ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/351833903

Tetrahedral Pt 10 — Cluster with Unique Beta Aromaticity and Superatomic
Feature in Mimicking Methane

Article in Journal of Physical Chemistry Letters - May 2021

DOI: 10.1021/acs.jpclett.1c01178

CITATION
1

5 authors, including:

JiaYuhan
Chinese Academy of Sciences

15 PUBLICATIONS 86 CITATIONS

SEE PROFILE

READS
104

Hanyu Zhang
‘_.4p Chinese Academy of Sciences
26 PUBLICATIONS 228 CITATIONS

SEE PROFILE

Zhixun Luo
h Chinese Academy of Sciences

158 PUBLICATIONS 1,888 CITATIONS

SEE PROFILE
Some of the authors of this publication are also working on these related projects:
pject  MS Instrument View project

et Metal clusters ___ structural chemistry and reaction dynamics View project

All content following this page was uploaded by Jia Yuhan on 27 May 2021.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/351833903_Tetrahedral_Pt_10_-_Cluster_with_Unique_Beta_Aromaticity_and_Superatomic_Feature_in_Mimicking_Methane?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/351833903_Tetrahedral_Pt_10_-_Cluster_with_Unique_Beta_Aromaticity_and_Superatomic_Feature_in_Mimicking_Methane?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/MS-Instrument?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Metal-clusters-structural-chemistry-and-reaction-dynamics?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jia-Yuhan?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jia-Yuhan?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Chinese_Academy_of_Sciences?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jia-Yuhan?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hanyu-Zhang-29?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hanyu-Zhang-29?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Chinese_Academy_of_Sciences?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hanyu-Zhang-29?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhixun-Luo?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhixun-Luo?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Chinese_Academy_of_Sciences?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhixun-Luo?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jia-Yuhan?enrichId=rgreq-8f6a754fe017795d6119971f6c7e4f5e-XXX&enrichSource=Y292ZXJQYWdlOzM1MTgzMzkwMztBUzoxMDI3ODc2NzExMzA5MzEyQDE2MjIwNzYzMTMxOTc%3D&el=1_x_10&_esc=publicationCoverPdf

Downloaded viaINST OF CHEMISTRY on May 26, 2021 at 06:53:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Tetrahedral Pt,,~ Cluster with Unique Beta Aromaticity and
Superatomic Feature in Mimicking Methane

Yuhan Jia," Xinlei Yu,” Hanyu Zhang, Longjiu Cheng,* and Zhixun Luo*

I: I Read Online

Cite This: J. Phys. Chem. Lett. 2021, 12, 5115-5122

ACCESS |

[l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Utilizing a customized metal cluster source in tandem with a

flow tube reactor and a reflectron time-of-flight mass spectrometer, we have

obtained well-resolved pure metal clusters Pt,” and observed their gas-phase g iy
@

reactions with a few small gas molecules. Interestingly, the remarkable !% bt -
10

\C CO,
o™ ns’/;,/ a

inertness of Pt),~ was repeatedly observed in different reactions. Meanwhile,
we have determined the structure of Pt;,” within a regular tetrahedron.
Considering that Pt possesses 5d°6s' electron configuration, the tetrahedral
Pt),~ exhibits unexpected stability at neither a magic number of valence
electrons nor a shell closure of geometric structure. Comprehensive theoretical
calculations unveil the stability of Pt,,” is significantly associated with the all-
metal aromaticity. In addition to the classical total aromaticity, which is mainly
due to 6s electrons, there is unique beta-aromaticity ascribed to spin-polarized o T T e R T
beta 5d electrons pertaining to singly occupied multicenter bonds. Further, we

demonstrate the superatomic feature of such a transition metal cluster Pt;,”, as

Pt,@Pt,”, in mimicking methane.

ingle platinum atoms and Pt-related complexes have been

widely applied as catalysts in fuel cells,’ gas reforming,”
automotive three-way conversion,”* and various redox
reactions,® as well as medical uses as anticarcinogen,7 aural,
or retinal implants. A majority of such studies have also
revealed significant advantages of Pt-related catalysts and drugs
at reduced sizes of nanoscale. However, the non-negligible
relativistic effect of Pt, novel metal bonding nature and solvent
effect in sol—gel preparation make it difficult to fully
understand the precise mechanism simply by extension of
knowledge based on single atoms or Pt-complexes. A key task
to rationally design nanocatalysts and to understand the
underlying mechanism has fallen on cluster science. Motivated
on this, metal clusters have attracted enormous attention over
the past decades, with an increased rate of specific surface area
and low cost of such precious metal,” " available for precise
chemistry research of reaction mechanism, chemical stability
and bonding nature, in joint with first-principles theoretical
calculations. > ~"*

A pending issue is that the catalytic performance of metal
clusters could be reduced in the atmosphere because of the
adsorptive contamination or a failure to maintain the
anticipated geometric and electronic structures. A basic
understanding of the factors that determine the stability,
property, and reactivity of atomic clusters is important for the
establishment of fundamental principles and craft at reduced
sizes.'”'® Ongoing efforts have been paid to explore magic
clusters with resistance to oxidation and contamination. A few
magic metal clusters, such as Al};~, Ag,,~, Al;;Mg,;, etc,, have

© XXXX American Chemical Society
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been found to survive rich-pressure oxygen etching reac-
tions,"” ™ and are associated with closed electronic (and
geometric) shells.”’ Meanwhile, some other metal clusters,
such as AgB_,17 and Cu,g~,”* were also found to be inert in
reacting with oxygen, shedding light on superatomic
stability.”> > Among others, the previous studies found low
activity of Pt;," and Pt in the reaction with CH, and N, O at
a low partial pressure of ~107> mPa; "> also for the anionic
Pt,” clusters, local minimal points of rate constants were
estimated for the Pt,”, Pt,,”, and Pt,,” clusters.”® In
comparison, Pty~ and neutral Pty were found to be reactive
with N,0.°**” Among others, the spin dynamics of a ring-
shaped Fe|, cluster compound has been studied by inelastic
neutron scattering, showing novel magnetic anisotropy of such
a ten-atom cluster.””

However, even if do not consider the atomlike behavior and
identity of superatomic nanoclusters in conjunction with
ligands,™ there is a difficulty to estimate the valence electron
counts for transition metal clusters (because of the complexity
of d and f electrons) and to predict their cluster stability with
magic numbers. In particular for heavy transition metals, the
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Figure 1. (A) Mass distributions of Pt,~

142, 248, 352, 467, 773 mPa, respectively. (B) Mass distributions of Pt,~
CO, gas with the partial pressure at 142, 248, 352, 467, and 773 mPa, respectively. The pure Pt,”

clusters in the (a) absence and (b—f) presence of a different amount of N, gas with the partial pressure at
clusters in the (a) absence and (b—f) presence of a different amount of

clusters are labeled as number N.

multicenter electron delocalization to form superatomic
orbitals could be even more complex because of the orbital
hybridization and mixed partition of contributions by both
alpha and beta spin electrons.”” Note that, the exploration of
stable metal clusters with resistance to small molecule
adsorption is important for anticorrosion in micro devices. In
particular, noble metals, such as Pt atoms and cations, readily
form coordination bonds with various ligands. Although a
challenging task, it is important to prepare pure platinum metal
clusters and fully study their size-dependent stability and
reactivity under sufficient collision reactions.

Having this in mind, we have conducted a gas-phase reaction
study to explore the stability of small Pt cluster anions. We
prepared Pt,” (n = 3—19) clusters with a good mass resolution
by a homemade laser vaporization (LaVa) cluster source,’® and
undertook a comprehensive study on the reactions of Pt,” with
N,, O,, CO,, and CH;Br. Among them, oxygen readily reacts
with Pt,” clusters to produce various oxides; CH;Br reacts to
produce hydrogen; and N, and CO, react to form Pt,N,,,~ and
CO,-addition products. What is interesting is that, among all
the reactions, Pt;;” finds prominent mass abundance and is
inert to all these chemicals (except O, adsorption). Utilizing
DEFT calculations, we unveil the unique stability of Pt,,” with a
global minimum structure of tetrahedron and unique beta
aromaticity.”’ Also, we provide a comparison regarding the
aromaticity of Pt;,*° versus Au,y**, as well as Pt,~ versus Aug;
further, we demonstrate the origin of all-metal aromaticity on
multicenter bondings and superatomic feature with Pt~ in
mimicking methane.

We have managed to prepare ionic Pt,* clusters (n = 3—19)
via a customized LaVa metal cluster source and studied their
reactions with a few common gas molecules. Figure 1A
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presents the mass spectra of the obtained Pt,” clusters in the
absence and presence of different amounts of N, reactants. It is
notable that most anionic Pt,” clusters readily react with N,
and form Pt,(N,),,” adducts, but Pt;s~ and Pt ~ are inert
toward dinitrogen. In particular, Pt;;” dominates the mass
distribution in the presence of a large flow rate of N, (with a
partial pressure up to 773 mPa) showing its distinction in
surviving the reactions of rich-pressure gas collisions. Note
that, the relative intensities of Pt clusters larger than Pt,, drops
under higher pressures due to the likely collision-induced
dissociation of larger Pt, clusters, as well as the charge
annihilation caused by the collisions with the inwall of the flow
tube, along with likely etching-like reaction channel (e.g,, Pt,~
+ mN, — Pt,_;~ + Pt(N,),, for details see Table S4). Similar
inertness of Pty 0,4~ have also been observed in the reactions
with CO, (Figure 1B), where the other sized Pt,” clusters react
to form products of CO, addition, Pt,(CO,),, . In addition, we
have also studied the reactions of cationic Pt,*
found they prefer to attach N, molecules; also, Pt;," is
relatively inert (Figure S3), which is consistent with the
previously reported reactions with CH,."”

We have chosen a few other reactants, including O, and
CH;Br, to further probe the stability of Pt,” clusters. As results,
the stability of Pt,” clusters is difficult to be screened out by O,
etching (Figure S4). However, with a large flow rate of CH;Br
being introduced into the flow tube reactor, Pt;,” emerges
again as the dominant species observed in the mass spectra (for
details see Figure SS). This is in sharp contrast to its
neighboring counterpart clusters, such as Pt,_;;~, which are
reactive and form varied products involving molecule
adsorption, dehydrogenation or oxygen reduction, respectively.

clusters and

https://doi.org/10.1021/acs.jpclett.1c01178
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The dominant channels

for these tested reactions are

summarized as
Pt, + mN, — Pt (N,)~ (1)
Pt, + mO, — Pt,(0,), (2)
Pt, + mCO, — Pt,(CO,),. (3)
Pt, + mCH,Br — Pt,(CHBr),, + mH, (4)

In terms of the above four reaction channels, the first three
reactions exhibit only an absorption behavior, which could be
considered as the pseudo-first-order reaction. The rate
constants k for Pt,” reacting with N, and CO, have been
estimated and provided in Figure S2. As clearly indicated by
the mass spectral distribution, the k values of Pt;~ and Pt are
significantly small pertaining to their reduced chemical
activities. Besides, unlike other clusters of the main group
metals or light transition metals, here the reactivity and
stability of Pt~ clusters do not fully support the observation of
odd—even oscillating behavior because of the varied spin
multiplicity and electronic configuration. It is supposed that, to
some extent, the jellium model based on the near-free electron
gas theory could be not sufficient to explain their reactivity and
stability. Also, the principles based on valent electron counts
(e.g, 8, 18, or 40 electron stability) could not well predict the
experimental results in gas-phase reactions.

A series of structures for Pt,”, Pt,, and Pt," (n = 2—15)
clusters with different spin multiplicities are obtained via global
search (Figure S6—9). With a focus on the Pt,” clusters, Figure
2a and b display the geometry of Pt;;~ and electronic
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Figure 2. (a) VDW radius of Pt~ calculated by Multiwfn program, in
which VDW surface is defined by the three sides of the cube. (b)
Calculated HOMO—LUMO gaps of @ orbitals (red), A,E (blue), and
incremental binding energies (black) of Pt,~ (n = 2—14) clusters. (c)
Born—Oppenheimer molecular dynamics (BOMD) simulations of
Pt,,” at 300 K (see Figure S22 for results at 600, 900, and 1200 K),
using the CP2K software package with the time step of S fs at the
PBE/DZVP level, starting from the equilibrium GM geometry with
random velocities assigned to the atoms, with the average root-mean-
square-deviation (RMSD) values of bond lengths indicated in A. (d)
Calculated N,-binding energies onto the Pt,” (n = 2—11) clusters.
The lines are drawn to guide the eye.

5117

properties of Pt,” (n = 2—14) clusters, where the HOMO—
LUMO gaps, incremental binding energies (IBE), and second-
order binding energy (A,E) of the global minimum Pt,~
clusters display local maximum at n = 6 and n = 10. Also,
we have performed Born—Oppenheimer molecular dynamics
(BOMD) simulations to further test the dynamic stability of
Pt,,”, as shown in Figure 2¢ (more details in Figure S22). As
results, the pseudo-Tj structure of Pt~ is dynamically stable at
300, 600, 900 and even 1200 K during MD simulations up to §
ps (ie, S thousand steps), showing small values of the root—
mean—square—deviation (RMSD) and the maximum bond
length deviation (MAXD) on average. In addition, the N,-
binding energies on Pt,” (n = 2—11) clusters find local minima
values at n = 3, 6, and 10 (Figure 2d). The prominent
HOMO-LUMO gaps, IBE, A,E, and the smaller N,-binding
energy denote the stability of the three clusters (Pt;”, Pts~, and
Pt,,"), which is well consistent with the experimental
observation.

Considering the electron configuration of Pt (5d°6s') and
the high spin multiplicities of the platinum clusters, we have
studied o and f electrons separately to unveil the chemical
bonding. First, *Pt;” cluster has three unpaired single spin
electrons, that is, three more a electrons than S electrons. As
shown in Figure 3a, the d orbitals of the linear *Pt;~ cluster
locate on the Pt atoms at both ends and are filled with both a
and f electrons (d°**); while the orbitals correlative to the
central Pt atom are occupied with five a electrons and two f
electrons (d***). The a and f electrons pair up in the
outermost s orbitals, forming two 3c—2e bonds (for details see
Figure S26). In comparison, the neutral *Pt; cluster has a
triangular shape, where the d electrons of each Pt atom occupy
five @ orbitals and four f orbitals first (d°**), and the rest d
electrons of  orbitals delocalize on three Pt atoms, forming a
3c-1e bond; meanwhile, the o and f electrons pair up in the
outermost s orbitals and form a 3c-2e multicenter bond
(Figure S27).

Similarly, the d orbitals of both neutral Pty cluster and
anionic *Pt;~ located on the outside three Pt atoms are filled
with & and f3 electrons (d3*%), while the three Pt atoms in the
middle are occupied with five a electrons and three /3 electrons
(six electrons less). For "Pts (Figure S28), the /3 electrons are
six less than a electrons, while for *Pt,~, the beta d-electrons
on the central Pt atoms form a 3c—1e bond, which means that
P electrons are five less than a electrons. Such a single-
occupied multicenter bond of f 5d electrons illustrates a
unique beta-aromaticity, which was not noted in previous
studies to the best of our knowledge. In addition, the @ and
electrons also pair up in the outermost s orbitals on the whole
molecule, forming three 6c—2e bonds (Figure S29). On this
basis, the number of both unpaired single-spin # electron and
the three paired electrons complies with the general Hiickel
(4n+2) rule.

As shown in Figure 4, we have also calculated the nucleus-
independent chemical shift (NICS),”*** which is used as a
criterion to evaluate the molecular aromaticity. For the planar
Pt;~ and tetrahedral Pt~ clusters, the NICS diagrams reveal a
considerable negative value. It is indicative of strong
aromaticities of the Pt~ and Pt;,” clusters pertaining to all-
metal inorganic aromaticity.”* To quantitatively display the
contribution of delocalized f-electrons to the aromaticity, we
have made a comparison with two representative clusters, Aug
and Au,,*", of which both geometry and electron configuration
are similar to Pt,~ and Pt;,”, respectively, but there is a lack of

https://doi.org/10.1021/acs.jpclett.1c01178
J. Phys. Chem. Lett. 2021, 12, 5115-5122


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01178?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01178?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01178?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01178/suppl_file/jz1c01178_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01178?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01178?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

d

d5+4 3x6¢c-2e ON =2.00 |e|
6py —
Pty
(B-electron)
. 3c-1e ON =099 e|
d
542 Pt o™ 4x 10c-2¢ ON=2.00 e|
d +

(B-electron)

3x 4c-1e ON=0.99 0.95 0.95 |e|

4Pt_
4Pt-«-'“ @e@ (o)

2x3c-2e ON =2.00 |e|

- I -

Alpha Beta

/.\
“”a

6ps —
Pty

Figure 3. (a) Optimized lowest-energy structures of the Pty 4o~ clusters, where the atoms labeled in different colors show a variety of valence d
electron residence. (b) AINDP analysis showing the multicenter bondings in the Pt; 4, clusters, where the unique beta-electron patterns are also
displayed. (c) 3D-ELF analysis of the alpha and beta electrons in Pt;~, Pts", and Pt~ clusters, isovalue = 0.3.
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Figure 4. (a) Scan of NICS-iso of Pt;~ (blue), and Pt;,~ (red)
clusters from the center of them to 4 A away along X-axis, with the
insets showing the ground-state structures of Pt),~. (b) Comparison
of the NICS-scan for the Aug (hollow blue dot line), Pt;~ (hollow red
dot line), Au;y** (blue dot line), and Pt;,~ (red dot line) clusters.

beta-delocalized electrons. As shown in Figure 4b, the NICS
values of Pt6_ and Pt;y” are significantly larger than that of Aug
and Au,**,” respectively, showing the distinct contribution of
P-electrons to the all-metal aromaticity and dynamic stability
(for details see Figures S35—36).

The pseudo-T4 Pt~ cluster contains six central Pt atom
(Pt.) and four apex Pt atoms (Pt,) located at the four triangle-
surface centers of the inner octahedral Pty fragment. Also, the
Pt.—Pt, bond distances are shorter and bond orders are larger
comparing with that of Pt.—Pt, (Table S2), indicating stronger
interactions between the Pt, and Pty motifs than that between
Pt. and Pt. in the octahedral Pty cage. On the basis of the
charge distribution, electrostatic surface potential (ESP), as
well as the d electron transfer among Pt;,~ (Figure 3a and
Figure S17), one can assign the charge as —1 for [Pt,] and 0
for the [Pt,] unit, which is similar to the four corner Ag atoms
of T4—Ag,, cluster. Note that, for the ground states of the Pt;~,
Pt;, and Pt;,” anions, the extra electron for each is mainly
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located on the external apex atoms (Figure S17), being
consistent with the feature that such external apex atoms
correspond to the ones with the lowest coordination.

Figure 5 displays the Kohn—Sham MO energy-level
correlations between [Pt¢] and [Pt,]”, illustrating the origin

14

Energy (eV)

Pt Pt,

[Pt@Pt,]

Pt

Figure S. Kohn—Sham energy-level correlation diagram of pseudo-T,
[Pts@Pt,]” cluster at the SR-ZORA PBE/TZ2P level of theory. The
6s- and S5d-based orbitals are marked in blue and black, respectively.

of stability of the pseudo-T,-[Pts@Pt,]” cluster. Inasmuch as
the Pt 6s orbital has larger radial distribution than Sd orbitals,
the 6s manifolds show a much larger energy range than the 5d
ones. The 6s—based MOs of the T4-[Pt,]” transform as “9a; +
11b, + 17e,+ 18e,”, which contributes to the interaction with
the Pts moiety, corresponding to the occupied bonding MOs
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with 22a,, 21b,, 33e;, and 34e, irreducible representations in
the T4 [Pts@Pt,]” cluster (inset in Figure S). The bonding
and antibonding orbitals show a wide energy region and
obvious energy gap pertaining to strong Pt,—Pt. and
interactions. In contrast, there are weak orbital overlaps
between Pt atoms in the O;-[Pt] unit, allowing all the S5d-
based MOs contributing to the occupied orbitals while the 6s—
based MOs to the unoccupied orbitals of the [Pt,@Pt,] .
Consequently, most bonding MOs in [Pt,@Pt,]~ are stabilized
by strong interactions with the 5d-based MOs of Pts moiety.

Also, all the bonding 6s-based MOs (mainly contributed by
the Pt,” unit) are fully occupied while the antibonding 6s-
based MOs are vacant, corresponding to three-dimensional all-
metal aromaticity,***® with n 1 at a configuration of
(33e,)%(34e,)*(21b,)*(22a,)?, which is also consistent with the
PDOS analysis (Figure S18). The orbital interaction analysis is
coincident with the four 10c—2e delocalized bonds given by
AdNDP analysis (Figure 6). The Sd-based MOs of [Pt;@Pt,]~

b

CH4 O%/O

Y .
O

a

k4 @ =,
LUMO -
-5
¥ % 1, g &
VYT ¢ 0 !
v 4x10c2e . (sp%) v — a0

YOFY 06 O69

4 x7c-2e ON=1.99 |e| 4 x2c-2e ON=2.00 |e|

Figure 6. Comparison of the geometry, Kohn—Sham MOs and
localized natural bonding orbitals of (a) Pt;,~ and (b) CH, based on
AdANDP analysis.

cluster can be further divided into two regions: 43 fully
occupied MOs and 7 singly occupied MOs (SOMOs). The
Pt;,~ consists of a half-filled open-shell configuration,
(25b,)"(40e,)*(41e,)*(16a,)' (16b,)". As is shown, there is
strong spin polarization in this system: for example, the alpha-
and beta-MO of 26a, is split as large as 0.5 eV, resulting in an
alpha orbital energy gap of 0.9 eV between SOMO and
LUMO. On this basis, the magic stability of Pt;;” can also be
understood by the modeling of a superatomic molecule.””**
Figure 6 presents a comparison between the electronic
layout of outer s orbitals for Pt;,”, and the electron
configuration of CH,, including similar LUMO diagrams,
10c—2e multicenter bonding of Pt~ versus sp® hybridization
of CH,. Also, the 7c—2e multicenter bonding pattern of Pt;,~
closely resembles the 2c—2e of CH, molecule, shedding light
on the c-aromaticity,”~*' and superatom—atom bondings.*
These comparable bonding patterns account for the reasonable
stability of the Pt~ cluster in mimicking a methane molecule.
On the other hand, from the canonical molecular orbital
patterns, the superatomic feature (1SI1PI2SI2P) of Pt,,” are
also seen for both alpha and beta orbitals (Figure S24). As a
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comparison, we have also calculated the frontier orbitals of
BH,” and BF,” (Figure S37). As results, they both display
similar sp3 hybridization, but the LUMO of BH,™ slightly
differs from LUMO of Pt;;”; and the HOMO and HOMO-1
orbitals of BF,” differ from that of the Pt;,” cluster.

Further, we provide here a comparison and discussion on
the electronic transfer and bonding nature for Pt;;” (M = 8),
Pt,, (M =9), and Pt;," (M = 8) clusters. In addition to the
interesting difference of spin multiplicity of the three clusters,
their d orbitals on the outermost four Pt atoms of a
tetrahedron are all filled with @ and S electrons (d>*°). For
the cluster Pt;;” within D,4 symmetry, the middle six atoms
show different characteristics: the opposite two atoms (pink in
color, Figure 3a) are occupied with five & electrons and four
electrons (d°™*), while the other four atoms (gray in color) are
occupied with five a electrons and three 8 electrons (d°*>, ten
electrons less). The S electrons (seven less than a electrons) of
the four Pt atoms in the middle form three 4c—1le bonds
suggest planar § aromaticity that also follows the Hiickel (4n +
2) rule. In comparison, the neutral cluster Pt of T; symmetry
allows the central six atoms to be identical with each other, and
exhibits a configuration of five a electrons and three f
electrons (d°**); meanwhile, /3 electrons of the six Pt atoms in
the center form four 6¢c—1e bonds (i.e., the § electrons are only
eight less than a electrons), shedding light on the tetrahedral /8
aromaticity which complies with the 2(n+1)* rule. Addition-
ally, the cluster Pt;;" also has a D,; symmetry, of which the
opposite two atoms in the center are occupied by five
electrons and four f3 electrons (d°**), but the other four atoms
are occupied by four a electrons and three f electrons (d**, 8
electrons are eight less) respectively. The 8 electrons of the
Pt),* cluster also form polycentric bonds of three 4c—le
bonds, while f electrons of the six Pt atoms in the center form
four 6c—1e bonds (details in Figure S33). Moreover, for the
three clusters Pt;,*°, their outermost s orbitals on the whole
molecule form four 10c—2e bonds, shedding light on the all-
metal aromaticity,””**** and in agreement with both spherical
2(n+1)* and cubic (6n+2) aromatic rules.

In summary, we report a joint experimental and theoretical
investigation into the stability and gas-phase reactivity of pure
metal clusters Pt,”. We observed clean and well-resolved Pt,”
cluster distribution at 3 < n < 19 and performed downstream
reactions with N,, CO,, and CH;Br in a compact flow tube. As
results, the prominent stability of Pt~ and Pt~ clusters were
identified by noting their inertness in the diverse reactions and
the theoretically determined geometric and electronic
structures of the Pt,” (n = 2—14) clusters, as well as their
resulted energetics. In addition, the stability of Pt,” and Pt~
was found to be associated with both 6s-based regular o-
aromaticity and 5d-based unique £ aromaticity originated from
novel multicenter bonds, which is unveiled by AANDP analysis
and Kohn—Sham energy-level correlation diagram for the
pseudo-Ty [Pt;@Pt,]” cluster. It is interesting that the
underlined superatom—atom bonding nature of such a ten-
atom metal cluster allowing to mimic the sp*® hybridization of
CH,. This joint experimental and theoretical work adds new
insights into metal cluster stability without geometric or
electronic shell closure, enabling to use such superatom
clusters as the structural gene for new materials.

B EXPERIMENTAL AND THEORETICAL METHODS

Experimental Section. This study is based on a
homemade reflection time-of-flight mass spectrometer (Re-
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TOFMS)** combined with the newly developed pulsed laser
vaporization cluster source (LaVa)*>**™* and a customized
compact flow tube reactor.**™>* A pulsed 532 nm Nd:YAG
laser (10 Hz) with an energy of 15—35 mJ per pulse was used
to generate the pure platinum clusters with good mass
resolution via a cluster formation nozzle of 35 mm length
(® = 1.35 mm) by ablation of a platinum disk (® = 16 mm,
99.99% purity) in the presence of a He carrier gas (1.0 MPa,
99.999% purity) which is controlled by a pulsed general valve
(Parker, Serial 9). To obtain the continuous and stable Pt
clusters, the Pt disk is set for a translational and rotational
motion controlled by an eccentric gear set. After the cluster
was generated under the supersonic expansion, the down-
stream reactions between prepared pure platinum cluster
anions and reactant gas were performed at room temperature.
Different amount of N,/He (20%), CO,/He (20%) as well as
CH,Br/He (5%) at 0.1 MPa was introduced by another pulsed
general valve to react with Pt,” clusters in the reaction tube (®
= 6 mm and length = 60 mm). Then the product cluster anions
were skimmed into a differentially pumped chamber with a
high vacuum (<107° Pa), in which the molecular beam was
orthogonally accelerated by positive electrodes before entering
the reflector so that the instantaneous anions could be detected
by a dual microchannel plate (MCP) detector. The signals
from the MCP were recorded using a digital oscilloscope
(Teledyne LeCroy HDO6000) by averaging 1000 traces of the
independent mass spectrum.

Computational. Previous investigations have studied the
geometry and properties of small Pt clusters;*>**™>° the
stability and electron configuration of the small Pt clusters have
been predicted.””® The low-energy structures of Pt,”, Pt,, and
Pt," (n = 2—15) clusters are located by unbiased global search
with the combination of genetic algorithm (GA) and density
functional theory (DFT) method, which have been successfully
applied in the structural predictions of many systems.”” ™" A
basis set LANL2DZ and a loose convergence criterion are
adopted in the global search procedure, and a variety of spin
multiplicities of Pt clusters are taken into account. The low-
lying candidates are then fully relaxed using the PBE function®
with D3B]J correction at the dhf-TZVP basis set.”> All the
calculations including energetics, frequencies and HOMO—
LUMO gaps are based on the optimized lowest energy
structures, corrected with zero-point vibration energies
(ZPVE). The thresholds for the convergence of the total
energy and geometry optimization were set to be 10™* a.u., and
all the procedures meet this criterion.

Relativistic quantum chemical studies were performed using
DFT implemented in Gaussian 16 package®* and Amsterdam
Density Functional (ADF) program.®®®® The generalized
gradient approximation (GGA)*"*® with the PBE exchange-
correlation functional was used to figure out the fragments
orbital interaction, together with the uncontracted TZ2P Slater
basis sets for all the atoms. Frozen core approximations are
applied to the inner shells [1s*—~3d'°] for Pt atoms and the
[4s%4p®4d'95s*5pS5d°6s'] electrons are treated variationally.
The scalar relativistic (SR) effects are considered by the zero-
order regular approximation (ZORA) to account for the
mass—velocity and Darwin effects.

The nucleus independent chemical ships (NICS)® are
performed at the PBE-D3/def2-TZVP level.”” Moreover, at
dhf-TZVP basis set for Pt atoms and def2-TZVP basis set for
N atoms, HOMO—-LUMO gap, incremental binding energy
(IBE) and the second-order binding energy (A,E) of Pt,*° (n
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= 2—14) clusters, as well as their N,-binding (E,-N,) energies
are calculated, based on the definitions as below

IBE(Pt,) = E(Pt*°) + E(Pt™°) — E(Pt¥?) ()
AE = E(Pty) + E(Pt) — 2E(Pt°) (6)
Ey_n2 = E(Ptni'ONz) - E(Ptflo) — E(N,) (7)

Chemical bonding analysis is performed using the adaptive
natural density partitioning (AANDP)”' by Multiwfn.””
Molecular visualization is realized using VMD software.”
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