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Abstract

 The ditriel B...Al interaction has been characterised in the Fδ-Bδ+...Alδ+Fδ- (δ> 0.6e) molecule 

using CCSD(T)/aug-cc-pVTZ calculations. It has a non-covalent character as evidenced by  the 

topological analysis of electron density (AIM) and electron localisation function (ELF) fields. The 

B...Al bonding is very weak (< 1 kcal/mol) and unique among the FBTF (T= B, Al, Ga, In) 

molecules. SAPT analysis shows that it has mainly  an electrostatic character but the energetic 

stability  of the molecule is gained at the second order of the perturbation expansion with the 

dispersion and induction energies. Substitution of the F atom by less electronegative atom such as 

Cl, Br, I and At results in shortening of the B...Al separation and creating XBAlX (X= Cl, Br, I, At) 

molecules with 2c-2e covalent B-Al bond. The topology of ELF for BF and AlF bonds reveals 

features, which may be explained evoking high electropositive character of the Al atom.  



I. Introduction

 A number of studies on non-covalent interactions has recently significantly increased. Non-

covalent interactions are of importance in supramolecular chemistry [1], crystal engineering [2], 

catalysis [3], molecular machines [4], membrane ion transport [5].  A systematic nomenclature has 

been proposed, based on the main element of the donor-acceptor interaction acting as an 

electrophile [6]. Apart from widely known and well researched hydrogen bonds, there are alkali 

bonds, alkaline earth bonds, regium bonds, spodium bonds, triel bonds, tetrel bonds, pnictogen 

bonds, chalcogen bonds, halogen bonds, and aerogen bonds.

 The triel bonding describes a non-covalent interaction between elements in Group 13 of the 

periodic table and atoms with ‘abundant’ electron density. There have been many theoretical 

publication on the triel interactions [7,8,9,10,11,12,13] where the concept of the σ-hole and π-hole [14] 

have been explored. However, studies on ditriel bonding, where two triel (T) atoms interact with 

each other in a non-covalent way appear to be scarce.

 In order to gain better understanding of the nature of non-covalent interactions, the FBTF 

(T= B, Al, Ga, In) molecules have been theoretically investigated as potential source of the B...Al 

interaction. The FB...AlF complex, where energetic stabilisation is associated with interaction 

between the boron and aluminium atoms has been identified. Discovery of this complex stems from 

our ongoing work on the nature of boron - aluminium covalent bonding [15].

 There is currently significant interest in a main-group  metal catalysis, expected to reduce the 

cost, scarcity and toxicity  problems associated with some transition metals, present in commonly 

used industrial catalytic processes. Molecules with B and Al atoms are possible candidates 

replacing transition metals in such catalytic processes. Detailed knowledge of boron-aluminium 

interactions (BAl), both covalent and non-covalent, will also play an important role in the design of 

catalyst replacement candidates such as organoaluminium boryl complexes, metallacarboranes 

containing aluminium or main group metal analogues of constrained-geometry catalysts.

! In this paper, a series of DFT(M062x), MP2 and CCSD(T) calculations have been 

performed for the FBTF (T= B, Al, Ga, In) and XBAlX (X= Cl, Br, I, At) molecules. Firstly, the 

optimised structures of the FBTF molecules have been analysed. Secondly, interaction energies and 

physical nature of weak ditriel B...Al and halogen B...F and Ga...F interactions using Symmetry-

Adapted Perturbation Theory (SAPT) [16] are discussed. Occurence of those interactions and their 

non-covalent nature has been confirmed using the topological analysis of electron density, ρ(r) 

(AIM) [17,18,19] and electron localisation function, η(r) (ELF) [20]. The changes of the infrared 

spectra caused by the complex formation are also discussed. Finally the effect of the halogen atom 



substitution on the length and population value of the B-Al bond in XBAlX (X= Cl, Br, I, At) set of 

molecules has been studied. The conclusions close the paper.

II. Computational details 

 Calculations have been carried out with the Gaussian16 programme, G16, B.01 version, [21]. 

Molecular structure optimisations have been performed using the CCSD(T)-FC [22,23], MP2(FC) 

[24] and DFT [25] methods with the exchange-correlation energy functional M062x [26] as 

implemented in G16. The electrons have been described using the aug-cc-pVTZ [27,28] basis set. For 

the In, I and At elements the aug-cc-pVTZ-PP pseudopotential and a relevant basis set [29] have 

been used. The basis sets have been obtained using the Basis Set Exchange software (BSE) [30,31,32].  

Stability of the computed wave function has been verified for each optimised system. 

 The natural population analysis (NPA) [33], as included in G16, has been used for the current 

densities at the CCSD//CCSD(T) computational levels.

 Generation of the molecular orbitals (wfn-files) for the topological analysis have been 

performed in two ways, depending whether the DFT, or CCSD methodology have been chosen for 

the analysis. For the CCSD(T) optimised structures, the wave function from a single point CCSD/

aug-cc-pVTZ calculation has been used and the approximation proposed by Feixas et al. [34] with 

the natural orbitals has been adopted. For the molecules containing the In, I or At atoms, when 

pseudopotential approximation use was essential, the following procedure has been adopted. Firstly 

the molecular structure has been optimised using aug-cc-pVTZ-PP pseudopotential and relevant 

basis sets. Then the single point calculations have been carried out using the all-electron triple zeta 

valence quality plus polarization type basis set  („jorge-TZP”), proposed by  Martins et al [35]  for the 

In, I and At atoms, while other atoms have been described with the aug-cc-pVTZ basis set. The g-

orbitals have been removed from the jorge-TZP basis sets. The all-electron basis set have been 

obtained using the BSE software.

 The SAPT calculations, which utilize the procedure of density fitting (DF) [36], have been 

performed with the PSI4 program package [37].

  Topological analysis of η(r) field has been carried out using the TopMod09 package [38]. The 

grid step  used for the topological analysis was 0.05 bohr. The ELF basins (2D) have been visualized 

using the VMD [39]. Topological analysis of ρ(r) field has been performed using the AIMall 

programme [40]. 

III. Results and discussion



IIIa. Geometrical structures

 The structures of the FBTF (T= B, Al, Ga, In) systems, optimised using the DFT(M062x), 

MP2 and CCSD(T) computational methods are shown in Figure 1. Not all the computational 

methods used here yielded similar geometry. The result have also been dependent on the triel atom 

chosen for the analysis. 

 The FBBF molecule has a linear 

structure (D∞h), a higher stability  is in a triplet 

state. The molecule has a covalent BB bond, 

as has been shown previously [41]. The 

molecule has been studied in fine detail there 

and will not be discussed here.

 F o r  t h e F B A l F s y s t e m , t h e 

DFT(M062x) and CCSD(T) computational 

methods yield planar complexes (Cs) in more 

stable singlet  states, showing minima on the 

potential energy surface (PES). The BF 

molecule interacts with the AlF molecule in 

two ways: FB...AlF, and FB...FAl (see Figure 

1). From the perspective of atom-atom 

interactions, the complexes are mainly 

stabilised by  the B...Al ditriel bonding or the 

B...F triel interaction (FB...FAl). 

 Optimised values of the boron-triel, 

ropt(B,T), (T= Al, Ga) and boron-fluorine distances, ropt(B,F), are presented in Table 1. Those large 

values (> 2.55Å) reveal that both complexes are stabilised by non-covalent molecular interactions. 

The sum of the van der Waals radii, published by Mantina et al  [42] for B (1.92Å) and Al (1.84Å) 

atoms of 3.76Å, is much larger than the optimised B...Al distance. The CCSD(T) method yields 

longer ropt(B,T) and ropt(B,F) values than those calculated using the DFT and MP2 methods, thus a 

proper description of correlation effects play  a key role in obtaining correct  results. The B...Al 

separation (2.708Å - DFT, 2.799Å - CCSD(T)) for the FB...AlF complex is much shorter than the 

B...F distance (2.748 - DFT, 2.936 Å - CCSD(T)) in FB...FAl. This result  shows that the metaloid 

atom (B) - metal atom (Al) interaction is more privileged than the triel B...F bonding. Calculations 

Figure 1. The CCSD(T)/aug-ccpVTZ optimised structures of 
the FBTF (T= B, Al, Ga, In) molecules.



using the MP2 method yields only the FB...FAl structure. This suggests that  MP2 calculations when 

studying the B...Al non-covalent ditriel bonding in small systems should be performed with caution.

 The DFT(M062x) calculations for the FBGaF molecule yield two planar structures (Cs), 

representing the following minima on the PES: FB...GaF, and FB...FGa. However, only the latter is 

reproduced with the MP2 and CCSD(T) methods. Thus, the MP2 calculations do not confirm the 

B...Al and B...Ga ditriel interactions. At the CCSD(T) level the B...F distance of 2.649 Å is clearly 

shorter than the B...F distance in the FB...FAl complex (2.936 Å). Most probably, a substitution of 

the Al atom by the less polarisable Ga atom (static dipole polarizability (α0): Al - 57.8 a.u., Ga - 50 

a.u.[43]) results in a less effective B...Ga (dispersion) interaction and leads to the more energetically 

stable FB...FGa complex. The FB...GaF structure has only been obtained using the simplest 

DFT(M062x) method, the ditriel B...Ga bonding existence has therefore not been confirmed.

 Geometry optimisation for the boron-indium interaction in the FBInF system yields the 

planar F2BIn molecule with the C2v point group symmetry. The molecule has the covalent polarised 

B-In bond and two BF bonds, with predominantly large ionic contribution (see Supplementary 

material). 

 In the next sections, we will discuss the FBTF (T= Al, Ga) complexes with the FB...AlF, and 

FB...FT structures.

  

IIIb. The interaction energies

 Interaction energies, calculated using the DFT(M062x), MP2 and CCSD(T) computational 

methods, with the basis set superposition error taken into account using the counterpoise technique 

[44] EintCP, are presented in Table 2. All the methods used show that the complexes stabilised by the 

ditriel (B...Al, B...Ga) bonding (FB...TF)  are less stable than the FB...FT complexes with the B...F triel 

interaction. Approximately parallel orientation of the dipole moments in the FB...FAl and FB...FGa 

Table 1. The optimised values of the B...Al (Ga) and B...F distances (in Å), ropt(B,T), in the FB...TF, and FB...FT (T= Al, 
Ga) complexes. Calculations performed using the DFT(M062x), MP2, CCSD(T) methods with the aug-cc-pVTZ 
basis set.



structures and a close distance between the positively  charged B atom and the negatively charged F 

atom seem to influence the value of the electrostatic energy contributing to energetic stabilisation. 

 The ditriel B...Al interaction in the FB...AlF complex is associated with a very small 

molecular interaction energy (CCSD(T)) of less than 1 kcal/mol (EintCP  = -0.90 kcal/mol). Such a 

small value confirms that the DFT method might be insufficient for the correct description of the 

ditriel complex properties

 In the case of the FB...FAl and FB...FGa complexes, the absolute values of the EintCP decrease 

in the following order: DFT(M062x) > MP2 > CCSD(T). The studied systems belong to weakly 

interacting complexes since their EintCP values are smaller than 3 kcal/mol at the CCSD(T) level. A 

proper description of electron correlation effects is essential for the correct description of their 

electronic structure. 

 The FB...FGa complex, (EintCP = 

-2.71 kcal/mol), is more stable than the 

FB...FAl system (EintCP = -1.98 kcal/

mol). This result is consistent with a 

shorter B...F distance in FB...FGa than 

that observed for the FB...FAl complex. 

 In order to shed light on the 

physical nature of in teract ions 

stabilising the FB...AlF, FB...FAl, and 

FB...FGa complexes, the Symmetry 

Adapted Perturbation Theory (SAPT) 

has been used (see Computational 

details). The closed-shell SAPT technique, constrained to second-order expansion of the interaction 

and fluctuation potentials (monomers), has been applied (ESAPT2+). Additionally, the dispersion 

Figure 2.  The histogram of the contributing components 
(electrostatic,  exchange, induction, dispersion) to the interaction 

energy obtained using SAPT (symmetry-adapted perturbation 
theory) method. The SAPT2+(3)  approach has been adopted as 

described in the PSI4 manual. 

Table 2. The values of the interaction energy corrected for the superposition error using the counterpoise correction, 
EintCP, (in kcal/mol) for the FB...TF, and FB...FT (T= Al,  Ga)  complexes. Calculations performed using the 
DFT(M062x), MP2, CCSD(T) methods with the aug-cc-pVTZ basis set.



(Edisp) and electrostatic (Eelst) interaction energies calculated at the third order have been included, 

ESAPT2+(3) [36]. 

 Graphical comparison of the electrostatic (Eelst), exchange (Eexch), induction (Eind) and 

dispersion (Edisp) energies (total components) for the FB...AlF and FB...FAl complexes is shown in 

Figure 2. Absolute values of four energies are clearly larger for the system stabilised with the B...F 

interaction. Both complexes are not  stable at the SCF level, where the exchange energy component 

dominates over the electrostatic energy. The Eelst term yields much effective stabilisation for the 

FB...FAl complex, due to the total absolute value of 7.41 kcal/mol larger than that calculated for the 

FB...AlF form. As has been mentioned above, approximately parallel dipole-dipole orientation may 

have the largest influence on the electrostatic interaction values. The energetic stability is gained at 

the second order of the interaction potential expansion, when the induction and dispersion energy 

terms are calculated. For the weaker FB...AlF complex with the ditriel B...Al bonding, the absolute 

value of Edisp is 1.05 kcal/mol larger than Eind. For the more stable FB...FAl complex, the induction 

energy is dominant with the difference of 2.85 kcal/mol in respect to Edisp term. 

 For the FB...FGa complex, the Eelec and Eexch components are -11.57 and 18.17 kcal/mol, 

respectively and the complex is also unstable at the SCF level. Those (absolute) values are smaller 

than those calculated for the FB...FAl. The stability is gained at the second order of interaction of the 

potential expansion when the sum of Eind (-4.75 kcal/mol) and Edisp (-5.18 kcal/mol), respectively is 

larger than the sum of the Eelst and Eexch terms (6.60 kcal/mol). The dispersion energy  has larger 

effect on the total stabilisation than the induction energy has, in contrast  to the FB...FAl complexes, 

where Eind dominates at the second order of the perturbation approach.

 

IIIc. The infrared frequencies

 Formation of the FB...AlF complex is associated with small changes in the harmonic infrared 

frequencies (IR) for the monomers. The stretching mode of the BF molecule, νstr(B,F) - calculated 

at 1391.42 cm-1 for the complex - moves towards higher frequencies by 10.31 cm-1 as compared to 

the BF monomer (1381.11 cm-1). On the other hand, the νstr(Al,F) mode, calculated at 773.99 cm-1 

for the complex, is red shifted by 2.29 cm-1 in respect to the AlF monomer (776.28 cm-1). Such 

small changes (absolute values) are consistent  with small elongations of the BF (Δr= +0.002Å) and 

AlF (Δr= +0.002Å) bonds in respective monomers. 

 The natural population analysis (NPA) shows the [FB]q+...[AlF]q- polarisation formula with 

the transferred charge of 0.013e. The electronic charge is shifted towards the AlF fragment, formed 



by more polarisable Al atom (static dipole polarizability (α0): B - 20.5 a.u., Al - 57.8 a.u.  [43]). In 

summary, the ditriel B...Al bonding in the FB...AlF complex is a subtle effect of structural and 

energetic changes manifesting on vibrational excitation of the bonded atoms 

 For the more stable FB...FAl and FB...FGa complexes, stabilised mainly  by  the B...F 

interactions, observed changes in the IR spectra are larger than that  found for the complex with 

ditriel B...Al bonding. For both complexes, the νstr(B,F) mode is blue shifted by  26.38 cm-1 and 

42.67 cm-1, respectively. On the other hand, the values of the νstr(Al,F) and νstr(Ga,F) modes (627.38 

cm-1 for the GaF monomer) are moved towards lower frequencies by  24.90 and 45.55 cm-1, 

respectively. For both structures the relationship with the the monomer’s bond changes is clearer in 

this case than for weaker the FB...AlF complex. The BF molecule is shortened (Δr= -0.004Å, 

-0.006Å), while the AlF and GaF molecules are elongated (Δr= +0.012Å, +0.028Å) as a result of 

existing intramolecular forces. 

 The NPA shows the [FB]q+...[FAl]q- and [FB]q+...[FGa]q- polarisation of the complexes with 

electronic charge flowing from the BF to the AlF and GaF molecules. The transferred charge, Δq, is  

0.018e and 0.043e, respectively. These values are larger than those obtained for the FB...AlF 

complex and they correspond to the larger interaction energy EintCP related to the systems stabilised 

by the B...F interaction and parallel orientations of the molecular dipole moments. 

IIId. Topological analysis of ρ(r) field 

 In order to identify atomic interactions responsible for the energetic stabilisation of the 

FB...AlF, FB...FAl, and FB...FGa complexes, the topological analysis of electron density, ρ(r), field 

has been performed as proposed by Bader [17-19]. The atomic basins (quantum atoms), attractors, 

bond critical points (BCPs) of ρ(r), and the contours of the Laplacian of ρ(r), ∇2ρ(r), for the 

FB...AlF complex are presented in Figure 3a. Similar plots are shown in Figure 3b for the FB...FAl 

complex. A very similar topology of ρ(r) and ∇2ρ(r) has been obtained for the FB...GaF and FB...FGa 

complexes, therefore they  will not be discussed here. Numerical values calculated for the BCPs and 

quantum atoms are collected in Table 3. The results for the FB...FGa complex will not be discussed 

in details due to their similarity to the results obtained for the FB...FAl complex

 The net atomic charges calculated as an average number of electrons in the quantum atoms 

(see Figure 3) clearly indicate that the complexes consist of positively (Bδ+, Alδ+) and negatively 

charged (Fδ-) ions with a charge about 0.9e. It is worth noting that the aluminium atom bears larger 

charge (+0.986e, +0.952e) than the boron atom (+0.866e, +0.915e). The picture of the complexes 



formed by ions is consistent with large contributions of the electrostatic components to the total 

interaction energies.

 The electronic structure of the FB...AlF complex is characterised by  three bond critical points 

(BCPs), (3,-1), associated with the FB, AlF and 

B...Al interactions. Thus, the ditriel B...Al 

bonding has been confirmed. The bonding path 

joining the nuclei attractors (3,-3) CP, localised 

at the B and Al nuclei can be seen in Figure 3a. 

For the FB...FAl complex the B...F interaction has 

also been confirmed by the localisation of BCP. 

 Analysis of the ρ(r) for the BCPs shows small 

differences in values. For the shorter B...Al 

interaction in the FB...FAl complex the value of 

ρ(r) is about two times (2.18) larger than for the 

longer B...F interaction. It  is bound to be 

associated with a larger polarisability  of the Al 

atom. 

 Analysis of the ∇2ρ(r) contours confirms non-

covalent nature of the ditriel B...Al bonding 

interaction. The positive values of ∇2ρ(r) 

between atomic nuclei are observed (BCP), thus 

any signs of the shared-electron bonding is missing. It is worth emphasizing the difference between 

the maps of ∇2ρ(r) for the B...Al and B...F bondings. For the B...Al interaction, two separate areas 

with negative values in the vicinity of the B and Al atoms are positioned opposite each other, while 

for the B...F interaction the area with negative values (B atom) is in ‘contact’ with the area with 

positive values around the F atom.

 For the B...F interaction the BCP is localised within the region with positive values (0.026 e/

bohr5) of ∇2ρ(r). Thus, the interaction belongs to the closed-shell type. For the ditriel B...Al bonding 

the value of ∇2ρ(r) for BCP is very  small and negative (-4.10-4 e/bohr5), due to the BCP location at 

the edge of the negative area of ∇2ρ(r) in the vicinity of the Al atom (see Figure 3a). The larger 

absolute value of ∇2ρ(r) for the B...F bonding coincides with a larger strength of the B...F interaction, 

indicated by the larger value of EintCP. Due to a very small value of the ∇2ρ(r) value for BCP, it is 

Figure 3. 2D plots of the atomic basins (quantum atoms) 
and Laplacian of ρ(r) (red - negative) with marked values 

of the net atomic charges, the delocalisation index (DI), 

ρ(r) for BCP, and ∇2ρ(r) for BCP for: a) the FB...AlF 

complex with the ditriel bonding, b) FB...FAl complex 
with the halogen bonding.



difficult to conclude a partial covalent nature of the B...Al bonding, however it  seems that the nature 

of the B...Al and B...F interactions is not the same.

 The exchange of electron pairs between B and Al quantum atoms, as measured by the 

delocalisation index (DI), is very  small (< 0.3e), about 4 times smaller for the B...F interaction 

(0.073). This result clearly shows that both B...Al and B...F bonds do not belong to a shared electron 

type of interactions.

 In summary the B...F interaction belongs to a class of very weak, non-covalent interactions. 

The non-covalent ditriel B...Al bonding exhibits distinctive features as compared to the B...F 

bonding. 

IIIe. Topological analysis of electron localisation function (ELF) field 

 The topological analysis of the Electron Localisation Function (ELF), η(r)  [45] developed by 

Silvi et al [20,46,47,48,49], enables an additional analysis for both covalent and non-covalent 

interactions. The attractors of η(r) field correspond to atomic shells, covalent bonds and lone pairs 

(non-bonding electron density) representing a classical representation of the electronic structure in 

the Lewis formula. 

Table 3. The numerical parameters for the bond critical point of the ditriel interaction in the the FB...TF,  and FB...FT 
(T= Al, Ga) complexes. Calculations performed using the DFT(M062x), MP2, CCSD(T) methods with the aug-cc-
pVTZ basis set.



 The FBBF (triplet state) molecule has been investigated previously [41]. The covalent BB 

bond is described by  V(B,B) disynaptic basin with 3.92e at the DFT(M062x) computational level. 

Thus, the interaction can be approximately classified as the double B=B bond. Two BF bonds, 

described by  the V(B,F) disynaptic basins, have basin populations, N , of 1.65e. Those bonds 

should be characterised as covalent-polarised and described by two resonance forms, B-F 

(dominant) and B+F-. 

 In the case of the FB...AlF complex (CCSD//CCSD(T)), 13 core and valence attractors have 

been localised in the η(r) field as presented in Figure 4 and the numerical data are collected in Table 

5. No valence attractor of ELF is observed in the area between the B and Al nuclei, where B...Al 

bonding is expected. The ditriel interaction has therefore a non-covalent character. The valence 

electron density  (the B...Al region) is characterised by three non-bonding disynaptic attractors: V(B) 

and V1(Al), V2(Al), because the symmetry of the non-bonding electron density of Al is described by 

two attractors, V1(Al), V2(Al), found below and above the molecular plane. Only  one monosynaptic 

attractor, V(B), is found for the boron atom. All three attractors are localised in the positions 

suggesting the avoidance of the the B and Al atoms’ lone pairs (Pauli repulsion). This seems to be 

an effect of mutual attraction/repulsion of both subunits as characterised by  the SAPT analysis. The 

basin populations for V(B) and V1(Al), V2(Al) of 2.11e and 0.95, 0.96e (total 1.91e) confirm a 

classical concept of single lone pairs in the vicinity of the C(B) and C(Al) cores. Thus, the bonding 

in the FB...AlF complex can be represented by the Lewis structure shown in Scheme 1.  T h r e e 

Figure 4. a) the core and valence attractors for the FB...AlF complex, b) partition of the molecular space of the FB...AlF 
complex into attractor’s basins. The presented slice has been chosen slightly above the symmetry plane, therefore the 

points associated with the V2(Al) attractor (basins) are hardly visible. Calculations performed at the CCSD/aug-cc-
pVTZ//CCSD(T)/aug-cc-pVTZ computational level.



formal lone pairs at each F atom are reflected by two pairs of basins, V1(F), V2(F), localised in the 

molecular plane due to the planar symmetry. The total basin population of 6.0e (3.06 and 2.94e) for 

the F atom of BF  supports perfectly the concept of three lone pairs as can be seen in Scheme 1. For 

the F atom from the AlF molecule with two V1(F), V2(F) basins, characterised by population of 

5.00e and 1.84e, respectively (6.84e in total), three lone pairs with additional electron can be 

expected. It  is worth noting the difference in population of non-bonding basins of F in BF with 6.0e, 

and for F in AlF with 6.84e. It reflects the fact, that Al atom is much electropositive than the B atom 

and approximately one electron is donated to the valence space of F. This result is not surprising 

due to high electropositivity, typical for metals. Topological analysis of η(r) field shows that the AlF 

bond character is essentially less covalent than that of the BF bond.

 A further study  of formally single BF and AlF bonds is essential in order to fully  characterise 

the electronic structure of the FB...AlF complex. The bonds are characterised by the disynaptic 

basins V(B,F) and V(Al,F), which suggests their partially covalent nature. Analysis of Figure 4b 

confirms a disynaptic character of the basins, due to a common surface between the C(B), C(F) core 

basins in BF and C(Al), C(F) core basins in AlF. According to Silvi et al [48], the disynaptic type of 

basins is  confirmed by two-center character of the B-F and Al-F bonds. 

  A classical concept of the ionic and covalent bonds can be verified by analysing an amount 

of electron density in the bonding basin. This way, topological analysis of ELF provides a chemical 

Figure 5. a) the core and valence attractors for the FB...FAl complex, b) partition of the molecular space of the 
FB...FAl complex into attractor’s basins.  The presented slice has been chosen slightly above the symmetry plane, 

therefore the points associated with the V2(Al) attractor (basins) are hardly visible. Calculations performed at the 
CCSD/aug-cc-pVTZ//CCSD(T)/aug-cc-pVTZ computational level.



interpretation. Basin population of V(B,F) of 1.73e, smaller than 2e expected for the 2c-2e covalent 

bond, suggests partially covalent bonding with ionic contribution. The bonding can be described 

using  two resonance structures: the covalent B-F and ionic B+F-.

 A lack of typical covalent character is found for the AlF bond, with a small population of 

1.02 e for the V(Al,F) basin. This result explains a large population of 6.84e found for V1(F), V2(F) 

basins - one electron is transferred from the bonding region to the non-bonding region of F atom. 

The small value of the N  for V(Al,F) confirms that the bond is not typically covalent. Basin 

populations of 1e and less are treated as a possible indication of the charge-shift bonding [50]. The 

Table 4. Basin populations (N ) and atomic contributions to the localisation basins (Ωi,) for the attractors localised in 
the field of η(r) function for the FB...AlF and FB...FAl complexes. Calculations performed at the CCSD/aug-cc-pVTZ//
CCSD(T)/aug-cc-pVTZ computational level. The basin population for the C(F) basin is the same for both molecules.



standard deviation for V(Al,F) of 0.82 shows that electron density of the basin is highly delocalised 

and the Al+F- ionic structure dominates in the resonance equilibrium of the Al+F-, Al.F forms.  

 Finally, the concept of A and B atomic contribution to a localisation basin V(A,B), proposed 

by Raub and Jansen [51], has been applied. The polarity index, pAB, has a value between 0 and 1 

with the former indicating homopolar bonds and the latter for idealised ionic bonds. Interestingly, 

the V(B,F) basin consists of 1.65e (95%) from the F atom and only 0.08e (5%) from the B atom 

(pFB=0.91). Thus, the bond actually is formed mainly  by fluorine and the two-center, partial 

covalent BF bond is highly polarised. In the case of the AlF bond, the V(Al,F) basin with 1.33e 

consists of 1.25e (94%) from the F atom and 

0.05e (4%) from the Al atom (pFAl=0.92). 

Similar interpretation to the above can be 

applied here. The delocalised electron density 

’contained’ in the V(Al,F) basin comes 

mainly from the fluorine valence shell. The 

electron cloud of two-center BAl bond is 

highly  polarised towards the F atom. Other 

values of the atomic contributions are 

presented in Table 5.

 In summary, using the Lewis classical 

language, we believe that  the bonding 

representation in the FB...AlF complex is as 

presented in Scheme 1, represented by both 

covalent  B-F and ionic B+F- resonance 

structures for the BF bond,  highely delocalised one-electron Al.F bond and Al-F+ Al+F- ionic forms 

for the AlF. The ditriel B...Al bonding is actually  an interaction between two positively charged 

atoms, while the B...F triel bonding is an interaction between positively and negatively  charged 

atoms.

IIIf. Influence of halogen atoms on the nature of the BAl bonding.

 In order to check whether the nature of the ditriel B...Al bonding depends on the halogen 

type, a set of the XBAlX (X= Cl, Br, I, At) molecules have been studied using the DFT(M062x) 

method with the aug-cc-pVTZ (Cl, Br) and aug-cc-pVTZ-PP (I, At) basis sets. The optimised 

Scheme 1. The Lewis formula for the FB...FAl complex 
obtained using the results of topological analysis of ELF. The 

dashed vertical line and three solid vertical lines in the vicinity 
of the F atom in the AlF molecule are related to the total basin 

population of the valence electrons (6.84e).



geometries for all the structures in their singlet  states are similar (see Figure S1) regardless of the 

halogen atom (X= F-At). The optimised lengths of the B-Al bond, ropt(B,Al), are shown in Table 5. 

 Substituting the F atom by a heavier halogen results in shortening of the BAl bond from 

2.708Å (F) to much shorter bonds between 2.240Å (At) - 2.318Å (Cl). For such short atomic 

interactions, a covalent character with shared electron density in the bond can be expected. The 

results clearly show that the ditriel B...Al bonding is an unique feature of the interaction between the 

Bδ+ and Alδ+ charged atoms. As expected, a  covalent character of the B-Al bond has been confirmed 

by the topological analysis of ELF, showing the disynaptic bonding attractor V(B,Al) for all the 

XBAlX molecules. The basin populations range between 2.43 (Cl) and 2.52e (I) and are much 

larger than 2e expected for a single 

bond. The boron-aluminium bond in the 

XBAlX (X= Cl, Br, I, At) systems has 

an interim character, between a single 

B-Al and a double B=Al bond, when 

the Lewis representation is used, but 

with a significant dominance of a single 

bond. Interestingly, the relationship 

between the B-Al bond length and the 

V(B,Al) basin population is almost 

linear as presented in Figure 6. 

  For the BX and AlX bonds, 

topological analysis of ELF also shows 

a two-center and partially  covalent 

character of the bonding. The V(B,X) 

and V(Al,X) disynaptic attractor and 

Table 5. The optimised distances of the boron-aluminium bond, ropt(B,Al), and the population values, N , for the 
V(B,Al), V(B,X) and V(Al,X) basins localised in the XBAlX (X= Cl, Br, I, At) molecules. Calculations performed at 
the DFT(M062x)/aug-cc-pVTZ (Cl, Br) and DFT(M062x)/ aug-cc-pVTZ-PP (I, At) computational levels.

Figure 6. The relationship between the population, N [e] of the B-
Al bond, represented by the V(B,Al) bonding disynaptic basin, and 
the optimised length, ropt(B,Al) [Å] for the XBAlX (X= Cl, Br, I, 
At) molecules. Calculations performed at the DFT(M062x)/aug-cc-
pVTZ (Cl,  Br) and DFT(M062x)/ aug-cc-pVTZ-PP (I, At) 

computational levels.  Dependence between the values of  N and 
ropt(B,Al) has been investigated using linear regression (r2= 0.999). 



basins are localised in the regions between the boron and halogen and between the aluminium and 

halogen cores. Corresponding values of the N  basin population are presented in Table 5. The 

values of N  are smaller than 2e. The BX and AlX bonds show much smaller covalent character 

than the BAl bond based on the value expected for the single bond. This can be explained by  a 

partially ionic character of the bonding. Therefore, the equilibrium of the B-X, B+X- and Al-X, Al
+X- resonance structures should be considered. The basin populations of V(Al,X) are smaller (ΔN = 

0.17-0.35e) than these calculated for the V(B,X) basins, therefore a contribution of ionic forms is 

larger for the AlX bonding.  

IV. Conclusions

 Theoretical studies performed for the FBTF (T= B, Al, Ga, In) and XBAlX (X= Cl, Br, I, At) 

molecules show a variety  of structural and binding motifs, including covalent BB, BIn and BAl 

bonds in the FBBF, F2BIn and XBAlX molecules. The FB...AlF and FB...GaF molecular complexes 

exhibit structures stabilised with the B...Al and B...F non-covalent interactions.

 The ditriel B...Al bonding has been identified only in the Fδ-Bδ+...Alδ+Fδ- molecular complex, 

which has a clearly ionic structure of the components (AIM: δ≈ 0.9e). The presence of the 

interaction stabilising the molecule has been confirmed by a bond critical point localised on the 

gradient path joining B and Al nuclei attractors 

in the field of ρ(r). Topological analysis of ELF 

shows that the ditriel B...Al bonding has a non-

covalent character, due to absence of the 

V(B,Al) disynaptic attractor. The bond is very 

weak due to very  small values of ρ(r), ∇2ρ(r) 

and H(r) numerical parameters for BCP. A very 

weak character of the bonding is also confirmed 

by a very  small value of the interaction energy, 

EintCP (less than 1 kcal/mol) at the CCSD(T) 

level.

 The formation of the ditriel B...Al 

bonding is an unique feature, emerging from stabilisation of the Bδ+Alδ+ fragment by two F anions. 

Figure S1.  The geometrical structure of the ClBAlCl 
molecule optimised at the DFT(UM062x)/aug-cc-PVTZ 
computational level.  The BrBAlBr molecule has been 
opt imised a t the DFT(UM062x)/aug-cc-PVTZ 
computational level and the XBAlX (X= I,  At) molecules 
at the DFT(UM062x)/aug-cc-pVTZ-PP computational 
level. The optimised structures of all molecules are very 
similar.



The ditriel bond has neither been found in analogous compounds FBTF (T= B, Ga, In), nor in in the 

XBAlX (X= Cl, Br, I, At) molecules, where only a single B-Al bond has been only observed.

 From the reductionist point  of view („Atoms in molecule” theory) the Fδ-Bδ+...Alδ+Fδ- 

molecular complex is stabilised by  the ditriel B...Al bonding as well as by the FB and AlF atomic 

interactions. On the other hand, considering the molecular complex as a whole in terms of SAPT 

methodology, rather than merely the „sum” of its atoms, leads to the conclusion that stability results 

from the dispersion and induction forces present between the Fδ-Bδ+ and Alδ+Fδ- subunits.
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Supplementary material:

The analysis of bonding in FBInF

 The analysis of bonding shows twelve 

core and valence attractors. The core 

and valence attractors are shown in 

Figure S2. The core basins characterise: C(F) - fluorine core, C(B) - boron core, and C(In) - indium 

core with 2.14e, 2.06e and 45.76e ([Kr] 4d10). Three bonding disynaptic attractors, V(B,F), V(B,F), 

V(B,In), are localised in the valence space, characterising two-centre covalent-polarised bonds B-F, 

B-F and B-In. Such bonds classically are described as formed by 2e, but topological analysis of 

ELF shows the basin populations of 1.36e, 1.36e and 2.15e. The B-In bond can be characterised as 

a single bond based on the Lewis formula. On the other hand two BF bonds exhibit  highly electron-

deficient bonds and electronic structure, which can be represented by the B-F, B+F- resonance 

formulas. Some amount of electron density  is divided among the non-bonding disynaptic basins and 

this can be associated with a formal concept of lone pairs in Lewis formula. Such lone pairs on the 

F atom are represented by two basins V(F), V(F) with 3.20, 3.21e yielding 6.41e in total, which 

Figure S2. The core and valence attractors for the FBInF molecule.



roughly corresponds to three formal lone pairs. Additionally, the monosynaptic attractor V(In) is 

found in the vicinity  of the C(In) core with localisation basin population of 2.16e. Thus, one formal 

lone pair on In atom has been confirmed. 

 Atomic contributions to the V(B,In) basin of 0.62e (In) and 1.42e (B) show that the B-In bond is 

polarised towards the boron atom with the polarity index, pBIn, of 0.39. Interestingly, the B atom 

donates a large amount of density, despite possessing empty  p orbitals. A completely different 

picture has been obtained for two BF bonds. They are formed mainly by electron density  from the F 

atom with 1.27e with a very  small contribution of 0.10e from the B atom. Polarisation of the bond is 

very large, due to the polarity index, pFB, of 0.85. 
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