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Abstract

The idea of designing unprecedented materials made of superatomic building blocks, motivated the present study on endohedral
M@C20H20 (M = Li, Na, Mg+) species. Ground and excited electronic structures of M@C20H20 (M = Li, Na, Mg+) were
analyzed by means of high-level quantum calculations. In their ground states, one electron occupies a defuse superatomic
s-orbital that lies around the C20H20 cage. These entities populate higher angular momentum p-, d-, f-, g-superatomic orbitals
in their low-lying electronic states. The proposed superatomic Aufbau shell model for Li@C20H20 and Na@C20H20 is 1s, 1p,
1d, 2s, 1f, 2p, 2d, 1g, 2f slightly different from that of Mg@C20H20+ which is 1s, 1p, 1d, 2s, 1f, 2p, 2d, 1g, 3s, 2f, 2g, 3p. These
introduced superatomic orbital series resemble the Aufbau principle of solvated electron precursors.

1. INTRODUCTION

The concept of atoms or molecules encapsulation in cavities of a host molecule has gained a significant
interest in pharmaceutical, food, and material research studies.1–8 Hydrocarbon cages and fullerenes are
suitable candidates for encapsulation of atoms or small molecules. In the past several experimental9–17 and
theoretical18,19,28–35,20–27 accounts on such fullerene based encapsulated systems are reported. However,
experimental studies on atoms or molecules entrapped fully hydrogenated fullerenes are rare. For example,
He@C20H20 is the only synthesized encapsulated system of C20H20 (Dodecahedrane) reported thus far.36 Due
to the lack of experimental studies, the knowledge progression of such C20H20based encapsulation systems
have mostly been via theoretical studies.37–41

The first ab initio study on C20H20 based encapsulation systems belongs to Disch and Schulman who stud-
ied X@C20H20 (X = H+, He, Li+, Be, Be+, Be2+, Na+, Mg2+) species at Hartree-Fock level.38 According
to their analysis He, Be, Be+, and Na+encapsulated C20H20 are metastable with respect to the corre-
sponding fragments.38 Moran et al. carried out a comprehensive analysis of geometries, stabilities, and
energetics of X@C20H20 (X = H, He, Ne, Ar, Li, Li+, Be, Be+, Be2+, Na, Na+, Mg, Mg+, Mg2+) using
B3LYP/6-311+G(d,p) in 2002.41 They found that X = Be, Be+, and Be2+ encapsulated complexes possess
C5v symmetry, where X is located close to an interior pentagonal face of C20H20. All the other species
bear Ihminima.41 Furthermore, they reported the He, Ne, Li, Li+, Li-, Na, Na+, Be, Be+, Be2+, Mg, Mg+,
and Mg2+ form more stable exohedral complexes with C20H20 compared to the corresponding endohedral
species.41

Interestingly, Li, Na, and Mg encapsulated C20H20 species (M@C20H20; M = Li, Na, Mg) can be recognized
as “superalkalis” owing to their lower first ionization energies (IE1s).41 The rather diffuse nature of the
highest occupied molecular orbital (HOMO) is responsible for their lower ionization potentials. Moreover,
it may engender the superior electrical conductivity of Li@C20H20 predicted by Wang et al.40 The existing
expanded electron cloud of the ground state of each M@C20H20 (M = Li, Na, Mg) is nearly spherical
resembling an atomic s-orbital. In that sense these molecules are similar to the previously studied“solvated
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electron precursors” (SEPs), where an SEP is a complex that consists of M(L)n q+ core (M = metal, L
= ligand) with one or few diffuse electrons.42–47Interestingly, SEPs populate atomic p-, d-, f-, and g-type
orbitals in excited states. The exact Aufbau order introduced for the M(NH3)4 (M = Li, Na) SEPs is 1s, 1p,
1d, 2s, 2p.42 The implementation of an augmented basis set on terminal H-atoms is critically important for
the correct representation of their excited states.43,44Specifically, the M:cc-pVTZ, N/O:cc-pVTZ, H:d-aug-cc-
pVTZ combination is proven to describe the excited electronic states of SEPs accurately and efficiently.43,44

Similar to the SEPs the M@C20H20 (M = Li, Na, Mg+) populate higher angular momentum p-, d-, f-shaped
orbitals in low-lying excited electronic states, hence can be recognized as “superatoms” . The main goal of
the present work is to analyze their ground and excited states adopting high-levelab initio calculations. By
means of highly accurate electron propagator theory calculations their exact Aufbau models and basis set
effects on excitation energies are analyzed. The computational approach and the results of this work are
discussed under sections 2 and 3, respectively. Main findings of the study are summarized in section 4.

2. COMPUTATIONAL DETAILS

Geometries of neutral and charged endohedral M@C20H20 (M = Li, Na, Mg) species were optimized in Ih
symmetry using density functional theory combined with B3LYP functional at aug-cc-pVTZ basis set.48,49
Their cartesian coordinates and harmonic vibrational frequencies are reported in the Electronic Supplemen-
tary Information (ESI) (Tables S1and S2). Single point MP2 (second-order Møller–Plesset perturbation
theory)50 calculations were performed using B3LYP geometries [MP2(FC)//B3LYP] to obtain adiabatic io-
nization energies (AIEs). AIE of M@C20H20 = Energy of optimized M@C20H20

+/2+ - Energy of optimized
M@C20H20. The unrestricted Hartree-Fock spin contamination for open shell species did not exceed 0.0011.
Renormalized partial third-order quasiparticle electron propagator method (P3+)51–53 was used to obtain
vertical ionization energies (VIEs) of Li@C20H20, Na@C20H20, and Mg@C20H20. For this purpose, vertical
electron binding energies (VEBE) of Li@C20H20

+, Na@C20H20
+, Mg@C20H20

+, and Mg@C20H20
2+ were

calculated (-VEBE = VIE) using the B3LYP optimized geometries of MC20H20 (M = Li, Na, Mg).

Excited states of MC20H20 (M = Li, Na, Mg+) were investigated at diagonal second-order approximation
(D2), partial third-order quasiparticle (P3), and P3+ electron propagator methods.51–54 The accuracy of
these methods increases in the order of D2, P3, and P3+.55 These techniques were used to calculate vertical
electron attachment energies of MC20H20 (M = Li+, Na+, Mg2+) and their differences were calculated
to obtain vertical excitation energies of MC20H20 (M = Li, Na, Mg+). In each case, B3LYP optimized
geometries of MC20H20 (M = Li, Na, Mg+) were employed.

Various correlation consistent basis set combinations [cc-pVTZ ([?]TZ), aug-cc-pVTZ ([?]ATZ), d-aug-cc-
pVTZ ([?]DATZ)] were tested to study excited states of Li@C20H20.48,49,56They are, (1) Li:TZ, C:TZ, H:TZ,
(2) Li:TZ, C:TZ, H:ATZ, (3) Li:TZ, C:ATZ, H:TZ, (4) Li:ATZ, C:TZ, H:TZ, (5) Li:TZ, C:ATZ, H:ATZ, (6)
Li:ATZ, C:TZ, H:ATZ, (7) Li:ATZ, C:ATZ, H:TZ, (8) Li:ATZ, C:ATZ, H:ATZ, (9) Li:TZ, C:TZ, H:DATZ.
Results indicate that the (9)th basis set (Li:TZ, C:TZ, H:DATZ) provides the most accurate results and there-
fore was used to carry out vertical electron attachment calculations for the Na@C20H20

+ and Mg@C20H20
2+.

The pole strengths related to electron attachment energies of all the species are greater than 0.950.

All calculations were performed using Gaussian 16 package57. GaussView58 and Molden59 software packages
were used to plot Dyson orbitals.

3. RESULTS AND DISCUSSION

3.1 Ground States Properties

C20H20
- is not stable with respect to C20H20 + e dissociation. So, is it possible for endohedral M@C20H20

(M = Li, Na) to have M*@C20H20(“*” represents the unpaired electron) electronic structure rather than
M+@C20H20

-? Based on the findings of this study, the unpaired electron of M@C20H20 (M = Li, Na, Mg+)
is delocalized in the periphery of the [M@C20H20]+occupying a pseudo spherical atomic s-type molecular
orbital (see Figure 1). This diffuse molecular orbital is doubly occupied in the ground state of Mg@C20H20.
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. The top and side views of endohedral Li@C20H20 are illustrated in Figure 1. Each Li@C20H20 and
Li@C20H20

+ were optimized at B3LYP and MP2 levels. The MP2 optimized M-C, C-C, and C-H lengths
of Li@C20H20 are 2.186, 1.560, and 1.090 A, respectively. Corresponding bond distances of Li@C20H20

+ at
the same level are 2.189, 1.562, and 1.086 A. B3LYP optimized parameters of these structures are listed in
the Table 1. Evidently, the B3LYP parameters of Li@C20H20 and Li@C20H20

+ are in very good agreement
with their MP2 values (see Table 1). Since MP2 geometry optimizations for these species are extremely
demanding, only B3LYP optimizations were performed for all other reported species. Going from neutral to
charged species, M-C and C-C lengths stretch by ~0.004 A and ~0.002 A, respectively (Table 1). Compared
to bare C20H20 all the studied encapsulated systems have longer C-C bonds. C-H distances shorten by
~0.005 A going from neutral to charged complexes. Interestingly, we observed a similar pattern for SEPs in
the past, i.e., going from Li(NH3)4, Be(NH3)4, Ca(NH3)6, Mg(H2O)6 SEPs to their corresponding charged
complexes M-Ligand bonds elongate but N-H/O-H bonds compress.42–45 The longest C-H was observed for
the Mg@C20H20 (1.096 A) and it is only 0.007 A longer than that of C20H20. Complexes that do not pos-
sess outer diffuse electrons, i.e., Li@C20H20

+, Na@C20H20
+, and Mg@C20H20

2+, have shorter C-H bonds
compared to the ones of C20H20.

MP2//B3LYP and P3+ IEs of all the species are given in Table 1. Only for Li@C20H20 AIE1 obtained by full
MP2 geometry optimizations and the values is 2.410 eV. The difference between aforementioned value and
the MP2//B3LYP AIE1 of Li@C20H20 is only 0.001 eV (see Table 1). This shows that MP2//B3LYP IEs of
M@C20H20 are reliable. Several basis sets were implemented at P3+ to obtain VIE1 of Li@C20H20, i.e., (1)
IE1(Li:TZ, C:TZ, H:TZ) = 1.818 eV, (2) IE1(Li:TZ, C:TZ, H:ATZ) = 2.373 eV, (3) IE1(Li:TZ, C:ATZ, H:TZ) = 2.337
eV, (4) IE1(Li:ATZ, C:TZ, H:TZ) = 2.329 eV, (5) IE1(Li:TZ, C:ATZ, H:ATZ) = 2.366 eV, (6) IE1(Li:ATZ, C:TZ, H:ATZ)
= 2.350 eV, (7) IE1(Li:ATZ, C:ATZ, H:TZ) = 2.353 eV, (8) IE1(Li:ATZ, C:ATZ, H:ATZ) = 2.351 eV, (9)
IE1(Li:TZ, C:TZ, H:DATZ) = 2.350 eV. All the basis sets except (1) have diffuse basis functions and predicted
~2.3 eV IE1.

The IE1s of naked Li (5.392 eV) and Na (5.139 eV) are bigger (approximately by 3 eV) compared to
those of Li@C20H20 to Na@C20H20.60 The reported B3LYP/6-311+G(d,p) VIE1s of Li@C20H20 (2.77 eV),
Na@C20H20 (2.67 eV), and Mg@C20H20 (3.43 eV) by Moran et al.41 are ~0.4 eV bigger compared to the cal-
culated P3+ values in this study. Since each Li@C20H20, Na@C20H20, and Mg@C20H20 possesses a lower IE1
than that of cesium atom, i.e., experimental IE1Cs = 3.894 eV60, they can be categorized as superalkalis.61

Figure 1. Top view (a) , side view (b) , and HOMO (c) of Li@C20H20

Table 1. Optimized bond distances (Å) at B3LYP, relative energies under MP2//B3LYP (ΔE, eV), and
negative of vertical electron binding energies (-VEBE, eV) obtained with P3+ of MC20H20 species. B3LYP
and MP2 results obtained under M:ATZ, C:ATZ, H:ATZ basis set. P3+ values are from M:TZ, C:TZ,
H:DATZ set.

Species Geometric parameters Geometric parameters Geometric parameters ΔE (MP2) -VEBE (P3+)

M-C C-C C-H

3
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. Species Geometric parameters Geometric parameters Geometric parameters ΔE (MP2) -VEBE (P3+)

Li@C20H20 2.191 1.564 1.089 0.000 0.000
Li@C20H20

+ 2.194 1.566 1.085 2.411 2.350
Na@C20H20 2.215 1.581 1.088 0.000 0.000
Na@C20H20

+ 2.218 1.583 1.083 2.315 2.270
Mg@C20H20 2.215 1.581 1.096 0.000 0.000
Mg@C20H20

+ 2.220 1.584 1.090 3.250 3.029
Mg@C20H20

2+ 2.220 1.585 1.082 9.603 9.010
C20H20 - 1.551 1.089 - -

3.2 Excited States Analysis

The electron present in the superatomic s-orbital of the ground state of M@C20H20 (M = Li, Na, Mg+)
populates p-, d-, f-, g-superatomic orbitals in excited states. Ab initio electron propagator theory methods
are ideal to study excited states of such systems efficiently with high accuracy.42,43,47 Using D2, P3, and
P3+ levels of this theory excitation energies of M@C20H20(M = Li, Na, Mg+) were obtained by calculating
the vertical electron affinities of M@C20H20(M = Li+, Na+, Mg2+). Computed electron attachment energies
and corresponding pole strengths of all the species are included in the Tables S3, S5, S7, S9, S11, S13, S15,
S17, S19, S21, and S23.

3.2.1. Li@C20H20

In the past we found that M:TZ, N/O:TZ, H:DATZ basis set is capable of providing accurate excitation
energies for SEPs.43,44A similar basis set combination [M:TZ, C:TZ, H:DATZ; basis set (9)] was adopted to
study excited states of Li@C20H20 under D2, P3, and P3+ levels of theory. Under this basis set ten excited
states reside within its IE1 limit (see the values reported in the Table 2). The first excited state (2T1u) lies
0.398 eV above the ground state at P3+ level and the unpaired electron occupies a p-type superatomic orbital
(see Figure 2). The second excited state (12Hg at 0.956 eV) bear 1d1 superatomic electron configuration.
After that this electron jumps to 2s and 1f superatomic orbitals. Note thatIh symmetry splits 1f or 1g shells
into two non-degenerate components. Specifically, the 1f1electronic configuration caries by the 12T2u (1.417
eV) and 12Gu (1.477 eV) states. The 2p, 2d 1g, and 2f shaped orbitals are occupied in next five excited
states (1.460-2.247 eV range). The 1g1 configuration belongs to two non-degenerate 2Gg and2Hg states.
The2Gg state of Li@C20H20 lies at 1.914 eV but the2Hg is not bound. Overall, the observed superatomic
Aufbau principle of Li@C20H20 at all levels is 1s, 1p, 1d, 2s, 1f, 2p, 2d, 1g, 2f. Shapes of selected 1s, 1p, 1d,
1f, and 1g superatomic orbitals are given in Figure 2. Interestingly, it is identical to the Aufbau rule that we
introduced for Be(NH3)4

+ SEP (1s, 1p, 1d, 2s, 1f, 2p, 2d).43 In overall, P3+ values are lower than D2 but
bigger than P3 numbers for all the excitations except for the 1s - 2s transition (see Table 2). The excitation
energy differences between P3+ and P3 are small (0.003-0.008 eV). The discrepancy between P3+ and D2
energies are within 0.014-0.057 eV.

Several other basis sets were also probed for Li@C20H20 (see the values under basis set (1) - (8) of Table 2).
Only the P3+ vertical excitation energies are listed in Table 2 and corresponding D2 and P3 values are listed
in the ESI (Table S4, S6, S8, S10, S12, S14, S16, and S18). In all the cases the first excitation corresponds
to 1s - 1p transition. The smallest basis set [basis set (1)] underestimates the first excitation energy by
0.225 eV compared to the basis set (9). Interestingly, at the basis set (1) only one more excited state is
bound. The second excited state is at 1.285 eV and the shape of the populating orbital does not resemble
a superatomic orbital. The addition of augmented set of basis functions to H-atoms increased the number
of bound excited states up to six (see the values under basis set (2) in Table 2). The 1s - 1p transition at
basis set (2) is 0.033 eV greater than the corresponding value at basis set (9). Similar to the basis set (9),
the second transition at the basis set (2) is 1s - 1d but higher in energy (0.956 vs 1.147 eV). At basis set (2)
the orbital that populates the third excited state does not resemble a superatomic orbital shape (see b2 in
Table 2). After that the electron promotes to 1f (12T2u and 12Gu) and 2s superatomic orbitals. Under the
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. basis set (3) 1s - non-superatomic electron transitions are absent. The observed orbital model at this level
is 1s, 1p, 1d, 1f, 2p which is different from the one predicted by bigger basis set (9). Similarly, at basis set
(4) only five excited states are bound. Basis set (5) predicts three 1s - non-superatomic excitations that give
rise to 22Ag, 12T2u, and 22T1u states. Under the basis sets (6) and (7) the electron populates 1s, 1p, 1d, 2s,
2p, 1f superatomic orbitals in energy order with only one non-superatomic state.

Even though the basis set (8) has more basis functions than basis set (9) it describes only six bound excited
states, and the orbital order is 1s, 1p, 1d, 2s, 2p, 1f. This shows the importance of doubly augmentation on
H-atoms for accurate representation of excited states of these systems. Based on this conclusion the basis
set (9) was applied to study excited states of Na@C20H20 and Mg@C20H20

+.

Table 2. Calculated vertical excitation energies (eV) of Li@C20H20 by electron propagator methods under
various basis sets. States are ordered according to P3+ excitation energies obtained at Li:TZ, C:TZ, H:DATZ
set [basis set (9)] and collected into quasi-degenerate, superatomic shells.

State Superatomic shell Basis set Basis set Basis set Basis set Basis set Basis set Basis set Basis set Basis set Basis set Basis set

9 9 9 1 2 3 4 5 6 7 8
Li TZ TZ TZ TZ TZ TZ ATZ TZ ATZ ATZ ATZ
C TZ TZ TZ TZ TZ ATZ TZ ATZ TZ ATZ ATZ
H DATZ DATZ DATZ TZ ATZ TZ TZ ATZ ATZ TZ ATZ

1270 a 1270 a 1270 a 910 a 1090 a 1230 a 926 a 1410 a 1106 a 1246 a 1426 a

Excitation energies Excitation energies Excitation energies Excitation energies Excitation energies Excitation energies Excitation energies Excitation energies Excitation energies Excitation energies Excitation energies
D2 P3 P3+ P3+ P3+ P3+ P3+ P3+ P3+ P3+ P3+

12Ag 12S 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
12T1u 12P 0.426 0.394 0.398 0.173 0.431 0.389 0.405 0.412 0.397 0.400 0.396
12Hg 12D 1.007 0.949 0.956 - 1.147 1.157 1.819 1.038 1.099 1.171 1.028
22Ag 22S 1.262 1.279 1.276 - 2.268 - 1.711 b51 1.299 1.381 1.278
12T2u 12F 1.469 1.410 1.417 - 1.746 1.677 - b52 1.724 1.684 1.599
12Gu 12F 1.534 1.469 1.477 - 1.884 1.950 - 1.685 1.858 1.952 1.670
22T1u 22P 1.483 1.457 1.460 b1 b2 2.218 1.707 b53 1.595 1.557 1.529
22Hg 22D 1.846 1.798 1.804 - - -
12Gg 12G 1.971 1.906 1.914 - - -
22T2u 22F 2.109 2.076 2.080 - - -
22Gu 22F 2.298 2.240 2.247 - - -
32T1u - b4 b6 b7

a = Total number of basis functions of the basis set.

b1 = 1.285 eV, b2 = 1.659 eV, b4 = 1.625 eV, b51 = 1.791 eV, b52 = 1.614 eV,b53 = 2.156 eV, b6 = 1.806
eV, and b7 = 1.851 eV vertical excitation energies do not correspond to superatomic shells.
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.

Figure 2. Dyson orbitals correspond to vertical electron attachment of Li@C20H20
+ (Li:TZ, C:TZ, H:DATZ

basis set). Dyson orbitals of Li@C20H20
+, Na@C20H20

+, and Mg@C20H20
2+ have identical shapes.

3.2.2. Na@C20H20 and Mg@C20H20
+

The superatomic shell series of Na@C20H20 is identical to the Li@C20H20 (see Table 3). The first excitation
energy of Na@C20H20 is approximately 5.5 times smaller than that of Na atom (0.382 vs 2.10 eV).62 Com-
pared to Li@C20H20, the excitation energies of Na@C20H20 are lower by 0.016-0.085 eV at P3+ level. This
is consistent with what we have seen for Li(NH3)4 and Na(NH3)4 superatoms where the excitation energies
of the former is greater than the latter by 0.06-0.15 eV.42 Similar to the Li@C20H20, the P3+ excitation
energies are greater than P3 but lower than D2, except for the 1s - 2s transition. For all the states P3 and
P3+ values are nearly identical (see Table 3).

Mg@C20H20
+ has higher excitation energies compared to Na@C20H20 because of the greater Coulom-

bic attraction between the charged center (Mg@C20H20
2+) and the diffuse electron. The shell model of

Mg@C20H20
+ is slightly different from the one of Li@C20H20 or Na@C20H20. Specifically, up to 1g it is

identical to the Li@C20H20 or Na@C20H20. Unlike Li@C20H20 and Na@C20H20, both2Gg and2Hg of 1g of
Mg@C20H20

+ are bound. For Mg@C20H20
+ case the 3s populates after the 1g. Notice that 3s shell does not

populate in either Li@C20H20 or Na@C20H20. After that 2f, 2g, 3p, and 3f superatomic orbitals are being
populated. Within the considered 0.000-4.782 eV range, only 2Gg of 2g and 2T2u of 3f are bound. Overall,
the introduced shell model for Mg@C20H20

+ is 1s, 1p, 1d, 2s, 1f, 2p, 2d, 1g, 3s, 2f, 2g, 3p, 3f.

Table 3. The ten lowest vertical excitation energies (eV) for Na@C20H20 at the D2, P3, and P3+ levels
of theory with the Na:TZ, C:TZ, H:DATZ basis sets. The states are ordered according to P3+ excitation
energies and collected into quasi-degenerate, superatomic shells.
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. State Superatomic shell Excitation energy Excitation energy Excitation energy

D2 P3 P3+
12Ag 12S 0.000 0.000 0.000
12T1u 12P 0.405 0.378 0.382
12Hg 12D 0.914 0.872 0.878
22Ag 22S 1.243 1.254 1.253
12T2u 12F 1.373 1.330 1.336
12Gu 12F 1.439 1.391 1.397
22T1u 22P 1.429 1.404 1.408
22Hg 22D 1.752 1.720 1.725
12Gg 12G 1.875 1.827 1.833
22T2u 22F 2.008 1.993 1.995
22Gu 22F 2.201 2.159 2.165

Table 4. The fifteen lowest vertical excitation energies (eV) for Mg@C20H20
+ at the D2, P3, and P3+ levels

of theory with the Mg:TZ, C:TZ, H:DATZ basis sets. The states are ordered according to P3+ excitation
energies and collected into quasi-degenerate, superatomic shells.

Final State superatomic shell Excitation energy Excitation energy Excitation energy

D2 P3 P3+
12Ag 12S 0.000 0.000 0.000
12T1u 12P 1.323 1.099 1.134
12Hg 12D 2.188 1.912 1.954
22Ag 22S 2.553 2.480 2.487
12T2u 12F 2.524 2.283 2.320
12Gu 12F 3.119 2.816 2.861
22T1u 22P 3.420 3.166 3.204
22Hg 22D 3.795 3.514 3.556
12Gg 12G 3.921 3.610 3.656
32Hg 12G 3.642 3.422 3.456
32Ag 32S 3.448 3.588 3.556
22T2u 22F 3.960 3.697 3.737
22Gu 22F 4.314 4.010 4.055
22Gg 22G 4.703 4.401 4.446
32T1u 32P 4.871 4.672 4.702
32T2u 32F 5.025 4.739 4.782

4. CONCLUSIONS

High-level quantum calculations were performed to study ground and excited states of endohedral M@C20H20

(M = Li, Na, Mg+). Ground state of each Li@C20H20, Na@C20H20, and Mg@C20H20
+ has an electron in a

pseudo spherical s-type orbital positioned around Li@C20H20
+, Na@C20H20

+, and Mg@C20H20
2+ skeletons.

In excited states they populate higher angular momentum p-, d-, f-, g-type superatomic orbitals. Excited
states of Li@C20H20 were investigated under several basis sets. M:cc-pVTZ, C:cc-pVTZ, H:d-aug-cc-pVTZ
combination accurately represent ground and excited electronic structures of these superatoms. The proposed
shell model of Li@C20H20 and Na@C20H20 is 1s, 1p, 1d, 2s, 1f, 2p, 2d, 1g, 2f. The series of Mg@C20H20

+ is
1s, 1p, 1d, 2s, 1f, 2p, 2d, 1g, 3s, 2f, 2g, 3p. Excitation energies of Li@C20H20 are bigger than Na@C20H20 but
lower compared to the Mg@C20H20

+. We believe these findings will be useful for future studies on similar
superatomic systems.
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