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cluster complexes†

Shiquan Lin,‡ac Dan Li,‡b Dandan Zhang,b Lijun Geng, a Yuhan Jia,a Weizhe Wang,a

Longjiu Cheng, *b Shiv N. Khanna d and Zhixun Luo *ac

Clusters are a prominent subject of interest in modern chemistry research, bridging atoms and materials or

catalysts. Metal coordination and metal–metal bonding are crucial in determining the chemical structures

and properties of metal clusters; however, formulating a universal principle for assessing their electronic

activity remains challenging. Utilizing self-developed mass spectrometry, this study examines the gas-

phase reactions of rhodium and platinum clusters with common ligand molecules in forming metal

complexes. We find that the Rhn
± (n = 1–35) and Ptn

± (n = 3–20) clusters readily react with CO and NO

to form highly-selective products of cluster complexes. This illustrates the size-dependent saturable

effect of sequential coordination, which is rooted in cluster stability alongside concurrent electron

delocalization and local bonding. We introduce a new electronic rule, termed the electronic “Aā” rule, to

understand the adaptive balance of electron delocalization and averaged local bonding in stabilizing

metal clusters, whether they are coordinated with ligands or not.
Introduction

Material innovations like metal complexes, metal–organic
frameworks, and ligand-protected metal clusters illustrate how
bonding principles shape the development of materials for
a wide range of applications. The integration of chemical
bonding theory with predictive modelling enables the rational
design and creation of high-performance materials, advancing
frontiers in nanotechnology, catalysis, chemo sensing, and
beyond. The octet rule, or 8-electron rule, elucidates how atoms
interact to attain a stable electron conguration by gaining,
losing, or sharing electrons via chemical bonds, including
multicentre-bonds and orbital hybridization. Similarly, the
effective atomic number (EAN) rule, also known as the 18-
electron rule, offers a crucial framework for understanding the
stability of transition metal (TM) complexes.1–4 Expanding on
these fundamental bonding principles, additional rules such as
Lauher's rule and 9N-L rule,5,6 as well as Wade's rule derived
from polyhedral skeletal electron pair theory,7,8 have been
introduced to provide a rational basis for understanding the
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stability of polynuclear TM complexes. These electronic rules
successfully explained the coordination and stability of bi-, tri-,
and tetra-nuclear TM complexes by assuming full occupancy of
their cluster valence molecular orbitals (CVMOs).9,10 For
instance, Co4(CO)12 features a Td-symmetric Co4 core stabilized
by twelve carbonyl ligands, yielding a total of 60 valence elec-
trons allocated across 30 orbitals. However, challenges remain
when applied to high-nuclearity complexes or core–shell metal
clusters.11–13 A simple example is the trigonal bipyramidal
complex [Ni5(CO)12]

2− which contains 76 valence electrons but
only 36 valence orbitals. This discrepancy becomes particularly
evident when the metallic core exhibits multi-centre bonding or
when ligands adopt bidentate or bridging coordination, which
are common in ligand-protected metal clusters.14

On the other hand, early studies have rmly established the
jellium model to explain the electronic shell structures15–19 in
metal clusters and superatoms.20–24 On this basis, Häkkinen and
colleagues25 presented a perspective on coinage metal nano-
clusters by emphasizing the delocalized valence electrons (n*)
of a superatomic metal core, dened as n*= N− a− b, where N
is the number of valence electrons frommetal atoms, a denotes
the number of electrons captured by electrophilic ligands, and
b indicates the total charge carried by the cluster. This
perspective elucidates the fundamental principles of electronic
delocalization and the superatomic nature of metal clusters;
nevertheless, it overlooks the role of local bonding.26 A more
comprehensive electron-counting rule is needed, one that
integrates both electron delocalization and local bonding, to
better predict structures and deepen the understanding of
cluster stability.27 However, the preparation of pure metal
clusters and their selective conversion into cluster complexes
remains challenging. The challenges stem from the stringent
Chem. Sci., 2025, 16, 11619–11625 | 11619

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc02924d&domain=pdf&date_stamp=2025-06-21
http://orcid.org/0000-0003-3694-791X
http://orcid.org/0000-0001-7086-6190
http://orcid.org/0000-0002-9797-1289
http://orcid.org/0000-0002-5752-1996
https://doi.org/10.1039/d5sc02924d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02924d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016025


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 3
:1

2:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conditions required to form metal–metal bonds, as well as the
high surface energy of subnano metals, which makes them
susceptible to collision-induced dissociation and unwanted
contamination.

In this work, we employed a custom-designed mass spec-
trometer to investigate the reactions of Rhn

± (n= 1–35) and Ptn
±

(n = 3–20) clusters with CO and NO. Our ndings show that
both rhodium and platinum clusters exhibit high reactivity with
CO and NO, forming highly-selective carbonyl and nitrosyl
complexes indicative of saturable coordination. To elucidate the
structural stability and bonding characteristics of the resulting
dominant complexes Mn(CO)m

± and Mn(NO)m
± (M = Rh, Pt), we

performed quantum chemistry calculations. The results reveal
size-dependent ligand coordination and electron delocalization
on metal clusters. Based on this, we propose an new electron
rule to elucidate the adaptive balance of delocalized electrons
and averaged local bonding, referred to as the electronic “Aā”
rule. This rule highlights the self-adaptability of delocalized and
localized electrons in stabilizing metal clusters of varying sizes.
Experimental and computational
methods

The instrument leading to the ndings in this study was
described in detail elsewhere.28 In brief, a homemade reection
time-of-ight mass spectrometer (Re-TOFMS) is combined with
a laser vaporization (LaVa) source together with a compact tube
reactor (F = 6 mm, L = 60 mm). Rhn

+ clusters were produced by
laser ablation of a nely polished clean Rh disk (99.95% purity,
F = 16 mm). A pulsed 532 nm laser (Nd:YAG) with an average
energy of 15–35 mJ per pulse at a repetition rate of 10 Hz was
Fig. 1 NO reacting with Ptn
± to produce Ptn(NO)m

±. (A and B) Mass spec
NO reactants (5% in He) with different doses controlled by a pulsed valv

11620 | Chem. Sci., 2025, 16, 11619–11625
used for the experiments. The pulsed laser was well focused
onto the surface of the Rh target which was installed on
a motor-driven sample holder capable of both translational and
rotational movement. A tube nozzle (F = 1.35 mm, L = 35 mm)
was installed at the outlet of the waiting room where the
generated clusters were cooled by supersonic expansion under
He buffer gas (99.999%) with a background pressure of 1.0 MPa.
Both the buffer gas and reactant gas (0.1 MPa) were controlled
by a pulse valve (10 Hz) respectively with the on-time at 150–250
ms (Series 9, General Valve).

All the structures were fully relaxed using density functional
theory (DFT) calculations at the PBE/def2tzvpp level of theory
via the Gaussian 16 package.29–32 All energy calculations were
corrected by zero-point vibrations, and frequency analyses were
conducted to ensure that the structures at energy minima.
Chemical bonding analyses were performed using the AdNDP
method at the same level of theory, which enables an electron
pair to delocalize over n atoms of the cluster. Molecular orbitals,
nucleus-independent chemical shis (NICS)33 and DOS were
calculated by using the Multiwfn program.34 The PBE0 func-
tional at the def2tzvpp level of theory was used to simulate
photoelectron spectra.35 Molecular visualization was accom-
plished using the VMD soware,36 and colouring of the struc-
tures was conducted using the VESTA soware.37
Results and discussion

Fig. 1 presents the mass spectra of Ptn
+ and Ptn

− (n = 3–20)
clusters in the absence and presence of varying doses of NO
reactants. These Ptn

± clusters were well controlled to exhibit
a comparable size distribution centred at n = 11–13, and they
tra of the Ptn
+ and Ptn

− clusters in the absence (a) and presence (b/c) of
e.

© 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/d5sc02924d


Fig. 2 (a) The experimental (Exp.) photoelectron spectra of the
Pt8(NO)7

− clusters, obtained using 355 nm (black curve) and 266 nm
(blue curve) laser ionization, in comparison with the calculated (Cal.)
spectra of low-lying isomers. The peaks marked with X, A, B and C are
assigned to the electronic transitions involved in the transformation
process of Pt8(NO)7

− anion to the electron-detached Pt8(NO)7 neutral.
The geometry and AdNDP bonding analysis of the (b) Pt8(NO)7

− and (c)
Pt13(NO)12

+ clusters respectively. Also labelled are symmetries, spin
multiplicities (M), and the electron counting (xe@ne) by considering
both delocalized electrons and average number of locally bonding
electrons for surface metal atoms. The polyhedral patterns of the
metallic cores are shown to guide eye. The isovalues for the patterns of
AdNDP analyses are set to 0.02 unless otherwise stated.
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exhibited comparable NO coordination reactions in the pres-
ence of small dose of NO reactants. However, when introducing
sufficient NO reactants into the ow tube reactor, all the
nascent Ptn

± clusters react to form a highly selective coordina-
tion product for each. Specically, the cationic Ptn

+ clusters
react to yield Pt3(NO)3

+, Pt4(NO)4
+, Pt5(NO)5

+, Pt6(NO)6
+,

Pt7(NO)7
+, Pt8(NO)8

+, Pt9(NO)9
+, Pt10(NO)9

+, Pt11(NO)10
+,

Pt12(NO)11
+, Pt13(NO)12

+, etc. These products remain consistent
even when the size distribution of the nascent clusters changes
(Fig. S1–S4, ESI†), with a few exceptions for Pt4

+ and Pt8,9
+ which

form Pt4(NO)4,5
+, Pt8(NO)7,8

+ and Pt9(NO)8,9
+ respectively, likely

due to the critical points of the transition from planar to three-
dimensional structure, and to the core–shell structure of the
metallic cores. Similarly, the anionic Ptn

− clusters demonstrate
comparable NO reactivity, exclusively generating Ptn(NO)n

− (n#

7) with a strict 1 : 1 metal-to-ligand ratio. This stoichiometric
correspondence where each Pt atom coordinates one NO
molecule mirrors the monolayer protection phenomenon
observed in wet-chemically synthesized nanoclusters. This 1 : 1
stoichiometric ratio in these Ptn(NO)n

− clusters is reminiscent
of the face-centered cubic (fcc) packing arrangement seen in AB-
type ionic crystals for certain simple metal complexes, as well as
NO adsorption on each Pt atom site of a Pt surface (Fig. S17,
ESI†). Also, it bears similarity to the monolayer-protected metal
clusters. Notably, the larger Ptn

− clusters (n $ 8) adsorb one
fewer NO molecule to form Ptn(NO)n−1

−, which could be asso-
ciated with the formation of core–shell structures.

We have also analysed the reactions of Rhn
± clusters with NO

and CO gases to form complexes. Signicantly, in the presence
of sufficient CO reactant, the Rhn

+ clusters exhibit remarkable
reaction selectivity to form a predominant cluster complex for
each, seen as Rh3(CO)9

+, Rh4(CO)12
+, Rh5(CO)14

+, Rh6(CO)16
+,

Rh7(CO)17
+, Rh8(CO)18

+, Rh9(CO)19
+, Rh10(CO)18

+, Rh11(CO)19
+,

Rh12(CO)20
+, and Rh13(CO)22

+ (Fig. S5–S7, ESI†). Further
increase of CO doses did not form complexes of a larger coor-
dination number, indicating saturation effect of the CO coor-
dination on the Rhn

+ clusters. Although the observed Rh(CO)4
+,

Rh3(CO)9
+, Rh4(CO)12

+, and Rh5(CO)14
+ species match previ-

ously reported carbonyl complexes,38–45 the larger clusters
Rhn(CO)m

+ (n $ 6)—including Rh6(CO)16
+, Rh7(CO)17

+,
Rh8(CO)18

+, Rh9(CO)19
+, and Rh10(CO)18

+—offer new insights
into electron delocalization and multicentre bonding in poly-
nuclear complexes. Similarly, the Rhn

+ clusters in reacting with
NO also form highly-selective metal cluster complexes Rhn(-
NO)m

+ (Fig. S8 and S9, ESI†). It is important to note that in these
cluster complexes, not all metal atoms achieve 18-electron
coordination. Instead, the entire system reects a dynamic
coordination equilibrium, which is accompanied by electron
delocalization.

Using density functional theory (DFT) calculations, we
determined the lowest energy structures of the Ptn(NO)m

±

clusters. For small Ptn
± clusters (n < 8), favourable coordination

of all metal atoms is achieved, allowing partial electron delo-
calization. We focused particularly on the Pt8(NO)7

− cluster
within a critical size. To validate its structure, we conducted
photoelectron spectroscopy (PES) experiments using both
266 nm and 355 nm laser ionization, as shown in Fig. 2a. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
simulated PES spectrum of the lowest energy structure (isomer
a) aligns well with the experimental data, verifying the core–
shell structure of Pt8(NO)7

−. In contrast, the other low-lying
isomers (isomers b and e) exhibit signicantly different
vertical ionization energy values (X0) and PES proles. This
supports the prediction that larger Ptn

± clusters (n $ 8) adsorb
one less NO molecule to form Ptn(NO)n−1

± products simply due
to their core–shell structures.

Fig. 2b illustrates the chemical bonding analysis for
Pt8(NO)7

− using adaptive natural density partitioning
(AdNDP).46 The AdNDP analysis shows that each Pt atom
(5d96s1) in the cluster possesses ve d-type lone pairs (d10),
indicating that the unpaired p* electron of the NO molecule is
coupled with the 5d electrons of the Pt atom within symmetry-
matching regulation. This behaviour is consistent across other
Ptn(NO)m

± cluster complexes, although the extent of delocal-
ization depends on the number of Pt atoms and NO molecules.
Notably, the Pt8(NO)7

− cluster exhibit two types of 8c–2e bonds,
displaying distinct superatomic characteristics of S and P
orbitals. Furthermore, a multi-centre bonding (22c–2e) pattern
Chem. Sci., 2025, 16, 11619–11625 | 11621
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is observed, indicating weak global electron delocalization
across the entire Pt8(NO)7

− cluster. Similarly, we conducted
AdNDP analysis for the Pt13(NO)12

± cluster, whose metallic core
(Pt13) has been previously shown to adopt a core–shell struc-
ture.47,48Notably, the Pt13(NO)12

+ cluster also exhibit two types of
13c–2e bonds (Fig. 2c), reecting superatomic S and P orbitals,
along with weak global delocalization through a 37c–2e bond
spanning the entire cluster.

The geometric structures and AdNDP analyses of the small
Ptn(NO)m

± clusters are presented in Fig. 3a and b (more details
in Fig. S10–S39, ESI†). Among them, the lowest energy struc-
tures of Pt3(NO)3

±, Pt4(NO)4
±, Pt5(NO)5

±, Pt6(NO)6
±, and

Pt7(NO)7
± exhibit either planar or polyhedral geometry for their

metallic cores, with each surface platinum atom bonded to
a single terminal nitrosyl ligand. Interestingly, these Ptn(NO)m

±

clusters (n = 3–7) all demonstrate electron localization and
delocalization, showing diverse multi-centre bonds such as 3c–
2e, 4c–2e, 5c–2e, etc., as well as weak global delocalization
involving all-atommulticentre bonds. The delocalized electrons
not only form multicentre bonds but also contribute to
superatomic features, resulting in balanced coordination and
Fig. 3 Geometry and AdNDP analysis. The orbital patterns of (a) Ptn(NO)m
Also labelled are symmetries, spin multiplicities (M), and the electron cou
itinerant electrons and the average number of localized electrons at surf
guide eye. The isovalues for the patterns of AdNDP analyses are set to 0

11622 | Chem. Sci., 2025, 16, 11619–11625
enhanced stability. What is more interesting is that each Pt
atom on the surface of these Ptn(NO)m

± clusters achieve a 12-
electron coordination, which could be favoured for the six 5d$6s
valence orbitals of Pt. This is reasonable as the 6p orbital is
signicantly higher in energy, with a substantial energy gap (>6
eV) between the 6 s and 6p orbital levels. The electron delocal-
ization and localization in these clusters were further veried by
analyses on density of states (DOS) and canonical molecular
orbitals (Fig. S40–S48, ESI†).

For comparison, Fig. 3c illustrates the geometries and
AdNDP analyses of the Rhn(NO)m

+ (n = 1–6) clusters. These
Rhn(NO)m

+ clusters exhibit a variety of isomers (Fig. S49−S53,
ESI†). Only the most stable ones are selected for bonding
analysis (Fig. S54–S60, ESI†). The NO molecule contains an
unpaired electron in its antibonding p* orbital, and this
unpaired single electron can engage with the electrons of the Rh
atom, facilitating a favourable d10 electron conguration.
Among the Rhn(NO)m

+ clusters, the larger ones (n $ 6) display
pronounced electron delocalization, reecting their supera-
tomic nature; in comparison, the smaller clusters (n = 1–5)
exhibit p-electron delocalization,49 with metal–metal bond
+, (b) Ptn(NO)m
− clusters and (c) Rhn(NO)m

+ based on AdNDP analysis.
nting (xe@ne) according to the “Aā” rule which takes into account the
ace atoms. The polyhedral patterns of the metallic cores are shown to
.02.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lengths extended due to ligand interactions. Specically,
Rh(NO)3

+ features a 6c–1e multi-centre bond associated with p

delocalization, and there are 16 electrons (16e) contributed by
the Rh atom and three NO ligands. The delocalized orbitals in
these Rhn(NO)m

+ primarily consist of antibonding p* orbitals of
NO, resulting in full occupation of the ve d-type lone pairs.

Comprehensive DFT calculations were also performed to
analyse the structures and bonding characteristics of the Rhn(-
CO)m

+ (n = 1–7) clusters (Fig. S61−S71, ESI†). Because of the
primary distinction between carbonyl and nitrosyl complexes in
the bonding and antibonding orbitals of the CO and NO
molecules (Fig. S72, ESI†), all Rhn(CO)m

+ species exhibit four d-
type lone pairs, which differs from that of the Rhn(NO)m

+ clus-
ters. The lowest energy structures of Rh(CO)4

+, Rh2(CO)7
+,

Rh3(CO)9
+, Rh4(CO)12

+, Rh5(CO)14
+, Rh6(CO)16

+, Rh7(CO)17
+, and

Rh8(CO)18
+ reveal that carbonyl ligands bind to Rh atoms

through two distinct modes: bridging and terminal. Previous
studies have unveiled the stability of Rh(CO)4

+ as a stable 16e
Rh-complex with a planar tetragonal conguration.50,51 This also
aligns with the aforementioned 16e-stability of Rh(NO)3

+.
For these polynuclear complexes, the cluster valence electrons

are distributed across the entire cluster, enabling the formation
of multicentre bonds. For example, Rh3(CO)9

+ features a 3c–2e
bond, with each Rh atom attaining 14 electrons through covalent
bonds and coordination interaction. Likewise, Rh2(CO)7

+ exhibits
a 6c–1e bond derived from the d orbitals of Rh atoms and a p*

antibonding orbital of CO. The Rh4(CO)12
+ and Rh5(CO)14

+

Table 1 A list showing the different electronic counting rules of carbon

Rhn(CO)m
+ CVMO 9N-L CVE Aā

Rh(CO)4
+ 9 9 16e 16e

Rh2(CO)7
+ 17 17 31e 1e@15e

Rh3(CO)9
+ 24 24 44e 2e@14e

Rh4(CO)12
+ 30 30 59e 3e@14e

Rh5(CO)14
+ 36 36 72e 4e@14e

Rh6(CO)16
+ 43 42 85e 5e@14e

Ptn(NO)m
+ CVMO 9N-L CVE Aā

Pt3(NO)3
+ 24 24 38e 2e@12e

Pt4(NO)4
+ 30 30 51e 3e@12e

Pt5(NO)5
+ 36 36 64e 4e@12e

Pt6(NO)6
+ 43 42 77e 5e@12e

Pt7(NO)7
+ 49 48 90e 6e@12e

Pt8(NO)8
+ — 57 103e 8e@12e

Pt13(NO)12
+ — 82 165e 11e@12e

Run(CO)m
+ CVMO 9N-L CVE Aā

Ru(CO)5
+ 9 9 17e 17e

Ru2(CO)9
+ 17 17 33e 2e@16e

Ru3(CO)12
+ 24 24 47e 5e@14e

Ru4(CO)14
+ 30 30 59e 7e@13e

Ru5(CO)16
+ 36 36 71e 9e@12e

a CVE is the total number of cluster valence electrons; CVMO is the num
quantity of cluster valence molecular orbitals, excluding the count of rela
of metal–metal bonds; “Aā” values relate to the delocalized electrons (A) a

© 2025 The Author(s). Published by the Royal Society of Chemistry
species also demonstrate multi-centre bonding dened by orbital
hybridization; while Rh6(CO)16

+ adopts an octahedral Rh6 core,
with multicentre bonds reecting electron delocalization and
aromaticity (Fig. S73 and S74, ESI†). We have also studied the
anionic Rhn(CO)m

− systems (Fig. S75–S81, ESI†), which nd
similar structures and AdNDP patterns pertaining to multicenter-
bonding and electron delocalization especially for n $ 6. Addi-
tionally, the DOSs and orbital analyses align with the results of
the AdNDP analysis (Figs. S82–S84, ESI†).

The formation of predominant carbonyl and nitrosyl
complexes motivated us to further study the high selectivity of
NO and CO coordination with Pt and Rh clusters. Among them,
nitrosyl complexes exhibit signicant electron delocalization
due to the involvement of half-lled antibonding p* orbitals
along the molecular axis. In contrast, the p* orbitals of CO
remain vacant, facilitating backdonation from the metal to the
CO ligands and promoting favourable local coordination.10

Considering that these cluster complexes exhibit delocalized
electrons and distinct local coordination preferences, we
propose the electronic “A@ā” or “Aā” rule. This rule integrates
adaptive delocalized electrons (A) and localized electrons on
average (ā) to assess the stability of metal clusters. In this “Aā”
rule, the total number of valence electrons (NCVE) for a metal
cluster complex is determined by the sum of delocalized and
localized valence electrons, i.e.,

NCVE =A + ā$n0 +c (1)
yl and nitrosyl complexesa

Rhn(NO)m
+ CVMO 9N-L CVE Aā

Rh(NO)3
+ 9 9 17e 1e@16e

Rh2(NO)5
+ 17 17 32e 2e@15e

Rh3(NO)6
+ 24 24 44e 2e@14e

Rh4(NO)8
+ 30 30 59e 3e@14e

Rh5(NO)9
+ 36 36 71e 3e@14e

Rh6(NO)9
+ 43 42 80e 2e@13e

Ptn(NO)m
− CVMO 9N-L CVE Aā

Pt3(NO)3
− 24 24 40e 4e@12e

Pt4(NO)4
− 30 30 53e 5e@12e

Pt5(NO)5
− 36 36 66e 6e@12e

Pt6(NO)6
− 43 42 79e 7e@12e

Pt7(NO)7
− 49 48 92e 8e@12e

Pt8(NO)7
− — 57 102e 8e@12e

Pt13(NO)12
− — 82 167e 13e@12e

Con(CO)m
+ CVMO 9N-L CVE Aā

Co(CO)5
+ 9 9 18e 18e

Co2(CO)8
+ 17 17 33e 1e@16e

Co3(CO)10
+ 24 24 46e 2e@15e

Co4(CO)12
+ 30 30 59e 3e@14e

Co5(CO)14
+ 36 36 72e 4e@14e

ber of cluster valence molecular orbitals; 9N-L denotes the estimated
tive antibonding orbitals associated with the polyhedral skeleton edges
nd averaged local electrons (ā) for surface metal atoms.
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here A denotes the delocalized electrons, encompassing p-
delocalization and multicentre bonding electrons within
superatomic states. The variable n0 signies the number of
metal atoms involved in surface coordination, excluding the
core metal atoms. Meanwhile; ā indicates the average number
of localized valence electrons including lone pairs and bonding
electrons, which is typically less than 18 for transition metals.
The term c accounts for the charge and localized valence elec-
trons of the core metal atoms. Since the values of NCVE and n0

can be determined from the cluster formula, we can predict the
ā value if A is known, estimate A by subtracting the localized
electrons, or determine n0 once A and ā are established (to infer
a core–shell structure if n s n0). Notably, both A and ā can be
determined by the AdNDP analysis. For instance, Rh2(CO)7

+

displays a 6c–1e delocalized bond, with each Rh atom pos-
sessing 15 electrons, yielding an electronic formula of 1e@15e.
Similarly, Rh3(CO)9

+ corresponds to 2e@14e; Rh4(CO)12
+ to

3e@14e, Rh5(CO)14
+ to 4e@14e, and Rh6(CO)16

+ to 5e@14e, as
detailed in Table 1. This electronic “Aā” rule is also applicable to
the Rhn(NO)m

± and Ptn(NO)m
± systems. Notably, all the

observed prominent Ptn(NO)m
+ and Ptn(NO)m

− products
demonstrate a preference of the xe@12e conguration, high-
lighting the importance of the “Aā” rule in explaining cluster
stability and optimal coordination. It is worth mentioning that
the DFT calculations in this study were performed on smaller
systems, but the “Aā” rule is applicable and advantageous for
understanding larger metal clusters.

According to the “Aā” rule, we have examined the electronic
congurations and structure stability of the Con(CO)m

+ and
Run(CO)m

+ clusters in previous investigations,52–54 as well as
a recently reported Fe6C(CO)16 cluster,55 all of which adhere to
the xe@ne regulation (Fig. S85−S89, ESI†). Considering the
number of ligands that act as monodentate (m1, 2e or 3e donor,
including the single-site, bridge-site and hollow-site modes)
and bidentate (m2, e.g., 4e donor) in a MnXm (M, metal; X, ligand)
cluster to be represented by x and y respectively, the relation-
ship for stable cluster complexes (e.g., CO) can be expressed as:

x þ y ¼ m;
Xn

i¼1

ð2xi þ 4yiÞ ¼ n
0ðā� vÞ (2)

here, v denotes the valence electrons of the metal atom, while ā
can be derived from eqn (1). This framework allows for the
quantication of m1-CO ligands, aiding in structure prediction.
The electronic “Aā” rule is also believed to be applicable for
evaluating structural stability of metal cluster complexes
involving phosphines, olens, alkyls, and other types of ligands,
as well as small molecules having both multicentre bonds and
hybrid orbitals (e.g., O3 within 3c–4e and sp2 hybridization).
Conclusions

To summarize, we report an investigation in exploring and
understanding the privileged metal cluster complexes. We
systematically studied the gas-phase reactivity of Rhn

± (n = 1–35)
and Ptn

± (n = 3–20) clusters with CO and NO. Interestingly, these
metal clusters exhibit remarkable selectivity in the NO- and CO-
11624 | Chem. Sci., 2025, 16, 11619–11625
coordination reactions when exposed to sufficient gas reactants,
leading to the formation of saturable carbonyl and nitrosyl
complexes. Typical examples include a series of Ptn(NO)n

± (n= 3–
8) and Ptn(NO)n-1

± (n = 8–14) products, as well as several Rh
cluster complexes such as Rh4(CO)12

+, Rh4(NO)8
+; Rh5(CO)14

+,
Rh5(NO)9

+; Rh6(CO)16
+, Rh6(NO)9

+; Rh7(CO)17
+, and Rh7(NO)10

+.
Notably, the NO complexes favour signicant electron delocal-
ization pertaining to the involvement of half-lled antibonding
p* orbitals along the NO molecule axis. In contrast, the p*

orbitals of CO are vacant, which facilitates metal-to-ligand back-
donation and reinforces local coordination. We introduce an
electronic “Aā” rule to evaluate the structural stability of metal
cluster complexes, clarifying adaptive balance of delocalized
electrons and averaged local bonding.
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