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Abstract 

The global minima of thirteen combinations of atoms with formula CE​3​M​3​+ (E=S-Te            

and M=Li-Cs) adopt a planar structure with carbon covalently bonded to three            

chalcogens and ionically bonded to the three alkali-metals to stabilize the first global             

minima structures containing planar hexacoordinate carbon atoms.  

 
 
In 1970, Hoffmann and co-workers stated that incorporating π-acceptor/σ-donor ligands          

could stabilize a transition state with a planar tetracoordinate carbon (ptC).​1 The            

approach was successfully adopted by the group of Schleyer to stabilize a local             

minimum with this peculiar form.​2 The first experimental example of a ptC took place              

inadvertently in 1977,​3 paving the way for synthesizing new ptCs. This led to extensive              

experimental and theoretical efforts to search for anti-van’t Hoff/Le Bel molecules.​4–8           

These findings inspired the design of more ptCs, and later extended to highly             

coordinated species.​9–15 However, as the coordination number increases, the more          

elusive these species become. So far, only a handful of global minima structures with a               

planar pentacoordinate carbon (ppC) are known,​10,16 and not a single planar           

hexacoordinate carbon (phC). Note that the reported Be​2​C monolayer is a global            

minimum with a quasi-planar hexacoordinate carbon moiety.​17  

The ​D​6​h ​CB​6​2- cluster (​1​) was the first phC candidate,​18 but it is 34.4 kcal·mol​-1 higher                

in energy than its most stable isomer.​19 Although ​1 is only a local minimum, this cluster                

was used as a framework by Wu et al.​20 to design, via isoelectronic substitution, two               

additional phC candidates with ​D​3​h symmetry, Be​3​CN​3​+ and Li​3​CO​3​+ (​2 and ​3 in Figure              

1). The authors located ​2 at 6.1 kcal.mol​-1 above the lowest-lying energy isomer and ​3               

as the putative global minimum. 
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Figure 1​. a) CB​6​2- (​1​), CN​3​Be​3​+ (​2​), and Li​3​CO​3​+ (​3​) derivatives and b) their              

corresponding C​E​3​M​3​+​ analogues. 

 

According to the authors, the carbonate dianion CO​3​2- is electrostatically stabilized           

by the three bridging Li​+ counterions in ​3​. Since the C–Li contacts are shorter than the                

C–Li distances in the methyllithium tetramer and hexamer (2.31 Å),​21 carbon           

‘‘touches’’ the six atoms around, i.e., based on a geometrical criterion, the            

hexacoordination was assumed. IUPAC defines the coordination number of a specified           

atom in a chemical species as “the number of other atoms directly linked to that               

specified atom”.​22 So, the question remaining is whether the C is truly hexacoordinate.             

Our computations indicate positive natural charges on C and Li atoms in ​3 (q​c​=+0.87 |e|               

and q​Li​=+0.97 |e|), implying electrostatic repulsion between them. The interacting          

quantum atoms (IQA) analysis supports a strong repulsion between carbon and lithium            

(324.2 kcal.mol​-1​), mostly pure coulombic repulsion (324.6 kcal.mol​-1​, see Table S1 in            

the ESI). Indeed, the positive charge on C is expected due to the electronegativity              

difference between C and O (Δχ = 1.0) (Scheme 1, left). How to induce the electrostatic                

interaction between carbon and the alkali metals? Our idea is to replace oxygen with              
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heavier (and less electronegative) chalcogens in ​3​, stabilizing a true planar           

hexacoordinate carbon atom (Scheme 1, right). From ​the fifteen possible CE​3​M​3​+ (E ​=             

S-Te and M = Li-Cs) combinations, thirteen of them satisfy all conditions to be              

classified as phC. 

 

Scheme 1​. Schematic hybrid structures of the CO​3​2- (left) and hypothetical CE​3​2- (right)             

moieties stabilized by Li​+ and alkali cations (M​+​), respectively. Red and blue dotted             

lines represent attractive and repulsive electrostatic interactions, respectively. 

 

A systematic exploration of the potential energy surfaces was carried out using the             

AUTOMATON​23 and GLOMOS​24 programs. The initial screening in the singlet and           

triplet states was done at the PBE0​25​-D3​26​/SDDALL​27,28 level. The low-lying energy           

isomers (< 30 kcal.mol​-1 above the putative global minimum) were reminimized at the             

PBE0-D3/def2-TZVP​29 level, and relative energies were computed at the CCSD(T)​30,31          

/def2-TZVP//PBE0-D3/def2-TZVP level. So, for the energetic discussion, only the         

latter level is considered. The diagnostic of the T​1 coupled-cluster operator was            

performed to verify whether the converged CCSD wave functions are based on a             

single–reference method.​32 All the T​1 values are lower than the suggested threshold of             

0.02 (Table S1). These computations were done using Gaussian 16.​33  

The bonding was analyzed in terms of the Wiberg bond index (WBI)​34 and natural              

population analysis (NPA),​35 as implemented in the NBO 6.0 program.​36 Additionally,           
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the Adaptive Natural Density Partitioning (AdNDP) method ​was used​.​37,38 AdNDP          

recovers the electron pair Lewis concept as the fundamental component of chemical            

bonding, localizing the n-center-two-electron bonds (nc-2e). Additionally, IQA​39 was         

used to decompose the interaction energy. IQA rises from a competition between atomic             

deformation and the additive interatomic interaction energies. The former is an analogue            

of the classical promotion energy necessary for one atom to bond to another. The latter               

is composed of classical (or ionic-type) and exchange-correlation (or covalent-type)          

components. So, the interatomic interaction energy, ​V​int​, is the sum of the coulombic,             

V​C​, and exchange-correlation, ​V​XC​, terms, where ​V​C is the exact electrostatic interaction            

between the electrons and nuclei contained in a pair of basins and includes all the               

classical electrostatic terms (nuclear repulsion, electron-nucleus attraction, and the         

Coulomb part of the electron-electron repulsion). The term ​V​XC is purely quantum            

mechanical in nature, depending only on the exchange-correlation part of the           

electron-electron interaction. Usually, while ​V​C is related to the ionic-type component of            

a given interaction, and ​V​XC​ to electron-sharing or covalent-type interaction​.  

All the global minima of the ​CE​3​M​3​+ (E = O-Te and M = Li-Cs​) clusters adopt a                 

planar ​D​3​h symmetry with ​C-E ​distances between a single and a double bond (see Table               

1). This is consistent with the corresponding WBI values (1.25 - 1.34), which is an               

estimation of the bond order from the natural population analysis. Table 1 shows that              

the C-M distances are longer than the ​expected single bond​40 ​but shorter than the sum of                

their van der Waals radii. ​So, it could be considered that in these clusters, carbon               

‘‘touches’’ the six surrounding atoms, that is, based on geometrical criteria, all of them              

contain a phC, as suggested by Wu et al.​15 

Remarkably, except for CSe​3​Li​3​+ and CTe​3​Li​3​+​, the remaining planar ​D​3​h          

stoichiometries are the putative global minima (see Figures S1-S13 and the           
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corresponding Cartesian coordinates in the supplementary information). In all cases, the           

smallest vibrational frequencies are reasonably large (10 - 178 cm​-1​), the singlet state is              

the most favorable one (the energy difference with the closest triplet ranges from 19.0 to               

118.1 kcal.mol​-1​) and the HOMO-LUMO energy gaps are relatively high, varying           

between 3.15 and 8.34 eV (Table 1).  

NPA charges support that the ​CE​3 ​moiety is a dianion electrostatically stabilized by             

three M​+ ions. Besides, the low WBI values (0.02 - 0.10) of the peripheral ​E-M ​might                

indicate ionic bonding, which is relevant because ligand-ligand interactions contribute          

significantly to the stabilization of planar hypercoordinate species. Note that the lowest            

E-M ​WBIs occur in systems with oxygen. However, the C-M WBI values are zero, and               

it is not clear if there is an ionic interaction or any interaction at all between the center                  

and the alkali-metals. Although in the clusters with heavier chalcogens, contrary to            

CO​3​M​3​+ systems, the charge on the carbon atom is negative, suggesting a probable             

electrostatic interaction with the alkali-metal cation. The negative charge on C increases            

as the electronegativity of the chalcogen decreases (q(C) is approximately -0.5, -0.7, and             

-1.0 |e| for S, Se, and Te, respectively), while the charge on the alkali-metal cations has                

no significant variation. So, the zero C-M WBI values might be the consequence of a               

pure electrostatic interaction without any orbital overlap involved.  

 

Table 1. ​Distances (r, Å), charges (q​, |e|), Wiberg bond indices (WBI), HOMO-LUMO             

gap (ΔE​H-L​, eV), and the lowest harmonic vibrational frequency (ν​min​, cm​-1​) of the             

CE​3​M​3​+​ (E​=O-Te and M=Li-Cs) computed at the PBE0-D3/def2-TZVP level. 
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System r​C-Ch r​C-M r​Ch-M q(C) q(E) q(M) WBI​C-E WBI​E-M ΔE​H-L ν​min 

CO​3​Li​3 1.28 2.18 1.90 0.87 -0.92 0.97 1.29 0.02 8.34 178 

CO​3​Na​3 1.29 2.55 2.21 0.90 -0.94 0.97 1.29 0.02 6.21 103 



The sums of Pyykkö’s ​single bond-radii ​for the C-Li, C-Na, C-K, C-Rb, and C-Cs bonds are 2.08, 2.30,                  

2.71, 2.85 and 3.07 Å, respectively.​40 ​The sums of van der Waals radii for the C-Li, C-Na, C-K, C-Rb,                   

and C-Cs bonds are 3.82, 4.20, 4.43, 4.91 and 5.18 Å, respectively.​41 

 

The charge analysis and bond orders are in line with the picture obtained from              

AdNDP. Let us analyze CSe​3​K​3​+ as an example. The AdNDP recovers three 2c-2e C-Se              

σ-bonds and three delocalized π-bonds spread on the CSe​3 moiety, implying, once more,             

that if there is any interaction between ​CE​3 and the cations, it would be purely               
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CO​3​K​3 1.29 2.92 2.54 0.91 -0.94 0.97 1.28 0.02 5.51 75 

CO​3​Rb​3 1.29 3.10 2.69 0.91 -0.95 0.98 1.28 0.02 5.05 63 

CO​3​Cs​3 1.29 3.22 2.81 0.92 -0.94 0.97 1.28 0.03 5.32 50 

CS​3​Li​3 1.71 2.67 2.34 -0.52 -0.41 0.92 1.34 0.07 5.06 54 

CS​3​Na​3 1.72 3.08 2.68 -0.51 -0.42 0.93 1.34 0.06 4.72 47 

CS​3​K​3 1.72 3.51 3.04 -0.49 -0.45 0.95 1.33 0.04 4.48 37 

CS​3​Rb​3 1.72 3.70 3.21 -0.49 -0.45 0.95 1.33 0.04 4.37 30 

CS​3​Cs​3 1.72 3.84 3.34 -0.49 -0.45 0.95 1.33 0.04 4.37 26 

CSe​3​Na​3 1.86 3.23 2.81 -0.70 -0.35 0.91 1.31 0.07 4.19 32 

CSe​3​K​3 1.86 3.67 3.18 -0.68 -0.38 0.94 1.31 0.05 3.97 24 

CSe​3​Rb​3 1.86 3.87 3.36 -0.68 -0.38 0.95 1.31 0.05 3.87 19 

CSe​3​Cs​3 1.86 4.03 3.49 -0.68 -0.39 0.95 1.31 0.05 3.86 14 

CTe​3​Na​3 2.07 3.47 3.02 -1.02 -0.21 0.89 1.25 0.10 3.43 22 

CTe​3​K​3 2.07 3.92 3.40 -1.01 -0.26 0.93 1.25 0.06 3.26 18 

CTe​3​Rb​3 2.07 4.12 3.57 -1.01 -0.26 0.93 1.25 0.06 3.16 14 

CTe​3​Cs​3 2.07 4.29 3.72 -1.01 -0.26 0.93 1.25 0.06 3.15 11 



electrostatic. These bonding patterns were found for the other ​CE​3​M​3​+ systems (see            

Table S3). A different situation occurs in CB​6​2-​. Its covalent character is corroborated by              

the WBI values and the AdNDP analysis (Figure 2). There is a set of six peripheral                

2c-2e B-B σ-bonds, with an occupation number (ON) of 1.95 |e|. For this cluster, the               

C-B and B-B bond lengths (1.59 Å) are shorter than the corresponding single bond              

according to the covalent radius of Pyykkö. 40 Most importantly, there are multicenter            

bonds between C and B, justifying the carbon hypercoordination. In summary, tools like             

WBI or AdNDP, designed to understand chemical interactions between atoms with           

orbital overlap such as ​C-E​, cannot confirm whether the carbon and the alkali-metals are              

connected. Nonetheless, the charge analysis points to a possible electrostatic interaction           

between C and M atoms ​for E​ = S, Se, and Te. 
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Figure 2​. AdNDP analysis of a) CB​6​2- and b) CSe​3​K​3​+​. ON stands for occupation              

number. 

 

So, it is mandatory to use a proper methodology to describe ionic interactions. IQA is               

an option, offering a more accurate description of such types of interactions. Quite             

recently, this methodology was fundamental to provide clues to explain the chemical            

bond in NaBH​3​-​.​42 ​The IQA analysis for the CE​3​Na​+ series ​is shown in Table 2. At first                 

sight, CO​3​Na​3​+ is easily distinguishable from the rest. The IQA interaction energy,            

V​IQA​
Int​, between carbon and oxygen is more than four times greater (-990.27 kcal.mol​-1​)             
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than with any other remaining chalcogen. The same is true for the alkali-metal             

interaction, which is three to five times larger with oxygen (-200.74 kcal.mol​-1​). These             

strong C-O and O-​Na stabilizing interactions ​occur at the expense of a strong repulsion              

of the center with the alkali metal (274.47 kcal.mol​-1​). This is in perfect agreement with               

the previous analyses. The higher interaction of carbon and oxygen exceeds the            

repulsion with sodium, forming a CO​3​2- fragment bridged by alkali-metals attracted to            

the oxygens.  

Now, let us analyze the rest of the systems in the series. The IQA interaction energy                

between the C and each ​E is the major attractive component. The value decreases in               

magnitude with heavier chalcogens (from -234.6 to -215.5 kcal.mol​-1​). The interactions           

between peripheral atoms, ​E-Na​, essential for the stabilization of the system, have            

similar decreasing behavior (from -58.5 to -38.3 kcal.mol​-1​). Interestingly, the opposite           

takes place between carbon and the alkali-metal. The interaction energy increases from            

S to Te (from -56.0 to -81.0 kcal.mol​-1​). But above all, these structures show an               

electrostatic attraction between the center and sodium, which is essentially coulombic           

(approximately 99%). This electrostatic interaction between C and M is found in all the              

global minima of the CE​3​M​3​+ (E = S-Te and M = Li-Cs) series (Tables S4-S6). In other                 

words, the systems could be defined as phC, with the central carbon atom covalently              

bonded to the chalcogens and ionically bonded to the alkali-metals.  
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Table 2. Energy components of IQA for the ​D​3h ​CE​3​Na​3​+ systems (​E​=O, S, Se and Te);                

, , and are interatomic IQA interaction energy and their coulombic andV int
IQA V C

int   V int
XC           

exchange-correlation energy components, respectively, in kcal.mol​-1​.  

 

In summary, the global minima of thirteen combinations of the CE​3​M​3​+ (E = S-Te              

and M = Li-Cs) series contain a real planar hexacoordinate carbon. The bonding             

analysis confirms that carbon forms covalent bonds with the chalcogens and ionic bonds             

with the alkali-metals. These systems contrast with the reported Li​3​CO​3​+ because the            

substitution of oxygen atoms by heavier elements of the same group induces a negative              

charge in the central carbon, leading to attractive interactions with the alkali-metals.            

Finally, viable planar hexacoordinate carbon atoms that satisfy all conditions to be            

classified as phC were found.  
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 CO​3​Na​3​+ CS​3​Na​3​+ CSe​3​Na​3​+ CTe​3​Na​3​+ 

V​IQA​
Int​(C-E) -990.3 -234.6 -215.5 -217.8 

V​C​Int​(C-E) -802.7 -2.9 -9.0 -39.3 

V​XC​
Int​(C-E) -187.6 -231.6 -206.5 -178.5 

V​IQA​
Int​(C-Na) 274.5 -56.0 -63.1 -81.0 

V​C​
Int​(C-Na) 274.9 -55.2 -62.4 -80.3 

V​XC​
Int​(C-Na) -0.4 -0.8 -0.7 -0.6 

V​IQA​
Int​(E-Na) -200.7 -58.5 -51.0 -38.3 

V​C​Int​(E-Na) -186.6 -45.8 -38.6 -26.3 

V​XC​
Int​(E-Na) -14.1 -12.6 -12.2 -12.0 
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