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Surface-immobilized transition-metal clusters (TMC) with
particle sizes smaller than 2 nm are assumed to be the active
species in many catalytic processes.!"! In this size range ‘every
atom counts’ in determining the properties of the cluster.
Consequently, much effort has been invested into experi-
ments under rigorously size-specific conditions. Aside from
studies of size-selected TMC on clean surfaces,”) monodis-
perse clusters have also been studied in gas-phase.’! This
approach allows substrate and ligand effects to be decoupled
from the size-dependent properties of the nanoparticles thus
facilitating mechanistic understanding of reactions. A stum-
bling block remains that structural information is often
missing.

To date structural characterizations of free TMC in this
size range have mainly been indirect using adsorption site
titration or spectroscopic methods® coupled with ab initio
quantum chemical calculations. Increasingly, trapped-ion
electron diffraction (TIED),® a more direct structural
probe also applicable to larger clusters is being applied.
This method is particularly sensitive to the structural motif.
While long-established for neutral molecules in the gas-phase,
electron diffraction on trapped ions was recently developed to
allow measurements on fewer than 10° mass-selected par-
ticles. Herein, we have used TIED to characterize and
compare the structures of a set of homonuclear TMC at
constant nuclearity, number of atoms n=>55. This size was
chosen because with it several closed-shell geometries can be
constructed. At this cluster size, a significant fraction of atoms
are already bulk rather than surface atoms. Nevertheless, the
clusters are still small enough to be treated by density
functional theory (DFT). To date theory has only considered
a few structural motifs other than the established high-
symmetry Mackay icosahedron,”! truncated decahedron,?®
and cuboctahedron structures—owing to the computational
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demands of global structure optimization. In most cases 55-
atom TMC have just been assumed to be icosahedral—
minimizing surface energy while maximizing packing density.
As will be shown below this assumption is not always correct.

We used an apparatus described in detail elsewhere!®
(see also Supporting Information). Briefly, cluster anions
were generated by magnetron sputtering, size selected and
stored in a quadrupole ion trap held at about 95 K. Thermal
equilibrium was reached by collisions with helium atoms.
High-energy electrons (40 keV) crossed the trapped ion cloud
and scattered electrons were detected on a phosphor screen,
yielding the total scattering intensity as function of the
scattering angle (represented by electron momentum trans-
fer s). After (atomic) background subtraction, assignment to
candidate structures was performed by comparing experi-
mental scattering functions to model simulations (see meth-
ods in the Supporting Information). Different structural types
exhibit unique experimentally distinguishable fingerprints.

In all cases considered herein, we have determined the
structural type. In favorable cases, that is, when there are
significant differences between the best and the next-best fit,
we have been able to tentatively assign the molecular
structure of the cluster.

We have explored Ms;s~ structures for the 3d and 4d
elements M=Sc-Cu and Zr-Ag (Y and Tc were not
accessible). TIED molecular scattering functions (sM) are
shown in Figure 1. Note similarities among the data sets
grouped together. Four structure families are discernible:
A) Sc, Co, Ni, Cu, Pd, Ag (light green), B) V, Cr, Mn, Fe, Nb,
Mo (light blue), C) Ti, Zr (light red) and D) Ru and Rh (dark
green). Note also the periodic trends in average bond lengths
which are evident from the positions of the corresponding
diffraction maxima (vertical arrows). Small variations in the
molecular scattering function within a structure family are
due to different element-specific isomers of the same
structure type.

Structural models were obtained from a combination of
semi-empirical and quantum-chemical calculations. Candi-
date structures were sought in an automated multi-step
procedure. Global optimization based solely on ab initio
methods (i.e. genetic algorithm (GA) + DFT), is still
prohibitive for clusters of this size. Instead, we used a GA
search based on empirical potentials parameterized for
different transition metals (TM) to find low energy structures.
Additionally, a modified GA also including TIED data was
used for appraising trial structures.””) Lowest energy and best-
fitting structures were then further optimized using DFT with
a generalized gradient functional™l—in the program system
TURBOMOLE!"! with split valence polarization basis sets.!"?
Further details about the empirical metal potentials and the
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Figure 1. Experimental molecular scattering functions sM of Mg~
cluster ions of the 3d and 4d elements M =Sc—Cu, Zr-Ag (without Tc)
correspond to only four different structural families (A-D). Element
specific differences in average bond lengths lead to scaling of the
momentum transfer axis s (vertical arrows mark characteristic corre-
sponding positions).

DFT method used are given in the methods section of the
Supporting Information.

Figure 2 shows the best-fitting candidate structures for
examples chosen from each of the four structure families:
A) Cuss~, B) Fess™, C) Tiss~, and D) Russ~. Additionally, we
document the quality of the fits by contrasting them with the
experimental data. Generally, experimental and theoretical
scattering functions were compared using a > analysis includ-
ing parameterizations for thermal vibrations and experimen-
tal broadening. An overview of the best fits obtained for all
the TMC studied and typical results of the fitting procedure
which contrasts different structural candidates are given in
the Supporting Information Figure S1 and Figures S3-S6.

The lowest energy isomers considered in DFT calculations
always provide the best or close to the best agreement with
measurement. This implies that: 1) the level of DFT calcu-
lation used provides total energy accuracy to within several
tenths of an electron volt and 2) the experiment probes lowest
(free) energy forms rather than kinetically trapped isomer
distributions. Consistent with previous work on other cluster
systems, we generally fit each experimental data set with
a single model structure—resulting in good agreement.!"!
Only for Rhss~ was it necessary to model the measurement
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Figure 2. Experimental (open circles) and simulated (red line) molec-
ular scattering functions sM for the best fitting candidate structures of
Cuss ™, Fegs, Tiss , and Rus;~. Shown in the lower part are residual
AsM values (blue line) to the same scale. Above each fit are two views
of the corresponding clusters their relative orientation being indicated
by yellow atoms. The clusters shown are prototypical examples of each
of the four structure families (A-D).

in terms of a superposition of two structure types (D + A, see
Figure S2).

Next we discuss major structural features of each family.
Cuss~ belongs to group A together with Scss~, Coss~, Niss
Pdss™, and Agss . All have high-symmetry icosahedral
structures—the 55-atom closed-shell Mackay icosahedral”
consisting of shells of 12 and 42 atoms around a central
atom. Group A structures can also be considered as multiply
twinned particles (MTP) composed of 20 tetrahedra stacked
in an fcc fashion. This arrangement is not space-filling and
leads to a gap of approximately 7.4° when five regular
tetrahedra are packed around a common edge. In the actual
relaxed structures, this causes bond-length variations: intra-
shell separations become larger towards the surface, while
inter-shell separations decrease.

Owing to the overall icosahedral symmetry, however, the
local structure remains very regular. As a result, edge and
corner atoms have coordination numbers (CN) of 6 and 8,
respectively, whereas all the bulk atoms have CN 12.

Most group A clusters show either full 7, symmetry or
only small Jahn-Teller distortions. Pdss~ is an exception. It
relaxes significantly into a C; symmetry structure with
a maximum relative bond-length deviation of approximately
0.5% from I;. Even within full 7, symmetry, a 55-atom cluster
has (three) freely variable structural parameters. Small
corresponding variations are seen for (bulk) fcc and hcp
elements (see also sM functions in Figure 1): Niss~, Cuss~, and
Agss~ prefer typical MTP geometries with sphere-like struc-
tures featuring rounded corners and edges. In contrast, Coss~
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forms almost planar facets as in a regular Platonic icosahe-
dron. Scss~, the second hcp element in this group, has
remarkably long bonds, especially between the central atom
and its surrounding shell.

Family B (Vss~, Crss™, Mnss~, Fess™, Nbss™, and Moss™) is
polytetrahedral™ with subsurface atoms forming locally—
but not globally—icosahedral coordination shells. Similar to
Mackay icosahedra, polytetrahedral packing of atoms can
become increasingly frustrated leading to larger surface
strains. The Fess~ structure (Figure 2) can be described by
four interpenetrating 19-atom double icosahedra. This leads
to reduced sphericity compared to an icosahedron and higher
numbers of surface atoms. Similar to Frank—Kasper phases
(quasicrystals or metallic glasses),”” the strain of polytetra-
hedral packing is reduced by adding polyhedrons having high
local coordination numbers (up to CN 16). This arrangement
leads to a mean CN of 8.91, which is significantly larger than
for class A (8.51), thus more than compensating for low-
coordinate surface atoms. Incorporation of high CN poly-
hedra also leads to larger bond-length variances than for
icosahedra (relative standard variation 5.3 % for Fess~ versus
2.4% for Cuss, see also Table S1 and S2 in the Supporting
Information) resulting in increased damping of the molecular
scattering function. Different group B elements have differ-
ent best-fitting isomers—within the same structure type. The
polytetrahedral motif allows a wide range of isomers within
small energy intervals (ca. 1eV). These have very similar
molecular scattering functions and therefore the global
minimum may not have been found for each element of this
group. Similarly, mixtures of several polytetrahedral isomers
cannot be ruled out.

The hcp TM elements titanium and zirconium constitute
family C. Tiss~, Zrss have irregular icosahedral geometries.
Fairly spherical with some resemblance to Mackay icosahe-
dra, they have low overall symmetry (Tiss: C;). The
structures can be understood as hybrids of types A and B.
In comparison to type A, internal and surface atoms are
rearranged to yield a higher mean coordination number
(8.73). In contrast to type B, an increased coordination of
internal atoms is not the only factor determining geometries.
In this case minimization of surface energy, as manifested by
a lower number of surface atoms and more-spherical shapes,
is also important.

Type D, as found for Russ~ and Rhss~, comprises close
packed geometries resembling segments of the fcc or hcp
bulk. Best fitting models manifest “stacking faults” in their
hexagonal sheet ordering (ABCBA rather than ABCAB—fcc
or ABABA—hcp). In comparison to a regularly fcc-stacked,
closed-shell cuboctahedron (O,), such “stacking faults”
reduce particle surface area and yield a lower ratio of open
high energy (100) to compact (111) facets. In Russ™ this effect
leads to a 4.2 eV stabilization. At only 1.8 %, the bond-length
variation is significantly smaller than for structure families A—
C. The mean CN is only 8.0 and the CN never exceeds 12.
Apparently, there is a high energy penalty for significant
bond-length variations relative to bulk. The high rigidity of
the underlying potential compensates for the lower CN. For
Rhss~ a mixture two different structural types (A +D) is
found by experiment. The icosahedral-to-bulk structure
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transition apparently already occurs in the 55 atom size-
range. Note, that among the free TMC studied herein, bulk-
like structures have never been inferred for such small
particles sizes.

TM bulk structures alternate regularly in the order hcp—
bec—hep —fee (see Figure 3) upon traversing the periodic
table from left to right. Interestingly, free cluster structure
types generally correlate with these bulk lattice types. All

bulk |hcp hcp bce bce bce bce hcp fcc fcc

Sc Ti | V [Cr |Mn|Fe |[Co | Ni |Cu
M5 ico| irico ptet ptet ptet ptet ico ico ico
hcp hcp bce bce hcp hcp fcc fcc ifcc

Zr [Nb [Mo | Tc | Ru | Rh | Pd | Ag

irico ptet ptet cp| icolcp ico ico

Figure 3. 3d and 4d transition-metal-element bulk lattice types under
standard conditions (top left corner) with the corresponding gas-phase
structure types of Mgs™ at 95 K (bottom right corner). Correlation is
indicated by (the same) light and dark color : hcp/irregular icosahedral
(irico, red), bcc/polytetrahedral (ptet, blue), fcc/icosahedral (ico, light
green) and fcc/close packed (cp, dark green).

bulk fcc elements form icosahedral clusters (or for Rhss™ an
A +D mixture). All bec elements form polytetrahedral
clusters. Only hcp elements show more nuanced behavior.
The early hcp elements Ti and Zr belong to the irregular
icosahedral family. The late hcp elements Co and Ru behave
differently. Russ~ already has a bulk-like structure. The
icosahedral structure type of Coss- may be rationalized in
terms of the high temperature (>427°C) bulk pB-Co fcc
modification—indicating that hcp and fcc bulk structures are
close in energy. The only real exception to the structural
correlation is the early hep element scandium.

For those Mss~ ions in which the bulk structure is not yet
realized, the maximum CN of internal atoms as well as their
mean CN increases in the sequence icosahedral — irregular
icosahedral — polytetrahedral. Mackay icosahedra have
solely CN 12 with small bond-length variances. Besides
having icosahedral sites (CN 12), polytetrahedral clusters
comprise highly coordinated atoms with up to CN 16 (accom-
panied by a bond-length variation of 5.3-7.6%). Again this
property correlates with the corresponding bulk lattices: the
CN is 12 in fec/hep and 8 + 6 in bee (8 nearest neighbors are
raised to 14 if the next-nearest neighbors in the connected
primitive cells are also included, corresponding to an
elongated bond length of ca. 15%).

Electron-configuration-dependent effective interatomic
potentials in TM elements differ qualitatively in how they
respond to deviations from optimal bond lengths, for exam-
ple, as evident in the occurrence of bce versus fcc elements. In
clusters this dependence leads to different types of nano-
structures—reflecting an interplay between maximization of
the average CN and minimization of the surface-energy.
Highly rigid effective potentials, such as in Ru and Rh, lead to
strain-free bulk-like structures in which surface-energy desta-
bilization can be more than compensated.

In summary, we have observed a general correlation of
TM cluster structure type with bulk lattice morphology
(under standard conditions). This remarkably simple rule is
valid for most 3d and 4d TM elements. Our finding is relevant
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to the largely unsolved problem of predicting the structure of
crystalline TM solids.') Knowledge of periodic trends in
elemental morphology at the nanoscale may be of help.
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