Open Access Article. Published on 06 June 2025. Downloaded on 8/3/2025 7:24:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 19273

Platinum clusters P
to remarkable tubular architecturest

t,"/%~ (n = 3-21): from triangles

Bao-Ngan Nguyen-Ha, & My-Phuong Pham-Ho, © ¢ Nguyen Minh Tam @ *¢

and Minh Tho Nguyen {2°

This paper reports on a theoretical investigation of Pt "%/~ clusters with n = 3-21in three-charge states
using density functional theory with the B3PW91 functional in conjunction with the aug-cc-pVTZ-PP and
Def2-TZVP basis sets. Geometric structures of Pt,*’%~ in the small-to-medium size range are primarily

derived from Pt~

: whereas Ptyo /%~

, Pt1s*%~ and Ptyg*'%~ also emerge as building blocks. The sizes

Pts, Pts, Ptip and Ptig emerge as magic clusters, in part in agreement with experimental mass

spectrometry. Tubular Pt structures are identified at the sizes of Pty,, Ptjg and Pty4 clusters that can be

constructed by either stacking planar Ptg or assembling prismatic Ptg units. These tubular configurations

are energetically favorable and present an effective pathway for the design of more complex Pt-based

nanostructures. The Ptg triangle features six ¢ bonds, six conjugated w-bonds of (2c-1e) delocalization
and six (6c—1e) bonds reflecting a fully SP? hybridization. The Ptg prism contains three (6c—1e) bonds
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and nine o-bonds from (2c-1e) delocalization, spanning its edges and faces. These delocalized bonds

facilitate the structural integrity and connectivity of tubular Pt;,, Ptig and Pty4 isomers. In these tubular
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1. Introduction

Pure and doped platinum clusters as well as their integration
into nanomaterials have attracted considerable attention, in
part due to their extensive applicability as efficient catalysts for
diverse chemical reactions.™ These nanomaterials possess
remarkable catalytic power, rendering them valuable across
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Pt,"~ (n = 3-21) calculated at the B3PW91/ aug-cc-pVIZ-PP + ZPE and
B3PW91/ Def2-TZVP + ZPE methods; (ii) structural evolution of anionic and
cationic Pt, " clusters (n = 3-21); (iii) ADNDP analysis showing muti-center
bonds in the n.6.1 and n.6.3 isomers; (iv) detailed values of the average binding
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clusters, increased bond coordination and redistribution of electron contributions among s, p and
d orbitals enhance bonding interactions and promote stabilized structural assemblies.

diverse fields of science and technology.® They are variously
utilized in, among others, fuel cells,*” gas reforming,*® auto-
motive conversion, as well as various oxidation, and
redox'*" reactions. Furthermore, they hold application promise
in medicine, particularly in anticarcinogenic treatments.'**®
Nevertheless, particularly for heavy elements like the Pt
atom, inherent relativistic effects can wield importance, influ-
encing both the structure of their compounds and their chem-
ical behavior. The notable relativistic impact of the Pt atom and
its distinct metal bonding characteristics often present
a significant obstacle to achieve a comprehensive under-
standing solely through the knowledge derived from individual
Pt atoms and complexes. In this context, the understanding of
platinum clusters’ structures remains a big challenge due to,
beside relativistic effects, the intricate interplay between spin
exchange stabilization and electron correlation effects.’ The
presence of a largely open d shell within these clusters gives rise
to multiple electronic states that encompass a large range of
spin multiplicities, thus introducing intricacy to their structural
and spectroscopic attributes. Several studies were carried out to
investigate the structure and magnetism of Pt clusters, but
a number of contentions persist even at their small sizes.>*>®
In previous studies, stable structures of Pt,, clusters were found
with intriguing shapes at high spin states. It has been observed
that small size Pt,”®" clusters in the negative, neutral and posi-
tive charge states typically prefer planar shapes.””* In the nega-
tively charged clusters, the Pt,” anions continue to favor planar
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structure up to size n = 7.*® However, it becomes more compli-
cated in the cationic and neutral counterparts. It is particularly
intriguing that in a 2014 investigation by Chaves et al.,* the Pty
cations were reported to adopt a D}, planar triangular structure,
despite the fact that three-dimensional (3D) configurations
already emerge at smaller sizes n = 4 and 5. This raises a legit-
imate question as to whether the planar structure is truly favored
for cations at size n = 6. A similar question arises for neutral Pt,
clusters where planar structures reappear at sizes n = 8 and 9 after
a shift to 3D configurations at size n = 7.*” The situation becomes
even more complex when considering a subsequent report from
Singh et al.,> which found that the most stable structures for both
neutral Pty and Pt, clusters are, in fact, 3D structures.”® Both
studies, remarkedly, used rather low-level computational
methods that lack sufficient precision. While the Chaves et al
study** employed the PBE functional with a light-tier 2 NAO basis
set, the Singh et al. study* used both B3LYP and B3PW91 func-
tionals in conjunction with the small LAN2DZ and LAN2MB basis
sets. More recently, Rodriguez-Kessler et al. used the PBE with
a plane-wave basis set* and found that the Pt, structure aligns
with Chaves et al.’s findings, whereas the Pty structure matches
that of Singh et al. (¢f Scheme 1).

When it comes to larger sizes, the problems become even
more elusive when the number of itinerant d electrons are
significantly pronounced. Apart from the stable tetrahedral
structure observed across different charge states at size n = 10,
the anionic Pt;,”, neutral Pt,,, cationic Pt;," and di-cationic
Ptyo>", each of these displays high magnetic moment of
approximately 7,529 82325262931 g (ref. 29) and 10 (ref. 32) ug,
respectively. A considerable inconsistency still appears

Author Method

View Article Online

Paper

regarding the structures and spin states of other Pt, clusters.
Previous findings reported by different groups produced varying
results and no clear consensus emerges on either their
preferred configurations or spin states,'®?252829,31

For neutral clusters, although numerous studies have
focused on the n = 10-20 size range,'*****3*> the spin states
corresponding to their ground state configurations remain
largely uncertain (c¢f Scheme 2), with significant discrepancies
among these studies.’****

Concerning anionic Pt, clusters, the stable Pt~ anion was
identified as having a planar triangular structure in a doublet
state.”® However, only the triangular Pt;~ structure aligns well
(profile factor R,, = 1.7%) with experimental data measured from
trapped ion electron diffraction (TIED), while larger anions
require the inclusion of higher-energy isomers to achieve
reasonable agreement with experiment.*® Furthermore, beyond
the Chaves et al.'s study mentioned above, there has been no other
investigation into the positively charged counterparts, under-
scoring the need for more definitive studies in this area. A main
issue is that the ground electronic states identified for the stable
structures in these charge states also remain largely elusive.

In this context, to gain a better understanding of the structural
growth mechanisms of Pt,, " clusters, especially in the small to
medium size range, we set out to conduct a thorough re-
evaluation and expanded investigation. With such an objective,
the present study aims to re-evaluate and extend by employing
higher accuracy quantum chemical methods to determine low-
energy structures, exploring a more comprehensive range of
structural configurations and examining a larger set of sizes of

Pt, with n = 3-21, crossing the anionic, neutral and cationic
Reported structures
Pt; Pty

Chaves et al. PBE/ light-tier 2 NAO

Pty
Singh et al. B3LYP, B3W91/ LAN2DZ,
(2014)% LAN2MB
Chaves et al. . .
(2017)25 PBE/ tlghtitlerl @ @ g
Rodriguez-
Kessler et al. PBE/ plane-wave
(2021)%

Scheme 1 Previously reported structures of neutral Pt,, clusters with n = 7-9.

19274 | RSC Adv, 2025, 15, 19273-19286

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02668g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 June 2025. Downloaded on 8/3/2025 7:24:23 PM.

(cc)

Paper

View Article Online

RSC Advances

Pt

Pt3 Pty Pt;s

Rodriguez-
Kessler et al.

(2015)%
PBE/ plane-wave

Wei et al.
(2016)*
PBE/DZP+

Fung et al.
(2017)%
PBE/ plane-wave

Jia et al.
(2021)%

PBE-D3BJ/dhf-
TZVP

Guevara-Vela et
al.
(2023)%
PBE, PBEO, PBEh-
3c, B3PW91, M06-L
and TPSS/ Def2-
TZVP

Wei et al.
(2016)*
PBE/DZP+

Guevara-Vela et
al.
(2023)%
PBE, PBEO, PBEh-
3¢, B3PW9I, MOG6-L
and TPSS/ Def2-
TZVP

Guevara-Vela et
al.

(2024)*
BP86,

PBE, PBEh, PBEO,
B3PW9Y1, TPSS,
TPSSh, M06-L, and
wB97x/ Def2-TZVP
and Def2-QZVP

B
visg

2—Q
N N

=9

M

!

Scheme 2 Previously reported structures and magnetism of neutral Pt, with n = 11-20.

charge states. This approach facilitates a detailed analysis of the
preferred configurations and structural evolution of Pt,"”%~
clusters, offering deeper insights into the factors driving their
formation across different sizes and charges.

2. Computational methods

All standard electronic structure calculations in this study are
performed using the Gaussian 16 set of programs.* We employ
two basis sets where the effective core potentials include

© 2025 The Author(s). Published by the Royal Society of Chemistry

relativistic effects for heavy atoms, namely the Dunning correla-
tion consistent aug-cc-pVIZ-PP*** and the Ahlrichs Def2-TZvVP**
basis sets. The B3PW91 (ref.47 and 48) is used on the basis of its
previously shown effectiveness in modeling Pt, cluster structures,
offering a favorable balance between computational efficiency
and accuracy compared with experimental data.******* This
choice of functional ensures consistency with earlier theoretical
studies allowing meaningful comparisons across studies.

To identify low-energy geometric isomers, an extensive
exploration of the potential energy surface of each size is

RSC Adv, 2025, 15, 19273-19286 | 19275
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conducted, involving a combination of both manual and auto-
mated structure generation methods. Initially, trial structures are
constructed manually by considering previously reported struc-
tures (as discussed in Introduction) and by systematically
expanding smaller clusters through the addition of atoms to
vertices, edges, or faces to create larger ones. These guess struc-
tures are then optimized using the B3PW91 functional in
conjunction with the small LANL2DZ basis set.** To further
enhance structural diversity for clusters from Pt;,"%" onward,
a stochastic generation approach® is employed, utilizing an
algorithm improved from the random kick method.”* In this
process, the lowest-energy isomers within 2 eV obtained from the
initial optimizations are used as seeds in both genetic algorithm
and modified random kick routines. The two methods are used
iteratively, feeding new structures from one into the other, until
no additional unique structures are identified, thus allowing for
a thorough sampling of the structural configuration.

All guess structures generated in such a way are optimized
across multiple spin states using the B3PW91/LANL2DZ method. If
a novel structure emerged in one spin state, it is then re-optimized
under other multiplicities. For closely related structures with
nearly identical energies, symmetry-constrained re-optimization is
performed to confirm their point group. This systematic workflow
allows a comprehensive set of stable configurations to be explored
across different charge states and multiplicities.

For each size and charge state, local minima with relative
energies lying within 5 eV to the lowest-energy minimum are re-
optimized using the same B3PW91 but with the larger aug-cc-
PVTZ-PP basis set for the sizes from n = 3-18 and the Def2-
TZVP basis set for the sizes of n = 3-21. Harmonic vibrational
frequency calculations at these levels are carried out to confirm
equilibrium geometries and provide zero-point energy (ZPE)
corrections.

Electronic properties, including natural electron configura-
tions (NEC) and spin densities, are analyzed using the NBO 5.0
program® to detail chemical bonding and charge transfer
patterns. Additionally, the adaptive natural density partitioning
(AANDP)** is performed using the Multiwfn program®* to further
emphasize bonding characteristics. These methodologies allow
us to obtain insights into the electronic and bonding properties
of the lowest-energy isomers.

3. Results and discussion

3.1. Geometric structures

As for a convention, the notation x.y.z is used to specify the
Pt,"°" isomers considered. Accordingly, x represents the charge
state with c for cationic, a for anionic and »n for neutral isomers.
While y indicates the number of Pt atoms, z denotes the relative
energy ranking, with z = 1, 2, 3, etc., corresponding to isomers
of increasing relative energy. For instance, c.3.1 refers to the
most stable isomer of the Pt;" cation. Relative energies given in
the following sections are determined from B3PW91/Def2-TZVP
+ ZPE computations. Isomers having an energy difference
within 2.3 kecal mol™' or 0.1 eV are considered as nearly
degenerate. This threshold is smaller than the expected error
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margin of +7 keal mol " (~0.3 eV) commonly associated with
energetic parameters obtained from DFT computations.**>¢

For the Pt,"”" clusters with sizes ranging from n = 3 to 21,
the potential energy surface for each size exhibits a large
number of local minima and a variety of nearly degenerate
isomers across different geometric configurations and spin
states. Therefore, we focus exclusively only on the low-lying
isomers, highlighting those with relative energies lying within
~12 keal mol™* (~0.5 eV) from the most stable configuration.
The structures, spin states, and relative energies of the neutral
Pt, clusters, obtained from B3PW91/Def2-TZVP computations,
are presented in Fig. 1-8. Additional details, including data
across all three charge states and results from both B3PW91/
Def2-TZVP and B3PW91/aug-cc-pVTZ-PP calculations, are
provided in Fig. S1-S8 of the (ESI)t file.

In general, results obtained from both sets of B3PW91/Def2-
TZVP and B3PWO91/aug-cc-pVIZ-PP calculations show no
significant differences. However, the B3PW91/aug-cc-pVTZ-PP
calculations require considerably more computational time
and are more challenging to converge for both SCF and geom-
etry optimization as the system size increases. Consequently,
for a heavy transition metal cluster system like Pt,, the Def2-
TZVP basis set offers a more practical and effective balance
between computational cost and accuracy as compared to the
augmented correlation consistent aug-cc-pVTZ-PP basis set.

n = 3 and 4. In agreement with previous findings of Chaves
et al.,*” while the anionic Pt;~ cluster adopts a linear structure,
both cationic Pt;* and neutral Pt; exhibit a triangular geometry.
However, for Pt,” anion, the lowest-lying structure does not
have a squared planar shape as reported by Chaves et al.”” but

Structures

n3.1
M-rE (1)0.0

(3)1.5

n.4.1 n.4.2
M-rE (3) 0.0 (1)8.4

(5)4.2 (5)10.5

n.5.1 n.5.2 n.5.3
M-rE (5)0.0 (7)0.7 (5)2.5

n.6.1 n.6.2 n.6.3
M-rE (7) 0.0 (9) 4.6 (7) 7.1

(5)7.7

Fig. 1 Structures, multiplicities (M, in bracket) and relative energies
(rE, kcal mol™) of the low-lying neutral Pt, with n = 3-6 calculated
using the B3PW91/D-ef2TZVP + ZPE method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rather a skewed rhombus at its *A, ground electronic state,
which is ~3 kcal mol™" (~0.1 eV) more stable than the planar
one (¢f. Fig. S1, ESIT file). In contrast to the anion, both cationic
Pt," and neutral Pt, adopt a tetrahedral form, stabilized at the
A and “A,; ground electronic states, respectively (cf. Fig. 1).

n = 5. Low-lying structures in both anionic and neutral
charges display energy degeneracy. For Pt; , this degeneracy is
observed between two distinct 3D configurations, namely, an
edge-added square and an edge-added skewed rhombus. The
energy difference between these configurations is only
~2 keal mol " which is reduced to ~1 kcal mol " when calcu-
lated using the aug-cc-pVTZ-PP basis set.

For neutral Pts, unlike the structures previously reported by
both Chaves et al. and Singh et al.,>*** Pts exhibits an energy
degeneracy between an edge-added tetrahedron and a pyramid
(¢f Fig. 1), with an energy difference of only 0.7 kcal mol .
Similarly to its neutral counterpart, the lowest-lying structure of
cationic Pt;" is not the shape of two congruent regular tetra-
hedra glued together at their bases as reported previously,*” but
instead it adopts a pyramidal skeleton.

n = 6. The anion Pts;~ exhibits a competition for the most
stable structure between a 2D triangular planar configuration,
as reported in previous studies,””** and a 3D triangular prism
configuration. For the neutral and cationic counterparts,
however, a 2D triangular planar structure, contrary to earlier
reports,>?7?*% js not the most stable configuration. Instead, we
find a distorted 3D triangular prism structure which is more
energetically favorable, being ~7 kcal mol ' lower for the
neutral and ~23 kcal mol ™" lower for the cation. Notably, both

Structures
n.7.1 n.7.2 n.7.3
M-rE (5)0.0 (7)1.2 (7)4.5
(9) 4.0
n.8.1 n.8.2
M-rE (5) 0.0 (7) 1.9
(3)1.3 (9) 2.0
(5)5.3
(3)5.8
n.9.1
M-rE (7)0.0
(9) 1.5
(5)3.7
M-rE (9) 0.0
(5)5.7
(7) 6.0

Fig. 2 Structures, multiplicities (M, in bracket) and relative energies
(rE, kcal mol™) of the low-lying neutral Pt,, with n = 7-10 calculated at
the B3PW91/Def2-TZVP + ZPE method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the triangular planar and triangular prism structures can serve
as basic building blocks in the construction of larger clusters,
thus highlighting their structural significance.

n = 7. From this size onward, the clusters no longer prefer
2D structures. The anionic Pt;”, consistent with previous
studies,””*® adopts a face-added triangular configuration. In
contrast, the cationic and neutral clusters shift away from this
arrangement as previously reported;**>*° instead favoring the
face-added triangular prism configuration (Fig. 2).

n = 8. An energy degeneracy is observed between two
structures across all three charge states considered of Ptg (¢f.
Fig. 2). The first configuration consists of two triangular prisms
joined together by sharing a face,*® while the second configu-
ration is formed by adding two Pt atoms onto two different faces
of a single triangular prism.**

n =9 and 10. Addition of a Pt atom to the second configu-
ration of Ptg"%~ produces Pt,”%" clusters,**** which adopt a pre-
tetrahedral shape. Further addition of another Pt atom to the
Pt,"”~ completes the formation of the well-known tetrahedral
structure of Pt;,""”" clusters,?>* that are stabilized at the high
spin %A, °A, and °A electronic states for anionic, neutral, and
cationic charges, respectively (¢f. Fig. 2 and S27).

n = 11-13. Following this trend, the structures of Pt;, 70",
Pt;,"%", and Pt;;" are derived from the tetrahedral Pt;,"”"",
with Pt atoms added to various positions, leading to asymmetric
configurations at these sizes. The structures and spin states of

Structures
M-rE
M-rE

(7)12.2

M-rE

n.14.2
M-rE (9)0.3

(5)0.6

(7)1.1

(3)1.4

Fig. 3 Structures, multiplicities (M, in bracket) and relative energies
(rE, kcal mol™?) of the low-lying neutral Pt, with n = 11-14 calculated
at the B3PW91/Def2-TZVP + ZPE method.
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neutral Pt;, and Pt;; are in agreement with previous findings of
Rodriguez-Kessler et al?® and Wei et al.*** (c¢f Fig. 3).

n = 14. In addition to the pyramidal structure reported in
previous studies,*** a newly discovered structure formed by two
congruent regular tetrahedrons joined at their bases competes
for the global minimum. This results in an energy degeneracy
between the two structures with an energy difference of
<1 kcal mol ™. The latter structure is essentially an elongated
version of the former, achieved by replacement of the square
base by a rhombus (¢f. Fig. 3).

n = 15. The structures of Pt;s /%~ and Pt "%~ are constructed
based on the pyramidal building block of Pt;,"*". For Pt,s,
a newly identified structure with a triangular prism-like
arrangement at a quintet state is ~3 kcal mol™" lower in
energy than the face-added pyramidal structure previously re-
ported by Rodriguez-Kessler et al.,***® thus competing for the
globally stable configuration (cf. Fig. 4).

n =16. A newly discovered configuration in the present work
(¢f Fig. 4) is associated with a septet state, featuring two Pt
atoms symmetrically added to the faces of the Pt;, pyramid; this
is over 20 keal mol ™" more stable than the three structures re-
ported earlier by Guevara-Vela et al.*®

n = 17. The lowest-lying structures of Pt,,"'*" feature a dis-
torted triangular prism frame with one missing vertex (Fig. S57).
In neutral form, this structure is most stable at the septet state
and is ~8 keal mol " more stable than the most stable structure

Structures

n.15.3(%)
(3)11.5

n.15.4(*)
(1)17.3

n.16.1
(7) 0.0
(5) 1.6
(9) 1.9
(3) 46
(11) 9.4

n.16.3(*)
(3)20.5

n.16.4(*)
(3)20.8

n.16.5(*)
(3)23.0

M-rE

Fig. 4 Structures, multiplicities (M, in bracket) and relative energies
(rE, kcal mol™) of the low-lying neutral Pt, with n = 15-16 calculated
at the B3PW91/Def2-TZVP + ZPE method. (*) denotes structures re-
ported in ref. 36.
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reported by Guevara-Vela et al.*® (c¢f. Fig. 5). Accordingly, the
high spin structures appear to be favored in these sizes.

n = 18. The Pt;"%" structure is well-known for its perfect
triangular prism, formed by stacking three layers of planar
triangles Pts"’”" (¢f Fig. 5 and S5%). Alternatively, the Pt~
can also be conceptualized as being formed by an arrangement
of six prismatic Pts”" units, accumulated by sharing their
bases.

n = 19-21. The structures of Pt;4"", Pt,, "%~ and Pt,, " are
derived from the stable Pt;5"%" triangular prism. The lowest-
lying structure of Pt;,"%" is obtained by adding an Pt atom to
a rectangular face of a Pts"%~ prism from Pt,4""*" (cf. Fig. S61).
In the neutral state, this configuration is ~5 kcal mol ™' lower in
energy than the triangular face-added structure reported by
Guevara-Vela® (¢f. Fig. 6). Similarly, the lowest-lying structure of
Pt,,"%"" is formed by diagonally adding a Pt atom to the rect-
angular face of another Pts”%~ prism of Pt;o""", resulting in
a configuration also ~5 kcal mol™" lower in energy than the
three structures previously reported by Guevara-Vela** (cf. Fig. 7
and S7%). Finally, the Pt,,"" is constructed by adding another
Pt atom to a rectangular face of a different Pts"”" prism
belonging to the Pt,4"""" (cf. Fig. 8 and S81).

Accordingly, Pts"%", Pt,,"%", Pt;,”%" and Pt;37%" serve as
key structural building blocks in the assembly of various Pt,,"*"~
clusters in the medium-to-large size range. These units appear
repeatedly as core frameworks that guide the growth and
structural evolution of larger clusters (see Fig. 9 for neutral
clusters and Fig. S97 for anionic and cationic counterparts).

Structures
»
/N
- ';,- '\, .
»
L)
=—0— -~
n.17.2(*) n.17.3(*)
M-rE (5)9.8 (5)10.4
(7)11.9 (3)11.5
(3)12.1
(9)16.2
(1) 18.6
M-rE (5) 19.6
M-rE

Fig. 5 Structures, multiplicities (M, in bracket), and relative energies
(rE, kcal mol™) of the low-lying neutral Pt,, with n = 17-18 calculated
at the B3PW91/Def2-TZVP + ZPE method. (*) denotes structures re-
ported from ref. 36.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Structures, multiplicities (M, in bracket), and relative energies
(rE, kcal mol™) of the low-lying neutral Ptyy calculated at the B3PW91/
Def2-TZVP + ZPE method. (*) denotes structures reported from ref. 42.

3.2. Thermodynamic stability

To evaluate the thermodynamic stability of the -clusters
considered as well as the influence of sizes and charge states on
their stability, the average binding energies (E},), adiabatic
ionization energies (IE,), adiabatic electron affinities (EA,) and
second-order energy differences (A’E) are employed. In this
study, the Ey,, IE,, EA, and A’E values of the lowest-lying Pt,"%"~
(n = 3-21) structures in all three charge states are calculated
using the following formulas (eqn (1)-(8)):
++ Average binding energy (eV)

For neutral Pt, clusters: Ey(Pt,) = [nE(Pt) — E(Pt,)]/n )]

For cationic Pt,,* clusters: E(Pt,") = [(n — 1)E(Pt) + E(Pt")

~ E(Pt,"Y)in )
For anionic Pt,,” clusters: Ey(Pt,,”) = [(n — 1) E(Pt) + E(Pt")
— E(PL,)in 3)
% Adiabatic ionization energy:
IE,(Pt,) = E(Pt,") - E(Pt,) (@)
+ Adiabatic electron affinity:
EA,(Pt,) = E(Pt,) — E(Pt,") (5)

% Second-order energy differences:

For neutral Pt, clusters: A’E (Pt,) = E(Pt,+;) + E(Pt,_;)
—2E(Pt,) 6)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 7 Structures, multiplicities (M, in bracket), and relative energies
(rE, kcal mol™) of the low-lying neutral Pt,o calculated at the B3PW91/
Def2-TZVP + ZPE method. (*) denotes structures reported from ref. 42.

Structures

i<

\
2
X/

Fig. 8 Structures, multiplicities (M, in bracket), and relative energies
(rE, kcal mol™) of the low-lying neutral Pt,; calculated at the B3PW91/
Def2-TZVP + ZPE method.

For cationic Pt," clusters: A’E (Pt,") = E(Pt,+,") + E(Pt,_,")
- 2E(Ptn+) (7)
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Fig. 9 Structural evolution of the Pt, clusters with n = 3-21.

clusters: A’E (Pt,”) = E(Pt,; ) + E(Pt,_17)
— 2E(Pt,)

For anionic Pt,,”

(8)

In these equations, E(Pt), E(Pt") and E(Pt™) represent the total
energies of a single platinum atom, platinum cation, and plat-
inum anion, respectively. E(Pt,), E(Pt,"), and E(Pt,”) stand for
the total energies of the lowest-lying neutral, cationic and
anionic Pt,"*" clusters, respectively. E(Pt,. ), E(Pt,.,"), and
E(Pt,, ) stand for the total energies of the lowest-lying neutral,
cationic, and anionic Pt,., "% clusters, respectively.

The results shown in Fig. 10 highlight the critical role of
charge in determining overall stability (see Table S1 in the ESI
file for detailed data). Fig. 10A clearly reveals a stability trend
across clusters studied, following this order: Pt,” > Pt,” > Pt,.
Specifically, charged species demonstrate greater stability as
compared to their neutral counterparts, with cationic states
being the most stable.

The adiabatic ionization energies IE, and the adiabatic
electron affinities EA, illustrated in Fig. 10B and C further
highlight the size- and charge-dependent trends. While the IE,
decreases with increasing cluster size, indicating that larger
clusters facilitate easier electron detachment, the EA, shows an
increasing trend with respect to cluster size, signifying that
electron acceptance becomes progressively more favorable as
the clusters grow. The electron affinities of the sizes n = 20 and
21 amount to ~3.4 eV making them quasi-super halogen
species.

This stability's preference of charged clusters over the
neutral counterpart is also shown via the dissociation energies
De(x) in Table 1, where x represents the fragmentation channels
D¢(1) to D¢(5). The formulae for these channels are outlined
below:

D(1) = E(Pt,_1) + E(Pt) — E(Pt,);

De(2) = E(Pt, 1) + E(Pt") — E(Pt,”); De(3) = E(Pt,17)
+ E(Pt) — E(Pt,):
De(4) = E(Ptnfl) + E(Pt+) - E(Pt11+); De(s) = E(Ptnfl-*—)

+ E(Pt) — E(Pt,")
Pt, %" clusters tend to favor a detachment of a neutral Pt

atom over a charged one, indicating a preference for charge
retention during dissociation. This behavior aligns with the
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above discussion on the greater stability of charged clusters
compared to their neutral counterparts.

In addition, relative stabilities of clusters are investigated
using second-order energy differences (¢f. Fig. 10D). As shown
in both Fig. 10A and D, the cationic Pt," cluster exhibits
unusually high stability, which is consistent with previous
studies that combined experimental mass spectrometry with
calculated second-order energy differences.”” Likewise, Pty
clusters were also reported as particularly stable and even
chemically inert.* In the present study, in addition to the
confirmed stability of Pt clusters at the sizes n = 4 and 10,
clusters with enhanced stability are also identified at the sizes n
= 6 and 18 across all three charge states.

Results presented in Fig. 10D indicate that clusters at sizes n
= 4, 6, 10 and 18 exhibit significantly higher thermodynamic
stability. Addition or removal of a Pt atom from these magic
clusters tend to lead to a marked decrease in stability of the
resulting derivatives. Consequently, clusters at sizesn =5, 7,9,
11, 15 and 19, with odd numbers of atoms, become consider-
ably less stable (¢f. Fig. 10D). Overall, cationic, neutral and
anionic Pt,”®" clusters are consistently more stable at even-
numbered sizes, in part in agreement with previous
experiment.”?”

3.3. Formation of multi-layer structures from the planar Pt
triangle

Although the platinum clusters studied here exhibit relatively
uniform charge distributions and low overall polarity (¢f Tables
S2-S7%), and thus lack distinct Lewis acidic sites, their metallic
bonding and delocalized electronic structures remain effective
in facilitating strong interactions and maintaining high elec-
tron density on the cluster surfaces.

The planar triangular structure of neutral Ptg at the A,
electronic state possesses 60 valence electrons distributed in
a set of 42 localized d-electrons and a set of 18 delocalized
electrons. The localized electrons reside on individual atoms,
with 24 paired and 18 unpaired (¢f Fig. S10f). The 18 delo-
calized electrons form twelve (2c-1e) bonds and six (6c-1le)
bonds, collectively strengthening the interactions among the six
Pt atoms and stabilizing the triangular configuration (cf Fig. 11
and S107).

Specifically, the twelve (2c-1e) bonds include six ¢ bonds
and six conjugated 7 bonds arising from d-orbital overlaps,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A): Average binding energies of Pt,*/%/~ clusters considered.

(B): Adiabatic ionization energies of Pt, clusters, (C): Adiabatic electron
affinities of Pt, clusters and (D): Second-order energy difference of
Pt,*/%~ clusters with n = 3-21. Values are obtained from B3PW91/
Def2-TZVP + ZPE computations.
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Table 1 Dissociation energies (D, €V) obtained from the B3PW91/
Def2-TZVP + ZPE computational method for various fragmentation
channels in three charge states of Pt,*/%~ (n = 3-21)

n D(1) D(2) D(3) D(4) D(5)
2 2.76 2.87 2.87 2.88 2.88
3 3.01 3.24 3.13 4.43 4.31
4 3.02 3.52 3.28 5.62 4.19
5 2.97 3.79 3.30 5.19 2.60
6 3.30 4.51 3.69 5.62 3.41
7 3.35 4.54 3.33 5.58 3.26
8 3.52 4.81 3.63 5.51 3.28
9 3.69 5.04 3.75 5.87 3.89
10 4.13 5.23 3.89 6.17 4.00
11 3.20 4.49 3.38 5.47 3.43
12 3.67 4.84 3.55 6.21 3.93
13 3.65 4.94 3.77 6.25 3.72
14 3.55 4.94 3.66 6.15 3.55
15 3.60 5.00 3.61 6.26 3.66
16 3.90 5.35 3.94 6.56 3.89
17 4.01 5.49 4.05 6.69 4.03
18 3.91 5.29 3.82 6.74 4.06
19 3.24 4.67 3.29 6.12 3.29
20 3.72 5.23 3.81 6.55 3.67
21 3.85 5.41 3.90 6.77 3.94

which tend to strengthen the outer triangular framework. In
addition to these two-center bonds, the six (6c-1e) bonds are
delocalized across one S-type molecular orbital (S-MO) and two
P-type molecular orbitals (P-MOs) in both alpha and beta sides.
This distribution reflects a SP> hybridization which accounts for
the planar triangular geometry of Pts, with three central Pt
atoms acting as a unified center of hybridization.

Evidence of a SP> hybridization is further supported by
electron populations that show a decrease of ~0.2 e on 6S
orbitals and an increase of ~0.4 e on 6P orbitals of the three
central Pt atoms (¢f. Table S2 for neutral isomers and Tables S3
and S41 for charged isomers). Together, these delocalized
bonds lead to an aromatic character in the Pty triangle.

A structural motif can be constructed by stacking multiple
layers of the planar Pty triangle (¢f. Scheme 3). Following such
an assembling, the triangular Pts units can evolve into tubular
structures forming larger clusters including Pt,,, Pt;s and Pt,,.
These structures are energetically favorable, representing local
minima on the potential energy surface. The repeated stacking
along a longitudinal axis suggests a viable pathway for con-
structing one-dimensional, tube-like architectures. This
approach offers an effective strategy for designing larger, more
complex Pt-based nanostructures, facilitating the creation of Pt
tubes with promising electronic and catalytic properties.

The larger clusters of Pt,,, Pt;5, and Pt,, can also be regarded
as being assembled from prismatic Pt¢ units, interconnected by
sharing their base and side faces (Scheme 3). Each prismatic Pt
unit features twelve delocalized bonds, comprising nine (2c-1e)
bonds and three (6c-1e) bonds that span across the edges and
faces of the prism (¢f: Fig. 12 and S117}). These bonds not only
secure the six atoms within each Pty unit but also facilitate

RSC Adv, 2025, 15, 19273-19286 | 19281
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Fig. 11 The metallic aromaticity arising from (2c—1e) and (6¢c-1e)
bonds of the triangular Ptg cluster via ADNDP analysis (B3PW91/Def2-
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Fig. 12 The metal aromaticity arising from (2c—1e) and (6c—-1e) bonds
of the prismatic Ptg cluster via ADNDP analysis (B3PW91/Def2-TZVP).
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state and (B) the Ptg layer (highlighted in pink) within n.12.3 isomer at >A
state. Positive and negative DOS represent spin-up (alpha) and spin-
down (beta) electrons, respectively.

robust connections between adjacent Pts units, further
contributing to the structural integrity and thermodynamic
stability of the larger Pt,,, Pt;g, and Pt,, tubular clusters.

The coordination numbers of Pt atoms in the larger Pt;,,
Pt;s, and Pt,, clusters are higher than the ones in a single
triangular Pts. Correspondingly, the Wiberg bond indices for
the vertex Pt atoms in the Pt layers of the larger clusters
amount to ~2.5, while those for the central Pt atoms are ~3 (¢f.
Table S5-S7t). In comparison, Wiberg bond indices for the
vertex and central Pt atoms in the single Pty triangular cluster
amount to ~2 and ~2.5, respectively (cf Table S27).

Furthermore, the density of states (DOS) maps shown in
Fig. 13-15 reveal notable differences in the DOS profiles and the
contributions from s, p, and d orbitals between the single Pt
triangular cluster and the Ptg layers within the Pt;,, Pt;s and Pt,,
clusters, irrespective of whether the layers are positioned at the
outer or middle region. Specifically, in the single Ptq triangle,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Calculated density of states (DOS) for (A) the outer Ptg layer
(highlighted in pink) and (B) the middle Ptg layer (highlighted in pink)
within the n.18.1 isomer at ’A state. Positive and negative DOS
represent spin-up (alpha) and spin-down (beta) electrons, respectively.

the d-orbital contributions are more sharply defined and
localized within specific regions. Conversely, in the Pt layers of
the larger Pt,,, Pt;g and Pt,,, the d-orbital contributions exhibit
a more balanced distribution. Additionally, the s and p orbital
contributions are enhanced in the Pty layers of the larger clus-
ters as compared to the single Pty cluster.

The latter change in electron contribution is further evi-
denced in the natural electron configurations, which reveal
a significant increase in the 6S and 6P electrons and a decrease
in the 5d electrons for the Pt atoms in the larger clusters
compared to those in the single Pt triangular cluster (¢f. Tables
S2 and S5-S7%). Such an electron redistribution indicates an
increased hybridization between the s, p, and d orbitals,
contributing to stronger bonding interactions and greater
electron delocalization.

As a result, the combined effect of increased bond coordi-
nation and altered electron contribution leads to stronger
bonding and effective structural construction in larger Pt;,,
Pt;s, and Pt,, clusters.
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4. Concluding remarks

In this theoretical study, the pure platinum clusters Pt~ with

n = 3-21 are reinvestigated using DFT calculations with the
B3PWO91 functional in conjunction with both aug-cc-pVTZ-PP
and Def2-TZVP basis sets. Computed findings yield several
key conclusions:

% A comprehensive and updated depiction of the structures
of cationic, neutral and anionic Pt,"%" clusters is presented,
along with the identification of newly discovered lowest-lying
isomers across a broad range of sizes from n = 3 ton = 21. In
general, the structures of Pt,”®" clusters in the small-to-
medium size range are primarily derived from key building
blocks, including Pty """, Pt;, %", Pty, %", and Pt;s"%" clusters.

+* Clusters with even number of atoms tend to be thermo-
dynamically more stable than their odd number counterparts.
The sizes Pt,, Pts, Pt;o and Pt;3 emerge as magic clusters, in part
in agreement with experimental mass spectrometry.
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+ Charged clusters exhibit greater stability than their neutral
counterparts with respect to atom detachment, with the
cationic state being the most stable.

¢ Tubular structures of Pt;,, Pt;5, and Pt,, clusters are
constructed by either stacking planar Pts triangles or assem-
bling prismatic Pts units interconnected through shared base
and side faces. These tubular configurations are energetically
favorable and offer an appropriate strategy for designing
complex Pt-based structures such as nanowires.

% Both triangular and prismatic Pts clusters exhibit
a metallic aromaticity characterized by effective electron delo-
calization, facilitating bonding interactions:

o Pty triangle: this form features six ¢ and six conjugated 7
bonds arising from (2c-1e) delocalization and six (6c-1e) bonds
reflecting a fully SP> hybridization and accounting for its
geometry.

e Pty prism: this form possesses three (6c-1e) bonds and
nine ¢ bonds from (2c-1e) delocalization, spanning across
edges and faces of the prism.

+ In larger Pt;,, Pt;3 and Pt,, tubes, the combined effect of
increased bond coordination on Pt atoms and redistributed
electron contribution among s, p and d orbitals tend to
strengthen bonding interactions and contribute to effective
structural assembly.

+ Last but not least, concerning the methods, the Def2-TZVP
basis set offers a more practical and efficient balance between
computational cost and accuracy as compared to the correlation
consistent aug-cc-pVIZ-PP basis set.
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