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Abstract 

Motivated by the known stability of the somewhat unusual Be2O2 rhombus, which features a short 

BeBe distance but no direct metal-metal bonding, we investigate the nature of the bonding 

interactions in the analogous clusters MM′O2 (M, M′ = Be, Mg, Ca). CCSD/cc-pVTZ and 

CCSD(T)/cc-pVQZ calculations, amongst others, are used to determine optimized geometries and 

the dissociation energies for splitting the MM′O2 clusters into metal oxide monomers. The primary 

tools used to investigate the chemical bonding are the analysis of domain-averaged Fermi holes, 

including the generation of localized natural orbitals, and the calculation of appropriate two- and 

three-center bond indices. Insights emerging from these various analyses concur with earlier studies 

on the M2O2 rhombic clusters in denying the existence of direct metal-metal bonding in the MM′O2 

rings, while detecting the presence of weak three-center (3c) bonding in the MOM′ moieties. In 

general terms, these mixed MM′O2 clusters exhibit features that are intermediate between those of 

M2O2 and M′2O2, and the differences between the M and M′ atoms appear to have relatively little 

impact on the overall degree of 3c MOM′ bonding. 
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Introduction 

Extremely short interatomic distances in molecular systems are generally considered to signify the 

existence of strong bonding interactions between the corresponding atoms. Key examples in this 

respect include the binuclear complexes of transition metals such as Re, Cr, Mo and W, in which 

such interactions result in direct metal-metal bonds whose multiplicity often even exceeds the 

traditional limits known from organic chemistry [1-10]. A counterexample is provided by the 

recently reported unusual bonding situation in a Be2O2 molecule stabilized by two noble gas atoms 

(Ng−Be2O2−Ngʹ) [11] for which the unusually short BeBe distance is not supported by direct Be-Be 

bonding, with the same being true for the bare Be2O2 rhombus. In order to explore this surprising 

discovery in more detail, we recently reported [12] a systematic study of the picture of the bonding 

in three bare rhombic clusters M2O2 (M = Be, Mg, Ca) using theoretical tools involving various 

charge and energy decomposition methods. The analyses confirmed the conclusions of the original 

study [11] in denying the existence of direct metal-metal bonding but they also detected the 

presence of weak three-center (3c) MOM bonding. Our main aim in the present study is to 

complement our previous work [12] with an examination of the bonding interactions in the closely 

related mixed clusters MM′O2 (M, M′ = Be, Mg, Ca). In particular, we were interested to ascertain 

to what extent the descriptions of MM′O2 would exhibit features that are intermediate between 

those of M2O2 and M′2O2. We also wondered about the eventual impact on the overall degree of 3c 

bonding in the MOM′ moieties of the differences between the M and M′ atoms. 

Computational Methods 

The level of theory selected in our previous study [12] for geometry optimizations of M2O2 rhombic 

clusters was all electron coupled-cluster theory with single and double excitation (CCSD) using 

standard cc-pVTZ basis sets. This choice was made (after various tests of other methods and basis 

sets) because it can be expected to give reliable results for all of the clusters, and it could be shown 

to give good agreement with experimental results for the three metal oxide monomers. For much 

the same reasons, as well as compatibility with the previous work [12], full geometry optimizations 

of the M2O2 molecules in D2h symmetry and of the MMʹO2 molecules in C2v symmetry were 

performed using all electron CCSD, as implemented in the MOLPRO software package [13,14], 

using standard cc-pVTZ basis sets, sourced from the EMSL Basis Set Exchange [15]. The 

dissociation energies to metal oxide monomers were calculated at these geometries using single 

point all electron CCSD(T)/cc-pVQZ calculations, taking the basis sets from the same source. For 

comparison, we also performed some B3LYP calculations. 
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Analysis of the bonding interactions was performed for the CCSD/cc-pVTZ descriptions using 

various theoretical tools, including the analysis of domain-averaged Fermi holes (DAFHs) [16-23] 

for which the domains were taken to be combinations of those that arise in Bader’s well-known 

quantum theory of atoms in molecules (QTAIM) [24]. Except for the special case of the domain of 

the whole molecule, for which we obtain localized natural orbitals (LNOs), full DAFH analysis 

formally requires not only the one-electron density but also the pair density. When the latter is not 

readily available we may use instead a very reliable one-electron approximation [21] that is based 

on the natural orbital occupation numbers [25]. It was noted in our previous work on M2O2 clusters 

[12] that the pictures of DAFH functions generated at the CCSD/cc-pVTZ level using the 

one-electron approximation were little changed from those obtained for full-valence CASSCF 

wavefunctions, explicitly using the pair density. The CASSCF and CCSD LNOs were also found to 

be very similar to one another. These observations provide additional confidence in our use here of 

the one-electron approximation [21] for the DAFH analysis of the CCSD/cc-pVTZ descriptions of 

the M2O2 and MMʹO2 clusters. This DAFH analysis, which includes the isopycnic [26] localization 

of natural orbitals, was supplemented with an examination of selected two-center (2c) and 

three-center (3c) bond indices. 

Mayer has introduced an improved definition of 2c Wiberg-Mayer bond orders for correlated 

systems by replacing the spin-density matrix in the general expression by a suitably defined matrix 

R [27]. Amongst various advantages, such a formulation retrieves for correlated systems the same 

exact normalization that applies at the closed-shell SCF level. QTAIM-generalization [28] of this 

so-called ‘improved’ definition of Wiberg-Mayer 2c bond orders in the case of correlated singlet 

systems [27] leads to the following simple expression [22]: 

𝑊(Ω𝐴, Ω𝐵) =∑∑(𝜔𝐼𝜔𝐽 + 𝑅𝐼𝑅𝐽)⟨𝜙𝐼|𝜙𝐽⟩Ω𝐴
⟨𝜙𝐼|𝜙𝐽⟩Ω𝐵

𝐽𝐼

 

(1) 

in which 𝜙𝐼 is a natural orbital with occupancy 𝜔𝐼, ⟨𝜙𝐼|𝜙𝐽⟩Ω𝐴
 is a domain-condensed overlap 

integral (in which the integration is restricted to the domain Ω𝐴), and 𝑅𝐼
2 = 𝜔𝐼(2 − 𝜔𝐼). Total 

values of 𝑊(Ω𝐴, Ω𝐵) can easily be decomposed into separate contributions from the σ and π 

systems. 

Much the same strategy can be applied to the analogous Wiberg-Mayer-like definition of 3c 

indices, again replacing the spin-density matrix by R. The resulting expressions [23] do not, 

however, recover for correlated systems the exact normalization that applies for closed-shell SCF. 
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An alternative approach [29], motivated by the manner in which R is defined [27], involves the 

introduction of a suitably defined matrix Q [29], whose benefit is that it leads to indices that again 

satisfy the same exact normalization as in the case of closed-shell SCF. The corresponding 

QTAIM-generalized [28] ‘improved’ Wiberg-Mayer-like 3c index for correlated singlet systems 

(which maintains exact normalization) then takes the form [29]: 

𝑊(Ω𝐴, Ω𝐵, Ω𝐶) =
3!

4
∑∑∑(𝜔𝐼𝜔𝐽𝜔𝐾 + 𝑄𝐼𝑄𝐽𝑄𝐾)⟨𝜙𝐼|𝜙𝐽⟩Ω𝐴

⟨𝜙𝐽|𝜙𝐾⟩Ω𝐵
⟨𝜙𝐾|𝜙𝐼⟩Ω𝐶

𝐾𝐽𝐼

 

(2) 

where 𝑄𝐼
3 = 𝜔𝐼(2 + 𝜔𝐼)(2 − 𝜔𝐼). Total values of 𝑊(Ω𝐴, Ω𝐵, Ω𝐶) can also easily be decomposed 

into separate contributions from the σ and π systems. In practice, the rival definitions using either R 

[23] or Q [29] turn out to lead to very similar values for 3c bonding indices, and the correction 

terms are in any case rather small for the 3c quantities. This is because most of the improvement 

that leads to exact normalization affects instead the ‘monoatomic’ 𝑊(Ω𝐴, Ω𝐴, Ω𝐴) terms. 

All isopycnic localizations, DAFH analyses, and calculations of bond indices were performed 

using our own codes. The QTAIM analysis [24], including the calculation of domain-condensed 

overlap integrals, was carried out using AIMAll [30]. Pictorial depictions of LNOs and of DAFH 

functions were produced using Virtual Reality Markup Language (VRML) files generated with 

Molden [31], using the same isocontour value throughout. 

Results and Discussion 

Key bond lengths and angles for the optimized geometries of the clusters and of the metal oxide 

monomers are displayed in Figure 1. Analysis of the vibrational frequencies shows that all of these 

species represent true minima on the potential energy hypersurfaces. (The geometries for the M2O2 

rings and for the metal oxide monomers are the same as reported previously [12].) Although they 

can easily be deduced from the information provided in Figure 1, it proves convenient to list in 

Table 1 the MM′ distances, which are all fairly short, and the MOM′ angles, which are typically less 

than 90°. (Not only is it clear from Table 1 that the MM′ distance increases monotonically with the 

MOM′ angle, but it turns out that there is a very strong quadratic correlation between these two 

quantities, as is shown in Figure S1 in the Supporting Information.) As was the case for the M2O2 

systems [12], we find no evidence in the QTAIM analysis of the electron densities of any of these 

MMʹO2 rings for direct metal-metal bonding, in spite of the short MMʹ distances. 

«Figure 1 near here» 
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«Table 1 near here» 

Also listed in Table 1 are the dissociation energies for the MM′O2
 → MO + M′O splitting reactions, 

calculated using single point all electron CCSD(T)/cc-pVQZ calculations at the optimized 

CCSD/cc-pVTZ geometries. Clearly all six ring systems are stable with respect to this splitting to 

metal oxide monomers. Note that the dissociation energies for the M2O2 rings differ slightly from 

those reported previously [12] for which frozen core rather than all electron CCSD(T)/cc-pVQZ 

calculations were used; for completeness, we report in Table S1 in the Supporting Information the 

values based on the same level of theory as in the previous work. We also report in Table S2 in the 

Supporting Information the results from B3LYP calculations; we note that the various 

B3LYP/cc-pVTZ values are generally concordant with those from the CCSD and CCSD(T) 

calculations. 

It is clear from the MM′ distances, MOM′ angles and dissociation energies (Table 1) that each 

mixed cluster is indeed intermediate between the corresponding M2O2 and M′2O2 systems, just as 

we might have expected. The same comment also applies to the calculated QTAIM-generalized 2c 

bond orders W(M,M′) (see Table 2), even though all of these values are rather small, in keeping 

with our expectations of there being no significant direct MM′ bonding in any of these systems. It is 

clear from Table 2 that the relative contribution to W(M,M′) from the σ system dominates that from 

the π system in each case. (Traditional Wiberg-Mayer indices, which make use instead of simple 

summations over basis functions, turn out to have slightly higher values in the range 0.14 to 0.29, as 

is reported in Table S3 in the Supporting Information. These traditional Wiberg-Mayer indices also 

show more variation in the relative contributions from the σ and π systems, albeit with σ remaining 

the larger contributor in each case, but all of these quantities are still sufficiently small relative to 

typical values for 2c bonds for us to rule out the existence of any significant direct MM′ bonding.) 

«Table 2 near here» 

Our results clearly confirm the conclusions of the previous studies [11,12] that also denied the 

existence of any significant degree of direct metal-metal bonding and so it was therefore of interest 

to investigate whether similar parallels hold also for the weak 3c bonding that was detected in the 

M2O2 systems [12]. For this purpose we performed a series of additional investigations, involving 

first the analysis of domain-averaged Fermi holes (DAFH) [16-23]. The usefulness of such holes for 

structural analysis arises from the fact that the information they provide depends on the type of 

domain over which the averaging is performed. It has been demonstrated in previous studies that 

the most interesting and chemically the most relevant information can be extracted from DAFH 
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analysis if the integration is over the QTAIM domains of individual atoms. In such a case, the holes 

provide information about the valence state of that atom in a molecule [32,33]. Analogous DAFH 

analysis can, however, also be performed for domains formed by the union of multiple QTAIM 

atomic domains, perhaps corresponding to certain functional groups or particularly interesting 

molecular fragments. In such cases, the holes provide information about the electron pairs (core, 

lone pairs or chemical bonds) retained in the fragment as well as about any broken valences created 

by the formal splitting of bonds that is required for isolation of that fragment from the rest of the 

molecule. 

A special case for DAFH analysis is the domain formed by the union of all of the QTAIM atomic 

domains in the molecule, so that the integration is then over the whole space. It can easily be shown 

that DAFH analysis is then entirely equivalent to carrying out isopycnic localization [26] of the 

natural orbitals. Doing this for each of the clusters considered here, we found in each case a series 

of localized natural orbitals (LNOs, 𝜆𝑖) that have occupation numbers (𝜈𝑖) close to two. In spite 

of such non-integer 𝜈𝑖 values, it is still convenient in the description that follows to refer to these 

LNOs as electron ‘pairs’. An examination of the LNOs thus allows the detection of all of the 

valence electron ‘pairs’ in the given molecule and can straightforwardly suggest their association 

with the distribution of chemical bonds, lone pairs, and so on. (Note that the small deviations of 𝜈𝑖 

values from two are primarily due to electron correlation, given that the occupancies would be 

exactly two in the case of a single-determinant closed-shell description.) 

The different sets of LNOs for the various MMʹO2 clusters turn out to be rather similar to one 

another and so we focus here on a representative example, namely BeCaO2. In addition to a set of 

approximately doubly occupied functions that correspond to the various inner shells (and which 

contribute little, if anything, to the bonding), this analysis detects eight valence electron ‘pairs’. 

Two of these valence LNOs (see Figure 2), with occupancy 1.959 each, correspond to the electron 

‘pairs’ of localized rather polar Be−O σ bonds and a further two of them, with occupancy 1.954 

each, correspond to the electron ‘pairs’ of localized rather polar Ca−O σ bonds. Taken together, 

these four LNOs account for the main σ skeleton of the cluster. A further pair of LNOs, with 

occupancy 1.976 each, represent distorted 2s2 quasi-lone electron pairs on each oxygen atom. The 

remaining pair of LNOs, with occupancy 1.951 each, are based on O(2pπ) functions but show 

distortions towards metal atoms that are suggestive of some degree of three-center two-electron 

(3c-2e) π bonding in each of the BeOCa moieties. (Depictions of the analogous valence LNOs for 

all of the clusters are available in Figures S2-S7 in the Supporting Information.) 

«Figure 2 near here» 
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Although the above results do not provide any indication of the existence of electron pairs that 

would correspond to a ‘genuine’ metal-metal bond, it was of interest to corroborate this conclusion 

by additional DAFH analysis for the domain involving both metal atoms (MMʹ). Given that such 

analysis provides information about the electron pairs (including chemical bonds) retained in the 

individual domains, the eventual presence of direct metal-metal bonding should be reflected by the 

existence of a corresponding DAFH function that is populated by roughly two electrons. As can 

clearly be seen from Figure 3, which again uses BeCaO2 as our example, there are evidently no 

electron ‘pairs’ involved in direct metal-metal bonding. 

«Figure 3 near here» 

Also shown in Figure 3 are the dominant valence DAFH functions for one of the O domains in 

BeCaO2, including pairs of symmetry-equivalent localized broken valences that are reminiscent of 

Be−O σ bonds (populated by 1.824 electrons each) and of Ca−O bonds (populated by 1.778 

electrons each). Analysis of the hole associated with the BeCa fragment also provides two pairs of 

DAFH functions that are reminiscent of these metal-oxygen bonds, but instead populated by just 

0.123 and 0.175 electrons, respectively, with the relative contributions from M and O reflecting the 

high polarity of these σ bonds. The near complementarity of the corresponding populations 

(1.824 + 0.123 ~ 2 and 1.778 + 0.175 ~ 2) suggests that the σ bonding in each BeOCa fragment is 

essentially due to two electron ‘pairs’. As for the previously suggested 3c-2e π system, we observe 

a broken valence associated with the O fragment (populated by 1.844 electrons) while the BeCa 

domain contributes a further 0.092 electrons (albeit the shapes of the corresponding broken 

valences are in this case slightly more different). The remaining valence DAFH function shown in 

Figure 3, populated by 1.968 electrons, arises from analysis for the O domain and closely resembles 

the LNO for the distorted O(2s2) quasi-lone pair (see Figure 2). 

Depictions of the analogous broken valences resulting from DAFH analysis for the MM′ domain 

and for one of the O domains in each cluster are available in Figures S8-S13 in the Supporting 

Information. Although there are some variations in the low occupation valence DAFH functions 

arising from analysis of the MM′ domain, with some of the resulting DAFH functions resembling 

in- and out-of-phase combinations of those we have described for BeCaO2, the basic conclusions 

are essentially the same. In particular, there are evidently no electron ‘pairs’ involved in direct 

metal-metal bonding in any of the clusters.  

The results of the above LNO and DAFH analyses are very interesting because alongside denying 

the existence of ‘genuine’ metal-metal bonds, they additionally also seem to provide evidence of a 
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degree of multicenter bonding that could explain the small W(M,M′) values in Table 2. As was 

demonstrated in an earlier study [34], the existence of 3c bonding in an ABC fragment requires the 

existence of non-vanishing bond orders between all pairs of atoms, AB, AC and BC. As such, the 

small W(M,M′) values could simply reflect residual interactions associated with weak 3c-2e and/or 

3c-4e bonding. This, in turn, suggests that it could be useful to examine numerical values of 

so-called multicenter bond indices. 

As is well known, multicenter bond indices were originally designed as a tool for detecting the 

existence of the then new bonding paradigm of sharing a bonding electron pair between more than 

two atoms [35-40]. The simplest example of such a situation is of course the idea of 3c bonding 

[41-43]. Various definitions of 3c bond indices have been shown to provide a straightforward 

numerical means for detecting the eventual existence of such bonding arrangements in molecules 

[44-46]. In the present work, we have used the QTAIM-generalized ‘improved’ 3c bond indices 

defined in Equation 2. 

Before examining the calculations values of 3c bond indices for these clusters, it is useful to 

comment on their expected signs. In the case of the π system, the forms of the LNOs and DAFH 

functions for each MOM′ moiety clearly correspond to the topology depicted in Scheme I of Figure 

4, in which each of the three atoms contributes via a single orbital. This topology does of course 

constitute a 3-center 3-orbital model [37], for which a simple analytical model predicts a positive 

sign for the 3c index in the case of 3c-2e bonding and a negative sign in the case of 3c-4e bonding. 

(The latter prediction has been confirmed by calculations on real systems [47].) On the other hand, 

the forms of the LNOs and DAFH functions for the MOM′ σ system are instead suggestive of a 

3-center 4-orbital model [23], in which the central atom contributes via two orbitals, just as was 

observed for the central CBeC moiety in a formally zero-valent beryllium complex [23]. Adopting 

the bonding topology shown as Scheme II in Figure 4, which is clearly pertinent to the MOM′ σ 

system, a simple Hückel-like approach confirms the existence of non-vanishing positive 3c-4e 

indices [23], just as was observed in actual calculations [23]. 

« Figure 4 near here» 

Although they are fairly small, the resulting values of the ‘improved’ 3c bond indices defined in 

Equation 2 are certainly not negligible for such a 3c index and, as can be seen from Table 3, they 

consist of positive contributions from both of the σ and π systems, with the former dominating in 

each case. The positive signs identify this weak 3c character as being 3c-4e in the σ system and 

3c-2e in the π system. In order to corroborate further our interpretation of the nature and parentage 
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of the weak 3c bonding, especially that in the σ system, we present in Table S4 of the Supporting 

Information the results from a heuristic 3c generalization [23] of Cioslowski’s covalent bond order 

[48], beyond the scope of traditional 2c-2e bonding. Those results concur with our classification of 

the weak 3c MOM′ interactions as being predominantly 3c-4e σ bonding that is primarily associated 

with adjacent metal-oxygen bonds, augmented by a smaller component due to 3c-2e π bonding. We 

also observe from Table 3 that the differences between the M and M′ atoms appear to have relatively 

little impact on the overall degree of 3c MOM′ bonding in the MM′O2 clusters. 

«Table 3 near here» 

Conclusions 

We have investigated the structures and the nature of the bonding interactions in the clusters 

MM′O2 (M, M′ = Be, Mg, Ca). Calculations at the CCSD/cc-pVTZ level of theory were used to 

determine optimized geometries, all of which turned out to correspond to true energy minima. 

Subsequent single point CCSD(T)/cc-pVQZ calculations demonstrated that all of these clusters are 

stable with respect to dissociation into metal oxide monomers. The primary tools used to examine 

the chemical bonding in these clusters were DAFH analysis, including the generation of LNOs, and 

the calculation of appropriate 2c and 3c bond indices. Insights emerging from these investigations 

concur with earlier studies of M2O2 rings [12] in denying the existence of direct metal-metal 

bonding in the MM′O2 clusters, while detecting the presence of weak 3c bonding in the MOM′ 

moieties. The various analyses suggest the classification of the weak 3c MOM′ interactions as 

predominantly 3c-4e σ bonding augmented by a smaller component due to 3c-2e π bonding. In 

general terms, the mixed MM′O2 clusters were found to exhibit features that are intermediate 

between those of M2O2 and M′2O2, and the differences between the M and M′ atoms appeared to 

have relatively little impact on the overall degree of 3c MOM′ bonding. 

Supporting information: Correlation of rMM′ with θMOM′; Dissociation energies from 

frozen core CCSD(T)/cc-pVQZ; Results using B3LYP calculations; Traditional two-center 

Wiberg-Mayer indices; Symmetry-unique valence LNOs for each of the clusters; Broken valences 

resulting from DAFH analysis for the MM′ domain and for one of the O domains in each cluster; 

Results from a heuristic 3c generalization of Cioslowski’s covalent bond order. 

References 

1. Bertrand JA, Cotton FA, Dollase WA (1963) The Crystal Structure of Cesium 

Dodecachlorotrirhenate(III), a Compound with a New Type of Metal Atom Cluster. Inorganic Chemistry 

2 (6):1166-1171. doi:10.1021/ic50010a019 



10 

 

2. Cotton FA (2000) A millennial overview of transition metal chemistry. Journal of the Chemical Society, 

Dalton Transactions (13):1961-1968. doi:10.1039/B001668N 

3. Chisholm MH (1986) The σ2π4 Triple Bond between Molybdenum and Tungsten Atoms: Developing the 

Chemistry of an Inorganic Functional Group. Angewandte Chemie International Edition in English 25 

(1):21-30. doi:10.1002/anie.198600211 

4. Chisholm MH, Cotton FA (1978) Chemistry of compounds containing metal-to-metal triple bonds 

between molybdenum and tungsten. Accounts of Chemical Research 11 (9):356-362. 

doi:10.1021/ar50129a006 

5. Noor A, Wagner FR, Kempe R (2008) Metal–Metal Distances at the Limit: A Coordination Compound 

with an Ultrashort Chromium–Chromium Bond. Angewandte Chemie International Edition 47 

(38):7246-7249. doi:10.1002/anie.200801160 

6. Nguyen T, Sutton AD, Brynda M, Fettinger JC, Long GJ, Power PP (2005) Synthesis of a Stable 

Compound with Fivefold Bonding Between Two Chromium(I) Centers. Science 310 (5749):844-847. 

doi:10.1126/science.1116789 

7. Frenking G (2005) Building a Quintuple Bond. Science 310 (5749):796-797. 

doi:10.1126/science.1120281 

8. Weinhold F, Landis CR (2007) High Bond Orders in Metal-Metal Bonding. Science 316 (5821):61-63. 

doi:10.1126/science.1140756 

9. Ponec R, Feixas F (2009) Peculiarities of Multiple Cr−Cr Bonding. Insights from the Analysis of 

Domain-Averaged Fermi Holes. The Journal of Physical Chemistry A 113 (29):8394-8400. 

doi:10.1021/jp903144q 

10. Gagliardi L, Roos BO (2005) Quantum chemical calculations show that the uranium molecule U2 has a 

quintuple bond. Nature 433:848. doi:10.1038/nature03249 

11. Zhang Q, Li W-L, Zhao L, Chen M, Zhou M, Li J, Frenking G (2017) A Very Short Be–Be Distance but 

No Bond: Synthesis and Bonding Analysis of Ng–Be2O2–Ng′ (Ng, Ng′=Ne, Ar, Kr, Xe). Chemistry – A 

European Journal 23 (9):2035-2039. doi:10.1002/chem.201605994 

12. Li W-L, Lu J-B, Zhao L, Ponec R, Cooper DL, Li J, Frenking G (2018) Electronic Structure and 

Bonding Situation in M2O2 (M = Be, Mg, Ca) Rhombic Clusters. The Journal of Physical Chemistry A 

122 (10):2816-2822. doi:10.1021/acs.jpca.8b01335 

13. Werner H-J, Knowles PJ, Knizia G, Manby FR, Schütz M, Celani P, Györffy W, Kats D, Korona T, 

Lindh R, Mitrushenkov A, Rauhut G, Shamasundar KR, Adler TB, Amos RD, Bernhardsson A, Berning 

A, Cooper DL, Deegan MJO, Dobbyn AJ, Eckert F, Goll E, Hampel C, Hesselmann A, Hetzer G, Hrenar 

T, Jansen G, Köppl C, Liu Y, Lloyd AW, Mata RA, May AJ, McNicholas SJ, Meyer W, Mura ME, 

Nicklass A, O’Neill DP, Palmieri P, Peng D, Pflüger K, Pitzer R, Reiher M, Shiozaki T, Stoll H, Stone 

AJ, Tarroni R, Thorsteinsson T, Wang M (2015) MOLPRO, version 2015.1, a package of ab initio 

programs. Cardiff, UK; see http://www.molpro.net 

14. Werner HJ, Knowles PJ, Knizia G, Manby FR, Schütz M (2012) Molpro: a general‐purpose quantum 

chemistry program package. Wiley Interdisciplinary Reviews: Computational Molecular Science 2 

(2):242-253. doi:10.1002/wcms.82 

15. Schuchardt KL, Didier BT, Elsethagen T, Sun L, Gurumoorthi V, Chase J, Li J, Windus TL (2007) Basis 

Set Exchange:  A Community Database for Computational Sciences. Journal of Chemical Information 

and Modeling 47 (3):1045-1052. doi:10.1021/ci600510j 

http://www.molpro.net/


11 

 

16. Ponec R (1997) Electron pairing and chemical bonds. Chemical structure, valences and structural 

similarities from the analysis of the Fermi holes. Journal of Mathematical Chemistry 21 (3):323-333. 

doi:10.1023/a:1019186806180 

17. Ponec R, Roithová J (2001) Domain-averaged Fermi holes – a new means of visualization of chemical 

bonds. Bonding in hypervalent molecules. Theoretical Chemistry Accounts 105 (4):383-392. 

doi:10.1007/s002140000235 

18. Ponec R, Duben AJ (1999) Electron pairing and chemical bonds: Bonding in hypervalent molecules from 

analysis of Fermi holes. Journal of Computational Chemistry 20 (8):760-771. 

doi:10.1002/(SICI)1096-987X(199906)20:8<760::AID-JCC2>3.0.CO;2-3 

19. Ponec R, Cooper DL (2007) Anatomy of bond formation. Bond length dependence of the extent of 

electron sharing in chemical bonds from the analysis of domain-averaged Fermi holes. Faraday 

Discussions 135 (0):31-42. doi:10.1039/B605313K 

20. Ponec R, Cooper DL, Savin A (2008) Analytic Models of Domain‐Averaged Fermi Holes: A New Tool 

for the Study of the Nature of Chemical Bonds. Chemistry – A European Journal 14 (11):3338-3345. 

doi:10.1002/chem.200701727 

21. Cooper DL, Ponec R (2008) A one-electron approximation to domain-averaged Fermi hole analysis. 

Physical Chemistry Chemical Physics 10 (9):1319-1329. doi:10.1039/B715904H 

22. Cooper DL, Ponec R, Kohout M (2016) New insights from domain-averaged Fermi holes and bond order 

analysis into the bonding conundrum in C2. Molecular Physics 114 (7-8):1270-1284. 

doi:10.1080/00268976.2015.1112925 

23. Ponec R, Cooper DL (2017) Insights from domain-averaged Fermi hole (DAFH) analysis and 

multicenter bond indices into the nature of Be(0) bonding. Structural Chemistry 28 (4):1033-1043. 

doi:10.1007/s11224-017-0914-2 

24. Bader RFW (1990) Atoms in Molecules, A Quantum Theory. Oxford University Press, Oxford 

25. Müller AMK (1984) Explicit approximate relation between reduced two- and one-particle density 

matrices. Physics Letters A 105 (9):446-452. doi:10.1016/0375-9601(84)91034-X 

26. Cioslowski J (1990) Isopycnic orbital transformations and localization of natural orbitals. International 

Journal of Quantum Chemistry 38 (S24):15-28. doi:10.1002/qua.560382406 

27. Mayer I (2012) Improved definition of bond orders for correlated wave functions. Chemical Physics 

Letters 544:83-86. doi:10.1016/j.cplett.2012.07.003 

28. Ángyán JG, Loos M, Mayer I (1994) Covalent Bond Orders and Atomic Valence Indices in the 

Topological Theory of Atoms in Molecules. The Journal of Physical Chemistry 98 (20):5244-5248. 

doi:10.1021/j100071a013 

29. Cooper DL, Penotti FE, Ponec R (2017) Reassessing spin-coupled (full generalized valence bond) 

descriptions of ozone using three-center bond indices. Computational and Theoretical Chemistry 

1116:40-49. doi:10.1016/j.comptc.2016.12.010 

30. Keith TA (2017) AIMAll (Version 17.01.25). TK Gristmill Software, Overland Park KS, USA; see 

http://aim.tkgristmill.com 

31. Schaftenaar G, Noordik JH (2000) Molden: a pre- and post-processing program for molecular and 

electronic structures. Journal of Computer-Aided Molecular Design 14 (2):123-134. 

doi:10.1023/a:1008193805436 

32. Moffitt W (1950) Term values in hybrid states. Proceedings of the Royal Society of London Series A 

Mathematical and Physical Sciences 202 (1071):534-547. doi:10.1098/rspa.1950.0118 

http://aim.tkgristmill.com/


12 

 

33. Parr RG, Ayers PW, Nalewajski RF (2005) What Is an Atom in a Molecule? The Journal of Physical 

Chemistry A 109 (17):3957-3959. doi:10.1021/jp0404596 

34. Ponec R, Uhlik F (1997) Electron pairing and chemical bonds. On the accuracy of the electron pair 

model of chemical bond. Journal of Molecular Structure: THEOCHEM 391 (1):159-168. 

doi:10.1016/S0166-1280(96)04728-8 

35. Sannigrahi AB, Nandi PK, Behera L, Kar T (1992) Theoretical study of multi-centre bonding using a 

delocalised MO approach. Journal of Molecular Structure: THEOCHEM 276:259-278. 

doi:10.1016/0166-1280(92)80036-L 

36. Sannigrahi AB, Kar T (1990) Three-center bond index. Chemical Physics Letters 173 (5):569-572. 

doi:10.1016/0009-2614(90)87254-O 

37. Ponec R, Mayer I (1997) Investigation of Some Properties of Multicenter Bond Indices. The Journal of 

Physical Chemistry A 101 (9):1738-1741. doi:10.1021/jp962510e 

38. Giambiagi M, de Giambiagi MS, Mundim KC (1990) Definition of a multicenter bond index. Structural 

Chemistry 1 (5):423-427. doi:10.1007/bf00671228 

39. Mundim KC, Giambiagi M, de Giambiagi MS (1994) Multicenter Bond Index: Grassmann Algebra and 

N-Order Density Functional. The Journal of Physical Chemistry 98 (24):6118-6119. 

doi:10.1021/j100075a013 

40. Bochicchio R, Ponec R, Torre A, Lain L (2001) Multicenter bonding within the AIM theory. Theoretical 

Chemistry Accounts 105 (4):292-298. doi:10.1007/s002140000236 

41. Longuet-Higgins HC (1949) Substances hydrogénées avec défaut d'électrons. J Chim Phys 46:268-275. 

doi:10.1051/jcp/1949460268 

42. Lipscomb WN (1973) Three-center bonds in electron-deficient compounds. Localized molecular orbital 

approach. Accounts of Chemical Research 6 (8):257-262. doi:10.1021/ar50068a001 

43. Lipscomb WN (1977) The Boranes and Their Relatives. Science 196 (4294):1047-1055. 

doi:10.1126/science.196.4294.1047 

44. Ponec R, Yuzhakov G, Tantillo DJ (2004) Multicenter Bonding in Organic Chemistry. 

Geometry-Sensitive 3c-2e Bonding in (C···H···C) Fragments of Organic Cations. The Journal of 

Organic Chemistry 69 (9):2992-2996. doi:10.1021/jo035506p 

45. Ponec R, Roithová J, Sannigrahi AB, Lain L, Torre A, Bochicchio RC (2000) On the nature of 

multicenter bonding in simple atomic clusters. Journal of Molecular Structure: THEOCHEM 505 

(1):283-288. doi:10.1016/S0166-1280(99)00382-6 

46. Ponec R, Yuzhakov G, Cooper DL (2004) Multicenter bonding and the structure of electron-rich 

molecules. Model of three-center four-electron bonding reconsidered. Theoretical Chemistry Accounts 

112 (5):419-430. doi:10.1007/s00214-004-0597-9 

47. Kar T, Sánchez Marcos E (1992) Three-center four-electron bonds and their indices. Chemical Physics 

Letters 192 (1):14-20. doi:10.1016/0009-2614(92)85420-F 

48. Cioslowski J, Mixon ST (1991) Covalent bond orders in the topological theory of atoms in molecules. 

Journal of the American Chemical Society 113 (11):4142-4145. doi:10.1021/ja00011a014 



13 

 

Figure 1. Key geometric parameters for the various MM′O2 clusters and for the metal oxide 

monomers. 

 

 

Figure 2. Symmetry-unique valence LNOs for BeCa2O2. (Molecular orientation as in Figure 1) 

 

 



14 

 

Figure 3. Broken valences resulting from DAFH analysis for the BeCa domain and for one of the O 

domains in BeCaO2. (Molecular orientation as in Figures 1 and 2) 
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Figure 4. Three-center three-orbital and three-center four-orbital models of 3c-2e and 3c-4e 

bonding 
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Table 1. Optimized MM′ distances and MOM′ angles (CCSD/cc-pVTZ level of theory) and 

dissociation energies for the splitting of MM′O2 to metal oxide monomers, calculated at 

these geometries using CCSD(T)/cc-pVQZ. 

M M′ rMM′ (Å) θMOM′ (°) De (kcal/mol) 

Be Be 1.717 71.1 166 

Be Mg 2.046 74.6 157 

Mg Mg 2.367 79.2 135 

Mg Ca 2.639 84.3 133 

Ca Ca 2.954 91.4 126 

Be Ca 2.283 78.1 164 

 

Table 2. QTAIM-generalized ‘improved’ 2c Wiberg-Mayer indices W(M,M′) (Equation 1) for 

MM′O2 decomposed into relative contributions from the σ and π systems. 

M M′ W(M,M′) 

  σ π total 

Be Be 76% 24% 0.020 

Be Mg 83% 17% 0.025 

Mg Mg 85% 15% 0.029 

Mg Ca 82% 18% 0.046 

Ca Ca 76% 24% 0.071 

Be Ca 78% 22% 0.034 

 

Table 3. QTAIM-generalized ‘improved’ 3c Wiberg-Mayer indices W(M,O,M′) (Equation 2) for 

MM′O2 decomposed into relative contributions from the σ and π systems. 

M M′ W(M,O,M′) 

  σ π total 

Be Be 74% 26% 0.013 

Be Mg 82% 18% 0.015 

Mg Mg 83% 17% 0.018 

Mg Ca 81% 19% 0.027 

Ca Ca 74% 26% 0.041 

Be Ca 76% 24% 0.021 

 


