size the gold-dopant is endohedrally encapsulated for
N ≥ 9. It is interesting that the electric dipole moments do not
reflect this structural change. Exceptions are the two highly sym-
metric clusters Sn10Au and Sn12Au, with D4d and D5d symmetry,
respectively, which for reasons of symmetry cannot possess an
electric dipole moment. Otherwise, exo- and endohedral gold-
doped tin clusters show similar values of the electric dipole mo-
ments. This does not initially correspond to expectation, since in
a comparable binding situation the exohedral clusters should be
significantly more polar. In order to better understand this sit-
uation, the charge distribution in the clusters was studied more
accurately employing quantum chemical methods. This was done
using the latest variant of the density derived electrostatic and
chemical (DDEC6) approach, in order to calculate the net atomic
charges (NAC) and bond orders55. It has already been shown
in the literature that this procedure is well suited to describe
endohedrally-doped fullerene clusters56. Figure 5 shows how
these properties change with the number of tin atoms N. It is
striking that in the exohedral cluster structures the Au atoms have
only very low negative NAC values. Thus, the observed dipole
moments of these species do not result from particularly polar Au-
Sn bonds, but additionally from the uneven charge distribution
across the tin atoms. In the endohedrally-doped clusters, the cen-
tral gold atom is much more negatively charged. However, the ob-
served dipole moments here depend on how much the symmetry
of the tin cage deviates from an ideal-spherical charge distribu-
tion. As a result, as for Sn10Au and Sn12Au, the dipole moments
may disappear completely or have similar numerical values, as in
the case of the exohedral cluster structures. The dipole moments
not being deductible from the structural transition is due to the
fact that the NACs of the Au are smaller in the exohedral struc-
tures than in the endohedral-doped clusters, and thus the effects
of the structural transition on the dipole moment are masked.
The altered bonding situation is also noticeable in the sum bond
of the orders (SBO) of the gold atom. Starting with the exohedral
clusters Sn6Au or Sn7Au SBO values close to two are found, in
contrast the SBOs of Au for all endohedrally doped clusters from
Sn9Au to Sn16Au are close to four or even higher. The SBO of the
tin atoms do not reflect any dependency on the cluster size, as
its average values stay consistently between two and three. Ad-
ditionally, the structural transition is also evident from the spin
densities, since for exohedral clusters significantly increased val-
ues are predicted. In contrast, the endohedral compounds, with
the exception of Sn9Au, show virtually no spin density at the dop-
ing atom. Moreover, the values of the predicted spin densities are
also very consistent if a different approach is chosen for the par-
tial charge analysis techniques (see Supporting Information†) and
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Fig. 5 Net Atomic Charges (NAC, black) and sum of the bond order
(SOB, blue) for the gold dopants as obtained by the density derived elec-
trostatic and chemical (DDEC6) approach as a function of the number of
tin atoms N. The gold dopants display consistently negative NAC, how-
ever, they are relatively low for exohedral clusters in particular and thus,
the electric dipole moments of the clusters are not caused by a partic-
ularly high polarity of the Au-Sn bonds, but additionally by an uneven
charge distribution in the tin host. The SBO of the gold atom further re-
flects the structural transition with the gold atom being higher coordinated
in the endohedral complexes. Thus, both properties reflect the change
from exohedral to endohedral complexes.

are therefore particularly meaningful parameters for the observed
change in the structural motif. This does not apply to the same
extent for the calculation of NACs (see Supporting Information†).
Although the NACs of Löwdin, natural bond order (NBO) and
Bader charge analysis57 show that the gold atoms are negatively
charged, and they also show the same trend, namely that the
value of the negative charge increases when the structural motif
changes, but the absolute values are distinctly different. For the
Bader and NBO approach in particular, significantly larger neg-
ative NACs are predicted for the dopant atom. To return to the
initial question whether a cluster of the Au@Sn12 type is formed
and whether the charge distribution is similar to that of an elec-
tropositive doping atom, it can be concluded that the combination
of electrical deflection measurements and global structure opti-
mization can clearly prove that the gold atom in Sn12Au is endo-
hedrally located. However, the value of the partial charge at the
central gold atom cannot be unambiguously determined by the
procedure employed. Quantum chemical studies on the bonding
situation, however, indicate that the Au atom differs fundamen-
tally from electropositive metals, and thus the initially postulated
mesomeric resonance structure Au+@Sn−12 does not correctly re-
flect the charge distribution.
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