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Abstract

The structures of platinum cluster anions Ptg - Pt{3 have been investigated by
trapped ion electron diffraction. Structures were assigned by comparing experimen-
tal and simulated scattering functions using candidate structures obtained by density
functional theory computations, including spin-orbit coupling. We find a structural
evolution from planar structures (Ptg, Pt; ) and amorphous-like structures (Pt; - Ptg)
to structures based on distorted tetrahedra (Pty - Pty;). Finally, Pt;; and Pt;; are
based on hcp fragments. While the structural parameters are well described by den-
sity functional theory computations for all clusters studied, the predicted lowest energy
structure is found in the experiment only for Ptg. For larger clusters higher energy

isomers are necessary to obtain a fit to the scattering data.

Introduction

Platinum is used as versatile catalyst and utilized in technical applications for a wide variety
of reactions. It is used for example as catalyst in automotive catalytic converters, in the
oxygen reduction reaction,!? in the hydrogen evolution reaction® or in dehydrogenation
reactions of hydrocarbons.? For economic reasons, a reduction of the necessary amount of
platinum is of great interest. In this context, it was found that small platinum clusters show
high catalytic activity in various reactions, in most cases strongly size dependent.®!! For
example, Heiz et al. found a distinct cluster size dependence for the CO-oxidation on MgO.?
Vajda et al.% reported that the catalytic activity of supported Ptg-Pty, clusters is 40-100
times higher than for vanadia based catalysts in the oxidative dehydrogenation of propane
and Imaoka et al.™® inferred that the catalytic activity of Pty is twice as high as for Pt;s.
The study of platinum clusters in the gas phase supported by advanced theoretical meth-
ods offers a route to model such catalytic systems and can contribute towards clarifying the
mechanisms of the reaction processes. An important prerequisite for the latter is, however,

the knowledge of the cluster structure.



Direct or indirect experimental information on the geometrical structure of small plat-
inum clusters is hardly available. Lineberger et al. determined the photo-electron spectrum
of Pt; and Fielicke et al. used infra-red multiphoton dissociation spectroscopy to study the
structures of Pts 57.!? Very recently, Henninen et al. showed by using scanning transmission
electron microscopy that small Pt clusters on graphite can have fcc geometries at elevated
temperatures. '3

There are some theoretical studies on small Pt clusters, but mostly restricted to neutral
clusters'42°, However, for small clusters the structure can be charge dependent.?!?? In case
of platinum clusters, only Chaves et al.?* computed structures for Pto1,7/%" and indeed
found distinct global minimum structures for different charge states.

Overall, the computational studies on platinum clusters are rather inconclusive with re-
spect to the lowest energy structure. For example, Kumar et al.'® proposed planar structures
up to Pty, while Demiroglu et al.'® found 3D motifs starting with Pt;. In addition, small
Pt, clusters show a high structural diversity,'™?* that is a high number of isomers in a small
energy range. While this property is important to explain the high catalytic activity? it
hampers the prediction of the global minimum structure. Considering a typical error of den-
sity functional (DFT) computations, a clear assignment is often not possible. Additionally,
the accurate prediction of ground state of heavy elements, such as Pt, requires taking the
computationally more demanding spin-orbit coupling (SOC) into account. 26" In particular,
SOC has been found to have a significant effect on the relative stability of isomers.?3% In
summary, these uncertainties require a validation of the structural predictions by experimen-
tal means.

We are not aware of any experimental study on the structures of Pt, (n>5). The aim
of this work is therefore to establish the equilibrium structures of platinum cluster anions in
a range from n = 6 — 13 via a combination of trapped ion electron diffraction (TIED) and
DFT computations. We chose anionic clusters, because TIED has a higher sensitivity for

negatively charged ions than for cations.3! The smallest Pt-cluster in this study (Ptg) is at



the lower limit of the TIED experiment, whose signal-to-noise ratio increases with cluster
nuclearity. Structures are assigned based on comparison of experimental and simulated scat-
tering functions from candidate structures, which are obtained by computational methods.
Such a synergistic approach has been applied successfully in a number of studies for other

22,32,33

metal clusters and allows in most cases for an unequivocal structural assignment.

Methods

Trapped Ion Electron Diffraction

3134 Platinum cluster anions

The TIED experiment has been described in detail elsewhere.
were generated by a magnetron sputter source,* mass selected to a single cluster size and
trapped in a quadrupole ion trap held at about 95 K. Thermal equilibrium of the anions
was achieved by collisions with He buffer gas at a pressure of 0.01 mbar for several sec-
onds. A 40 keV electron beam crossed the ion cloud, consisting of 10°-10° cluster ions.
Electrons scattered during an exposure time of 20-30 s were detected by a phosphor screen
and integrated on an external CCD camera. For a total measurement, about 100 — 2000 of
background-corrected diffraction pictures have been accumulated and averaged — depending
on cluster size and corresponding ion intensity. The total scattering intensity Ij." as func-
tion of the electron momentum transfer s = 47” sing with the electron wavelength A and the
scattering angle # was extracted by radially averaging the sum of the background corrected
diffraction pictures. Using the atomic scattering intensity I,.*® and an additional unspecific
polynomial based background I, the experimental reduced molecular scattering intensity
sM®P(s) = s(Lyot — Lot — Ivack) / Lot Was calculated. In order to compare these results with can-

didate structures, the theoretical reduced molecular scattering function was approximated

by
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where N is the number of atoms in the cluster, r;; the inter-atomic distances, and L an
averaged mean vibrational amplitude. S, and k, are scaling factors for the amplitudes
and the distances. Experimental broadening is considered by convolution of sM'™ with a
Gaussian (o = 0.15 1401_1) and attenuation by the finite trap opening by weighting with an
error-function centered at the maximum angle (s = 14 /01_1). For comparison of theoretical
and experimental data a x2-fit minimizing the weighted differences by variation of S, kg, L

and the parameters of I, was performed.

We use the weighted profile factor Ry = /Y, wi(sMhe® — sMIP)2/ > aw;(sM*®)? to
characterize the degree of agreement of candidate structure and experimental data.?* The
weights w; were calculated from the error propagated standard deviation of the experimental

data.

Density Functional Theory Computations

Structural models for TIED fitting were obtained from a combination of different methods.
Semi-empirical potentials (Gupta3™3® or Morse3?) were used within a modified genetic al-
gorithm (GA) to generate experimentally well fitting candidate structures.*®*! These were
further optimized using DFT computations with the TURBOMOLE package.*? In addition,
extensive global minimum searches were performed using a DFT based GA.** A population
size of 30 structures with 10 children has been employed. The calculations were carried out
until no new minimum structures were found within 45 generations. Typically, the putative
global minimum structures have been obtained in less than 35 generations. For the local
structure optimization, a split valence polarization (def2-SVP) basis set? and the BP86
functional®® were employed. The RI-J (resolution of the identity for the Coulomb term J)

1647 as well as effective core potentials (ECP) (1s-4f in core)*®, which account

approximation
for scalar relativistic effects, have been used throughout. Pt, clusters are open shell systems
(odd number of electrons) and can occur in different spin states. Therefore, the GA cal-

culations were performed for different numbers of unpaired electrons using the unrestricted



Kohn-Sham method.

The geometries of 10-20 isomers with low energies and /or small profile factors have been
reoptimized with the TPSS*® functional in combination with a def2-TZVP basis set. %448
We have chosen the TPSS/def2-TZVP method because it leads to a better description of
the structural parameters, for example bond distances, determined from the comparison of
simulated and experimental scattering function. Furthermore, TPSS has been successfully
used on Bif?" and Au; . The lowest-energy electronic state was obtained by applying a
Fermi smearing to allow fractional occupations with an initial temperature T = 600 K, which
was progressively lowered during the self-consistent field iterations down to T = 50 K. By
starting the calculation with high numbers of unpaired electrons usually integer occupations
and electronic states without holes were achieved. If not mentioned otherwise, all structure
optimizations have been carried out without symmetry restrictions. The symmetries of the
final optimized structures were determined using the TURBOMOLE desy command. The
resulting point groups were analyzed, and vibrational frequency calculations were performed
to confirm that the final structures are local minima. The coordinates of all structures shown
here are given in the supporting information (SI).

Finally, the relative energies for the different isomers at each cluster size were recalculated,
considering different further contributions. SOC was included by relativistic two-component
(2C) calculations® with the TPSS functional and the dhf-TZVP-2¢ basis set.??* SOC often
has a significant influence on the relative energies of different isomers. It has to be mentioned
that we did not re-optimize the structures with inclusion of SOC which could slightly change
the structures as has been observed for Bif clusters.?” Furthermore, the effect of dispersion
corrections was evaluated using DFT-D3 with Becke-Johnson damping.®® Finally, thermal
corrections to the DFT energy are included by computing the Gibbs free energy (AG) at 95
K and 1 bar.



Results

In the following, we compare candidate structures from DFT computations to the experi-
mental TTED data. On the order 10-15 cluster structures have been finally analyzed for each
cluster size. Here only the most relevant are described, that are the lowest energy structures
or the ones that fit best to the experimental data. Table 1 summarizes our results. It shows
for each size and isomer the relative energy using TPSS/def2-TVZP and the relative energy
including SOC from single point calculations using 2C-TPSS/dhf-TZVP-2¢ computations,
the ground state multiplicity, the point group, and the corresponding experimental profile
factor Ryy. Dispersion corrections did not affect the relative energies significantly and the
ordering remains the same as for TPSS/def2-TZVP. Similarly, the consideration of the ex-
perimental temperature did not lead to change in the relative (free) energy ordering. We

summarize the latter results in the supporting information (Table S1).

Pty

Fig.1 shows the lowest energy structures for Ptg using TPSS/def2-TZVP. The predicted
lowest energy isomer (1) is in agreement with Ref. 23 and several calculations on neutral
Ptg. 1161819 Tt is a planar Ds, structure with triangular shape. The 3D isomer (2) is 0.11 eV
higher in energy. For a depiction of the non-planar distortions, please see Fig. S1. Finally,
the planar rectangular isomer (3) is at 0.30 eV. The SOC increases the relative difference,
but has no effect on the energetic ordering of the isomers.

The comparison of measured and calculated scattering functions shown in Fig. 2 fully
supports the computations. The theoretical scattering function of structure (1) matches the

experimental data very well (R, = 1.7%) while other isomers can be ruled out.

Pt;

A subset of structures for Pt; considered in this work is shown in Fig. 3. The lowest energy

isomer within TPSS/def2-TZVP is a triangular structure with a split cap (1). It can be



Table 1: Relative energies AE for Pt,  clusters at the TPSS/def2-TZVP and
2C-TPSS/dhf-TZVP-2c level together with point group P, multiplicity M and
profile factor R,. The isomers found in the experiment are highlighted in bold.

Cluster AE/eV  AFEy/eV P M  R,/%
Ptg (1) 0.00  0.00 Dy 2 17
Pty (2) 011 022 Co 2 78
Pty (3) 0.30 044 Day 10.3
Pt; (1) 0.00  0.02 Chy 6 8.2
Pt; (2) 021  0.03 Dsy 2 65
Pt, (3) 021  0.09 o, 6 13
Pt (4) 022 0.00 C, 2 18
Pt; (5) 0.35 001 C, 2 42
Pt (6) 0.90  0.67 C, 2 26
Ptg (1) 0.00 0.8 o, 2 27
Ptg (2) 0.03  0.00 O, 4 84
Pt (3) 0.27  0.13 o, 2 79
Pt (4) 032 025 O, 4 48
Pt (5) 0.33  0.33 C, 2 13
Ptg (6) 0.56 0.3 o 420
Pty (1) 0.00  0.05 o, 2 18
Pty (2) 015  0.02 G, 2 6.7
Ptg(3) 0.16  0.00 C, 2 98
Pty (4) 0.41° 0.0 C, 2 48
Ptyo(1) 0.00  0.00 T, 8 56
Pt1o(2) 011  0.14 O, 6 35
Pt,o(3) 021  0.28 G, 2 54
Pty (1) 0.00  0.00 G, 2 19
Pt,,(2) 0.07  0.14 o 2 12
Pt;:(3) 032  0.16 o, 2 29
Pt (1) 0.00  0.00 o 2 2
Pt1(2) 0.35 025 G 2 68
Pty2(3) 0.63  0.18 Coy 2 3.0
Pty5(1) 0.00  0.00 o, 2 26
Pt,5(2) 036 0.32 o, 2 11
Pty(3) 061 0.1 Cyp 2 41

¢ saddle point
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(1) Dy, 2) C,,
0.00 (0.00) eV 0.11 (0.22) eV 0.30 (0.44) eV

(3) D,

R,=17% R,=78%  R,=10%

Lowest energy isomers of Ptg with point group, relative energy for
TPSS/def2-TZVP , the SOC corrected value (in parentheses) and the experimental pro-

Figure 1:

file factor.

sM/A"

s/A™

Figure 2: Comparison of experimental (circles) and simulated (red line) modified molecular

scattering intensities sM for isomers (1)-(3) of Ptg. The blue lines in panel (1) and (2)
show the weighted residuals.



obtained from Ptg-(1) by replacing one of the apex atoms by a dimer perpendicular to the
triangular plane. Structure (2) is a non-planar distorted hexagon with D3, symmetry at
0.21 eV, isoenergetic with structure (3), which can be seen as two face-connected (distorted)
quadratic pyramids. Isomer (4) at 0.22 eV is a planar side-capped ladder and was found as
the lowest in energy in the calculations of Chaves et al.?® The replacement of one of the edge
atoms of the Ptg-(1) with a dimer perpendicular to the triangular plane leads to isomer (5)
at 0.35 eV. The inclusion of SOC calculation on top of TPSS/def2-TZVP has a significant
influence on the energy ordering of the isomers: now isomers (1)-(5) have virtually the same
energy.

None of the structures (1)-(5) lead to a satisfactory agreement with the experimental data
(see Table 1 and Fig. 4). A low R, is obtained only for the high lying (0.90 eV) C; isomer (6).
It can be seen as two distorted tetrahedra sharing a common atom. Forcing this structure
into Cy, symmetry increases the relative energy as well as the R,, value significantly (not
shown). However, if we allow for two component combinations among the low-lying isomers
(1-5) a similarly good agreement with the TIED data can be obtained. In particular, a
mixture of isomer (2, 59%) with (3) shows a low profile factor of R, = 2.7% (Fig. 4).

Pt; turns out to be an unusual case, as we have found five isomers within 0.1 eV. Addi-
tionally, the TIED data does not lead to unique assignment, if considering only single isomer
or two component mixtures describing the experimental composition. However, taking into
account the high energy of isomer (6) even under considerations of SOC, we tentatively
assign Pt; to a mixture of structures consisting mainly of the quasi-planar (2) and the 3D
structure (3) under the experimental conditions. However, small contributions (< 5%) from

other isomers in a multi-component mixture cannot be ruled out.

Pts

A set of low energy isomers for Ptg is shown in Fig. 5. The blue putative global minimum

within TPSS/def2-TZVP is the so called gyrobifastigium (1) and can be constructed by
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(1) C,, (2) Dy, 3) C,
0.00 (0.02) eV 0.21 (0.03) eV 0.21 (0.09) eV
R,=82%  R,=62% R, =13%

(4) C, () C, (6) C,
0.22 (0.00) eV 0.35 (0.01) eV 0.90 (0.67) eV
R,=18% R.=42% R,=2.6%

Figure 3: Pt; isomers with point group, relative energy for TPSS/def2-TZVP, the SOC
corrected value (in parentheses) and experimental profile factor.

Figure 4: Comparison of experimental (grey circles) and simulated (red line) modified molec-
ular scattering intensities sM for isomers (2), (3), (6) and for a mixture of isomers (2) and
(3) of Pt;. The blue line in each panel shows the weighted residuals.
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joining two face-regular triangular prisms. Structure (2) is a triple capped (distorted) square
pyramid and is quasi-isoenergtic (0.03 eV) with structure (1). Structures (3) and (4) consist
of face and edge capped connected trigonal pyramids. Their energies are at 0.27 and 0.32 eV,
respectively. Structure (4) (0.32 €V) is a quasi planar isomer based on the ladder structure
(3) of Ptg and was found as lowest energy structure for Ptg in Ref. 23. Finally, isomer (6)
at 0.56 eV consists of connected trigonal and square pyramids. Considering of SOC inverts
the energy difference between isomer (1) and (2) and reduces the difference for most of the

other isomers.

u‘

(1) C, (2) C, (3) C,
(0 0 yeV 0.03 (0.00) eV 0.27 (0.13) eV
S27%  R,=84%  R,=7.9%
/g ) W)

(
—) -l
' \\‘) |
“4)C 5) G, (6) C,
0.32 (0.25) eV O33(033)eV 056(03 ) eV
R, = 4.8% = 13% = 2.0%

Figure 5: Ptg isomers with point group, relative energy for TPSS/def2-TZVP, the SOC
corrected value (in parentheses) and experimental profile factor.

Fig.6 shows the comparison of simulated and experimental scattering functions for Ptg.
Most structures shown here can be ruled out based on a high profile factor (1-3,5). The
best agreement with the experimental data is found for isomer (6) with an profile factor of
Ry, = 2.0%, significantly lower than isomer (4) with R, = 4.8%. Two component mixtures
do not reduce the profile factor here and we conclude that even though isomer (6) is the
highest energy isomer in the considered set, it represents the most probable contributor to

the scattering experiment.
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Figure 6: Comparison of experimental (grey circles) and simulated (red line) modified molec-
ular scattering intensities sM for isomers (2)-(6) of Ptg. The blue line in each panel shows
the weighted residuals.
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Pty

Four isomers of Pty are shown in Fig. 7. The putative global minimum at the TPSS/def2-TZVP
level, isomer (1), has Cs symmetry and is a capped gyrobifastigium. Structure (2) at 0.15 eV
is a tricapped triangular prism, and structure (3) at 0.16 eV can be described as a distorted
version of isomer (2). Finally, at 0.41 eV a truncated tetrahedron is found having C3, symme-
try. It turns out that within TPSS/def2-TZVP this structure is a saddle point with imaginary
frequencies of e and as-character. The lowest energy was obtained with a spin multiplicity
of 8 and a singly occupied e-orbital causing Jahn-Teller distortion. However, after inclu-
sion of SOC, isomer (4) is a true minimum structure as proved by a vibrational frequency
calculation. The structural parameters insignificantly deviate from the TPSS/def2-TZVP
structure and the energy difference to the single point value is negligible (0.01 ¢V). Overall

the 2C computations have a strong impact on the relative energies, as all isomers are now

J

quasi-isoenergetic.

J
(3)C (4)C
ooo 005 eV 015 ooz)ev 0.16 (0.00) eV 0.41* (0.01) eV
—18% R,=6.7%  R,=98% R, = 4.8%

Figure 7: Ptq isomers with point group, relative energy for TPSS/def2-TZVP, the SOC
corrected value (in parentheses) and experimental profile factor. Isomer (4) is a minimum
structure only in the 2C computation. Within TPSS/def2-TZVP the energy is given for the
(s, restricted configuration.

A planar Dy, isomer (not shown) found by Chaves et al.? is at 0.34 eV (TPSS/def2-
TZVP) but can be clearly ruled out on basis of the TIED data. Among the structures shown
here, only isomer (4) shows a reasonable agreement R, = 4.8% with the experimental data.
The weighted difference however shows still significant deviations with an oscillation pattern

similar to the scattering function itself, which is an indication that a second motif is missing.
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Figure 8: Comparison of experimental (grey circles) and simulated (red line) modified molec-
ular scattering intensities sM for isomers (2)-(4) and a mixture of isomers (3) and (4) of
Pty. The blue line in each panel shows the weighted residuals.

And indeed, this is the case here as shown in Fig. 8: including isomer (3) with ~ 40%
in a two component fit leads to a significant reduction of the profile factor (R, = 0.19%).

Accordingly, we assign Pty to a mixture of a truncated tetrahedron and a distorted triangular

prism.

Pty

A subset of structures for Ptyq is shown in Fig. 9. In agreement with the results of Chaves
et al., the global minimum (1) for Pty is a tetrahedron (7,) with seven unpaired electrons
representing a cutout from the fcc bulk structure. The same structural motif was also
obtained for neutral and positively charged Pt1g.?* Tetrahedral like structures (2) and (3)
are found at 0.11 eV and 0.21 eV and have an increasing degree of distortion while at the
same time their multiplicity is reduced. 2C computations do not change the energetic order

of the isomers.
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()T, (2) C, @) G
0.00 (0.00) eV 0.11 (0.14) eV 0.21 (0.28) eV
R,=56%  R,=35% R,=54%

Figure 9: Pty isomers with point group, relative energy for TPSS/def2-TZVP, the SOC
corrected value (in parentheses) and experimental profile factor.

Fig.10 shows the comparison of experimental and simulated scattering functions. The
best agreement to the TIED data is obtained for the distorted tetrahedral geometry (2) with
R, value of 3.6 % in C, symmetry. Other structures, including the predicted tetrahedral
ground-state, have significantly higher profile factors. Mixtures among these isomers do not

lead to a reduction of the profile factor. Accordingly, we assign structure (2) for Pt,.

s/A™

Figure 10: Comparison of experimental (grey circles) and simulated (red line) modified
molecular scattering intensities sM for isomers (1)-(3) of Ptyg. The blue line in each panel
shows the weighted residuals.
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Pty

The most relevant structures for Ptj; are shown in Fig. 11. The predicted lowest energy
isomer (1) has a tetrahedral shape, but is not a capped version of one of the isomers shown
for Ptyg. Almost iso-energetic (0.07 eV) is structure (2), a capped version of structure (2) of
Ptyg. Finally, isomer (3) at 0.32 eV is the capped T, isomer of Pty,. Including SOC does not

change the energetic order.

(1) C, () C, @) C,
0.00 (0.00) eV 0.07 (0.14) eV 0.32 (0.16) eV
RW =19% Rw =12% RW =2.9%

Figure 11: Pty isomers with point group, relative energy for TPSS/def2-TZVP, the SOC
corrected value (in parentheses) and experimental profile factor.

Neither structure (1) nor structure (2) are able to explain the experimental scattering
function (Fig. 12). Only the capped T} structure (3) fits well to the experimental data with
an R, value of 2.9 %.

Pty

The putative global minimum (1) for Pt;, is a capped double layered triangular structure
(Fig. 13). The simulated diffraction pattern, however, is not able to fit the TIED data as
shown in Fig. 14. A better fit is found for the bi-capped tetrahedral isomer (2) at 0.35 eV
(0.25 eV SOC). Finally, the best fitting structure (R, = 3.0%) is isomer (3), a doubly
truncated trigonal bipyramid. It has a ABA layer structure and can be seen as a cutout of
the hep lattice. Its relative energy within TPSS/def2-TZVP is 0.63 eV, however, when using
2C computations it is reduced to 0.18 eV. If mixed with isomer (2)( 38%) the profile factor

reduces further to R,, = 2.1% (see Fig.14).
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Figure 12: Comparison of experimental (grey circles) and simulated (red line) modified
molecular scattering intensities sM for isomers (1)-(3) of Pty;. The blue line in each panel
shows the weighted residuals.

(1 ¢, (2) C, (3) C,,
0.00 (0.00) eV 0.35 (0.25) eV 0.63 (0.18) eV
R, = 26% R,=6.8% R,=3.0%

Figure 13: Pty isomers with point group, relative energy for TPSS/def2-TZVP, the SOC
corrected value (in parentheses) and experimental profile factor.
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Figure 14: Comparison of experimental (grey circles) and simulated (red line) modified
molecular scattering intensities sM for isomers (1)-(3) and a mixture of isomers (2) and (3)
of Pt{5. The blue line in each panel shows the weighted residuals.

Pty3

The lowest energy isomer for TPSS/def2-TZVP as well as for the 2C computations is again
based on double layered trigonal structures (1) shown in Fig. 15. However, this motif can
be ruled out since the simulated and experimental scattering function differ significantly.
The next higher lying isomer (2) at 0.36 eV is a three capped tetrahedral structure which
also shows a high profile factor. The best agreement of experiment and theory is found
for isomer (3), a capped version of the truncated trigonal bipyramid (3) of Pt;,. Using
TPSS/def2-TZVP it is already 0.61 eV above isomer (1), however, the relatively high energy
at TPSS/def2-TZVP-level reduces significantly by inclusion of SOC (0.14 eV). The profile
factor cannot be reduced by considering another isomer in a two component fit and con-
sequently we assigned isomer (3) as the main structure for Pty;. Typical 13-atom closed
shell motifs like the icosahedron or the cuboctahedron (not shown) are even higher in energy

(2.7 eV and 1.9 eV) and can also be ruled based on the TIED data (R, = 8.2 and 10%,
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respectively).

R, =26%

Figure 15: Pt;3 isomers with point group, relative energy for TPSS/def2-TZVP, the SOC
corrected value (in parentheses) and experimental profile factor.

s/A

Figure 16: Comparison of experimental (grey circles) and simulated (red line) modified
molecular scattering intensities sM for isomers (1)-(3) of Pty3. The blue line in each panel
shows the weighted residuals.

Discussion

Fig.17 summarizes the assigned structures for Ptg-Pt;3. Four different structural motifs
can be identified. Ptg and the major component of Pt; are (quasi-) planar. The minor

component of Pt;, Ptg, and the minor component of Pty consist of amorphous-like structures
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comprised of connected trigonal and tetragonal pyramids. The major component of Ptq is
a defective tetrahedral structure. The tetrahedral motif then persists up to Pt5. Finally,
for Pt and Pty3 hcp-like structures based on trigonal bipyramids are found. Please note
that at the transition sizes (Pt;, Pty and Pt;y) mixtures of the neighboring motifs were
found, supporting a posteriori the dual-motif ansatz. We note in passing that we cannot
distinguish experimentally between a (fast) dynamic equilibrium and a static mixture of
isomers.

The cluster structures were optimized using the TPSS/def2-TZVP method. The resulting
structures are used to fit scattering data and the best fitting isomers are in most cases
in good agreement with the experimental data. However, Ptg is the only size where the
TPSS/def2-TZVP global minimum agrees well with the experimental scattering data. Here,
the remaining discrepancies of experimental and simulated scattering function are within the
experimental error. For the larger sizes the (free) energy of the tentative global minimum
and the energy of the best fitting experimental configurations differ in part significantly.

We believe that the TIED experiment probes the clusters under thermodynamic condi-
tions. The interaction time of the clusters and the He bath gas is on the timescale of seconds;
it is therefore unlikely, that the observed clusters have metastable structures. In addition, we
have recently shown that, under similar experimental conditions, a chemical equilibrium is

t.5% If we assume (thermal) equilibrium conditions here, and

reached in the TIED experimen
neglect the thermal contribution which is in the order of a few hundredths of eV (see Table
S1), we can estimate the (minimal) error of the methods used. For TPSS/def2-TZVP this
error is up to 0.6 eV (Pt;y and Pt;3). In addition, for Pty-(4) the TPSS/def2-TZVP compu-
tation yields a qualitatively wrong result as a saddle point was predicted for the experimen-
tally most probable structure. Inclusion of SOC by 2C-TPSS/dhf-TZVP-2¢ computations

reduces these discrepancies to an error of 0.35 eV for Ptg in this dataset. Additionally, the

2C computations correct the qualitatively incorrect TPSS/def2-TZVP result for Ptg-(4).
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Figure 17: The assigned structures for Ptg-Pt{3. For Pt;, Pty and Pt;, mixtures of two
isomers were necessary to fit the TIED data.

Conclusion

We have studied the structures of small platinum cluster anions using a combination of
trapped ion electron diffraction and density functional theory computations including spin-
orbit coupling. We find that Pt,”, 6 < n < 13, evolve from planar structures (Pts and Pt;)
via amorphous like structures (Pt;-Ptg ) and tetrahedral structures (Ptg-Pt,) to structures
based on an hep motif (Pt and Pty3). For most clusters, the structures found in experiment
differ from the computed ground states. Spin-orbit coupling has a significant influence on
the energetic ordering of isomers and reduces consistently the discrepancy between theory
and experiment. Overall, we have shown that for an assessment of ground state structures
TPSS/def2-TZVP is insufficient for anionic Pt clusters and even with inclusion of spin-orbit

coupling a reliable assessment still requires additional reference data from experiments.
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