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Abstract. 

This study investigates the stability of C@Al6M4 structures, where six Al atoms surround a 

central carbon in an octahedral C@Al6, and four coinage M (Cu, Ag, or Au) atoms attach to 

the four faces of C@Al6, forming a tetrahedral shape. These structures exhibit aromaticity and 

significant thermodynamic stability. Their stability is compared with C@Al6Na4 and explained 

through the new magic number of 26. The separation of the 2P and 1F energy levels is attributed 

to this magic number. Carbon utilizes both its 2s and 2p orbitals for bonding, yet no 

hybridization is observed. Additionally, C@Sn6
2+, adhering to the new magic number of 26, is 

also reported in this study. The concept of “hexavalent non-hybridized carbon atom” is applied 

to all the above-mentioned structures.
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1 Introduction

According to the classical octet rule, which was proposed by Lewis in 1916, atoms prefer 

having eight electrons in their valence shell to achieve a stabilized electronic configuration 

similar to that of the closest noble gas. Like other empirical rules of thumb in chemistry, the 

octet rule is not valid for some elements, but it remains popular among chemists and helps with 

understanding the bonding behavior of many elements.

     For the carbon atom, the octet rule is established to be predominant and almost self-evident 

in organic compounds and also in most carbon-containing compounds. In planar structures, 

carbon predominantly employs sp2 hybridization, corresponding to a coordination number of 

three. Some well-known cases that have drawn attention to carbon include planar 

tetracoordinate carbon, corresponding to a coordination number of four in cases such as the 

perfect D4h C@E4
2- (E = Al, Ga, In, Tl)1 and planar pentacoordinate carbon, with a coordination 

number of five in cases such as the perfect D5h C@Cu5H5,2  C@Be5Au5
+,3 and C@Al5

+.4 In 

three-dimensional configurations, sp3 hybridization leads to a coordination number of four. 

This makes perfect highly symmetric structures with coordination numbers greater than four 

particularly remarkable. The perfect highly symmetric structure means that C is bonded to the 

nearest M atoms with equal C–M bond lengths. C@Si8
2+ is a perfectly cubic structure in which 

carbon is equally bonded to all eight silicon atoms.5 The octahedral [C@(AuL)6]2+ structures 

has been synthesized, featuring six Au atoms surrounding a carbon atom in an octahedral 

arrangement, stabilized by various ligands (L).6–10  Notably, MO analysis has revealed that C 

participates in bonding with Au through an extremely rare non-hybridized form. Specifically, 

the 2s orbital of C overlaps with the 1S-shape of Au6, while the 2p orbital of C overlaps with 

the 1P-shape of Au6, without any hybridization between the 2s and 2p orbitals of C.6 The 

CAu6
2+, which is already stable according to the jellium model11 with eight electrons, becomes 

even more stabilized due to this unique hybridization. Another case where C binds perfectly 
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with six surrounding Al atoms is the tetraheral CAl6Na4,12 and the number of electrons in this 

case was reported as a “new magic number of 26”. In this study, we replace four Na atoms with 

coinage metal atoms to investigate the influence of these dopant atoms on the stability of the 

cluster with a “new magic number of 26”. Additionally, we utilize the non-hybridization of C 

to elucidate the underlying mechanism responsible for the formation of this “new magic 

number of 26”. 

     Of the coinage metals, only Au derivatives were extensively synthesized in structures 

encapsulating a C atom,6–8,13,14 and this structural type is classified as “Schmidbaur gold –  

[E(AuL)n]m+”.15 In contrast, both Ag and Cu encounter greater difficulty in encapsulating a C 

atom. The tetrahedral geometry16–18 is intriguing as it serves as a crucial bridge in building 

blocks during the assembly of larger molecules or crystals. For the “magic number of 26”, the 

tetrahedral Au4
2+ has extensively been synthesized thanks to ligand stabilization.19–22 While a 

similar geometry of Ag4
2+ has been stabilized in zeolites,23 no experimental evidence of such a 

structure has been found yet for Cu4
2+. Similarly, for the “magic number of 20”, the high 

stability Au20 which adopts a tetrahedral structure,24 has also been successfully synthesized.25,26 

A distortion to a lower point group than Td has been observed in Ag20 and Cu20,27 and to date, 

no experimental synthesis was reported for the latter.

     In this context, we set out to search for a way of stabilizing a C@Mn unit in which the carbon 

atom features a hexa-valence and a hexa-coordination making use of quantum chemical 

computations. Following extensive searches, we focus on the C@Al6 unit and we find that a 

set of four Cu atoms can effectively stabilize the C@Al6 unit whose resulting C@Al6Cu4 enjoys 

an exceptionally high thermodynamic stability, and perhaps more interestingly, a non-

hybridized central carbon atom. Moreover, the inherent stability due to the magic number of 

20 electrons of Al6
2-,28 is preserved through an entirely novel bonding mechanism which is 

characterized by a new magic electron number. An inverse effect is observed when copper 
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atoms are replaced by larger coinage metal congeners including silver and gold atoms which 

consistently lead to a reduction in the stability of the hexavalent structure.

2 Computational methods

The search for global minimum structure29 is carried out using a combination of the random 

kick algorithm30 and the genetic algorithm.31 The structures generated by both algorithms are 

initially optimized using density functional theory method with the revTPSS32 functional and 

the def2-TZVPD33 basis set, without vibrational frequency calculations. All optimized 

structures with energies ranging within 3 eV of the most stable structure are then re-optimized, 

and their harmonic vibrational frequencies  are calculated using the revTPSS32 and the 

B3LYP34–36 functionals in conjunction with the def2-TZVPPD33 basis set. For the CAl6 isomers 

single-point electronic energies are performed using the coupled cluster theory CCSD(T)37 and 

and the multi-configurational methods CASSCF(12,12)/CASPT238,39 calculations with the aim 

to verify the reliability of the results obtained from the density functionals used.

     The GIMIC 2.040 program is s used to calculate the gauge-including magnetically induced 

current (GIMIC).41 The direction of current flow was analyzed to determine the diatropic 

(clockwise) or paratropic (counterclockwise) characteristics of the ring current. The Multiwfn 

program42,43 was used to calculate the density-of-states (DOS), and the overlap population 

density-of-states (OPDOS). The atomic charge and electron configuration were calculated 

using the NBO7 package.44 Except for CASSCF, which was computed with Orca 6.0,45 all 

other calculations were performed using the Gaussian 16 program.46

     SEAGrid (https://seagrid.org)47,48 is acknowledged for computational resources and 

services for the results presented in this publication.

3 Results and discussion

For CAl6Au4, there is a competition in stability between the 2D and 3D structures. However, 

we lack sufficient HPC resources to perform post-HF calculations to verify the reliability of 
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DFT functionals in this case. A common approach is to conduct benchmarking on a smaller 

molecule. In this study, we selected CAl6 as it falls within our computational capacity for 

CCSD(T) calculations and provides insight into molecular development. The revTPSS 

functional has been widely employed to determine the stable structures of transition metal-

containing molecules49,50 and has been benchmarked as highly reliable.51 However, when 

performing structure stability searches, B3LYP tends to overestimate the stability of the 2D 

form.52,53 B3LYP is a classical functional that remains widely used to this day.54,55 Here, we 

once again demonstrate that B3LYP often overestimates the stability of 2D materials relative 

to their 3D counterparts, as evidenced by comparisons with revTPSS, CCSD(T) and 

CASSCF(12,12)/CASPT2 results.

3.1 The CAl6 cluster

Although CAl6 has previously been explored,56 we reexamine this cluster in order to clarify 

certain issues that are essential to the main findings of this present study. The most stable 

isomers of CAl6 are presented Figure 1.

Figure 1. Relaxed geometries of CAl6 isomers with their symmetry point group and electronic 

state. Relative energies (given in kcal/mol) are obtained with ZPE corrections without frequency 

scaling at the respective functional, revTPSS and B3LYP (brackets) in conjunction with the 
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def2-TZVPPD basis set. Relative energies obtained by single-point electronic energies at 

CCSD(T)/def2-TZVPPD (and T1 value) are given in fourth row, and relative energies obtained 

by CASSCF(12,12)/CASPT2 energies (and weight of the ground state configuration) energies 

are given in fifth row.

  

      The three isomers that Yang and co-workers considered56 to have degenerate energy 

include the CAl6.1, CAl6.3 and CAl6.4 isomers displayed in Figure 1. Additionally, we find a 

new isomer, CAl6.2 whose energy is not significantly different from that of CAl6.1 and this 

isomer was not located in Ref. 56. CAl6.2 actually features carbon bonded to five Al atoms and 

is considered a deviation from the expected perfect C@Al6 structure. When optimized using 

the revTPSS functional, CAl6.3 spontaneously rearranges into CAl6.2, implying that CAl6.3 is 

not a local minimum by this functional. The next two isomers are CAl6.5 and CAl6.6, with 

CAl6.6 being a planar structure; this is of particular significance for the subsequent results. The 

planar structure CAl6.6 is only 5.9 kcal/mol higher in energy than CAl6.1 by B3L YP 

calculations, but this difference increases to 28.7 kcal/mol by the revTPSS calculations. The 

CCSD(T) method is employed to assess the accuracy among the functionals results, with a 

difference of 20.1 kcal/mol, thus indicating the suitability of the revTPSS functional. However, 

the T1 values of the CCSD wavefunctions exceed value of 0.03, suggesting that the CCSD(T) 

values also need to be regarded with caution.57 The CASSCF(12,12)/CASPT2 calculations 

appear to support the values obtained from the CCSD(T) method. The multi-configurational 

results show that CAl6.6 is less stable than CAl6.1 by up to 28.1 kcal/mol. The configuration 

interaction (CI) weights of the main references identified from CASSCF wavefunctions range 

from 75 to 85%, indicating a certain degree of multireference character in these isomers. The 

comparable relative energies between CCSD(T) and CASSCF/CASPT2 results point out that 

DFT results can be trusted to a certain extent with the revTPSS functional. For its part, the 
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B3LYP functional significantly overestimates the stability of 2D structures as compared to 3D 

counterparts, as it has been demonstrated in previous studies.52,53 

3.2 The C@Al6M4 clusters with M = Cu, Ag, Au and Na

We now examine the effects of four metal atoms M on the isomeric structures of the C@Al6 

unit. The most stable isomers of CAl6M4 with M = Cu, Ag, Au and Na are presented in Figure 

2. The various isomers of CAl6M4 are denoted in the format M.A, where M = Cu, Ag, Au, or 

Na represents the substituted metal in CAl6M4, and A = 1, 2, 3, ..., corresponds to the increasing 

order of their relative energies compared to the lowest-energy isomer. 

Figure 2. Relaxed geometries of CAl6M4 cluster with their symmetry point group and electronic 

state, M = Cu, Ag, Au, and Na. Relative energies (kcal/mol) are obtained with ZPE corrections 

without frequency scaling at revTPSS and B3LYP (parentheses) functionals in conjunction with 

the def2-TZVPPD basis set.
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     At the first glance, when using the revTPSS functional, the global energy minima of all 

these tertiary clusters exhibit a tetrahedral metal coordinated octahedral C@Al6 framework, so 

namely as C@Al6M4 (corresponding to M.1). The quasiplanar structure Au.6 has a quasiplanar 

CAl6Au3 frame and a fourth Au atom is positioned above the plane, connected to three Al 

atoms, becomes the most stable isomer by the B3LYP functional calculations. However, it 

becomes less stable than the Td Au.1 structure by 12.6 kcal/mol at the revTPSS functional. The 

most stable isomers of CAl6Na4 presented in Figure 2 are in complete agreement with the 

previous report by Tang et al.12 The Td Na.1 was subsequently utilized by Zhou and co-workers 

as an assembly cluster to develop a superlight Zintl phase semiconductor.58 

         The most notable similarity between CAl6Na4 and CAl6Cu4 is that the six most stable 

isomers, as shown in Figure 2, all represent different arrangements of Na or Cu atoms around 

the antiprismatic C@Al6 core. In contrast, Ag.5 exhibits a prismatic configuration of C@Al6 

with a relative energy as high as 22 kcal/mol compared to Ag.1. The prismatic form of C@Al6 

emerges earlier in the CAl6Au4 series, appearing in Au.4 with only a 9.6 kcal/mol energy 

difference compared to Au.1. Notably, Au.3 adopts a geometry that is neither antiprismatic nor 

prismatic of C@Al6 core. In the case of the Au.2 isomer, one Au atom is bonded to only two 

Al atoms, as opposed to three as observed in the corresponding isomers of CAl6Na4, CAl6Cu4, 

and CAl6Ag4. This preference of Au for bonding with two Al atoms contributes to the stability 

of the quasi-planar geometry found in Au.6. 

          Based on the relative energies of these clusters with respect to the second most stable 

isomer, their relative stabilities can be ranked in the order Cu.1 > Ag.1 > Na.1 > Au.1. Another 

parameter commonly used to compare the stability of different molecules is the HOMO-LUMO 

gap (HLG). The HLG values for Cu.1, Ag.1, Au.1 and Na.1 amount to 3.2, 2.8, 2.2 and 2.8 

eV, respectively, corresponding to the highest stability for Cu.1, the lowest for Au.1, while 
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both Ag.1 and Na.1 exhibit a comparable stability. The following chemical bonding analysis 

demonstrates for why such a stability comparison is justified.

Figure 3. Molecular orbital energy levels at B3LYP/def2-TZVPPD for c) Al6
2- and d) C@Al6M4 

with M = Cu, Ag, Au, and Na. The lines and dash lines correspond to the occupied and 

unoccupied MOs. The grey lines belong to the d-AOs band of coinage metals. a) and b) are the 

selected MOs to be visualized.

3.3 Chemical bonding

The MO analysis is first conducted to reveal the intrinsic bonding nature of the C@Al6M4 

clusters. Figure 3 presents their MO energy levels of C@Al6M4 compared to those of Al6
2-. 

Due to the splitting of the D and F electron shells into smaller subshells, these subshells are 
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assigned as a, b, c … in order compare their energy levels in both Al6
2- and C@Al6M4; the 

MOs are assigned following the convention in Al6
2-. The energy levels presented in Figure 3 

demonstrate that the stability of the C@Al6M4 clusters arises from the MOs associated with 

the electron shell [1S2 1P6 2S2 1D10 2P6], consistent with the view of a “new magic number of 

26”,56 which differs from the shells of 20 or 40 electrons of the standard jellium model. The 

jellium model11 features an electron configuration of [1S2˽1P6˽1D10_2S2˽1F14_2P6˽1G18…], 

where the “_” symbol represents two shells with closely or even overlapping energy levels, and 

the “˽” symbol represents two shells immediately adjacent to it with significantly separated 

energy levels.59 Energy gaps between the 2S and 1F shells, as well as between the 2P and 1G 

shells, lead to the magic numbers 20 and 40 of the jellium model. Thus, the significant 

downward shift of the 2S level as compared to 1D in C@Al6M4 (cf. Figure 3) is an intriguing 

observation which can be noted as a primary feature. This point will be analyzed in detail in a 

following section.

     Another noteworthy point is that the 2P subshell is characterized by a considerably lower 

energy as compared to the 1F subshell in C@Al6M4. This leads to the emergence of the magic 

number of 26 for the series of C@Al6M4 compounds. However, the significant downward shift 

of the 2P level, as compared to 1F is not primarily caused by the presence of C atom inside the 

Al6 cage. It is also not due to the view that “the central C4+ carrying a larger charge depresses 

the potential locally” as mentioned in a previous paper.12 In fact, even in the pure Al6
2-, its 

triply degenerate LUMO+1, corresponding to the 2P subshell, is already observed to have an 

energy lower than that of the 1Fa subshell by up to 1.9 eV (cf. Figure 3). The higher energy 

MOs have more nodal planes, and as a consequence, two conditions are required for their 

formation, namely, either the use of AOs from higher-lying shells which inherently possess 

more nodal planes, or a multi-layered structure which creates nodal planes between the layers, 

or both conditions. The 1F subshell in the high symmetry Oh Al6
2- is formed via the former 
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path as it consists of only a single layer. As the result, the 2P subshell primarily arises from the 

contributions of 3p atomic orbitals (AOs) of Al atoms, while the 1F subshell requires 

contributions from 4d AOs of Al atoms that are located at higher energy. Here, uppercase letters 

such as S, P, D, etc., are used for molecular orbitals (MOs), while lowercase letters such as s, 

p, d, etc., are used for atomic orbitals (AOs) from individual atoms. We attempt to theoretically 

determine the most stable form of the poly-anion Al6
8-. Interestingly, while only the Oh isomer 

where the 2P subshell is fully occupied, converges to the Oh equilibrium structure without 

imaginary frequency, all other initial isomers undergo fragmentation due to an excess of 

electrons. Thus, the contributions of 8 valent electrons from one C and four M atoms tend to 

neutralize Al6
8- to form C@Al6M4 without altering the number of delocalized electrons. 

Nevertheless, this does not imply that the 26 delocalized electrons could guarantee the stability 

of the Oh Al6 framework. Indeed, when examining the Oh structure for the Al6M8 unit, we find 

that this binary cluster is either less stable or even entirely unstable. The Al6M8 configuration 

features two atomic layers, resulting in the 1F subshell having lower energy. This significantly 

reduces the HOMO-LUMO gap which correspond to the separation between both the 2P and 

1F subshells.  

      The densities-of-states (DOS) and the overlap population density-of-states (OPDOS) of 

Cu.1 are shown in Figure 4, whereas those of other C@Al6M4 are shown in the SI file. The 

pDOS (the partial densities-of-states) for s and p AOs from C, are significantly smaller as 

compared to the pDOS of Al and M. Therefore, the pDOS of s and p AOs from C are doubled 

and plotted downward to better illustrate their contribution. Similarly, for the overlap 

population density-of-states (OPDOS), the degree of overlap for all OPDOS, except for the Al 

and M overlap, is multiplied by a factor of 5. Positive OPDOS values are highlighted in blue, 

while negative ones are shown in red. 

Page 11 of 23 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
/2

02
5 

5:
24

:3
3 

PM
. 

 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
DOI: 10.1039/D4DT03563A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03563a


12

Figure 4. The partial and total densities-of-states (DOS) and the overlap population density-of-

states (OPDOS) of C@Al6Cu4.

       There is no significant difference in the contributions of the AOs from Al, M, the s orbital 

of C and the p orbital of C in the DOS plots for all C@Al6M4 clusters. The s(C), being the s 

orbital from C, overlaps with those of Al and M atoms in the 1S and 2S MOs, while the p(C), 

being the p orbital of C, overlaps with Al and M in the 1P, 1Db and 2P MOs. It means that any 

MO involving contributions from s(C) orbitals shows no contributions from p(C) orbitals, and 

vice versa. In fact, the px, py, and pz orbitals are mutually orthogonal, providing the most 

favorable condition for hybridization with the six atoms at the vertices of an octahedral 

structure. Any hybridization between the s and p orbitals, regardless of the ratio, will reduce 

this symmetry, making perfect hexa-coordinate symmetry unattainable. Consequently, the 
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OPDOS between s(C) and p(C) turn out to be always equal to zero, indicating an absence of 

hybridization between both s and p AOs of C. In other words, the C atom in C@Al6M4 is non-

hybridized. 

     Table 1 presents the atomic charges and electron configuration of the C, Al and M atoms 

in the ternary C@Al6M4 molecules. Using the AIM method, Tang et al.12 reported that C in 

Na.1 carries a charge of -4.7 |e|, indicating that Al and Na excessively donate electrons to C 

beyond the electron configuration of the noble gas Neon. In this study, the atomic charge of C 

amounts to -3.0 |e|, as determined by the NBO7 method, which provides a more realistic value. 

Indeed, in all C@Al6M4 species considered, the 2p orbital of C is nearly fully occupied, while 

the 2s orbital loses approximately 0.5 electrons because of its overlap with the metal orbitals. 

This reinforces the overlap between the px, py, and pz AOs of C with the Px, Py, and Pz MOs of 

the Al6M4 framework, which plays a more significant role in the bonding between carbon and 

the outer atoms than the overlap between the s AO and other MOs. As a result, C becomes a 

negatively charged center to form ionic bonds with external positive ions, except for Al in 

Na.1. In the latter, each Na atom donates nearly 1 electron to C, form the polarized C-3.0[Al6]-

0.2[Na4]+3.2 structure, in reality, six Al atoms almost act as six neutralizing molecular unit. The 

behavior of coinage metals differs from that of alkali metals. Coinage metals, together with Al, 

donate an equal amount of electrons as much as possible to C. Cu and Ag contribute nearly the 

same amount of electrons (to form C-3.1[Al6]+1.2[M4]+1.9), while Au is less inclined to donate 

electrons (to form C-3.1[Al6]-2.0[Au4]+1.0). Consequently, Au.1 becomes significantly less stable.
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Table 1. Atomic charges, summary of atomic charges (of Al and M), and electron configuration 

of C, Al and M atoms in C@Al6M4.

Species C Al M

Cu.1
-3.07

[He]2s1.562p5.47

0.20 (1.17)

[Ne]3s1.433p1.31

0.48 (1.90)

[Ar]4s0.563d9.93

Ag.1
-3.07

[He]2s1.562p5.47

0.19 (1.16)

[Ne]3s1.433p1.32

0.48 (1.91)

[Kr]5s0.564d9.93

Au.1
-3.07

[He]2s1.552p5.48

0.24 (2.01)

[Ne]3s1.403p1.20

0.35 (0.97)

[Xe]6s0.864d9.87

Na.1
-3.02

[He]2s1.542p5.41

-0.04 (-0.21)

[Ne]3s1.473p1.52

0.81 (3.24)

[Ne]3s0.19

        The OPDOS value emerges as an effective indicator for understanding the above ranked 

stability of C@Al6M4. Cu.1 is a special case where all the listed fragment AOs exhibit positive 

OPDOS, indicating that all these AOs join to form bonding overlaps. This leads to the higher 

stability of Cu.1 as compared to Ag.1, Au.1 and Na.1. The OPDOS indicates that the overlap 

between two fragments is antibonding. In Ag.1, Ag and p(C) are the most strongly antibonding 

fragments at the 1Db subshell. At the 2S shell, there is a small antibonding interaction between 

Ag and s(C) and a weaker antibonding between Al and s(C). Considering the sign of OPDOS 

for all AO-fragment pairs in the 13 delocalized MOs, Ag.1 and Na.1 are entirely similar. 

However, the OPDOS[Al,s(C)] of Na.1 is significantly more negative as compared to that in 

Ag.1. Since the bond formed between C and Al is more significant than the bond between C 

and M, the increased degree of antibonding overlaps in OPDOS[Al,s(C)] offers a main reason 

for why Na.1 is less stable than Ag.1. Finally, Au.1 exhibits the least stability due to the 

presence of negative OPDOS at the two highest occupied energy levels (HOMO and HOMO 

– 1), specifically OPDOS[Al,Au] in 1Da subshell and OPDOS[Al,p(C)] in the 2P subshell.  

     The molecular magnetically induced current of the ternary C@Al6M4 clusters are shown in 

Figure 5. Since all subshells that have occupied MO levels are fully filled, the aromaticity 
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demonstrated by the ring current maps emerges as evident. Notable differences among these 

ring current maps include the highly uniform diatropic currents in C@Al6Na4, while the current 

density vectors beneath the Al–Cu bonds in C@Al6Cu4 and the current density vectors beneath 

the Al–Ag bonds in C@Al6Ag4 exhibit weaker intensity, which becomes even more attenuated 

and disturbed in C@Al6Au4. These results are consistent with the aforementioned conclusions 

that all of these C@Al6M4 species exhibit aromatic character, although it becomes weaker in 

the Ag-substituted system and is weakest in the Au-substituted one. 

Figure 5. GIMIC maps of C@Al6M4 were calculated on a plane situated 1 Bohr above the 

Oxy plane, with the magnetic field applied in the direction of the positive z-axis, perpendicular 

to the plane and pointing outward.
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Figure 6. Relaxed geometries of the Oh C@Si6
2+, C@Ge6

2+, and three lowest-lying CSn6
2+ 

isomers.The number of imaginary frequencies (Nimag) and the highest imaginary frequency for 

Oh C@Si6
2+ and C@Ge6

2+ are provided. Relative energies (kcal/mol) are obtained with ZPE 

corrections without scaling at the PBE/def2-TZVPPD level.

    

       To further verify the existence of the magic number of 26 attributed to the non-hybridized 

bonding of C atom, we consider further the stability of the Oh isomer of C@Si6
2+ and C@Ge6

2+. 

Each unit exhibits six imaginary frequencies with the highest imaginary frequency for C@Si6
2+ 

being -156 cm-1, and the highest imaginary frequency for C@Ge6
2+ reduced to -82 cm-1. In 

contrast, the Oh isomer of C@Sn6
2+ is a truly stable isomer. A global structural search confirms 

that the Oh C@Sn6
2+ isomer is indeed the most stable one, with the next lower-lying isomer 

having an energy 10 kcal/mol higher than Sn2+.1 in relative energy (cf. Figure 6), with Sn2+ 

used as an abbreviation for CSn6
2+. This result highlights the importance of the metallic nature 

of the element forming the cluster in aligning with the jellium model. Here, the Sn atom 
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possesses a significantly greater metallicity as compared to Si and Ge. Similarly, the higher 

metallicity of Al with respect to that of B helps understand the reason for why Al6
2- is stable 

with 20 electrons under the jellium model, whereas B6
2- is not.60

       Given the widespread synthesis of gold clusters,6–9,13,14,21 that are generally more stable 

than their Ag and Cu counterparts at specific magic numbers, our study presents a contrasting 

result. This finding may open up opportunities to replace more expensive coinage metals with 

their more affordable counterparts. Because tin-based clusters have also been extensively 

synthesized;61 we thus anticipate that the [C@Sn6]2+ cluster can be synthesized in a near future 

to experimentally validate the magic number of 26.

4 Concluding Remarks

The carbon atom participates in chemical bonding with other elements through the sp, sp2, or 

sp3 hybridization, resulting in its well-known maximal coordination number of four. The 

possibility of carbon bound to other atoms without undergoing hybridization is an existing 

phenomenon; however, it has not yet been generalized into a conceptual framework which 

allows its broader recognition and understanding. In structures such as the [C@Au6]2+ or 

C@Al6Na4 clusters the C atom forms non-hybridized bonds with surrounding atoms. This 

nonhybridized bonding enables C to establish up to six bonds with neighboring atoms, referred 

to as hexavalent non-hybridized carbon atom. In the present study, we replace Na with coinage 

metals and observed a higher stability for Cu.1, while Au.1 exhibited significantly lower 

stability, and the stability of Ag.1 being closer to that of Na.1. Although both Na and coinage 

metal atoms are expected to donate a single electron to the framework to form polarized 

molecule, only Na exhibits such a behavior in Na.1 structure. Coinage metals tend to donate 

electrons in a manner that brings their total donation close to that of the Al atoms. Of the 

coinage metals, the gold Au is the least willing to donate electrons, leading to its lowest 
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stability. The Cu.1 can be regarded as a special case; all AO-fragment pairs exhibit positive 

OPDOS values, indicating their bonding overlaps. In contrast, negative OPDOS values in other 

isomers are in line with reduced stability. Nevertheless, all these structures are characterized 

by an aromatic character, due to a complete filling of all electron shells.

       Furthermore, the magic number of 26, which is rather unusual within the jellium model, is 

validated through the optimal tructures of C@Al6M4 and C@Sn6
2+. The existence of the magic 

number of 26 in these structures can be explained by the significantly lower energy of the 2P 

shell as compared to the 1F shell. In the jellium model, these two electron shells are typically 

close in energy. The deeper energy level of the 2P shell, relative to the 1F shell, arises because: 

i) the 1F shell is shifted higher than usual, due to its requirement for multi-layered molecular 

structures or the use of AOs with many nodal planes, and ii) C atom utilizes its nearly filled 2p 

orbitals to enhance its bonding in the 1P and 2P MOs. Overall, the present study does not only 

introduce new molecules such as C@Al6M4 and C@Sn6
2+ that possess a perfect hexacoordinate 

C centre, but also proposes a novel concept of hexavalent non-hybridized carbon atom, and 

provides us with an rational for the new magic number of 26 based on their intrinsic 

characteristics.

         The bonding overlap between both the (p)C orbital and 1P orbital of the [Au6]2+ 

framework is a key parameter in enhancing the stability associated with the magic number of 

8. Similarly, the overlap between the (p)C orbital and the 1P and 2P orbitals in the Al6M4 

framework leads to the emergence of the magic number of 26. Variation in the stability of 

clusters with a magic number of 26 is attributed to the degree of bonding or antibonding overlap 

among these atomic/molecular orbitals.
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Supplementary Information 

The partial and total densities-of-states (DOS), the overlap population density-of-states 

(OPDOS) of C@Al6Ag4, C@Al6Au4, and C@Al6Na4. See DOI: 10.1039/x0xx00000x
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