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Abstract. Quantum chemical calculations using ab initio methods at the CCSD(T) level 

and density functional theory have been carried out for the title molecules. The 

electronic structures of the molecules were analyzed with a variety of charge- and 

energy decomposition methods. The equilibrium geometries of the M2O2 rhombic 

clusters exhibit very short distances between the transannular metal atoms M = Be, Mg, 

Ca. The calculated distances are close to standard values between double and triple 

bonds but there are no chemical M-M bonds. The metal atoms M carry large positive 

partial charges, which are even bigger than in diatomic MO. The valence electrons of M 

are essentially shifted toward oxygen in M2O2, which makes it possible that there is 

practically no electronic charge in the region between the metal atoms. The bond 

dissociation energies for fragmentation of M2O2 into two metal oxides MO are very 

large. The metal-oxide bonds in the rhombic clusters are shorter and stronger than in 

diatomic MO. A detailed analysis of the electronic structure suggests that there is no 

significant direct M-M interaction in the M2O2 rhombic clusters, albeit weak 

three-center M-O-M bonding. 
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1. Introduction 

 

Covalent bonds are usually associated with interatomic distances that give rise to 

standard values for single and multiple bonds.1-3 Very short distances are typically 

considered as indicator for high bond order and relatively strong bonds. A recent joint 

experimental and theoretical study reported an unusual situation in which a Be2O2 

rhombus stabilized by two noble gas atoms (Ng-Be2O2-Ngʹ) features a very short 

metal-metal distance of ~1.75 Å that conforms to a standard value between double and 

triple bond and yet, no direct Be-Be bonding was found.4 Calculations showed that the 

Be2O2 cluster changes very little when it is coordinated by the noble gas atoms, which 

means that the bare Be2O2 species features a short distance/no bond scenario. A similar 

situation was reported for other Be-Be molecules5-6 and also for compounds with short 

Si-Si distances.7-11  

 

The cited examples suggest unusual electronic structures in the molecules, which 

deserve to be analyzed in more detail with modern quantum chemical methods. We 

were curious to see how the peculiar (no)bonding situation shows up in a variety of 

methods for bonding analysis and whether it is also found in the heavier homologues of 

beryllium. To this end we calculated the rhombic clusters M2O2 of the earth alkaline 

elements M = Be, Mg, Ca using the previous4 study of Be2O2 as reference. We have 

employed for this purpose a range of widely used theoretical tools, including quantum 

theory of atoms in molecules (QTAIM),12 natural bond order (NBO) analysis,13 

domain-averaged Fermi hole (DAFH) analysis,14-20 energy decomposition analysis in 

conjunction with natural orbitals for chemical valence (EDA-NOCV),21-24 and adaptive 

natural density partitioning (AdNDP),25 that have proved useful in revealing the nature 

of the bonding in various molecules with non-trivial bonding patterns.  

 

2. Theoretical methods 

 Full geometry optimizations of the M2O2 molecules in D2h symmetry were 

performed using coupled-cluster theory26-33 with single and double excitation (CCSD) 

in conjunction with all-electron triple-zeta cc-pVTZ basis set34-35 as implemented in the 

MOLPRO 2012 software package36 and available at the EMSL basis set exchange.37 

Vibrational frequency calculations were carried out, which show that the optimized 
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species are minima on the potential energy surface. The reaction energies for the 

dimerization reaction 2 MO → M2O2 were calculated at the CCSD(T)/cc-pVTZ level 

using the CCSD/cc-pVTZ optimized geometries. The partial charges and Wiberg bond 

indices were calculated with the NBO program 6.1 using the program package Gaussian 

16.38 The QTAIM analysis was performed using AIMAll.39 The EDA-NOCV 

calculations were performed with density functional theory (DFT) at the 

BP8640-41/TZ2P42 level using the Amsterdam Density Functional (ADF 2016.101) 

program.43  

 Further visual insights into the nature of the bonding were obtained by performing 

isopycnic localization44 of the CCSD/cc-pVTZ natural orbitals, by calculating 

three-center bonding indices, and by carrying out domain-averaged Fermi hole (DAFH) 

analysis14-20 for the M and O QTAIM domains, using our own codes. Such DAFH 

analysis formally requires use of the pair density but, when that is not available, we may 

use instead an approximation45 that requires only the natural orbital occupation 

numbers.18 Additionally, AdNDP analysis25 was performed at the B3LYP/cc-pVTZ level 

using the Multiwfn 3.4.0 program46. 

 

3. Results and Discussion 

 Figure 1 shows the optimized geometries of the diatomic molecules MO and the 

rhombic structures M2O2. The calculated bond lengths of the monomers are in good 

agreement with the experimental values.47 The dimers M2O2 possess rather acute angles 

at oxygen M-O-M, which are well below 90o for Be2O2 and Mg2O2 while Ca2O2 is a 

near square with a Ca-O-Ca angle of 91.4o. The M-O distances in M2O2 are stretched by 

~0.1 - 0.2 Å with regard to the monomers. The M-M distances in all M2O2 species are 

quite short. The Be-Be distance of 1.717 Å is close to a standard value for a triple bond 

(1.70 Å), the Mg-Mg distance of 2.367 Å is even shorter than the reference value for a 

triple bond (2.54 Å) while the Ca-Ca distance (2.954 Å) is close to a double bond length 

(2.94 Å).1-3 The standard values for single, double and triple bonds M-M are shown in 

Table 1. 

Figure 1, Table 1 

 The dimerization energies of the process 2 MO → M2O2 are very large. Table 2 
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shows that the bond dissociation energy (BDE) of Be2O2 is De = 162.7 kcal/mol. 

Somewhat smaller but still very large BDEs are calculated for Mg2O2 (De = 130.2 

kcal/mol) and Ca2O2 (De = 121.5 kcal/mol). The positive values for the atomic partial 

charges at the metal atoms in MO increase even further in M2O2 (Table 2), which 

indicates a higher ionic character in the dimers. This is corroborated by the Wiberg bond 

indices of the M-O bonds P(M-O), which become much smaller in the dimers ( 0.32 - 

0.56) than in the monomers (0.89 - 1.16). The calculated bond orders P(M-M) are very 

small in spite of the very short M-M distances. The theoretical values of P(M-M) are 

between 0.03 and 0.06, which indicates that there is hardly any covalent M-M 

interaction.  

Table 2, Figure 2 

 The absence of M-M bonding interactions in the rhombic dimers M2O2 is further 

supported by QTAIM analysis of the electronic structures. Figure 2 shows the Laplacian 

distributions 2ρ(r) along with the bond paths and the critical points of the molecules. 

There are areas of charge concentration at the valence space around the oxygen atoms 

(2ρ(r) > 0, red dashed lines) while the metal atoms exhibit charge depletion in the 

valence space (2ρ(r) < 0, blue solid lines). The red dashed lines around the nuclei of 

Mg and Ca indicate the outermost core electrons. The 1s core electrons are omitted. The 

Laplacian distributions of M2O2 are in agreement with the calculated partial charges. 

There are four bond critical points (bcp) and four bond paths for the M-O bonds in 

M2O2 but there is no bcp nor a bond path along the M-M axis. There is a bcp and a bond 

path along the O-O axis in Be2O2 and Mg2O2, although the oxygen-oxygen distances are 

very long. This does not indicate a genuine chemical bond48 but it rather comes from the 

gradient of the electronic charge in the plane of the dimers. There is no O-O bcp in  

Ca2O2. There are two ring critical points close to the O-O bcp in Be2O2 and Mg2O2, 

because the topology of the charge distributions exhibits a bicyclic structure. The 

topology of the Laplacian distribution of Ca2O2 suggests a rectangular cyclic structure. 

The most important result of the QTAIM calculations is the support of the absence of 

M-M bonding in the rhombic dimers M2O2. 

Table 3 

 We analyzed the electronic structure with the combined charge- and energy 

decomposition analysis EDA-NOCV. Table 3 shows the numerical results of the 
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calculation where two MO monomers are taken as interacting fragments. The  

calculated BDEs at the  BP86(D3)/TZ2P+ level have very similar values as the 

CCSD(T)/cc-pVQZ results. The intrinsic interaction energies ΔEint at BP86(D3)/TZ2P+ 

are only slightly smaller larger than the BDEs, because the preparation energies ΔEprep, 

which are due to the bond lengthening of the MO monomers in M2O2, are rather small. 

Thus, the ΔEint values may be taken for analyzing the nature of the dimerization process. 

The calculations suggest that they have a higher electrostatic (ionic) than covalent 

character. The orbital interactions ΔEorb provide 35% - 43% of the total attraction. The 

most interesting information comes from the pairwise interactions of ΔEorb. Table 3 

gives the list of the six strongest pairs ∆Eorb(1) - ∆Eorb(6), which comprise 97% - 96% of 

∆Eorb. The connected deformation densities Δρ and the associated most important 

interacting orbitals of Be2O2 are shown in Figure 3. The deformation densities Δρ and 

the interacting orbitals of the heavier homologues Mg2O2 and Ca2O2 are very similar. 

They are given in Figures S1 and S2 of Supporting Information. 

Figure 3 

 The strongest pair interaction ∆Eorb(1) comes from HOMO→LUMO donation that 

involves the in-plane π component of the HOMO (Figure 3). The second strongest 

donation ∆Eorb(1) arises from HOMO-1→LUMO donation. The associated deformation 

densities illustrate the formation of the new Be-O bonds. Note that there is in both cases 

also a blue area of charge accumulation at the centre of ring. This might be the reason 

that the QTAIM analysis identifies an O-O bcp (Fig. 2a). The pair contributions ∆Eorb(3) 

and ∆Eorb(5) indicate out-of-plane π interactions from the π' component of the HOMO 

into the π'-antibonding LUMO+1 (∆Eorb(3)) and the energetically high-lying LUMO-10, 

which comes from the polarization functions. The latter contribution signals a 

comparatively weak π' delocalization. The pair contribution ∆Eorb(4) comes from the 

in-plane π component of the HOMO of the fragments, which interact with the LUMO+1 

and LUMO+3. The weakest pair contribution ∆Eorb(6) is due to the charge donation from 

the HOMO-1 into a mixing of the LUMO+4 and HOMO, which is partly depleted in the 

pair interactions ∆Eorb(1) and ∆Eorb(4). 

 In order to reveal further visual insights into the nature of the bonding interactions, 

we carried out isopycnic localization of the CCSD/cc-pVTZ natural orbitals. We note 

that the resulting localized natural orbitals (LNOs) are necessarily the same as the 
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functions obtained when applying DAFH analysis for the hole averaged over the union 

of all the QTAIM domains in the molecule. It proved straightforward by visual 

inspection to identify the eight valence LNOs for each cluster. As can be seen from 

Figure 4, four of the valence LNOs correspond to fairly localized M-O σ bonds that 

form the main skeleton of the cluster and two σ valence LNOs correspond to distorted 

2s2 quasi-lone pairs on O atoms. The two remaining valence LNOs take the form of 

distorted O(2pπ) functions that are sufficiently deformed towards neighboring M atoms 

so as to suggest the existence of some degree of delocalized three-center two-electron 

(3c-2e) π bonding within the M-O-M moieties. As such, it proves informative to 

examine the values of appropriate 3c M-O-M bonding indices. 

Figure 4 

 From the plethora of definitions of correlated 3c indices,49-54 we chose the 

QTAIM-generalized one reported by Cooper et al.54 that has the advantage of 

maintaining exact normalization. Although relatively small, the resulting M-O-M 3c 

bond indices (0.013, 0.017 and 0.041 for M=Be, Mg, Ca) are not negligible. Further 

analysis shows that the main contributions do in fact arise from the two adjacent M-O σ 

bonds, with smaller contributions from the deformed O(2pπ) functions and practically 

none from the distorted O(2s2) quasi-lone pairs. The observation here of an in-phase 

combination of positive contributions to 3c indices from 3c-4e σ and 3c-2e π 

interactions (see Table S1 in the Supporting Information), even though 3c-4e situations 

more usually correspond to negative values, can easily be rationalized using simple 

Hückel-like models.20  

 For a hole averaged over a single QTAIM domain, DAFH analysis provides 

information about the core and lone pairs retained in that fragment as well as about the 

broken or dangling valences that are created by the formal splitting of bonds so as to 

isolate this particular fragment from the rest of the molecule. The broken valences 

arising from DAFH analysis at the CCSD/cc-pVTZ level for the M and O QTAIM 

domains are shown in Figure 5, together with their associated populations, nM and nO. 

For all three clusters, the close visual resemblance of the complementary functions 

associated with the M and O fragments of the formally broken M-O bond indicates a 

character of more-or less ordinary shared electron pair bonds, with nM + nO ≈ 2. On the 

other hand, the considerable differences between nM and nO for a given cluster indicate 
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that the bonding electron pairs of the M-O bonds are shared extremely unevenly, 

consistent with the high polarity of the bonding in these systems. 

Figures 5, 6 

 The corresponding pictures for LNOs and DAFH functions at the B3LYP and 

full-valence CASSCF levels (in the latter case explicitly using the pair density) turn out 

to be little changed from those shown in Figures 4 and 5 (see Figures S3-S4 in the 

Supporting Information). Independent corroboration for the distribution of electrons 

revealed by the various sets of valence LNOs is provided by the results of AdNDP 

analysis, shown in Figure 6, which also detects the M-O σ bonds, the quasi-2s2 lone 

pairs on O atoms and the distorted π functions in the M-O-M moieties. 

 

4. Summary 

 

 The results of this work may be summarized as follows. The equilibrium 

geometries of the M2O2 rhombic clusters exhibit very short distances between the 

transannular metal atoms M = Be, Mg, Ca. The calculated distances are close to 

standard values between double and triple bonds but there are no chemical M-M bonds. 

The metal atoms M carry large positive partial charges, which are even bigger than in 

diatomic MO. The valence electrons of M are essentially shifted toward oxygen in 

M2O2, which makes it possible that there is practically no electronic charge in the region 

between the metal atoms. The bond dissociation energies for fragmentation of M2O2 

into two metal oxides MO are very large. The metal-oxide bonds in the rhombic clusters 

are shorter and stronger than in diatomic MO. A detailed analysis of the electronic 

structure suggests that there is no significant direct M-M interaction in the M2O2 

rhombic clusters, but there is evidence for a small degree of three-center bonding 

character in the M-O-M moieties. 

 

 

Supporting Information. Two figures S1 and S2 showing the deformation densities Δρ 

and the interacting orbitals of the dimers Mg2O2 and Ca2O2. Figures S3 and S4 showing 

the valence LNOs at the B3LYP/cc-pVTZ and CASSCF/cc-pVTZ levels of theory. 

Table S1 giving the contributions by symmetry to the total QTAIM-generalized M-O-M 

3c bond indices. 
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Captions and legends 

 

Figure 1. Calculated geometries of monomers MO and dimers M2O2 (M = Be, Mg, Ca) 

at CCSD(T)/cc-pVTZ. Bond lengths in Å, angles in degree.  Experimental values47 are 

given in parentheses.  

 

Figure 2. Plot of the Laplacian distribution 2ρ(r) of Be2O2, Mg2O2 and Ca2O2 at the 

CCSD/CC-PVTZ level. Red dashed lines indicate areas of charge concentration (2ρ(r) 

< 0) while solid blue lines show areas of charge depletion (2ρ(r) > 0). The solid lines 

connecting the atomic nuclei are the bond paths. Green dots are bond critical points, red 

dots are ring critical points. 

 

Figure 3. Plot of the deformation densities Δρ1-6 of the pairwise orbital interactions 

between the two BeO fragments in their singlet (S) states in Be2O2 and shape of the 

associated most important MOs of the fragments. The eigenvalues ν indicate the size of 

the charge flow. The direction of charge flow in the deformation densities is red→blue. 

 

Figure 4. Valence LNOs and the corresponding occupation numbers (shown below the 

qualitative descriptions) at the CCSD/cc-pVTZ level of theory. Isosurface values are 

0.05 (left) and 0.02 (right), as indicated. 

Figure 5. Localized DAFH functions and their populations (shown below the contours) 

corresponding to the broken valences of M-O bonds resulting from the analysis of 

complementary holes averaged over M and O QTAIM domains at the CCSD/cc-pVTZ 

level of theory. The isosurface value is 0.05. 

Figure 6. AdNDP chemical bonding analyses at the B3LYP/cc-pVTZ level of theory, 

with the occupation numbers shown below the qualitative descriptions. Isosurface 

values are 0.05 (left) and 0.02 (right), as indicated. 
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deformation densities Δρ interacting MOs 

 

ν1 = ±0.605 

ΔEorb(1) = -93.4 kcal/mol 

      

frag1-1π(HOMO)    frag2-1π(HOMO) 

 

        

frag1-3σ(LUMO)      frag2-3σ(LUMO) 

 

 

ν2 = ±0.717 

ΔEorb(2) = -45.6 kcal/mol 

      

frag1-2σ(HOMO-1)    frag2-2σ(HOMO-1)  

 

        

frag1-3σ(LUMO)         frag2-3σ(LUMO) 

 

ν3 = ±0.570 

ΔEorb(3) = -35.8 kcal/mol 

           

frag1-1π'(HOMO)       frag2-1π'(HOMO) 

 

        

frag1-2π'(LUMO+1)   frag2-2π'(LUMO+1)  
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ν4 = ±0.233 

ΔEorb(4) = -15.8 kcal/mol 

 

      

frag1-1π (HOMO)      frag2-1π (HOMO) 

 

   

 frag1-2π    frag1-5σ     frag1-2π   frag1-5σ 

LUMO+1  LUMO+3   LUMO+1    LUMO+3 

 

ν5 = ±0.158 

ΔEorb(5) = -7.9 kcal/mol 

           

frag1-1π'(HOMO)       frag2-1π'(HOMO) 

 

            

frag1-1δ (LUMO+10)    frag2-1δ(LUMO+10) 

 

ν6 = ±0.152 

ΔEorb(6) = -5.4 kcal/mol 

 

      

frag1-2σ(HOMO-1)      frag2-2σ(HOMO-1)  

 

    

frag1-5σ   frag1-1π    frag2-5σ       frag2-1π 

(LUMO+4) (HOMO)    (LUMO+4)     (HOMO) 

              

                   Figure 3 



19 

 

 
 

             Figure 4 
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             Figure 5 
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             Figure 6 
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Table 1. Standard values for E-E (E = Be, Mg, Ca) single, double and triple bonds 

lengths [Å] according to ref. 1-3. 

 

 Be-Be Mg-Mg Ca-Ca 

Single 2.04 2.78 3.42 

Double 1.80 2.64 2.94 

Triple 1.70 2.54 2.66 
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Table 2. Bond dissociation energies De (kcal/mol) for the reaction M2O2 → 2 MO and 

NBO atomic partial charges q and Wiberg bond orders P at the CCSD(T)/cc-pVQZ 

level.  

 

 

 De q(M) q(O) P(M-M) P(M-O) 

BeO - 1.31 -1.31 - 1.16 

Be2O2 162.7 1.37 -1.37 0.06 0.56 

MgO - 1.29 -1.29 - 1.05 

Mg2O2 130.2 1.65 -1.65 0.03 0.32 

CaO - 1.52 -1.52 - 0.89 

Ca2O2 121.5 1.61 -1.61 0.04 0.37 

 

 

 



24 

 

 

Table 3. EDA-NOCV results of E2O2 using the singlet (S) fragments EO (E = Be, Mg, 

Ca) at the BP86(D3)/TZ2P+ level of theory using the CCSD(T)/cc-pVTZ optimized 

geometries.  . Energy values are given in kcal/mol. 

Fragments BeO (S) + BeO (S) MgO (S) + MgO (S) CaO (S) + CaO (S) 

∆Eint -172.0 -132.5 -134.0 

∆EPauli 306.9 206.1 180.7 

∆Eelstat
[a] -269.7 (56.3%) -218.6 (64.6%) -195.5 (62.1 %) 

∆Eorb
[a] -208.0 (43.4%) -118.1 (34.9%) -117.3 (37.3 %) 

∆Edisp
[a] -1.2 (0.3%) -1.9 (0.5%) -1.9 (0.6 %) 

∆Eorb(1)
[b] (σ) -93.4 (44.9%) -43.6 (36.9%) -34.2 (29.2 %) 

∆Eorb(2)
[b] (σ) -45.6 (21.9%) -42.0 (35.6%) -27.0 (23.0 %) 

∆Eorb(3)
[b] (π) -35.8 (17.2%) -13.7 (11.6%) -13.2 (11.3 %) 

∆Eorb(4)
[b] (σ) -15.8 (7.6%) -6.1 (5.2%) -16.8 (14.3 %) 

∆Eorb(5)
[b] (π) -7.9 (3.8%) -4.7 (4.0%) -11.4 (9.7 %) 

∆Eorb(6)
[b] (σ) -5.4 (2.6%) -5.7 (4.8%) -11.1 (9.5 %) 

∆Eorb(rest) -4.1 (2.0%) -2.3 (1.9%) -3.6 (3.0 %) 

∆Eprep 15.5 5.0 25.9 

∆Ec (= -De) -156.5 -127.5 -108.1 

 

aThe values in parentheses give the percentage contribution to the total attractive 

interactions ΔEelstat + ΔEorb + ΔEdisp. 

bThe values in parentheses give the percentage contribution to the total orbital 

interactions ΔEorb 

c∆E = ∆Eint - ∆Eprep 
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