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Engineering design of metal organic frameworks (MOFs) for gas
separation applications is nowadays a thriving field of inves-
tigation. Based on the recent experimental studies of dodeca-
borate-hybrid MOFs as potential materials to separate industry-
relevant gas mixtures, we herein present a systematic theoret-
ical study on the derivatives of the closo-dodecaborate anion
[B12H12]

2� , which can serve as building blocks for MOFs. We
discover that amino functionalization can impart a greater
ability to selectively capture carbon dioxide from its mixtures

with other gases such as nitrogen, ethylene and acetylene. The
main advantage lies in the polarization effect induced by amino
group, which favors the localization of the negative charges on
the boron-cluster anion and offers a nucleophilic anchoring site
to accommodate the carbon atom in carbon dioxide. This work
suggests an appealing strategy of polar functionalization to
optimize the molecule discrimination ability via preferential
adsorption.

Introduction

In chemical and petrochemical industry, the process of
separating gas mixtures is a crucial step that often consumes a
substantial amount of energy and leads to expensive produc-
tion costs.[1] The traditional distillation method[2] for gas
separation generally performs poorly in terms of its ability to
deal with molecules with similar molecular masses.[3] Conse-
quently, great efforts have been devoted to alternative
separation techniques, among which adsorptive separation
based on porous materials stands out as the most promising
approach.[4] A series of porous materials such as zeolites and
activated carbons have been widely explored in the past
decades, but their selectivity is as yet far from satisfactory with
respect to many gases.[5] In recent years, the family of metal-
organic frameworks (MOFs), which are composed of organic
molecules as coordination bridges and metal ions as nodes,[6]

emerges as a potential option for selective separation of
industry-relevant gas mixtures. Their easily adjustable pore
sizes/shapes and abundant metal sites can provide high
flexibility in exploiting the optimal structures for separating
different combinations of gases,[7] which endows them the
unprecedented superiority over conventional porous
materials.[8] While the molecular sieving effects of MOFs have
been extensively studied via the precise control of pore sizes
and shapes,[5a,9] the mechanism of molecule discrimination via

preferential adsorption is still elusive, and becomes a focus in
recent studies.[10] It remains a daunting task to optimize the
capability of preferential adsorption for MOFs, because compli-
cated guest-surface interactions are likely to arise,[11] including
open metal sites interaction, van der Waals interaction, and H-
bonding interaction, thus leading to the difficulty in the rational
design of building blocks for MOFs.

Recently, closo-dodecaborate anion [B12H12]
2� has received

considerable research interest for their utility as building blocks
in MOFs to separate gases such as C2H2/CO2, C2H6/CH4 and C3H8/
CH4.

[12] Closo-[B12H12]
2� is a weakly coordinated anion with two

electrons,[13] which exhibits unique properties distinguished
from other organic ligands. It was reported that the H atoms on
[B12H12]

2� tend to form hydrogen bonds with the H atoms on
gas molecules,[12a,e] and such chemical affinity could provide the
decisive ability to discriminate between gases. Modification on
[B12H12]

2� has also been attempted to further improve the
selectivity, one example being [B12H11I]

2� that exhibits much
enhanced adsorption towards C3H8 along with weakened
adsorption towards CH4.

[12c] However, systematic investigation
on the interaction between [B12H12]

2� derivatives and industry-
relevant gases is still lacking, and there remains much to
understand the role of conjugated π electrons in the boron
cluster on preferential adsorption. Here, we focus on the
functionality of [B12H12]

2� building blocks in MOFs and decipher
how their capability of preferential adsorption is incorporated
and tuned by the decoration of functional groups[14] (Scheme 1).
In these MOFs, the boron cluster coordinates with the metal ion
by B� H···M bonding (M denotes the metal ion), and has
B� Hδ� ···Hδ+� C interactions with organic ligands, thus forming a
pillar node in the lattice.[12b,d] The pore sizes and shapes are
tunable according to the multi-coordination between metal
ions and organic ligands, which can exert considerable
influence on the cooperative interactions.[15] Therefore, to
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simplify comparisons, we have simulated the isolated [B12H12]
2�

building blocks to examine their own contribution to prefer-
ential adsorption. A fundamental understanding of the
[B12H12]

2� derivatives will hopefully shed light on the selective
control of gas separation in these dodecaborate-hybrid MOFs.

In this work, we perform ab initio calculations on closo-
[B12H12]

2� with a series of functional groups including � CH3,
� C(CH3)3, � F, � Cl, � Br, � NH2 and � OH, among which the highly
polarized amino group is found to be the most efficient in
boosting the separation selectivity for gas mixtures, especially
towards CO2 capture. Further investigation on the electronic
structures reveals that the ability of preferential adsorption
mainly lies in the distribution of the two excess electrons on
dodecaborate anion. These electrons are intrinsically delocal-
ized among the boron atoms but can become relatively
localized due to the polarization of the functional groups. Our
results indicate that the guest-surface interactions can be
predictably modified by altering the polarization in these
boron-cluster building blocks, which may also be extended to
the design of other porous materials for adsorptive separation
of gas mixtures.

Results and Discussion

All the density functional theory calculations were carried out
using Gaussian09. Two types of substitutional configurations
have been examined for the decoration of functional groups
(denoted as � R) on closo-[B12H12]

2� , as shown in Figure 1. The
symmetric dual-decorated configuration is constructed for the
assumption that symmetry violation on the dodecaborate anion
may play a role on the adsorption energy of the gas molecules.
Six kinds of gases including N2, CO2, C2H6, C2H4, C2H2 and CH4

are taken into consideration, adding up to a total of 96
combinations of molecule and host. For each combination, five
different adsorption configurations are created to fully explore
the most favorable adsorption site (Figure S1). According to the
free energy for the configurations after structural optimization,
these molecules generally prefer to be accommodated at a
location in the vicinity of the functional group while on top of
the center of two or three neighboring boron atoms (Figure S2).
The calculated adsorption energy in Figure 1 demonstrates that
the amino group on [B12H12]

2� especially favors the selective
adsorption of CO2 against other molecules. Given that an
adsorption energy difference of 0.1 eV could be adequate for

Scheme 1. Illustration of MOFs with closo-[B12H12]
2� derivatives as building blocks to facilitate gas separation.
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good performance in gas separation,[12a–e] the adsorption energy
difference shown on the amino-functionalized [B12H12]

2� is large
enough to guarantee much superior CO2 selectivity than its
pristine counterpart. In Tables S1–S3, we compare the gas
adsorption energy and the selectivity of several reported porous
materials for gas separation on CO2/C2H2, CO2/N2 and CO2/CH4

systems. It is worth noting that [B12H11NH2]
2� exhibits remark-

ably higher adsorption energy difference than the most efficient
materials in these previous studies, which highlights the
potential of amino-functionalized dodecaborate component to
excel in CO2 capture. As the amino-closo-[B12H12]

2� anion has
already been demonstrated experimentally synthesizable,[16] it
would be ideally possible to exploit its benefits as building
blocks in MOFs for gas separation applications.

An overall trend is also manifested in the adsorption energy
heatmaps of Figure 1: the adsorption of gas molecules is more
exothermic when the functional group on [B12H12]

2� shows
higher polarization. The highly polarized amino group tends to
enhance the adsorption of all the gas molecules, and with the
varied degree of such enhancement, a large difference is
produced in the adsorption energy between CO2 and other
gases. The less polarized hydroxyl group exhibits similar results
but with a considerably less notable variation in adsorption
energy among different gases. The polarization effect also

appears in the gas molecules: those with less polar bonds (such
as N2, C2H6 and CH4, based on the calculated atomic charge
distribution in Table S4) show hardly any apparent change in
their adsorption on different [B12H12]

2� derivatives, while the
polar C=O bonds in CO2 and C� H bonds in C2H2 exhibit an
adsorptive behavior more sensitive to the functional groups.
This implies that the preferential-adsorption ability is primarily
driven by the electrostatic interaction between the gas
molecule and the functional group. This hypothesis is further
strengthened by the finding that the difference in adsorption
energy is negligible between the single-decorated configura-
tion (Figure 1a) and the symmetric dual-decorated one (Fig-
ure 1b). It means that not only the symmetry violation plays a
trivial role, but the direct impact of conjugated π electrons in
the boron skeleton is hardly strong enough to overwhelm the
interaction between gas molecules and the functional groups,
otherwise the redistribution of these π electrons upon function-
alization on the far side would inevitably interfere with the
energetics in gas adsorption. Thus, the adsorptive behavior of
gas molecules is likely dictated by the � B� R moiety of the
[B12H11R]

2� anion, which reinforces our strategy of polar
functionalization on [B12H12]

2� pillars in MOFs to modulate the
ability of preferential adsorption.

Figure 1. Adsorption energy of gas molecules on different closo-[B12H12]
2� derivatives. (a) Single-decorated configuration. (b) Symmetric dual-decorated

configuration.
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Deeper insights can be gleaned from the electronic
structure of the functionalized [B12H12]

2� ions. We have
evaluated the partial atomic charges of the single-decorated
[B12H11R]

2� (Figure 2a) via the CHELPG scheme,[17] which has
previously proved reliable in the analysis of borane clusters.[18]

Here, for each kind of functional group, the atom binding to
the boron skeleton is taken as the representative. The extraction
of electron from the boron skeleton to this representative atom
could be regarded as a signature of polarization in the � B� R
moiety. Notably, the amino N atom and the hydroxyl O atom,
as distinct from the representative atom of any other functional
group, can strongly withdraw electron density from their
neighboring atoms, from which we can expect an increased
degree of electron localization. This scenario is well illustrated
in the comparison of electrostatic potentials shown in Figur-
es 2b and c. In [B12H12]

2� , the two excess electrons are nearly
evenly distributed in the entire cluster, with H atoms having a
slightly larger proportion. This homogeneous charge distribu-
tion is violated by the amino functionalization, whose non-
bonding electron pair exhibits a highly nucleophilic character,
thus providing a selective anchoring site for those gas
molecules with polar bonds. However, it does not follow that
the amino functional group alone can dictate the electrostatic

interaction with gas molecules. As we will see in the results
below, the adsorptive behavior of molecules is intimately linked
to the subtle interplay between the decorated functional
groups and the conjugated π electrons in the boron cluster.

To better understand this interplay, we have examined the
molecular orbitals of the [B12H12]

2� derivatives. The energy-level
alignment of frontier molecular orbitals are studied at the
B3LYP/6-311G(d,p) level of theory, which has been well-
recognized to be adequate for predicting accurate electronic
structure. As displayed in Figure 3, the highest occupied
molecular orbital (HOMO) of [B12H12]

2� is comprised of four-fold
degenerate states, which are filled by both the inherent
electrons of the cluster and the two excess electrons due to the
dual negative charges. The four-fold degeneracy is split into
two two-fold degeneracies when it is functionalized by � CH3,
� C(CH3)3, � F, � Cl, or � Br. The lower-lying degenerate states are
spread along the horizontal direction of the boron cluster, while
the higher-lying states are along the vertical direction with
broken symmetry. When decorated with either � NH2 or � OH
group, the cluster becomes rotationally asymmetric, and
consequently the higher-lying doublet states are split. An
interesting feature of this splitting is the shifting of HOMO to a
much higher energy level, especially for the case of � NH2. In

Figure 2. Charge distribution in closo-[B12H12]
2� derivatives. (a) Partial atomic charge of the representative atom in the functional group (denoted as � R), and

the average partial atomic charge of boron atoms of the intact moiety (i. e., all boron atoms except for the one binding to the functional group). Electrostatic
potential distributions of (b) [B12H12]

2� and (c) [B12H11NH2]
2� .
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contrast to the drastic change of HOMO after functionalization,
the change of the lowest unoccupied molecular orbital (LUMO)
is almost negligible (Figure S3), leading to a significantly
decreased energy gap between HOMO and LUMO upon � NH2/
� OH functionalization. Given the notable reduction of the
adsorption energy for both kinds of functional groups, our
results are overall in line with the previous studies demonstrat-
ing that preferential adsorption is closely related with the band
gap of the host material.[19]

It is important to note that for all the [B12H12]
2� derivatives

considered in this work, their HOMO levels are all contributed
by both the boron cluster and the functional groups, with the
former being the major part (Figure S4). Due to the negative
charges on these [B12H11R]

2� anions, they have a much-boosted
affinity to atoms having net positive charges, especially those in
molecules bearing strongly polar bonds. The partial localization
of the negative charges onto the functional groups will
apparently promote this affinity, which is even more prominent
when the electrons in the filled orbitals of [B12H11R]

2� can
transfer to the empty orbitals of the gas molecules. The up-lift
of HOMO in amino functionalization will facilitate such transfer
and is thus responsible for the highly exothermic energy for
CO2 adsorption.

This electron transfer can be further described by the
differential charge density diagrams as shown in Figure 4. The
differential charge density is constructed by subtracting the
total electron densities of both the [B12H11R]

2� cluster and the
isolated gas molecule from that of the adsorption configuration
without modifying the atomic positions. Charge redistribution
is clearly seen in the C2H2 and CO2 molecules, indicating the

polarization effect imposed by the excess electrons on the
dodecaborate ion. While the degree of redistribution is almost
the same between [B12H12]

2� and [B12H11F]
2� , it becomes more

intense in the case of [B12H11NH2]
2� , which is commensurate

with the amount of charge transfer as predicted by CHELPG
scheme (Tables S5 and S6). We note that the charge transfer
between amino functional group and CO2 molecule reaches
0.56 e, whereas the corresponding value is below 0.1 e for
[B12H11F]

2� . The differential charge density diagrams also justify
our conclusion that the partial localization of the negative
charges on the dodecaborate ion could boost the electrostatic
attractive forces on molecules through the effective accommo-
dation of their positively charged atoms.

The role of the excess electrons in [B12H12]
2� can be

understood in a more straightforward way by the comparison
with carborane C2B10H12 which is electrically neutral. The
adsorption energy of CO2 on C2B10H12 is provided in Figure 5,
with the structure of adsorption configuration depicted in
Figure S5. We also examine the effect of amino functionaliza-
tion. It is interesting to find that the adsorption energy follows
the order of C2B10H12>C2B10H11NH2> [B12H12]

2� > [B12H11NH2]
2� ,

and the amino functionalization on C2B10H12 only results in an
adsorption energy 0.07 eV more negative than the pristine
structure. The comparatively huge difference in adsorption
energy between C2B10H11NH2 and [B12H11NH2]

2� (above 0.5 eV)
indicates that the non-bonding electron pair on amino group
itself plays a much less critical role than the excess electrons on
the boron cluster, which lends strong support to our electronic
structure analysis that the adsorptive behavior of gases relies
on the partial localization of negative charges in the host

Figure 3. HOMO levels of closo-[B12H12]
2� derivatives and the corresponding orbital diagrams.
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material. This insight is also corroborated by the relatively high
adsorption energy of CO2 on C6H5NH2, C2H5NH2 and CH3NH2, as
shown in Figure S6. Extending from this, we can foresee that
host materials with a higher propensity to maintain a
delocalized electronic state are likely to be less effective in
capturing CO2. This is substantiated by our calculations for the
negatively charged fullerene ions shown in Figure 5. The excess
electrons tend to be homogeneously distributed among the
carbon atoms, similar to [B12H12]

2� . However, in contrast to the
latter, the large size of fullerene will to some extent hinder the
electron localization onto the amino functional group, and
correspondingly, much less affinity to CO2 is observed. Likewise,
in case of small size clusters such as [B10H10]

2� (Figure S7), amino
functionalization could even lead to a more exothermic energy
(� 0.81 eV) than that of [B12H11NH2]

2� (� 0.75 eV) for CO2

adsorption. According to the above results, the synergy
between the electrons in boron cluster and the decorated
functional group can therefore be recognized as the root cause
of the variation in preferential-adsorption ability of the
[B12H12]

2� derivatives.

Conclusions

A series of [B12H12]
2� derivatives are systematically investigated

via ab initio calculations to identify those with the potential of
separating industry-relevant gas mixtures via preferential
adsorption. Among all the functional groups considered in this
work, the amino group is distinguished from the others by its

strong polarization that enables the partial localization of the
negative charges on the dodecaborate anion. By virtue of the
synergy between the conjugated π electrons in the boron
cluster and the nucleophilic character of the amino group,
[B12H11NH2]

2� exhibits a high selectivity in capturing CO2 from its
mixtures with other gases including N2, C2H6, C2H4, C2H2 and
CH4. This work unfolds the promising future of dodecaborate-
hybrid MOFs that use highly polar [B12H12]

2� derivatives as the
building blocks to facilitate gas separation.

Computational Method
The structures of [B12H11R]

2� and [B12H10R2]
2� (R=� H, � CH3, � C(CH3)3,

� F, � Cl, � Br, � NH2, and � OH) were optimized by Gaussian09[20]

using B3LYP� D3 and 6-311+G(d, p) basis set.[21] Frequency
calculations were performed to examine the stability after geome-
try optimization. The molecular orbitals were exported from the
wave function files using GaussView 5.[22] Structures were displayed
using the VESTA software.[23] The absorption energy of gas
molecules on closo-[B12H12]

2� was calculated using Equation (1),
where Ecluster+gas, Ecluster and Egas are the total energies of the
adsorption configuration, the boron cluster and the gas molecular,
respectively.

Ead ¼ Eclusterþgas � Ecluster � Egas (1)

For each combination of gas and host, five different adsorption
configurations were evaluated, and only the configuration with the
lowest total energy was adopted for investigation. Charge distribu-
tions were computed via the natural population analysis and

Figure 4. Differential charge density distributions in the adsorption of C2H2 (upper panel) and CO2 (lower panel) on [B12H12]
2� , [B12H11F]

2� and [B12H11NH2]
2� . The

isosurface was set at 0.002 eÅ� 3, and the yellow/blue areas represent a gain/loss of electrons.
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CHELPG (charges from electrostatic potentials using a grid)
method.[17] Charge density difference and orbital composition were
computed using multiwfn software.[24]
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