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Abstract
In this study, we provide a theoretical evaluation of relative stabilities and electronic structure for [BnXn]2− clusters (n = 10, 
12, 13, 14, 15, 16). Structural and electronic characteristics of [BnXn]2− clusters are examined by comparison with the 
[B12X12]2− counterparts with a focus on the substituent effects (X = H, F, Cl, Br, CN, BO, OH, NH2) on the electronic struc-
ture, electron detachment energies, formation enthalpies, and charge distributions. For the electronic structure and electron 
detachment energies, substituent effects on boron clusters are shown to follow a very similar trend to the mesomeric and 
inductive effects (± M and ± I) of π-conjugated systems, and the most stable derivatives in terms of HOMO/LUMO and 
electron detachment energies are calculated for CN and BO substituents due to strong -M effects. In the case of formation 
enthalpies for larger boron clusters (n ≥ 13), the icosahedral barrier is shown to increase with the halogen and CN substitu-
tion, whereas it is possible to reduce the icosahedral barrier for the cases of X = OH and NH2. It is shown that this reduction 
results from destabilizing the [B12X12]2− cluster with electronic (+ M) and symmetry effects induced by OH and NH2 ligands.
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Introduction

Boron has a rich and versatile coordination chemistry with 
an expectation of having analogous properties to carbon in 
respect of forming various bonds with different elements, 
but through different dynamics compared to carbon. As a 
result of its electron deficiency and strong bonding capac-
ity with large coordination numbers via multicenter bond-
ing, boron-containing systems have attracted considerable 
research interest in cluster chemistry [1–4]. For a few dec-
ades, the focus of the experimental and theoretical studies on 
various boron clusters such as bare boron clusters, boranes, 
carboranes, and metallaboranes [5–8] has been to identify 
stable and low-energy conformations while exploring their 
electronic and chemical properties for potential applications 
[9]. Many boranes and derivative clusters have been theoreti-
cally predicted and experimentally observed as stable gas 
phase dianions [10–15], which make them potential mate-
rials for the use in different applications as charged anion 

class. More recently, (car)boranes and their derivatives have 
shown to be promising candidates as electrolytes for energy 
storage applications [16–18]. Polyhedral (car)boranes are 
also good alternatives as closomers [19] for their applica-
tions ranging from materials science to medicine.

Among the investigated closo-borane clusters, icosahe-
dral [B12H12]2− and its derivatives have attracted the most 
attention due to its exceptional stability [20]. In addition 
to [B12H12]2−, other experimentally confirmed dianionic 
boranes ([BnHn]2−) such as [B10H10]2−, [B11H11]2−, [B9H9]2−, 
[B8H8]2−, and [B7H7]2− [21–24] reveal that these species are 
stable in their dianionic form. The stability of these clusters 
can be described by the Wade–Mingos rules [25–28], which 
indicate that (n + 1) skeletal electron pairs are required for 
a borane molecule to be stable. Von Ragué Schleyer et al. 
[7] reported that an increase in the cluster size of borane 
dianions causes a decrease in the coulomb repulsion and 
results in a large number of multicenter bonding interac-
tion. Thus, the larger closo-boranes such as [B16H16]2− and 
[B17H17]2− were found to be more stable than the smaller 
ones (n = 5–11) according to various parameters, such as 
the vertex basis PRDDO average energies, the synthesis 
basis cumulative BH addition energy, or disproportionation 
approach [7].
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Despite the predicted stabilities of larger closo-boranes, 
these systems have not been realized experimentally as par-
ent borane clusters. The lack of successfully synthesized 
[BnHn]2− clusters for n > 12 has been attributed to the excep-
tional stability of icosahedral [B12H12]2− cluster, which is 
also referred as icosahedral barrier [7]. It should be noted 
that the icosahedral barrier has been overcome for the cases 
of carboranes, metallaboranes, and metallacarboranes. The 
first metal-free 13-vertex carborane has been experimen-
tally realized in 2003 [29]. Since then, a series of 13- and 
14-vertex carboranes have been synthesized and structurally 
characterized [30, 31]. More recently, Zheng et al. have suc-
cessfully prepared the 15- and 16-vertex carboranes with the 
introduction of silyl groups to both cage carbons [32]. In the 
case of metallaboranes and metallacarboranes, several struc-
tures beyond the icosahedral barrier have been reported as 
well [33, 34]. We also note that exploration of new synthetic 
routes and mechanisms for supraicosahedral systems is still 
an active research area as several theoretically predicted 
boron-based polyhedral clusters have not been experimen-
tally synthesized yet.

In addition to supraicosahedral clusters, perfunctional-
ized clusters can provide new applications and synthetic 
routes for boron cluster chemistry. Different functional 
groups have been utilized for this purpose such as halo-
gens, hydroxyl, ester, cyanide, and amine groups [35–42], 
and electron holding ability of the terminal group is shown 
to be important to obtain stable clusters for borane deriva-
tives [35, 36]. More recently, selective functionalization of 
cage B-H bond in polyhedral boranes and carboranes have 
become a powerful methodology to synthesize a variety of 
structures with different functional groups [43–46]. On the 
other hand, the effect of perfunctionalization or selective 
functionalization on the stability and electronic structure 
of larger borane clusters (n ≥ 13) has not been explored. In 
that aspect, we performed DFT calculations on a series of 
polyhedral [BnXn]2− clusters (n = 10, 12, 13, 14, 15, and 16) 
where X denotes H, F, Cl, Br, CN, BO, OH and NH2 groups 
and all the results of larger clusters are particularly given 
in comparison to [B12X12]2− counterparts, since this cluster 
has been the central focus of experimental [20, 38, 41, 47] 
and theoretical [39, 40, 42] investigation among the borane 
clusters. The effect of substitution on geometries, electronic 
structure, charge distribution, and formation enthalpies were 
investigated for these clusters. The results for the borane 
systems were also compared to selective carborane clusters 
in the case of formation enthalpies. We hope that our work 
can provide useful information in terms of cluster stability 
and possible reaction paths for target systems.

Computational methods

All DFT calculations were carried out using Gaussian 09 
[48] package program and Gaussview 5.0 [49] was used 
for the visualization. Geometries were optimized and 
electronic structures were investigated for varying sizes 
of borane clusters and substituted derivatives ([BnXn]2−, 
n = 10, 12, 13, 14, 15, 16; X = H, F, Cl, CN, BO, OH, and 
NH2) using PBE0 functional [50, 51], which was shown 
to have a good agreement with the experiment in previous 
work [20]. 6–311++g** basis set was used for the calcula-
tions. General structures and point group symmetries of 
the parent borane dianions are represented in Fig. 1.

Geometry optimizations were followed by the frequency 
calculation on the same method for the confirmation of the 
minima on the potential energy surface. As a result of 
this analysis, there is no negative frequency found which 
signifies the kinetic stability of the clusters. The vertical 
and adiabatic detachment energies (VDE and ADE) were 
determined for the dianions as described in reference 20 
with the same level of theory. Benchmark calculations for 
the electron detachment energies of [B12X12]2− clusters 
were also performed using different functionals (GGA 
(BP86 [52, 53]), hybrid (B3LYP [54],PBE0 [50, 51]), and 
meta-hybrid (M06-2X [55])) to have a clear idea of func-
tional effect on the energies, and the results are provided in 
the supplementary information (SI). Charge distributions 
on the clusters were computed using electrostatic potential 
(ESP)–derived method (charges from electrostatic poten-
tials using a grid (CHELPG [56])) and natural population 
analysis (NPA [57–60]). Due to the diagonalization prob-
lem during NPA for [B12BO12]2− and [B16(NH2)16]2− with 
the 6–311++g** basis set, 6-31 g* was used as for these 
two clusters.

Reaction enthalpies based on –BX addition to 
[B12X12]2− clusters were calculated and their relation with 
different substituents is shown in Eq. 1 where n = 13, 14, 
15, and 16. Moreover, this approach was applied on the 
transition from 12-vertex to 13- and 14-vertex clusters for 
singly substituted borane and carborane clusters, as given 
in Eq. 2 and Eq. 3 (n = 13, 14), respectively.

For the singly substituted clusters, different isomers 
were considered for the enthalpy calculations while only 
the results from lowest-energy isomers were reported. 
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These reactions were mainly adapted from the study of 
Schleyer on the larger boranes [7] and other related studies 
[61, 62]. The PBE0 results for formation enthalpies were 
also compared to those obtained with B3LYP [54] and 
M06-2X [55] for benchmark purposes.

Result and discussions

Geometry

In Fig. 2a, the average bond lengths ((B-B)avg.) between 
the cage boron atoms are shown with respect to different 

substituent groups. As shown in the figure, transition from 
10- or 12-vertex to larger clusters exhibits a significant 
increase in (B-B)avg., and this increase is more pronounced 
for the lower symmetry 13- and 15-vertex clusters com-
pared to 14- and 16-vertex cases. In case of [B10X10]2− and 
[B12X12]2−, (B-B)avg. do not show a significant variation for 
different substituents, whereas there is a noticeable expan-
sion of the cage structure for larger clusters (n ≥ 13) upon 
substitution with the halogen atoms. For these clusters, 
(B-B)avg. show a maximum increase of 0.017 Å, 0.021 Å, 
0.027 Å, and 0.033 Å for 13-, 14-, 15-, and 16-vertex clus-
ters, respectively, with the substitution of X = Br compared 
to the case where X = H.

Fig. 1   Structural representa-
tion of [B10H10]2−, [B12H12]2−, 
[B13H14]2−, [B14H14]2−, 
[B15H15]2−, and [B16H16]2− 
clusters along with point group 
symmetries

Fig. 2   a The average B-B bond 
lengths or (B-B)avg. (Å) for 
cage boron atoms in [BnXn]2− 
clusters, and deviations in the 
(B-B)avg. for b [B12X12]2− and c 
[B13X13]2− with respect to dif-
ferent substitutions.
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In the case of [B12X12]2−, clusters exhibit an almost per-
fect icosahedral (Ih) symmetry for single-atom substitutions 
(X = F, Cl, and Br) or substitutions with linear geometry 
(X = CN and BO), whereas the geometries show slight dis-
tortions from Ih symmetry with OH and NH2 substitution. 
The deviations in (B-B)avg. are calculated to be 0.002 Å 
and 0.02 Å for OH and NH2, respectively, as illustrated in 
Fig. 2b. In contrast to [B12X12]2−, different substitutions 
generally show similar deviations for the (B-B)avg.of larger 
clusters (Figure S1), especially for the cases with lower point 

group symmetries such as [B13X13]2−as illustrated in Fig. 2c. 
For [B14X14]2− and [B16X16]2−, the calculated deviations for 
the (B-B)avg show a slight increase with OH and NH2 substi-
tution similar to the case in [B12X12]2−.

Electronic structure

Figure 3a–f shows the pictorial representation of frontier 
orbitals along with their energies for different substituents 
of the investigated systems. As seen from the figure, the 

Fig. 3   HOMO–LUMO levels of a [B10X10]2−, b [B12X12]2−, c [B13X13]2−, d [B14X14]2−, e [B15X15]2−, and f [B16X16]2− clusters calculated with 
PBE0/6–311++g**
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energetics of frontier orbitals show a similar trend for all 
dianion clusters, except for the case of Br substitution. For 
halogen substitution, both HOMO and LUMO levels of 10-, 
12-, 13-, and 15-vertex clusters exhibit a monotonic stabili-
zation from F to Br as a result of -I (inductive) effects on the 
boron cage. In the case of [B14Br14]2− and [B16Br16]2− dian-
ions, however, this trend is broken for X = Br, as the HOMO 
levels of these larger boranes are destabilized with respect 
to the case in Cl substitution. The population analysis for 
the HOMO levels reveals that only p orbitals of Br con-
tribute to the HOMO of [B14Br14]2− and [B16Br16]2− clus-
ters, while significant contribution from p orbitals of boron 
cage appears for the HOMOs in the case of X = Cl or F. The 
lack of mixing between Br and B orbitals most likely origi-
nates from the energy difference (ΔE) parameter between 
these levels. On the other hand, there is significant mixing 
predicted between Br and B orbitals for the LUMO level, 
resulting in the stabilization of this level for [B14Br14]2− and 
[B16Br16]2− clusters as expected. We note that a similar 
destabilization in the HOMO level for halogen substitution 
was reported previously [38] for [B12X12]2−clusters as well; 
however, the monotonic trend was shown to be broken for 
X = I in this case instead of X = Br found for larger cluster 
series in this study.

In all cases of clusters regardless of their size or sym-
metry, the highest stabilization for both HOMO and LUMO 
levels is seen for the cases of isoelectronic BO and CN 
substitution, as a result of large -M (mesomeric) effect 
on the boron cage. Interestingly, this stabilization appears 
to be higher in amount than that of [B12X12]2− for all the 
others. In comparison, OH substitution generally exhibits 
a large destabilization for HOMO and LUMO levels as a 
result of + M effect. It should be noted that the substituent 
effects on HOMO and LUMO energies of all clusters largely 
resemble the mesomeric (± M) and inductive (± I) effects 
observed in π-conjugated systems [63–65] as illustrated in 
SI (Figure S2) for the 9,10-substitution of anthracene. In 
that regard, we expect that substitution effects on boron-
containing clusters should generally follow the trends that 
are obtained for a large set of π-conjugated systems in the 
literature.

For the investigated systems, the positive HOMO energies 
can be interpreted to indicate unstable charge for the dian-
ion clusters, while this can also be a result of the employed 
theoretical methodology. For instance, the positive HOMO 
energy of the [B12H12]2− molecule in the gas phase, which 
was proven to be stable [20], is shown to be slightly posi-
tive with PBE0 functional while the same HOMO energy is 
determined to be negative with M06-2X functional. It should 
be noted that the percentage of exact Hartree–Fock (HF) 
exchange in the level of theory can be significant for such 
predictions as illustrated for [B12H12]2− in Fig. S3. In com-
parison, hypercloso-[B12OH12] was found to have a positive 

reduction potential in solution, while it was also reported 
that the electronic stability decreases upon substitution with 
the hydroxyl group compared to the case with other func-
tional groups [42]. As for the stability in the gas phase, it is 
quite clear that [B12(OH)12]2− or [B12(NH2)12]2− molecules 
with significantly higher HOMO values, is most likely not 
electronically stable, which is supported by the negative adi-
abatic electron detachment energies (ADEs) as well (vide 
infra). We also note that the energy of the frontier orbitals for 
the case of OH or NH2 substitution monotonically decrease 
with the cluster size for even numbered clusters. In fact, the 
difference in the energy of HOMO between [B12H12]2− and 
[B12OH12]2− is predicted to be 1.01 eV whereas the same 
difference in the case of [B16X16]2− is only 0.26 eV. Interest-
ingly, for [B13X13]2− and [B14X14]2−, HOMO even becomes 
more stable for the case of OH substitution compared to the 
case where X = H. This is most likely the result of the fact 
that large + M effects induced by OH or NH2 groups, which 
increase the π electron density on the boron cage signifi-
cantly, can be compensated more easily in the case of larger 
clusters.

In addition to the electronic structure, both VDEs and 
ADEs were calculated with different DFT functionals, and 
the results were given in SI for [B12X12]2− (Table S1 and 
S2) clusters, respectively. PBE0 functional which was rec-
ommended by previous studies [20, 40] as a cost-effective 
alternative to CCSD(T) method was used as reference 
method in this study. Note that this functional was shown to 
yield reliable results for VDEs of H and F substituents, but 
it underestimates the VDE values for Cl and Br substituted 
dianions [20, 38]. It should also be mentioned that the BP86 
functional with no exact HF exchange highly underestimates 
the VDEs compared to the case with PBE0, while approxi-
mate results were obtained with B3LYP as expected, which 
has similar HF exchange contribution. On the other hand, 
M06-2X overestimates the VDEs due to the high ratio of HF 
exchange in the functional. The VDEs given in Fig. 4 show 
a quite similar trend for all cluster sizes, except for the Br 
substituent. Unlike the others, VDE value of [B14Br14]2− and 
[B16Br16]2− is lower than those of Cl substituted ones. Notice 
that a similar discrepancy between 14- and 16-vertex clus-
ters and the others has been found for the HOMO levels as 
well. Both results account for a decrease in the electronic 
stability in [B14Br14]2− and [B16Br16]2−, which is due to the 
lack of mixing between Br and B p orbitals. Since VDE is a 
parameter which is directly related to the electronic stability 
of the molecule, it can be said that the highest stability for 
[BnXn]2− dianions was found for the BO substituent followed 
by CN substituent, as also stated for [B12X12]2− clusters in 
previous studies [39, 40]. Figure 4 also shows that the energy 
required to eject an electron from the dianions is not directly 
related to the cluster size. VDEs of only [B16X16]2− and 
some derivatives of [B14X14]2− lie above the icosahedral 
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boron cluster, which may indicate higher stability for these 
clusters.

Reaction energies

In addition to the electronic structure analysis, we have per-
formed an investigation for the formation enthalpies (ΔHadd.) 
of larger borane clusters from icosahedral [B12X12]2− with a 
focus on the effect of substitution on icosahedral barrier. The 
single step reaction has been adapted from the seminal work 
of Schleyer et al. [7], which has been employed in following 
studies investigating borane and carborane clusters [61, 62]. 
The results for the [BnXn]2− are summarized in Table 1 for 
PBE0/6–311++g** level of theory, whereas the same values 
are tabulated in Table S3 for B3LYP and M06-2X for com-
parison. We note that while calculated ΔHadd with PBE0 and 
M06-2X functionals show a good agreement, ΔHadd values 
obtained with B3LYP are somewhat larger, especially for 
the cases of n = 15 and 16. In comparison, all functionals 
yield similar trends with respect to the substitution effect 
on the ΔHadd.

As shown by Schleyer et al. [7] and later confirmed 
in other works [61], there is a large gain in stabil-
ity for the formation of [B12H12]2− cluster with respect 
to neighboring clusters in size. This is also seen in our 
investigation as the calculated ΔHadd for [B13H13]2− clus-
ter is quite large (42.33 kcal/mol), while ΔHadd for the 
formation of [B12H12]2− from [B10H10]2− is calculated 
to be − 91.45  kcal/mol. This exceptional stability of 
[B12H12]2− is often associated with the icosahedral bar-
rier. We note that icosahedral barrier in this context does 

not refer to an actual energy barrier between two minima 
and the transition state; however, one should still expect a 
large energy barrier for the formation of [B13H13]2− from 
[B12H12]2− as a result of Hammond’s postulate. The ΔHadd 
values are also positive for n = 14 and 15 cases, whereas it 
finally becomes negative for the case of [B16H16]2, which 
is also in agreement with the previous work [7]. To under-
stand the effect of substitution more clearly, we illustrated 
the change in calculated ∆Hadd. for each cluster relative 
to the case where X = H, respectively, in Fig. 5a. For all 
clusters, it is seen that the energy barrier becomes larger 
with the halogen substitution with an increasing trend as 
F → Cl → Br. The larger energy barriers are also obtained 
for X = CN cases with respect to X = H; however, calcu-
lated ∆Hadd are not as large as the halogen substitution 
for almost all cases. A further reduction is seen with BO 
substitution, which shows very similar results with the 
unsubstituted borane clusters for the calculated ∆Hadd. 
These results are most likely related to the increasing 
-M effect with CN and BO substitution compared to the 
halogens. In comparison, the most intriguing results are 
obtained for the energy barriers when substituents with 
strong + M effects are introduced. In the case of OH sub-
stitution, ∆Hadd. is reduced by ~ 7 kcal/mol compared to 
the X = H case for [B13X13]2−, whereas this reduction fur-
ther increases to ~ 15 kcal/mol with NH2 substitution. For 
larger clusters such as [B15X15]2− and [B16X16]2−, however, 
OH substitution shows an increase in the ∆Hadd, whereas 
NH2 substitution still shows substantial decrease in the 
calculated ∆Hadd compared to the case where X = H, which 
most likely results from stronger + M effects of NH2 group.

Fig. 4   Comparison of calcu-
lated a VDE values and b H–L 
gaps for the clusters with differ-
ent substituents using PBE0/6–
311++g** level of theory

Table 1   Calculated formation 
enthalpies (ΔHadd.)* of [BnXn]2− 
clusters from icosahedral 
[B12X12]2− with PBE0/6–
311++g** level of theory

*The ∆Hadd. values are calculated based on the addition reaction [B12X12]2− + (n-12)
B6X6H4 → [BnXn]2− + (n-12)B5X5H4 where n = 13, 14, 15, and 16

Clusters ∆H (kcal/mol)

H F Cl Br CN BO OH NH2

[B13X13]2− 42.33 46.06 53.43 56.12 46.53 40.37 35.10 27.01
[B14X14]2− 3.43 17.70 26.92 32.33 13.26 3.35 3.01  − 15.62
[B15X15]2− 3.72 31.03 44.12 52.73 20.65 3.87 24.26  − 23.84
[B16X16]2−  − 16.02 20.62 39.10 52.00 9.57  − 14.46 22.60  − 41.97
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In order to evaluate the effect of single substitution 
instead of perfunctionalization, ∆Hadd was also calculated 
for the formation of 13- and 14-vertex clusters based on the 
addition reaction (Eq. 2). As shown in Fig. 5b and Table S4, 
single substitution for the 13-vertex cluster exhibits quite 
different results for the calculated ∆Hadd compared to the 
case of perfunctionalization. For the single substitution of 
13-vertex cluster, all functional groups result in lowering 
the ∆Hadd values compared to the non-substituted case. 
This result most likely originates from the reduced symme-
tries in the case of single-substituted clusters. We note that 
[B12H12]2− cluster exhibits the highest symmetry (Ih point 
group), whereas [B13H13]2− exhibits the lowest symmetry 
(C2v point group) among the investigated systems (Fig. 1). 
This is also the case for the perfunctionalized clusters 
except for OH and NH2 substitution as discussed previously 
(Fig. 2). For this reason, the effect of reduced symmetry on 
the stability of the clusters is expected to be largest for the 
12-vertex cluster, while it is expected to be lowest for the 
13-vertex cluster. It should also be noted that while there is a 
reduction in the icosahedral barrier for all single-substituted 
systems of [B13H12X]2−, this reduction is further pronounced 
for OH and NH2 substitution due to strong + M effects as 
expected from the results of perfunctionalized systems. In 
the case of [B14H13X]2−, the effect of reduced symmetry 
on the stabilities of the parent [B12H12]2− (Ih point group) 
and [B14H14]2− (D6d point group) clusters are expected to be 
similar as both clusters are highly symmetric. In this case, 
icosahedral barrier is still reduced with OH and NH2 sub-
stitution as a result of electronic effects, while Cl, Br, CN, 
and BO substitution shows an increase in the ∆Hadd values 
compared to non-substituted clusters.

In addition to borane clusters, we also explored the effect 
of single substitution on the formation of 13- and 14-ver-
tex carborane clusters in a similar manner as shown in 
Fig. 6 and Table S5. We note that the icosahedral barrier is 
also present for carboranes; however, it is calculated to be 

substantially lower compared to the case in borane clusters 
[61]. As shown in Fig. 6, the effect of single substitution on 
the energetics of icosahedral barrier for carboranes also fol-
lows a similar trend compared the case of boranes (Fig. 5b). 
For carboranes, however, the reduction in the barrier with 
OH and NH2 substitution is not as high, which most likely 
results from the fact that the symmetry is already reduced for 
the parent C2B10H12 cluster compared to [B12H12]2−. In gen-
eral, our findings indicate that both symmetry and electronic 
effects can play an important role in reducing the icosahedral 
barrier for the investigated systems. As mentioned earlier, 
this barrier mainly originates from exceptional stability of 
12-vertex clusters. Through substitution, it can be substan-
tially reduced, especially for the 12-vertex to 13-vertex tran-
sition, by destabilizing the 12-vertex clusters with functional 
groups exhibiting strong + M effects, and reducing the sym-
metry with bulky ligands.

Fig. 5   a Calculated relative ∆Hadd values for the forma-
tion of perfunctionalized boron clusters based on the reaction 
[B12X12]2− + (n-12)B6X6H4 → [BnXn]2− + (n-12)B5X5H4 (n = 13, 
14, 15, and 16) and b calculated relative ∆Hadd values for the for-
mation of single-substituted boron clusters based on the reaction 

[B12H11X]2− + (n-12)B6H10 → [BnHn-1X]2− + (n-12)B5H9 (n = 13 and 
14). For all substitution, ∆Hadd are scaled relative to the case where 
X = H. All values are obtained with PBE0/ 6–311++g** level of the-
ory

Fig. 6   Calculated relative ∆Hadd values for the formation of 
single-substituted carborane clusters based on the reaction 
C2B10H11X + (n-12)B6X6H4 → C2Bn-2Hn-1X + (n-12)B5X5H4 (n = 13, 
14). For all substitution, ∆Hadd are scaled relative to the case where 
X = H. All values are obtained with PBE0/ 6–311++g** level of the-
ory
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Population analysis

Charge distribution through the clusters can provide a deeper 
understanding about where the electron loss is occurred 
from and how the stabilities are connected to the charge 
distribution. Therefore, we utilized two methods to obtain 
the atomic partial charges: NPA and CHELPG. While the 
NPA charge is derived from the summation over all-natural 
atomic orbitals (NAOs) of a given atom, the atomic charges 
are fitted to reproduce the molecular electrostatic potential 
(MEP) at a number of points around the molecule in the 
latter method [56, 60]. NPA and CHELPG charges are rep-
resented as the summed-up charges for equivalent atoms in 
the core and surrounding substituent regions in Fig. 7 and 
Figure S4, respectively.

Although the magnitudes of the charges vary depend-
ing on the population analysis method, both give similar 
results for all clusters except the ones with X = H. Unlike for 
other derivatives, NPA and CHELPG methods give opposite 
results for all dianions for this case as the negative partial 
charges appear on B atoms, and H atoms have positive par-
tial charges with the NPA method, whereas the opposite is 
true in the case of CHELPG method. This discrepancy has 
also been previously reported for (car)borane studies [20, 
66]. Even though there is still a debate on the reliability of 
population methods for the calculated H partial charges in 
(car)boranes, CHELPG method is likely to produce a more 
accurate description, since the electronegativity difference 

between B and H, as well as the previous experimental evi-
dence [66–71], suggest more negative H atoms and more 
positive B atoms for these systems.

For all fluorinated clusters, the boron cage is positively 
charged while surrounded by the highly negative F sub-
stituent shell, and it becomes much more positive with 
increasing cluster size. Switching to the less electronega-
tive Cl substituent, the shell regions of the clusters are 
still more negative than the core part, but the differences 
between two regions are less than the F substitution, and 
the substituents seem not to have a considerable effect 
on the charge distribution. With the Br substituent, the 
charges are more uniformly distributed throughout the 
smaller dianions and the charge difference between inner 
and outer shells are small, while boron cage appears to 
become more negative region unlike the case in X = Cl 
and X = F, with an increasing strength via increasing clus-
ter size. In the previous work with halogen-substituted 
[B12X12]2− clusters, Warneke et al. [38] showed that the 
electron detachment, which is determined by the HOMO 
position, occurs from the more positively charged region 
of the molecule. As a result, a decrease in the stability of 
the clusters for X = I and X = At substituents was shown 
to originate from the fact that HOMO level mainly origi-
nates from the electrons of the substituent with significant 
reduction in the contribution of the core atoms. This is 
also the case in stability of [B14Br14]2− and [B16Br16]2− in 
this study, which was predicted to exhibit a more negative 

Fig. 7   Schematic representation 
of the NPA charge distribu-
tion in the dianions in terms 
of an inner core (B10/B12/B13/
B14/B15/B16) and an outer shell 
(X10/X12/X13/X14X15/X16). The 
same charge distribution with 
CHELPG method is illustrated 
in Figure S4
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core compared to the substituent shell. For diatomic sub-
stituents, the charge on the boron cage also depends on the 
electronegativity of the atom which is directly bonded to 
the cage. For X = CN, the total partial charge on the boron 
cage in all clusters is quite small, while very positive and 
very negative charges are predicted for X = OH/NH2 and 
X = BO cases, respectively.

Conclusion

In this work, we have performed a benchmark study for the 
electronic structure and relative stability of [BnXn]2− clusters 
(X = H, F, Cl, Br, CN, BO, OH, NH2) with respect to sub-
stituent effects. In the case of electronic structure, BO and 
CN substitution showed a large stabilization for the HOMO/
LUMO and electron detachment energies as a result of large 
-M effect while OH and NH2 substitution resulted in the 
opposite due to + M effect on the boron cage. For halogen 
substitution, the inductive effects of the substituents became 
more dominant than their mesomeric effect and electronic 
stabilization was provided by -I effect on the boron cage. 
For all cases, substitution effects on the electronic structure 
of boron clusters showed a striking resemblance to the ± M 
and ± I effects observed for the π-conjugated systems.

In addition to the effects on electronic structure, we have 
examined the substituent effect on the formation enthalpies 
for larger boron clusters with the addition of BX groups to 
[B12X12]2−. For halogen and CN substitutions, the icosahe-
dral barrier showed an increase compared to X = H case, 
whereas functionalization with substituents with + M effect 
such as OH and NH2 showed a considerable reduction the 
icosahedral barrier. Similar results were also found for selec-
tive carborane clusters. In general, our results showed that 
the icosahedral barrier can be reduced through substitution 
by destabilizing the [B12X12]2− cluster with symmetry-
reducing ligands or ligands with + M effects rather than sta-
bilizing the larger clusters. To the best of our knowledge, 
benchmarking the functionalized closo-borane dianions 
through their electronic structures and stability relations on 
the basis of formation reactions have not been discussed 
previously. In that regard, we hope that this study can be a 
useful guide for future experimental and theoretical investi-
gations for such systems.
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