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Open-shell jellium aromaticity in metal clusters 

Jordi Poater*ab and Miquel Solà*c 

The 2N2 + 2N + 1 with S = N + ½ rule represented the extension to 

open-shell spherical compounds of the 2(N + 1)2 Hirsch rule for 

spherical aromatic species. In this work, we provide evidences that 

the jellium model with its magic numbers can be also extended to 

open-shell half-filled systems.  

Many of the archetypal aromatic molecules such as benzene, 

Al4-2 or B6H6
-2 present high symmetry and possess degenerate 

highest-occupied molecular orbitals.1-3 These orbitals are fully 

occupied resulting in a closed-shell structure that provides an 

extra stabilization to the system, similar to the situation found 

in noble gas elements. Annulenes with a closed-shell structure 

are an example of this type of electronic structure. For these 

species, except for the most stable and unstable -orbitals, the 

rest of the -molecular orbitals of annulenes with an even 

number of C atoms are grouped in pairs of degenerate orbitals. 

With this particular distribution of the -molecular orbitals a 

closed-shell electronic structure is reached with 4N+2 π-

electrons resulting in the renowned Hückel’s rule.4-7 An 

analogous situation is found for the spherical compounds that 

obey Hirsch’s 2(N+1)2 rule of aromaticity.8, 9 According to this 

rule, icosahedral C20
+2, C60

+10 or C80
+8 are aromatic fullerenes. 

The degenerate highest-occupied molecular orbitals can 

also be same-spin half-filled and the resulting species have an 

open-shell structure that also provides an extra stabilization to 

the system. In the case of annulenes, this electronic structure is 

reached for the lowest-lying triplet of 4N π-electrons. This 4N π-

electron rule was formulated by Baird in 1972.10 He showed that 

annulenes which are aromatic in their singlet ground state are 

antiaromatic in their lowest-lying triplet state and vice versa for 

annulenes that are antiaromatic in the ground state.11 Following 

this line of reasoning, we suggested that spherical compounds 

having a same-spin half-filled last energy level with the rest of 

the levels being full filled should be also aromatic. Indeed, we 

showed that this situation is reached for a number of electrons 

equal to 2N2 + 2N + 1 with S = N + ½ and we proved that, among 

others, C60
-1 with S = 11/2 or C80

-5 species with S = 13/2 are 

aromatic fullerenes.12 

 

 

Scheme 1. The (a) closed-shell and (b) open-shell jellium magic 

numbers. In this Scheme, we have depicted the occupancies of a system 

with 20 e- for the closed-shell and of 27 e- for the open-shell electronic 

structure. 

 

A cluster is an ensemble of bound atoms or molecules that 

is intermediate in size between an atom or a molecule and a 

bulk solid.13, 14 Atomic clusters can be either pure, formed from 

a single atomic species (e.g. silver nanoparticles), or mixed, 

formed from several atomic species (e.g. titanium oxide 

nanoparticles). The observed experimental abundances of a 

number of metal clusters have been successfully explained with 

the spherical jellium model. This model assumes a uniform 

distribution of positive charge corresponding to the cluster 

atomic nuclei and their innermost electrons in which the 

interacting valence electrons move. The energy levels of 

valence electrons for such a model are 

1S21P61D102S21F142P61G182D103S2… (see Scheme 1), where S, P, 

D, F, and G letters denote the angular momentum and numbers 

1, 2, 3 indicate the radial nodes.15-18 The abundance found in 

experimental mass spectra of alkali, alkaline earth metals, and 

gold clusters of 2, 8, 18, 20, 34, 40… atoms are justified taken 

into account that these numbers correspond to closed-shell 

electronic structures in the jellium model.16, 19-22 These magic 

numbers explain also the abundance of other all-metal or 

heteroatomic clusters such as Al13
-,23, 24 Si4Mg3,25 SixGeyM+ (x + 

y = 4, M = Nb, Ta),26 Mg17,27 among others.28 It is worth noting 
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that based on the jellium rule a series of superatoms have been 

designed.29 In previous work, it has been shown that some of 

these closed-shell atomic clusters are aromatic.18 It is worth 

noting that there is an important difference between the 

spherical aromaticity and the jellium aromaticity, namely, 

whereas the aromaticity of spherical compounds is due to 

delocalization of electrons on the surface of the sphere, the 

jellium aromaticity is generated by the delocalization of 

electrons inside the metal cluster. 

In this work, we explore whether the Baird and the 2N2 + 2N 

+ 1 with S = N + 1/2 rules can be extended to atomic clusters. If 

the last energy level of valence electrons for the jellium model 

is half-filled with same-spin electrons, the system should have 

some extra stability and should have aromatic character. As 

seen in Scheme 1, this situation is reached for the magic 

numbers of valence electrons of 1 (S =1/2), 5 (S = 3/2), 13 (S = 

5/2), 19 (S = 1/2), 27 (S = 7/2), 37 (S = 3/2), 49 (S = 9/2)… 

Apparently, this is the case for Li6
+ (S = 3/2) with 5 valence 

electrons.30 Interestingly, Li6+ (S = 3/2) follows both the 2N2 + 2N 

+ 1 with S = N + 1/2 and the open-shell jellium rules. We 

consider different clusters of sodium and beryllium of small to 

medium size to check this hypothesis. Of course, the closer the 

cluster to a spherical geometry, the higher the probability that 

the cluster may obey the open-shell jellium rule. 

Scheme 2 Geometries of the beryllium clusters under analysis. 

 

We first focus on ten beryllium clusters (Scheme 2 and Table 

1), Be4, Be9, and Be10 are closed-shell systems, whereas Be3
+1, 

Be6
-1, Be7

+1, Be9
-1, Be10

+1, Be13
-1, and Be14

+1 follow the open-shell 

jellium model with a same spin half-filled last energy level. All 

open-shell species are in their ground state, except for Be3
+1 for 

which the doublet state is 9.7 kcal mol-1 more stable than its 

quadruplet and Be6
-1 with a quadruplet that is 23.8 kcal mol-1 

more stable than its sextuplet. The result for Be3
+1 could be 

expected because its geometry is far from being spherical. Some 

clusters, for instance, Be6
-1 and Be7

+1, have the same electronic 

structure (both have the last energy level half-filled with 5 

electrons) but different molecular structure. Open-shell 

systems present the expected almost degenerate molecular 

orbitals in the last half-filled energy level (see Table S3 in the 

ESI). The more spherical the geometry, the closer to a perfect 

degeneracy. All studied beryllium clusters are clearly aromatic 

according to NICS and MCI criteria. For comparison, Be13
-1, with 

7 unpaired electrons half-filling the last energy level, presents 

an averaged NICS(0)zz of -40.5 ppm, an averaged MCI of 0.124 

e., a BLA of only 10.8 mẢ, an atomization energy of 2.01 eV and 

Ih symmetry, all criteria fully supporting its aromaticity. 

Although average MCI and NICS(0)zz are local aromaticity 

measures, the result obtained in these particular clusters is the 

result of the presence of a global aromaticity. This latter is 

proven by NICS(0)zz calculated in the centre of the clusters (only 

for the clusters that do not have an atom in the centre), also 

enclosed in Table 1, which follow the same trend as the 

averaged ones. 

 

Table 1 Beryllium clusters under analysis, including the symmetry, the 

spin, the NICS(0)zz (in ppm), the MCI (in e.), the BLA (in mÅ), and the 

atomization energy per atom ∆Eatom (in eV). 

 Symm. Spin NICS(0)zz
a MCIa BLAb ∆Eatom 

Be3
+1 c D3h 3/2 -34.4 0.466 0.0 0.95 

Be4 Td 0 
-46.5 

(-46.5) 
0.291 0.0 1.04 

Be6
-1 c D4h 5/2 

-50.5 

(-63.4) 
0.131 13.0 1.35 

Be7
+1 D5h 5/2 

-34.1 

(-49.8) 
0.099 10.0 1.67 

Be9 D3h 0 
-41.9 

(-59.4) 
0.138 16.2 1.63 

Be9
-1 D3h 1/2 

-43.3 

(-66.0) 
0.026 15.1 1.94 

Be10
+1 D4d 1/2 

-42.8 

(-57.1) 
0.110 15.2 2.03 

Be10 D4d 0 
-48.7 

(-64.3) 
0.113 16.7 1.79 

Be13
-1 Ih 7/2 -40.5 0.124 10.8 2.01 

Be14
+1 C2 7/2 -36.8 0.088 42.1 1.99 

a Averaged NICS(0)zz and MCI of all rings of the surface of the cluster; 

and NICS(0)zz in the centre of the cluster in parentheses. b Difference 

between longest and shortest Be···Be bond lengths. c Be3
+1 doublet is 

9.7 kcal mol-1 more stable than its quadruplet; whereas Be6
-1 quadruplet 

is 23.8 kcal mol-1 more stable than its sextuplet. 

Fig. 1 Atomization energies per atom (in eV) of the neutral Ben clusters 

with n = 2 – 20 (in black). Beryllium clusters that follow the open-shell 

jellium model in red; closed-shell clusters obeying the jellium model in 

green (Be4, Be9, and Be10); the rest in black. 
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Another important measure of the stability of the beryllium 

clusters is the atomization energy per atom (∆Eatom, Table 1, Fig. 

1). For a given cluster, the larger the atomization energy, the 

higher its stability. As observed in Fig. 1, the atomization energy 

increases with the size of the Be cluster (Fig. 1, dots in black), as 

previously stated by Cerowski et al.20 In case of those Be clusters 

following the open-shell jellium model (Fig. 1, dots in red), their 

atomization energy values are larger than for their neutral 

equivalent clusters, these latter not following the jellium model 

(except for Be4, Be9, and Be10). For instance, the ∆Eatom for Be6
-1 

is 1.35 eV, whereas that for Be6 is 1.05 eV; or that for Be7
+1 is 

1.67 eV, whereas Be7 presents an ∆Eatom = 1.31 eV. This trend is 

followed by all Be clusters with magic numbers of electrons 

according to the open-shell jellium model, thus also proving 

their larger stability. 

 
Scheme 3. Geometries of the sodium clusters under analysis enclosed 

in Table 1. 

Next we analyse a series of six sodium clusters (Scheme 3 

and Table 2), three of them closed-shell singlets with the last 

energy level fully-filled (Na8, Na18, and Na20) and three of them 

open-shell with the last energy level half-filled with same-spin 

electrons (Na5, Na13, and Na19). It is worth noting that the 

quintuplet state for Na13 and the doublet state for Na19 are the 

ground states for these clusters, showing the particular stability 

of these half-filled open-shell jellium systems. However, for Na5, 

which is a less spherical cluster than Na13, and Na19, the doublet 

is 6.3 kcal/mol more stable than the quadruplet. Open-shell 

systems present the expected almost degenerate molecular 

orbitals in the last half-filled energy level (see Table S3 in the 

ESI). Magnetic NICS(0)zz and electronic MCI aromaticity criteria 

state that the clusters following the open-shell jellium model 

are also aromatic, at least as much as the closed-shell ones 

(Table 2). For instance, in case of Na13, with a spin of 5/2 (5 

unpaired electrons in the last level), the averaged NICS(0)zz is -

28.0 ppm, whereas the averaged MCI is 0.034 e., the aromaticity 

of this cluster being supported by both criteria. This result is 

reinforced by the geometric BLA criterion, with quite small 

values for all clusters under analysis. As to the atomization 

energy (Fig. S1 in the SI), it increases with the size of the cluster 

being comparable for clusters of the similar size irrespective if 

they are clusters with closed- or half-filled open-shell jellium 

electronic structures. 

 

Table 2 Sodium clusters under analysis, including the symmetry, the 

spin, the NICS(0)zz (in ppm), the MCI (in e.), the BLA (in mÅ), and the 

atomization energy per atom ∆Eatom (in eV). 

 Symm. Spin NICS(0)zz
a MCIa BLAb ∆Eatom 

Na5
c D3h 3/2 

-16.5 

(-19.1) 
0.076 50.8 0.34 

Na8 D2d 0 
-20.5 

(-26.3) 
0.062 39.2 0.57 

Na13 Ih 5/2 -28.0 0.034 18.1 0.55 

Na18 C2v 0 -31.1 0.049 76.7 0.63 

Na19 C1 1/2 -32.0 0.023 83.1 0.63 

Na20 C2v 0 -31.8 0.043 65.0 0.64 

a Averaged NICS(0)zz and MCI of all rings of the surface of the cluster; 

and NICS(0)zz in the centre of the cluster in parentheses. b Difference 

between longest and shortest Na···Na bond lengths. c Na5 doublet is 6.3 

kcal mol-1 more stable than its quadruplet. 

 

As a whole, we have proven that the Baird and the 2N2 + 2N 

+ 1 with S = N + 1/2 rules can be extended to atomic clusters. In 

particular, those clusters whose last energy level of valence 

electrons is half-filled with same-spin electrons in the jellium 

electronic structure are aromatic and present an extra stability 

compared to those that do not accomplish such rule, as proven 

by their larger atomization energy. This new set of magic 

numbers may become a powerful tool for researchers who work 

in the quest for stable single high-spin molecules for their use 

as single-molecule based magnets.31-34 
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Notes and references 

‡ Geometry optimizations without symmetry constraints and 
calculations of MCI and NICS(0) indices were performed with the 
Gaussian 0935 and ESI-3D36-38 packages of programs at the 
B3LYP/6-31G* level of theory.39, 40 Characterization of the 
stationary points was carried out by analytical frequency 
calculations. All presented geometries are minima. In all cases, we 
report the most stable minima found for each cluster. Although 
we tried different initial molecular structures for the optimization 
of each cluster, we cannot fully guarantee that the minima found 
are the global minima. NICS(0) values have been computed 
through the gauge-including atomic orbital method (GIAO) 
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implemented in Gaussian 09. The magnetic shielding tensor has 
been calculated for ghost atoms located at the atomic cluster/ring 
centres determined by the non-weighted mean of the heavy 
atoms coordinates. Both NICS(0)zz and MCI have been calculated 
as the average of all three-member rings of the clusters. The 
atomization energy per atom has been calculated as the energy 
corresponding to these reactions: [Na]n  nNa or [Be]n  nBe. In 
case or anionic or cationic clusters, the atomic energy of Be - or 
Be+ has been considered. On the other hand, the bond length 
alternation (BLA) is calculated as the difference between the 
longest and shortest bond length between two connected atoms 
in a cluster. 
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