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Supramolecular interactions in boron hydrides: How non-classical 

bonding directs their crystal architecture 

David J. Wolstenholme,a,* Eric J. Fradshama and G. Sean McGradya,*

Boron hydrides typically contain both bridging B-H-B and terminal 

B-H bonds, which behave respectively as local Lewis acidic and 

basic sites. Their condensed phases are then stabilised through 

dihydrogen bonds between  these hydride moieties. Here we 

explore the complex interplay of these H∙∙∙H interactions for 

simple boranes, and we discuss the influence of 3c,2e B-H-B and 

B-B-B bonding on their extended structures. This analysis has also 

revealed a novel form of heteropolar dihydrogen bonding, 

involving an acidic B-H-B bridging and a basic terminal B-H moiety. 

The hydrides of boron have played a central role in the 

development of synthetic and theoretical inorganic chemistry for 

almost a century. Their discovery by Stock in the early 1930’s 

provoked considerable debate regarding the structure and bonding 

of these remarkable molecules.1-5 This led Pitzer et al. to propose a 

model for diborane-6 (B2H6 - 1) that closely resembles its 

isoelectronic ethene counterpart, with a doubly protonated 

[H2B=BH2]2- framework (Scheme 1a).2 However, the 1H NMR 

spectrum of liquid 1 revealed that the bridging hydrogen atoms are 

negatively charged, consonant with an alternative “three-centre, 

two-electron” (3c,2e) bonding motif (Scheme 1b).3 This concept was 

further supported by MO theory, with the electrons located in B-H-

B bonding orbitals being distributed evenly across these moieties.4 

Subsequently, the structure of 1 was proposed to involve an 

electron-deficient B∙∙∙B interaction (Scheme 1c), implying hybrid σ- 

and π-type character for this bond.5 These studies serve to 

rationalise the non-classical bonding in 1 and related boranes, but 

they fail to describe how these structural motifs influence the 

supramolecular interactions responsible for stabilising the 

condensed phases of these systems. 

In the solid state, the bridging and terminal hydrogen atoms of 

boranes may be expected to engage in distinct types of 

intermolecular H∙∙∙H interactions that contribute to their crystalline 

Scheme 1. Alternative bonding motifs for diborane 1. 

 

architecture. For example, the neo-conventional 3c,2e bonding 

motif 1b would allow the B2H6 molecules to engage in counter-

intuitive hydride-hydride bonding.6 Therefore, as an extension of 

our recent programme directed at understanding these and related 

H∙∙∙H interactions, we have revisited the molecular and electronic 

structures of a series of simple boranes (B2H6, B4H10, B5H9, and 

B10H14), along with exploring the influence of 3c,2e B-B-B and B-H-B 

bonding in directing these supramolecular interactions.6 These 

compounds offer a rare opportunity to analyse weak dihydrogen 

bonding free from any competing interactions, and as such they 

afford a unique insight into the nature and the driving forces behind 

the formation of these unconventional H∙∙∙H interactions. 

Crystalline 1 adopts the monoclinic space group P21/n (#14), in 

which the body-centred orientation of the molecules gives rise to 

discrete B2H6 fragments that form several H∙∙∙H contacts below the 

sum of the van der Waals radii for two interacting hydride ions (< 

2.8 Å).6,7 This prompted us to explore in detail the charge 

distribution in 1,  since no competing interactions are present to 

interfere with the dihydrogen bonding. In this instance, the 

electrostatic potential mapped onto a 0.001 au isodensity surface 

revealed a significant electrophilic region surrounding the bridging 

hydrogen atoms, with the most nucleophilic portions of the 

molecule being located between the terminal B-H moieties              

(Fig. 1). This redistribution of charge is most consistent with the 

doubly-protonated [H2B=BH2]2- model 1a, and suggests that the 

condensed phase of 1 is stabilised through B-H∙∙∙H-B proton-hydride 

interactions. Similar behaviour has been predicted computationally 

for B2H6 interacting with basic molecules (e.g. CH3OH), with the 

bridging hydrogen atoms acting as hydrogen-bond donors.8 

However, closer inspection of the MOs that contribute to the 

B(μ-H)2B region clearly reveals delocalisation throughout this 

moiety, consonant with the widely accepted 3c,2e bonding motif. 
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In an attempt to unravel the ambiguity concerning the bonding 

in 1 and how it influences the interactions that stabilise the 

Fig. 1 Plot of the electrostatic potential superimposed on a 0.001 au 

isodensity surface ranging from -0.01 au (red) to 0.03 au (blue) of 1 

viewed along the bc plane of the crystal. These calculations were 

constrained by the experimental X-ray diffraction data using a 

technique known as “wavefunction fitting”. Molecular graph 

displaying the bond and ring critical points as red and yellow 

spheres, along with the atomic charges and selected δ values in red 

and black. Plot of the HOMO-1 for 1 with isoelectronic density 

levels of ±0.10 au. 

extended structure of this borane, we carried out a topological 

analysis of the electron distribution for an isolated B2H6 molecule, 

using the concepts espoused in the quantum theory of “Atoms in 

Molecules” (AIM).9 This approach revealed a substantial amount of 

density (ρb(r) = 1.67 eÅ-3) evenly distributed throughout the B-H-B 

framework, albeit skewed towards the midpoint of the B(μ-H)2B 

moiety.10 Furthermore, the Laplacian of the electron density, L(r) = 

-∇2ρ(r), shows that the bridging hydrogen atoms are defined by 

local regions of charge concentration, indicating that each hydrogen 

atom is negatively charged. The positive electrostatic potential 

observed in the vicinity of the bridging hydrogen atoms results from 

an asymmetric distribution of density as the charge is redirected 

towards the boron atoms, leaving the hydrogen outwardly 

depleted. This shift of density towards the midpoint of the B(μ-H)2B 

moiety gives rise to highly polarised hydrides, with the regions of 

charge depletion directed towards the neighbouring molecules, 

allowing the B2H6 moieties to engage in what are best described as 

weak heteropolar hydride-hydride interactions to stabilise the 

solid-state structure. 

The delocalisation index, δ(A,B), provides an alternative means 

of interpreting the bonding in 1, since this parameter measures the 

number of electrons shared between two atoms.11 In this instance, 

the large δ values calculated for the bridging B-H moieties show 

that a certain degree of covalent character is retained upon 

establishing the 3c,2e bonding, with ∼57% of the density located in 

their terminal B-H counterparts (Fig. 1). Interestingly, the accretion 

of electron density at the midpoint of the B(μ-H)2B moiety also 

results in small δ values for the B∙∙∙B and H∙∙∙H contacts. Such a 

scenario is reflected in the HOMO-1 of this system, in which 

favourable overlap of boron 2p-orbitals is accompanied by an 

interaction with the 1s-orbitals of the bridging hydrogen atoms   

(Fig. 1). These findings support the previous diamond-shaped 

description of 1, in which the density of the bridging hydrogen 

atoms is polarised towards the H2B∙∙∙BH2 bond, again accounting for 

the reversal in polarity of these hydrides.12 

The proclivity of boranes and related molecules to engage in 

Fig. 2 Plot of the core structures for 2-4, including labels for select 

boron atoms. The hydrogen atoms are omitted for clarity. 

B-H∙∙∙H-B interactions is further revealed from a statistical survey of 

the Cambridge Structural Database (CSD), which returns over 1,600 

structures containing H∙∙∙H contacts between 2.0 and 2.8 Å. This led 

us to extend our analysis of hydride-hydride bonding to 

tetraborane-10 (B4H10 - 2), pentaborane-9 (B5H9 - 3), and 

decaborane-14 (B10H14 - 4), since these compounds are capable of 

forming a diverse array of H∙∙∙H interactions (Fig. 2). This survey has 

afforded a clearer understanding of how variations in the size and 

shape of these clusters influence their choice of weak interactions. 

The prototypical arachno-borane B4H10, 2 crystallises in the 

monoclinic space group P21/n (#14), in which the asymmetric 3c,2e 

bonding was considered by Förster et al. to be described most 

appropriately as a central B2H6
2- component interacting with two 

BH2
+ fragments.13 This study showed that the interaction between 

the bridging hydrogen atoms and the peripheral BH2
+ groups are 

around one-third weaker than their shorter B-H-B counterparts 

attached directly to the B2H6
2- moiety (i.e. B1-H∙∙∙B2). Nevertheless, 

these interactions still accumulate half the density observed in their 

terminal counterparts. Förster et al. found no evidence of any B∙∙∙B 

interactions between the B2H6
2- and BH2

+ fragments, supporting the 

partitioned model described above.13 This is consistent with our 

calculations for B4H10, with the exception of weak B∙∙∙B interactions 

between the B2H6
2- and BH2

+ fragments as revealed by their small δ 

values (Fig. 3). ∇2ρ(r) plotted in the plane of the 3c,2e B-B-B and 

B-H-B bonding clearly shows that the density is highly localised 

along the activated B-H bonds of the B2H6
2- component, while being 

polarised towards the boron atoms of the BH2
+ fragments (Fig. S4). 

The resulting electrostatic potential plotted on a 0.001 au 

isodensity surface for 2 reveals that the bridging hydrogen atoms 

are again electrophilic, allowing them to engage in weak 

heteropolar dihydrogen bonds with the terminal B-H groups. 

The positive electrostatic potential in 2 is comparable in  

Fig. 3 Molecular graph of 2 displaying bond and ring critical points 

as red and yellow spheres, with atomic charges and selected δ 
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values in red and black. Plot of the electrostatic potential 

superimposed on a 0.001 au isodensity surface ranging from -0.01 

au (red) to 0.03 au (blue) viewed along the ac plane of the crystal. 

Fig. 4 Molecular graph of 3 displaying bond and ring critical points 

as red and yellow spheres, with atomic charges and selected                    

δ values in red and black. Plot of the electrostatic potential 

superimposed on a 0.001 au isodensity surface ranging from -0.02 

au (red) to 0.05 au (blue) viewed along the ac plane of the crystal. 

The insert shows the electrostatic potential for a terminal B-H bond 

with values ranging from -0.01 to 0.01 au. 

magnitude with that calculated for 1, but its size and shape allows 

the B4H10 molecules to form slightly stronger H∙∙∙H interactions (≥ 

2.58 Å). In this instance, the terminal B-H bonds of the B2H6
2-

fragment interact with the bridging hydrogen atoms of a 

neighbouring molecule, to extend the structure in a zig-zag 

orientation along the a-axis of the crystal. This geometry also 

results in the close approach of two terminal B-H groups (2.52 Å), 

one defined by a negative region of electrostatic potential and the 

other by a small positive potential that carries over from the 

bridging hydrogen atoms. The remaining dimensions of the solid are 

then stabilised by heteropolar dihydrogen bonding involving the 

BH2
+ moieties, confirming that the condensed phase of this borane 

is held together exclusively through attractive H∙∙∙H interactions. 

The molecular structure of the simple nido-borane B5H9, 3 

consists of a square pyramidal arrangement of the B-H moieties, 

with bridging hydrogen atoms connecting each of the basal boron 

atoms (Fig. 4).14 The symmetric 3c,2e bonding closely resembles the 

structural motif observed in 1, albeit with slightly less density 

distributed throughout the B-H-B moieties, ρb(r) = 1.61 eÅ-3. 

Nevertheless, the δ values calculated for the equatorial B∙∙∙B 

contacts signifies a moderate interaction between these atoms, 

with values nearly three times greater than their counterpart in 1. 

Indeed, these B2∙∙∙B2 interactions share approximately half the 

electron density present in the established B1-B2 bonds, whereas 

the related B-B-B bonding in 2 is more localised on the B2H6
2- 

fragment. In addition, a plot of ∇2ρ(r) in the plane of the equitorial 

boron atoms shows that the B∙∙∙B interactions are defined by local 

regions of charge concentration (Fig. S6), similar to the hybrid 

bonding described in 1c. This delocalisation results in additional 

skeletal electrons for the square-pyramidal framework, and highly 

polarised bridging B-H-B moieties that give rise to an electron-

deficient region directly below the basal plane of this molecule. 

The body-centred orientation of the B5H9 moieties in 3 allows 

the negative region of electrostatic potential surrounding the axial 

B-H bond to interact with the electrophilic bridging hydrogen atoms 

of a neighbouring molecule, extending the structure of this borane 

along the c-axis of the crystal. However, the multifurcated nature of  

Fig. 5 Molecular graph of 4 displaying bond and ring critical points 

as red and yellow spheres, with selected atomic charges and                    

δ values in red and black. Plot of the electrostatic potential 

superimposed on a 0.001 au isodensity surface ranging from -0.02 

au (red) to 0.07 au (blue). 

these dihydrogen bonds leads to longer than expected H∙∙∙H 

contacts (2.62 Å), in spite of more favourable electrostatic 

interactions. The remaining dimensions of the solid are then 

stabilised through homopolar dihydrogen bonding between the 

equatorial B-H bonds. These hydride-hydride interactions are able 

to overcome the electrostatic repulsion imposed by the close 

proximity of two hydrides by forming σ-holes (i.e. positive or 

neutral regions of electrostatic potential at the apex of the covalent 

B-H bonds; Fig. 4). This subtle change in the charge distribution of 3 

minimises the electrostatic repulsion in this region of the molecule, 

allowing for the formation of weak H∙∙∙H interactions (2.50 Å). It is 

noteworthy that this type of behaviour is also observed in systems 

that exhibit halogen bonding, which also involve a strong 

interaction between two negatively charged atoms.15 

The nido cluster B4H10, 4 adopts a capped arrangement of the 

skeletal B-B-B framework, with asymmetric 3c,2e B-H-B bonding at 

the open face of this structure. However, a recent topological 

analysis of the electron distribution in 4 by Kononova et al. 

proposed instead a structure that consists of two interconnected B6 

sub-clusters, since only a single mutual B-B bond was observed 

between the edges of these moieties.16 In contrast, our analysis of 

the δ values for the B1∙∙∙B4 contacts in 4 revealed moderately 

strong interactions that effectively close the cage-like structure of 

this borane (Fig. 5). These values show that the B1∙∙∙B4 interactions 

share only slightly less electron density than the strongest B-B bond 

of this cluster (>70%). Nevertheless, a plot of ∇2ρ(r) in the B1-B5-B4 

plane of 4 reveals charge concentrations between the B1-B5 and 

B4-B5 bonds, with the density being shifted inwards and away from 

the longer B1∙∙∙B4 interactions (Fig. S8). In a similar vein, the B∙∙∙B 

contacts within the B-H-B moieties also display moderate  δ values, 

with the electron density of the bridging hydrogen atoms being 

polarised towards the midpoint of these B∙∙∙B interactions, 

analogous to the 3c,2e bonding found in the structure of 3. 

The highly delocalised distribution of density in 4 results in an 

electrophilic region located at the open rim of this nido structure 

(Fig. 5). This behaviour is analogous to its smaller nido congener 3, 

although the increase in Lewis acidity of the bridging hydrogen 

atoms in 4 gives rise to considerably stronger bifurcated H∙∙∙H 

interactions (≥2.41 Å). This bonding motif extends the structure of 4 
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along the c-axis of the crystal, with the remaining dimensions of the 

solid being held together by weaker heteropolar hydride-hydride 

bonding. Accordingly, the H∙∙∙H contacts in 4 involve only an  

Fig. 6 Plot of the electrostatic potential superimposed on a 0.001 au 

isodensity surface for archetypal proton-hydride (NH3BH3), 

heteropolar hydride-hydride (B2H6), and homopolar hydride-

hydride (B5H9) interactions. 

interaction between positive and negative regions of the B10H14 

molecules, whereas the smaller size of 3 forces the basal B-H groups 

in B5H9 to engage in secondary homopolar dihydrogen bonding. 

In summary, this study has revealed the remarkably variable 

nature of the hydride moieties in the simple binary boranes 1-4, 

which results in a rich spectrum of intermolecular H∙∙∙H interactions 

that serve to stabilise their crystalline phases. In contrast to the 

electron-precise terminal B-H bonds in which the density is 

polarised towards the hydrogen atom, the density in their 3c,2e 

B-H-B counterparts accretes in the vicinity of the boron atoms, 

making the bridging hydrogen atoms comparatively Lewis acidic. 

Moreover, the 3c,2e B-H-B moieties experience only a marginal 

increase in electron density on going from 1-4, whereas the charge 

that accumulates in the 3c,2e B-B-B skeletal bonds increases more 

rapidly. This effect serves to accentuate the relative Lewis acidity of 

the B-H-B hydrides, inviting an interaction with the basic terminal 

B-H moieties of a neighbouring molecule.  Finally, this analysis of 

the electronic and supramolecular structures of 1-4 has revealed a 

previously unappreciated type of heteropolar hydride-hydride 

interaction on the spectrum of this neophyte class of dihydrogen 

bonding, which in some respects resembles more conventional 

N-H∙∙∙H-B proton-hydride interactions (Fig. 6), in contrast to their 

homopolar B-H∙∙∙H-B counterparts that involve a primary repulsive 

electrostatic interaction that is transcended by attractive dispersion 

forces.6 
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Graphical Abstract: 

 

The nature and driving forces behind the formation of dihydrogen bonds are explored in several 

textbook boranes, and their influence on the crystalline architecture is revealed. 
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