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ABSTRACT We systematically explore the stability and properties of [B12X11Ng]− adducts 

resulting from the capture reaction of noble gas atoms (Ng) by anionic [B12X11]− clusters in the 

ion trap. [B12X11]− can be obtained by stripping one X− ligand off the icosahedral closo-

dodecaborate dianion [B12X12]
2−. We study the binding of the noble gas atoms He, Ne, Kr, Ar and 

Xe to [B12X11]− with ligands X = F, Cl, Br, I, CN. While He cannot be captured by these clusters 

and Ne only binds at low temperatures, the complexes with the heavier Kr, Ar and Xe show 

appreciable complexation energies and exceed 1 eV at room temperature in the case of 

[B12(CN)11Xe]−. For the latter three noble gases, we observe a significant charge transfer from the 

Ng to the icosahedral B12 cage. 

 

INTRODUCTION Boron, the 5th element1 of the periodic table, offers a stunning variety of 

bonding motifs.2,3 This is due to the capability of boron to form different bonding types, ranging 

from fully delocalized structures as present in spherical4 and planar5–7 antiaromatic species to 

multicenter, and two-center bonds.8 Due to its electron deficiency, boron can form very stable 

anionic clusters, including those discussed in this article. Bonding motifs include planar 

structures,5,6,9–12 some of them exhibiting high structural fluxionality,12–17 dense 2D18,19 and 3D 

materials20 and more exotic ones such as all-boron fullerenes.21 Arranged in wheels with strong 

two-center two-electron  bonds around a central atom or a planar cluster, boron can stabilize 

metals22 with a coordination number of 10 in two dimensions.23,24 Cluster chemistry enables 

detailed gas phase studies of the chemistry of boron in close collaboration between experiment 

and high-level theory.25,26 The group of Alexander I. Boldyrev established highly precise 

predictive computational chemistry protocols27,28 and electronic structure analysis tools29,30 that 
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allowed for the characterization, interpretation and in-depth chemical analysis of numerous species 

that have been prepared in experiment. 

Icosahedral boron clusters are intriguing systems of remarkable stability, yet they can also 

provide extremely high reactivity.31 The core motif, an icosahedral cage composed of 12 

symmetry-equivalent boron atoms, is surrounded by 12 hydrogens, halogens or other monovalent 

species (like cyano groups), to form perfectly symmetric, closo-dodecaborates ([B12X12]
2− with X 

= H, halogen, CN) of Ih symmetry (Figure 1a). A particular feature of the B12 core is its extremely 

high electron affinity, which withdraws electron density even from halide ions, which become 

positively charged.32 

The remarkable stability of the closo-dodecaborates leads to a range of applications: For 

example, [B12Cl12]
2- is an extremely stable dianion commonly utilized in ionic liquids.33,34 Also 

utilized for ionic liquids is [B12H11R]- (R = organic group).35 Its stability makes it a promising 

agent for boron neutron capture therapy.36,37 Further applications in surface and interface science 

are emerging since these anionic species can be deposited in self-organizing layers, as 

demonstrated for [B12Cl12]
2-.38 
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Figure 1. a) [B12I12]
2− (Ih) cluster; b) [B12I11]

− (C5v) with a cavity that gives access to one boron 

atom; c) Visualization of the lowest unoccupied molecular orbital (LUMO) in [B12I11]
-− as 

isosurface at a value of 0.03 a.u. Color scheme for atoms: B: orange, I: purple. 

 

As the icosahedral boron moiety dictates the properties of these intriguing clusters, it is 

interesting to access the constituting boron atoms directly. Indeed, it is possible to strip individual 

atoms off the periphery the B12 core (Figure 1b). This can be achieved by fragmentation in a mass 

spectrometer.39,40 For [B12In]
m−, (stable species in the ion trap are dianions (m = 2) with n = 12 to 

9, anions (m = 1) with n = 11 to 1 and neutral B12 (n = 0, m = 0)), the fragmentation channel has 

been studied in detail39 and individual species have been confirmed by infrared photodissociation 

(IRPD) spectroscopy.41 The icosahedron remains intact after removal of the first five to six iodine 

ligands and transforms into a planar structure for x≤5,42 finally yielding the planar neutral B12 

cluster. A particularly interesting species is formed if only one iodide is removed: The [B12I11]
− 

anion has a single accessible boron site (Figure 1b). 

It is possible to form isostructural [B12X11]
− clusters with other halogens, i.e. X = F, Cl, Br, I,40 

and also with X = CN.43 The gas-phase reactivity of these molecular anions is demonstrated by the 

remarkably strong interaction with noble gas (Ng) atoms. Some [B12X11Ng]− complexes have 

already been studied experimentally and/or theoretically: [B12Cl11]
− forms stable bonds with Xe 
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and Kr at room temperature, with binding energies (0 K) of respectively -108 and -81 kJ mol-1 as 

calculated at the MP2/6–311++G(2d,2p)/SDD level of theory.44 The cyano cluster [B12(CN)11]
− 

binds Ar43 as well as Ne.45  The [B12(CN)11Ne]− complex is experimentally stable up to 50 K, and 

the Ne attachment enthalpy at 0 K was calculated to be -9 kJ mol-1, employing the B3LYP-

D3(BJ)/def2-QZVPP level of theory.45 The larger Ar binds significantly more strongly with -615 

kJ mol-1 at 0 K (CCSD(T)/cc-pVTZ//MP2/cc-pVTZ) and is found to be stable at room 

temperature.43  

Here we present a systematic theoretical investigation on the binding of the noble gases He, Ne, 

Ar, Kr, and Xe to the series of [B12X11]
− molecular anions, with X = F, Cl, Br, I and CN. We will 

discuss the trends in the Gibbs energy of complexation reaction (following the reaction [B12X11]
− 

+Ng → [B12X11Ng]− , in the following referred to as Gibbs energy) and the structural features of 

the noble gas–containing complexes [B12X11Ng]− by comparing the predictions as obtained for the 

various X and Ng substituents. We will show some surprising trends: While for all X the Gibbs 

energy increases in magnitude with the size of the Ng atom, the affinity of the individual [B12X11]
− 

species towards the noble gas atoms changes with the halogen. Notably, our calculations suggest, 

that all combinations of X with the heavy noble gases Ar, Kr and Xe form stable bonds up to room 

temperature. Furthermore, at 0 K also all combinations of X with Ne and the combination of 

[B12Cl11]
− and [B12I11]

− with He form stable bonds, while the He and Ne complexes become 

unstable at higher temperature. The charge transfer from the Ng atom to the [B12X11]
− moiety is 

remarkably large, reaching 1/3 electronic charge in the case of the [B12(CN)11Xe]− complex. 

 

METHODS Full geometry optimizations and vibrational analyses (within the harmonic 

approximation) have been carried out employing density-functional theory (DFT) at the hybrid 

PBE046,47 functional level and the Slater-type TZP48 basis set. We used the zero order regular 
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approximation (ZORA)49 to correct for scalar-relativistic effects and empirically corrected for 

London dispersion with Grimme’s D3 scheme50 together with Becke-Johnson (BJ) damping.51 All 

DFT calculations have been carried out using the Amsterdam Modelling Suite (AMS) with the 

Amsterdam Density Functional (ADF) 2016 code 52–54 For the thermochemical calculations, the 

ideal gas approximation was used. Partial atomic charges have been calculated by performing 

QTAIM (Bader) analysis.55 To substantiate the DFT energies, we performed single-point 

calculations on the optimized DFT geometries using the DLPNO-CCSD(T)56,57 method with the 

def2-TZVPP58 basis set and def2-TZVPP/C auxiliary basis59 and NormalPNO cutoff thresholds60 

as implemented in the ORCA code.61 To improve the stability of the calculations, very tight SCF 

convergence criteria and slow convergence were used for the reference HF calculations. The 

difference between both methods is shown in Figure S1, which shows lower binding energies for 

the PBE0-D3(BJ) calculations compared to the higher-level coupled cluster approximation. While 

the differences are within the expected accuracy range of 5 kJ mol-1 for He and Ne complexes, it 

appears as though PBE0-D3(BJ) underestimates the complexation energy by about 10-20 %. 

However, the general trends reported here are the same at both the DFT and the DLPNO-CCSD(T) 

levels of theory. For accuracy reasons, however, we report all energies at the DLPNO-CCSD(T) 

levels of theory, while geometries and frequencies, and related entropy, are calculated with DFT. 

Enthalpy 𝐻 = 𝑈 + 𝑝𝑉 with the zero-point energy (ZPE) corrected internal energy 𝑈 and the Gibbs 

energy 𝐺 = 𝐻 − 𝑇𝑆 were calculated within the ideal gas approximation 𝑝𝑉 = 𝑛𝑅𝑇 and the 

harmonic approximation for the frequencies entering the ZPE and entropy terms. The vibrational 

frequencies were scaled by a factor of 0.9944.62 The same settings have been used for the 

calculation of infrered spectra, which are, for visualization, convoluted by a Lorentzian of 7 cm-1 

width. 
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RESULTS AND DISCUSSION The particularly strong activity of the [B12X11]
− anions is 

reflected in the strongly localized form of their lowest unoccupied molecular orbital (LUMO) 

centered at the bare boron atom, as exemplarily shown for [B12I11]
− in Figure 1c. 

Figure 2a and Table S1 give the enthalpies Δ𝐻 of the complexation reaction [B12X11]
− + Ng → 

[B12X11Ng]− at 0 K based on DLPNO-CCSD(T)//DFT (see Methods) Born-Oppenheimer energies 

and zero-point energies obtained via the harmonic approximation. Based on these results, we can 

distinguish two groups of [B12X11Ng]− complexes: Those with the light-weight He and Ne, and 

those with the heavier Ar, Kr and Xe. The light-weight Ngs show very weak, if any, attraction and 

both He and Ne would desorb at room temperature for all complexes studied here (Figure 2b, Table 

S2). While all [B12X11Ne]− species are predicted to be marginally stable at 0 K, only the chlorinated 

and iodinated derivatives attract He at 0 K with interaction energies of about 1 kJ mol-1. The weak 

interaction of He and Ne can be anticipated in light of the low polarizability of both atoms (Table 

1) and is reflected in the negligible charge transfer from the boron cluster to the Ng atoms (Figure 

2c, Table S3). 

In contrast, a roughly linear increase of the interaction energy with increasing the size of Ng is 

predicted for all [B12X11Ng]− adducts with Ar, Kr and Xe, with ΔH(T=0K) almost reaching -140 

kJ mol-1 for the [B12(CN)11Xe]− complex (Figure 2a, Table S1). Thermal effects are significant: 

they weaken the interaction for all complexes by about 40 kJ mol-1 at room temperature compared 

to 0 K. When going down the group of noble gases in the periodic table, the interaction strengthens 

by about 25 kJ mol-1 per shell (see Figure 2b, Table S2). This again nearly linear relationship is 

expected from the Ng polarizabilities, and is accompanied by a significant electron transfer from 

the noble gas to the anionic boron cluster (see Bader charges in Figure 2c, Table S3). Among the 
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clusters with halogen atoms, those with Cl and Br show the strongest interaction, while those with 

I and F show slightly weaker interactions. There is no correlation with either the size, or the 

electron affinity of the halogens. The cyano-substituted dodecaborates bind Ngs significantly more 

strongly compared to the halogenated [B12X11]
− anions. Qualitatively, all [B12X11Ng]− adducts 

with Ng = Ar, Kr, Xe are predicted to be stable at room temperature. 

 

Table 1. Characteristic values for noble gases and halogens. For noble gases Ng, the atomic 

volume V and polarizability α are given. For halogens X the ionic radius R of X− and the electron 

affinity EA are given. All data is taken from the literature. 

Ng V (Å3) α (Å3)63  X R (Å)64 EA (eV) 

He 12 0.21  F 0.71 3.40165,66 

Ne 15 0.4  Cl 0.99 3.61367 

Ar 23 1.64  Br 1.14 3.36465 

Kr 35 2.48  I 1.33 3.05968,69 

Xe 42 4.04     
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Figure 2: a) Enthalpy ΔH at 0 K and b) Gibbs energy ΔG at 298.15 K of the complexation reaction 

[B12X11]
− + Ng → [B12X11Ng]− (X = F, Cl, Br, I and CN, and Ng = He to Xe). Calculations at the 

DLPNO-CCSD(T)/def2-TZVPP//PBE0-D3(BJ)/ZORA scalar/TZP level of theory (resp. values 

are listed in Tables S1 and S2). c) Bader charge of the Ng atom within [B12X11Ng]−, as calculated 

at the PBE0-D3(BJ)/ZORA scalar/TZP level of theory. Lines are guides to the eye.  
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Figure 1: a) Combined ball-and-stick representation of a [B12(CN)11Ng]− adduct, illustrating the 

B−Ng distance, d, and the definition of the Ng-B12-X angles α and β characterizing the size of the 

cavity in [B12X11]
− prone to attack from an Ng atom. Color legend: B orange, Ng atom green, N 

blue, C grey. b) B−Ng equilibrium distance d (in Å)) and c) Ng-B12-X angles between the Ng 

atom, the center of the B12 cage, and the adjacent X ligand (in °)) as predicted for [B12X11Ng]− (X 

= F to I and CN, and Ng = He to Xe) at the PBE0-D3(BJ)/ZORA scalar/TZP level of theory.  
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Figure 3b) shows the equilibrium distance between the Ng and the adjacent boron atom. Again, 

a strong difference is seen between light-weight He and Ne and the heavier Ng atoms. For the 

former, no particular trend is observed, because the minimal interaction results in very shallow 

potential energy surfaces without a pronounced minimum. For the heavier atoms, the calculated 

B–Ng equilibrium distances are about 0.10 to 0.25 Å longer than the sum of the covalent radii of 

the two corresponding atoms. The B–Ng equilibrium distance (for Ng = Ar, Kr and Xe) differs by 

only 0.13 to 0.15 Å within the series of X ligands, with X = CN marking the shortest and X = I the 

longest equilibrium distance. The most pronounced difference in the vibrational frequency of the 

B−Ng stretching mode, νB−Ng, in [B12X11Ng]− is predicted for the adducts with the heavier Ar, Kr 

and Xe as compared to those with the lighter He and Ne. While for the halogenated species, this 

difference is in the order of 175 cm-1, it reaches 40 cm-1 for the cyano adducts of Ar and Ne. In 

all Ng-containing complexes with a given halogen ligand, νB−Ng differs by only 1 to 7 cm-1 when 

Ng = Ar, Kr and Xe, and is essentially the same for the two light-weight Ngs  (Table S6). The 

cavity formed by the missing X atom closes slightly, as indicated 40 cm-1 when comparing the 

cyano by the angles shown in Figure 3b (for definition see 3a). In a perfect icosahedron, the angle, 

α, between the center of the [B12X12]
2− cage and two adjacent X ligands is 63.4°. Upon removal of 

one X ligand, α decrease to only 60.5° (almost independently on X). The cavity size is influenced 

by the size of the Ng atom. For X = F, the cavity shrinks even further, by adding the Ng. Whereas 

the angle increases for the other systems, although it still remains smaller compared to the 

[B12X12]
2− cluster. The CN ligands are special in this case, as they can also bend the B–C–N angle 

to better enclose the Ng atom. This shows in rather small N-center-Ng angles of ~59° (Fig. 3a/c).  
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SUMMARY We systematically explored the complexation of the molecular anions [B12X11]
− 

(X = F, Cl, Br, I and CN) with the noble gas atoms from He to Xe. While light-weight He and Ne 

show negligible interaction with [B12X11]
− and the corresponding [B12X11Ng]− adducts are unstable 

at room temperature, the heavier Ng atoms form stable complexes with Gibbs energies of 

attachment reaching -100 kJ mol-1 at 298 K, which is significantly higher than the energy of typical 

van der Waals complexes. Although the Ng atoms are bound to an anionic cluster we observe 

significant electron transfer away from the bound Ng indicating the unusually strong electron 

affinity of the [B12X11]
− species. The cavity created by the missing X ligand is occupied by the Ng 

atom, and a small structural distortion of the icosahedral symmetry is present in all studied clusters. 

The presence of a bare boron atom with electrophilic character triggers the remarkable chemical 

activity of [B12X11]
− (X = halogen or cyano group), as demonstrated by the strong affinity of these 

clusters to Kr, Ar and Xe despite their anionic nature. 
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