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Abstract. Quantum chemical calculations at the MP2/6-311++G(2d,2p) level of theory were used to examine
the complexes resulting from the interactions between C4 B2 H6 and HY Lewis bases (HY = NH3 , H2 O, and
CH3 OH molecules). Four different directional geometries could be obtained for C4 B2 H6 -HY complexes.The
complexes with conformation A had (B11-H12· · · H-Y) dihydrogen bond and C-Hmeta . . .YH hydrogen bond
interactions. In structure B, HY from the pentagonal basal plane interacted with carborane molecule. In
conformation C, HY had DHB and HB interactions with peripheral B-H and C-Hortho bonds of the carborane
backbone. Finally, conformation D had only hydrogen bond interaction between HY with C-Hmeta bonds of the
C4 B2 H6 . Among all the complexes resulting from the interaction of HY with C4 B2 H6 , the greatest interaction
energy belonged to the complexes with conﬁgurations B. The Bader’s Quantum Theory of Atoms in Molecules
(QTAIM) was used to analyze the optimized complexes. Molecular electrostatic potentials (MEP), vibrational
frequencies and molecular energies (HOMO and LUMO) were also calculated for these clusters.
Keywords. Carborane; noncovalent interaction; dihydrogen bond; hydrogen bond; MEP.

1. Introduction
Noncovalent interactions have an important position
in crystal packing, molecular recognition, biological
procedures and reaction selectivity. 1,2 Hydrogen and
dihydrogen bonds are very famous noncovalent interactions, which have attracted much consideration and large
amount of experimental and theoretical research. 3–5 The
carboranes as important classes in inorganic chemistry
are extensively used in synthesis of unique coordination
compounds, inorganic pharmaceuticals and biological systems, medicinal chemistry, polymers, especially
in boron neutron capture therapy (BNCT). 6–16 Many
research studies have commenced to use the unique
chemical and physical properties of carboranes for the
preparation of novel inorganic pharmaceuticals and biological probes. An interesting overview of C4 B2 H6
activities can be described through its intermolecular interactions including hydrogen bond (HB) and
dihydrogen bond (DHB) with other molecules. NidoC4 B2 H6 is one of the most carbon-rich carboranes
that has a pentagonal pyramid structure. 9,17,18 C4 B2 H6

and its derivatives have been the subject of theoretical
studies, molecular and electronic structure calculations,
dipole moment and ionization potential. 19–21 NidoC4 B2 H6 (Scheme 1) has Cs point group that exhibits
four types of hydrogens. The H5 and H12 are two
kinds of hydrogens which are directly attached to the
boron atoms (B+ σ –H− σ ), thus known as hydride hydrogens. Also, H6, 9 (meta-Hs) and H7, 8 (ortho-Hs) are
two other types of hydrogen atoms attached to the carbon atoms. Due to positive charge, (C− σ –H+ σ ) C-H
acts as a hydrogen bond donor toward HY molecules
(H+ σ –Y− σ . . . H+ σ –C− σ ). In contrast, in the case of
the B–H bonds, because of the presence of negative
charge on the hydrogen atoms, DHB with HY molecules
(B+ σ –H− σ . . .H+ σ –Y− σ ) is expected. 16 On the other
hand, the presence of different sites for interaction in
C4 B2 H6 , makes it an adequate nominate for interaction with other molecules. The aim of this study is to
investigate the types and relative strengths of the probable interactions that exist between C4 B2 H6 with HY
molecules.
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Scheme 1.
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Schematic representation of C4 B2 H6 structure.

2. Computational
The isolated monomers and complexes were fully optimized
at the MP2/6-311++G(2d,2p) theoretical level. 22–26 For all
the optimized structures, frequency calculations were performed to determine that all complexes are in their equilibrium
structures. The counterpoise approach designed by Bernardi
and his co-workers was performed to correct the values of the
interaction energies in light of the basis set superposition error
(BSSE). 27,28 The AIM 2000 package was used to perform the
topological integrations for the subsequent achievement of the
QTAIM descriptors. 29,30 The MEP analysis was carried out at
the MP2/6-311++G(2d,2p) level of theory by using the Gaussian 03 package. 31 The HOMO-LUMO energy gaps indicated
the stability and chemical activities of the compounds. 32–34

3. Results and Discussion
3.1 C4 B2 H6 –H2 O complexes
The interaction of C4 B2 H6 with H2 O leads to the formation of adducts denoted as W1, W2, W3 and W4
(Figure 1). In the W1 complex, H2 O had DHB interaction with B-H in the climax and also HB interaction with
C-Hmeta of the carborane molecule. In the DHB interaction within this compound, the H2 O molecule acted
ashydrogen bond donor (HBD) and the B-H bond of
C4 B2 H6 as hydrogen bond acceptor (HBA); while, in
the HB interaction, the H2 O molecule and the C-Hmeta
of C4 B2 H6 acted respectively as HBA and HBD.
In the W2 complex, the H2 O molecule in the bottom of
the pyramid interacted with the peripheral bonds of the
carborane, leading to the non-classical HB interactions
with C-C and B-C bonds of C4 B2 H6 (OH2 …C-C and
OH2 . . .B-C), in which the B-C and C-C bonds of the
C4 B2 H6 had the HBA role and H2 O had the HBD role.

On the other hand, the W3 structure is a bifurcated complex in which H2 O has DHB interaction with
the peripheral B10-H5 bond and HB interaction with
C-Hortho of the carborane molecule. According to Figure 1 and Table 1, this combination has the least stability
compared with other C4 B2 H6 - H2 O adducts. It seems
that the ability of the B-H in the climax and C-Hmeta to
form DHB and HB, respectively, is better than peripheral
B-H and C-Hortho . The stabilities of the studied complexes shows that B11–H12 actsas a better HBA than
B10–H5 does for the intermolecular interactions.
The W4 is a HB complex obtained from the intermolecular interaction of H2 O with H8 atom (H2 O. . .
H8-C3) in the backbone of the C4 B2 H6 . In this complex,
the oxygen atom of H2 O acted as HBA and the C3-H8meta
bond of C4 B2 H6 as HBD. As a result, it can be inferred
that depending on the type of the interactions and the
stability of the complexes, those complexes which have
non-classical interactions with peripheral bonds are
stronger than the classical HB interactions, and also HB
interactions are stronger than DHB interactions. Therefore, the stabilities of C4 B2 H6 –H2 O complexes can be
given in the following order: W2 > W4 > W1 > W3.
According to Table S1 (Supplementary Information)
and Figure 1, O-H bond lengths are 0.958Å in the free
H2 O molecule which show elongation in C4 B2 H6 –H2 O
adducts. Of course, due to the direct compensation of OH13 in interaction with carborane, there was a greater
bond lengthening in O-H13 than in O-H14.The maximum bond elongationin O-H13 (0.005 Å) occured inW2
which hadthe maximum stabilization energy between
C4 B2 H6 –H2 O adducts. In addition, there wasa good
relationship between the interaction energy and the elongation of O-H bonds. Also, producing the C4 B2 H6 –H2 O
adducts were accompanied with bond lengths variation
in the C4 B2 H6 molecule. For example, in W1,B11-H12
and C2-C3 bonds showed elongation, while C2-H7 and
C3-H8 showed contraction upon complex formation.
These changes were resulted from the charge transfers
∗
orbital in the DHB and from σ c2− c3
from σB−H to σO−H
∗
to σO−H14 orbital in HB interactions.
In the W2 complex, the H atom of H2 O molecule
interacted with the peripheral B-C and C-C bonds in
the backbone of the C4 B2 H6 . As Table S1 (in Supplementary Information) shows B10-C1 and C1-C2 bonds
have considerable lengthening, while C2-C3 and C4B10 bonds show contraction, and C3-C4 bond remains
unchanged with complex formation.
In the W3 complex, there were bond lengthening in
B10-H5 and C1-H6 and bond shortening in B10-C1
with adduct formation. Finally, in the W4 complex, the
C4 B2 H6 bonds were affected less by the intermolecular interactions than the previously mentioned systems.
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Figure 1.

Schematic representation of C4 B2 H6 complexes optimized at MP2/6-311++G(2d, 2p) level.

Table 1. SEuncorr , BSSE, ZPE in (kcal.mol−1 ) calculated at MP2/6-311++G(2d, 2p) level.
Complex SEuncorr BSSE ZPE SEcp
W1
W2
W3
W4
A1
A2
A3
A4
M1
M2
M3
M4

−3.49
−4.70
−3.31
−2.88
−2.82
−3.54
−2.72
−3.22
−3.95
−5.84
−3.68
−3.98
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0.8
1.38
1.38
0.69
0.64
1.08
0.58
0.62
0.98
1.80
0.90
0.90

11.11
1.07
1.15
0.78
0.68
0.73
0.81
0.81
0.67
0.73
0.72
0.63

−1.57
−2.25
−0.78
−1.41
−1.50
−1.73
−1.33
−1.79
−2.30
−3.31
−2.06
−2.45

SEcorr
−2.37
−3.63
−2.16
−2.50
−2.14
−2.81
−1.91
−2.41
−3.28
−5.01
−2.96
−3.35

SEcorr = ZPE + SEuncorr
SEcp = SEcorr + BSSE

Also, the W2 complex, with the greatest stabilization
energy had the most bond length variations. These bond
length variations are in line with the relative stabilities
of the complexes.

The selected vibrational stretching frequencies (cm−1 )
with their corresponding intensities (km.mol−1 ) for H2 O
and C4 B2 H6 free molecules as well as their complexes
are listed in Table S2 (Supplementary Information). In
all the C4 B2 H6 –H2 O complexes, the H–O bands showed
red shift compared to the isolated H2 O. These red shifts
for W1, W2, W3 and W4 complexes were: −29, −51,
−33 and −15 cm−1 , respectively. This shows that the
greatest and the smallest red shifts are observed for W2
and W4 complexes, respectively.
For the W1 complex, C2-H7 and C3-H8 stretching
frequencies showed blue shift but B11-H12 and C2C3 bonds showed red shift with complex formation.
Stretching resonance frequencies for C1-B10-C4 and
C1…C4 bonds in the W2 complex showed small red
shift, while stretching frequency for B10-H5 and B11H12 showed small blue shift in comparison with the
free C4 B2 H6 . In the W3 complex, B10-H5 bond showed
−33 cm−1 red shift while C1-H6 and B11-H12 bonds
showed small blue shift with complex formation. It
can be concluded that those B-H bonds involved in the
interaction show red shift, while the other bonds show
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blue shift with complex formation. Finally, in the W4
complex, B10-H5, B11-H12 and C3-H8 bonds showed
red shift, while C1-C2 and C2-C3 showed blue shift
with complex formation. The results of this study are
in agreement with the ambidentate characteristics of
C4 B2 H6 through the presence of the multi donor acceptor sites on its backbone which can contribute as Lewis
acid or Lewis base centers for intermolecular interactitons.
According to the above discussions on C4 B2 H6 –H2 O
systems, it can be inferred that the peripheral B–C and
C–C bonds, such as HBA, have the strongest interaction with the target molecules. Therefore, from different
models considered for the interaction of C4 B2 H6 with
H2 O molecules, it can be suggested that the complexes
involving peripheral B–C and C–C bonds have the greatest stabilities.
3.2 C4 B2 H6 –C H3 OH complexes
The association of C4 B2 H6 with CH3 OH led to the
formation ofM1, M2, M3 and M4 complexes (conﬁgurations A to D in Figure 1). The M1 complex is a bifurcated
complex in which C4 B2 H6 has DHB and HB interactions with CH3 OH molecule. B11-H12 with the O-H of
CH3 OH had DHB interaction while the C-Hmeta bonds
(C2-H7 and C3-H8) of C4 B2 H6 such as HBD did HB
interaction (bifurcated HB) with the O atom of CH3 OH
such as HBA. In the M2 complex, CH3 OH molecule
had non-classical HB interactions with the peripheral
C-C and B-C bonds of C4 B2 H6 . Also, in the M3 complex two types of interactions were observed, B10-H5
had DHB interaction with O-H, while C1-H6 formed
HB interaction with the O atom of CH3 OH. Finally,
the M4 complex had a HB interaction between the C3H8 and O-H groups of CH3 OH and also an interaction
between the B-C3 of carborane with the H atom of
CH3 OH methyl group. According to Table 1, the stabilities of C4 B2 H6 –CH3 OH complexes are in this order:
M2 > M4 > M1 > M3.
The results showed that the non-classical HB bond
between these molecules was stronger than their DHB
and HB interactions. Therefore, M2 was the most stable complex in this series. The results further showed
different tendencies of B–H and C–H bonds in C4 B2 H6
for intermolecular interactions with CH3 OH. The stabilities of the studied complexes indicated that B11–H12
had a better HBA than B10–H5 did for intermolecular
interactions. Apparently, the proximity of B10–H5 to the
peripheral B–C and C-C bonds diminishes its charge and
makes it a weaker HBA for noncovalent interactions.
O-H bond length was 0.958Å in the isolated CH3 OH
molecule which showed 0.001−0.005Å elongation in

C4 B2 H6 -CH3 OH adduct (Table S1 in Supplementary
Information). Among C4 B2 H6 -CH3 OH compounds, the
M2 complex had the greatest increase of O-H bond
length. Similarly, the carborane part of the C4 B2 H6 CH3 OH system underwent considerable bond variations
(Table S1 in Supplementary Information). In the M1
complex, B11-H12, C3-H8 and C2-C3 bonds had elongations, while C2-H7 had a small contraction. For M2,
data given in Table S1 (Supplementary Information)
are showing that B-B bond has the most contraction
while C1-B10 has considerable elongation. These variations suggest that those parts of C4 B2 H6 that are
closer to CH3 OH (due to the existence of the stronger
intermolecular interactions) show larger changes. In
the M3 complex, B-B bond had the greatest shortening, while B10-H5 had the greatest lengthening among
the C4 B2 H6 -CH3 OH complexes. Furthermore, B10-C1
showed small contraction, while B11-C1, B11-C2, B11C3, B11-C4 showed elongation for the M3 adducts.
Finally, in the M4 cluster, all peripheral C-C and BC bonds of C4 B2 H6 showed elongation among which
C1-C2 bond had the greatest lengthening. Furthermore,
B10-H5 and B11-H12 bonds increased with complex
formation.
The selected vibrational stretching frequencies (cm−1 )
with their corresponding intensities (km.mol−1 ) for
C4 B2 H6 -CH3 OH systems are listed in Table S2 (Supplementary Information). In these complexes, the H–O
bond shows red shift upon complex formation. These
red shifts for the M1, M2, M3 and M4 complexes are in
the order: −34, −81, −42 and −10cm−1 , respectively.
As it is evident, the maximum and minimum red shifts
belong to the M2 and M4 clusters, respectively. A good
correlation can also be found between the stabilities of
adducts and their frequency variations in the M4 system.
In the M1 complex, the stretching frequencies of the
B11-H12 and B10-H5 showed −28 and −2cm−1 red
shift; that is to say, B11-H12 bond has a greater shift
and as a result a better contribution in the intermolecular interactions. Similarly, other bonds (C2-H7, C3-H8,
and C2-C3) that were less involved in the interaction
with CH3 OH showed no signiﬁcant red shift with complex formation. According to Table S2, the stretching
frequencies of B-H bonds in the M2 cluster showed 9
and 5 cm−1 blue shift. B-B bond in all C4 B2 H6 -CH3 OH
systems (M1, M2, M3 and M4) showed blue shift among
which the one related to the M2 complex was greater.
Therefore, based on these results, it can be understood
that there is a good relationship between the stretching
frequencies and B-B bond lengths. In the M2 complex,
also, the stretching frequencies of C1…C4, C1-C2 and
C2-C3 bonds showed red shift upon complex formation.
In the M3 adduct, B10-H5 bond showed −36 cm−1 red
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shift but B11-H12 and B-B bonds showed blue shift
with respect to their original bands. Therefore, it can
be concluded that B-H bond involved in the interaction
showed red shift, while the other one showed blue shift.
Eventually, in the M4 cluster, C1-H6 and C3-H8 bonds
showed 2 cm−1 blue shift, while C2-H7, C4-H9, B10H5 and B11-H12 bonds showed red shift with respect
to their original bands. These results conﬁrm the presence of several sites on the C4 B2 H6 backbone which can
act as Lewis acid or Lewis base in the interaction with
CH3 OH molecule.
3.3 C4 B2 H6 –N H3 complexes
According to Figure 1, depending on the orientation
of interactions, the interaction of C4 B2 H6 with ammonia gives four different geometries including A1, A2,
A3 and A4 clusters. In the A1 complex, a dihydrogen
bond interaction appeared between the B11-H12 bond of
carborane as HBA and H13 of NH3 as HBD (H12…H13)
and also a HB interaction between the C3-H8 and N
atom of ammonia. In the A2 complex, NH3 molecule
interacted with the pentagonal base of carborane in
which B-C and C-C bonds of the C4 B2 H6 acted as HBA
and NH3 as HBD. Similar to the A1, in the A3 complex,
DHB interaction was formed between NH3 molecule
and B10-H5 bond and HB interaction appeared between
C1-H6 and the N atom of NH3 . Additionally, for DHB,
NH3 molecule had the role of HBD, while B-H bond
acted as HBA. On the other hand, for HB interactions,
NH3 and the peripheral C-H bond of C4 B2 H6 acted
respectively as HBA and HBD. The A4 complex was a
HB complex obtained from the interaction of NH3 with
the C3-H8 of C4 B2 H6 . The stabilities of C4 B2 H6 –NH3
complexes are in this order: A2 > A4 > A1 > A3. NH13 bond was 1.009 Å in the free NH3 molecule which
showed (0.001-0.003 Å) elongation in the A1 to A4
complexes. It is to be noted that, the largest elongation
and the greatest stability belonged to the A2complex. In
the A1 complex, B11-H12 and B10-H5 bonds showed
elongation among which that B-H bond involved in
the interaction had a greater elongation. As Table S1
(Supplementary Information) shows, A2, B-B and B10C1 bonds have the greatest shortening and elongation,
respectively. In addition, for C1-C2, C3-C4 and C4-B10,
small bond lengthening are observed.
The A3 complex is a bifurcated complex in which
NH3 has a DHB interaction with B10-H5 and a HB
interaction with C1-H6. The results showed that, in
this cluster, C3-H8 and C3-C4 bonds did not change
by intermolecular interactions, while B10-H5 and B-B
bonds showed, respectively, the greatest elongation and
contraction. Finally, among all the carborane bonds in
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the A4 complex, C1-B11, C2-B11 and B-B illustrated
contraction, C3-H8 had the greatest elongation and the
rest showed a small lengthening.
The stretching frequencies and absorption intensities
of the C4 B2 H6 · · · NH3 complexes are organized in
Table S2. According to this table, it can be ﬁgured out
that although N-H bond lengths do not have considerable changes with complex formation, their stretching
frequencies have signiﬁcant downward shifts (−13 to
−28 cm−1 ). Also, an efﬁcient correlation can be found
between the vibrations of the bond lengths and the
stretching frequencies of B-H and B-B bonds. On the
other hand, the red or blue shifts might be directly in
agreement with the increasing and decreasing of the
bond lengths. In the A1 complex, the values of −7,
−7 and −8 cm−1 and 4 cm−1 which belong to B10-H5,
B11-H12, C3-H8 and B-B bonds, respectively, might
be directly consistent with the increasing and decreasing the bond lengths. In the A2 cluster, the B-B, B10–H5
and B11-H12 bonds showed small blue shift, while symC1-B10-C4 and C1…C4 resonance frequency showed
small red shift. In contrast, C2-C3 and C2-H7 bonds
showed small blue shift with complex formation. In the
A3 complex, compared to their original bands, B10–H5
showed −21 cm−1 red shift, while B-B bond showed 4
cm−1 blue shift. On the other hand, unlike other similar complexes such as H2 O and CH3 OH (W3 and M3),
in this complex, the stretching frequency of B11-H12
bond did not show any change with complex formation.
Eventually, in the A4 cluster, the greatest red shift and
the greatest blue shift belonged to (C4-H9, C2-H7) and
(C1-C2,C2-C3) sets, respectively. Furthermore, C1-H6
and C3-H8 bonds showed small red shifts with complex
formation. In this cluster, also, B10-H5 and B11-H12
bonds had red shifts with complex formation. According to the above discussions on C4 B2 H6 –NH3 systems,
it can be concluded that the peripheral B–C and C–C
bonds such as HBA had the strongest HB interactions
with the target molecules such as HBD. Therefore, as a
result of different models with regard to the interaction
of C4 B2 H6 with NH3 molecule, it can be said that the
most stable complexes involve in theinteractions with
theperipheral B–C and C–C bonds.
3.4 AIM and MEP analysis
In order to fulﬁll one of the objectives of this study, the
AIM arguments were used to analyze the characteristics
of the intermolecular interactions through the bond critical points (bcp) location (see Figure 2). The electronic
density ( p), Laplacian (∇ 2 p) parameters and the ratios
between the kinetic (Gc) and potential (Vc) electron
energy density 1 derived from the Bader theory indicated
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Figure 2.

Bond paths (BP) and bond critical points for the complexes obtained from AIM integrations.
Table 2. Topological parameters for fully optimized systems analyzed at MP2/6311++G(2d, 2p).
Cluster
W1
W2
W3
W4
A3
A2
A1
A4
M1
M2
M3
M4

Bond

ρ

∇2ρ

−GC

VC

−GC /VC

HC

H12…H13
O…H7
O…H8
H13…B10
H5...H13
H6…O
H8…O
N…H6
C1…H13
H12…H13
H7…N
H8…N
H12…H13
H7…O
H8…O
C1…H14
H13…C1
H13…H5
H6…O
C3…H14
O…H8

0.0066
0.0064
0.0064
0.0097
0.0097
0.0073
0.0122
0.0102
0.0078
0.0054
0.0081
0.0125
0.0069
0.0070
0.0070
0.0147
0.0135
0.0108
0.0080
0.0058
0.0100

−0.0231
−0.0248
−0.0249
−0.0305
−0.0319
−0.0298
−0.0426
−0.0332
−0.0256
−0.0190
−0.0268
−0.0355
−0.0234
−0.0260
−0.0261
−0.0161
−0.0409
−0.0340
−0.0323
−0.0199
−0.0370

0.0047
0.0052
0.0052
0.0066
0.0068
0.0063
0.0094
0.0072
0.0054
0.0038
0.0057
0.0079
0.0048
0.0056
0.0056
0.0032
0.0093
0.0074
0.0069
0.0040
0.0080

0.0036
0.0042
0.0042
0.0056
0.0056
0.0051
0.0082
0.0061
0.0044
0.0028
0.0046
0.0069
0.0038
0.0047
0.0047
0.0024
0.0080
0.0064
0.0056
0.0030
0.0068

1.3006
1.2379
1.2377
1.1845
1.2072
1.2355
1.1485
1.1793
1.2231
1.3467
1.2240
1.1414
1.2728
1.1980
1.1976
1.3332
1.1355
1.1630
1.2143
1.3127
1.1827

−0.0011
−0.0010
−0.0010
−0.0010
−0.0012
−0.0012
−0.0012
−0.0011
−0.0010
−0.0010
−0.0010
−0.0010
−0.0010
−0.0009
−0.0009
−0.0008
−0.0011
−0.0010
−0.0012
−0.0010
−0.0012
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Figure 3. MP2/ 6-311++G (2d, 2p). Calculated 3D molecular electrostatic potential contour map of (C4 B2 H6 , H2 O,
CH3 OH and NH3 ). The red color shows the minimal molecular electrostatic potential and the blue color denotes the
maximal molecular electrostatic potential.

the type of interactions. As indicated in Table 2, the
AIM calculations shows that both H · · · N, H. . .O and
H · · · H bonds have little charge density; therefore, it
can be proved that the interactions are essentially of the
non-covalent type. The positive values of ∇ 2 p in Table 2
highlights the fact that all HBs are of closed-shell type
interactions. Figures 3 and 4 represent the MEP proﬁles
for C4 B2 H6 , CH3 OH, H2 O and NH3 monomers as well as
C4 B2 H6 -NH3 complexes (MEP proﬁles for the C4 B2 H6 CH3 OH and C4 B2 H6 -H2 O clusters are shown in Figures
S1 and S2, Supplementary Information). These ﬁgures
show that a negative region of the electrostatic potential
is located on the pentagonal base of the C4 B2 H6 . There is
also a negative zone (B11-H12) for the interaction with
HY molecules at the climax of the pyramid. Thus, in
DHB and non-classical HB interactions, HY had HBD
role and B-H, C-C and B-C bonds of C4 B2 H6 had HBA
roles. In contrast, in HB interactions, the O and N atoms
of HY acted as HBA and C-H (Ortho and Meta) of the
pentagonal base of the C4 B2 H6 acted as HBD. 41,42
3.5 HOMO–LUMO analysis
HOMO and LUMO are very important parameters 35–37
for chemical reactions. One can determine the way
the molecule interacts with other species. Hence, they
are called the Frontier orbitals. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are considered as important
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Figure 4. MP2/ 6-311++G(2d,2p), calculated 3D molecular electrostatic potential contour map of C4 B2 H6 … NH3 .
The red color represents the minimal molecular electrostatic
potential and the blue color denotes the maximal molecular
electrostatic potential.

parameters in quantum chemistry. The energy of the
frontier orbitals of molecules is related to the energy
of ionization (IE) and electron afﬁnity, which are calculated according to Koopman’s theorem. 38
-EHOMO = IE
-ELUMO = EA

(1)
(2)

Also, the absolute electronegativity (χabs ) and absolute
hardness (η) are related to IA and EA 39 as given below:
χabs = (IE + IA)/2 = (EHOMO + ELUMO )/2
η = (IE − IA)/2 = (EHOMO − ELUMO )/2

(3)
(4)

A molecule with a small frontier orbital gap is more
polarizable and is generally associated with a high
chemical reactivity and low kinetic stability and is also
termed as soft molecule while as hard molecules have a
large HOMO-LUMO gap. 40
The HOMO indicates the ability to donate an electron and the LUMO shows the ability to obtain an
electron. 41 In order to evaluate the energetic behavior
of these compounds, the HOMO LUMO energy calculations were done by means of MP2 method using
6-311++G(2d,2p) basis set. Figure 5 shows the HOMO
and LUMO frontier molecular orbitals along with their
related energies for C4 B2 H6 -NH3 structures. Also,the
information about Frontier orbital’s HOMO and LUMO
for C4 B2 H6 -CH3 OH and C4 B2 H6 -H2 O Compounds with
their corresponding energies are shown in Figures S3
and S4 (Supplementary Information). The positive and
negative phases are portrayed in red and green colors,
respectively. Details of the frontier molecular orbitals in
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Figure 5. Frontier orbitals HOMO and LUMO of the C4 B2 H6 -NH3 compounds with their
corresponding energies (eV).
Table 3. HOMO and LUMO energies, HOMO–LUMO energy gap, absolute electronegativity (χabs ) and absolute hardness
(η) (eV) for C4 B2 H6 …HY (HY = NH3 , H2 O, CH3 OH) complexes.
W1

W2

W3

W4

A1

A2

A3

A4

M1

M2

M3

M4

HOMO
−0.394 −0.395 −0.394 −0.394 −0.393 −0.392 −0.394 −0.394 −0.385 −0.385 −0.383 −0.385
LUMO
−0.168 −0.168 −0.168 −0.168 −0.168 −0.168 −0.168 −0.168 −0.168 −0.168 −0.168 −0.168
EHOMO−LUMO 0.226 0.227 0.226 0.226 0.225 0.224 0.226 0.226 0.217 0.217 0.215 0.217
IE
0.394 0.395 0.394 0.394 0.393 0.392 0.394 0.394 0.385 0.385 0.383 0.385
AE
0.168 0.168 0.168 0.168 0.168 0.168 0.168 0.168 0.168 0.168 0.168 0.168
χabs
0.281 0.281 0.281 0.281 0.280 0.280 0.281 0.281 0.276 0.276 0.275 0.276
η
0.113 0.113 0.113 0.113 0.112 0.112 0.113 0.113 0.108 0.108 0.107 0.108

the dimers are presented in Table 3. The EHOMO−LUMO
for C4 B2 H6 -H2 O complexes are ordered as: 0.226,
0.227, 0.226, and 0.226 (eV) for W1, W2, W3 and
W4 complexes, respectively. These results show that
the greatest EHOMO−LUMO is related to the W2 complex, which has the most stable energy. The remaining
clusters have the same chemical activity. Similarly, the
values of EHOMO−LUMO for C4 B2 H6 -CH3 OH clusters
are ordered as: 0.217, 0.217, 0.215 and 0.217 (eV) for
M1, M2, M3 and M4 clusters, respectively. In terms
of chemical activity, the M3 cluster has the most activity. According to Figure 5 and Table 3, the value of
EHOMO−LUMO in C4 B2 H6 -NH3 complexes is as follows:
0.225, 0.224, 0.226, and 0.226 (eV) for A1, A2, A3 and
A4, respectively. Consequently, according to Table 3,
the maximum and minimum amount of EHOMO−LUMO

are observed for C4 B2 H6 -H2 O and C4 B2 H6 -CH3 OH
clusters, respectively. Also, from another perspective,
the frontier orbitals can be studied. In the clusters
of C4 B2 H6 -H2 O and C4 B2 H6 -NH3 , the highest percentage of HOMO and LUMO orbitals are focused
on the carborane molecule, while in all the C4 B2 H6 CH3 OH clusters, HOMO orbitals are concentrated on
the CH3 OH molecule and LUMO orbitals are focused
on the carborane molecule.
3.6 The comparison of the complexes
In most cases, the complexes derived from the interaction of these Lewis bases (CH3 OH, NH3 and H2 O) with
C4 B2 H6 exhibited similar behavior. For example, in all
three categories of clusters, the W1, M1 and A1 clusters showed the greatest elongation of B11-H12 bond
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(0.003, 0.003, 0.001 Å). On the other hand, among
all the intermolecular interactions, dihydrogen bonding
was the most important one which resulted in the formation of these adducts. In the A2, M2 and W2 clusters,
the greatest change was observed for B-B bond length.
That is, all B-B bonds underwent shortening (the length
of B-B bond in A2, M2 and W2 are −0.005, −0.006
and −0.007 Å, respectively). The results showed that
there is a good correlation between the B-B bond length
decreasing and the B-B frequency increasing (7, 13,
12 cm−1 blue shift for A2, M2 and W2 clusters). Also,
in the bifurcated complexes (A3, W3, M3), the greatest
bond elongation occurred for their B10-H5 bond (0.002,
0.003, 0.004 Å) that showed a good correlation with
the red shift of their stretching frequencies (−21, −33,
−36 cm−1 ). Moreover, in all groups, only W4, M4 and
A4 (HB complexes) had the greatest elongations (0.001,
0.001, 0.003 Å) for C3-H8 bonds. Finally, among all
the complexes obtained from the interaction of C4 B2 H6
with HY molecule, only W2, M2 and A2, or those complexes in which HY molecule had a nonclassical HB
interaction from the pentagonal base of C4 B2 H6 , had
the greatest stability in each group.

4. Conclusions
Ab initio MP2/6-311++G(2d,2p) calculations were carried out on C4 B2 H6 …HY systems. C4 B2 H6 could
have intermolecular interactions with HY (HY =
H2 O, CH3 OH and NH3 ) molecules. For the interaction
of C4 B2 H6 with HY molecules, H-bond and DHBbond, complexes were obtained. The results showed
that, C4 B2 H6 –CH3 OH dimers were more stable than
C4 B2 H6 –H2 O and C4 B2 H6 –NH3 , and that was because
of the greater dipole moment of CH3 OH compared to
H2 O and NH3 . Also, according to the different models
of interactions (conformers A, B, C and D), it can be said
that those complexes which include the peripheral B–C
and C–C bonds as electron donor had the greatest stabilities in the three systems. The following statements are
conﬁrmed from the results of this study: a) Complexes
with conﬁguration A had C1 symmetry composed of
DHB and HB intermolecular interactions. HBs had a
positive effect on dihydrogen bonds and vice versa. b)
Conﬁguration B complexes had interactions with all
bonds of the carborane skeleton except the B-H bond in
the climax. The nonclassical bonds in these complexes
were unique and the transfer of electrons from the orbital
σ of C-B or C-Cbonds to the σ* orbital of HY molecule
was the main factor of their stability. These were σ − σ
nonclassical bonds indicating that the σ system of one
molecule interacted with the σ* system of the other. c)
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Third group of complexes (complexes with conﬁguration C) were less stable than those with conﬁguration A.
As it was explained in (a), HBs had a positive effect on
dihydrogen bonds. It can be concluded that the more the
number of hydrogen bonds in a complex, the more stable
it is. d) As observed for conﬁgurations D, these complexes were composed of only one hydrogen bond. In
other words, σ electron donation by C-H to the σ* orbital
of HY molecule was the main factor of their stability.
Moreover, the existence the electropositive substituent
(methyl group in CH3 OH) also had a stabilizing interaction between the H atom of the CH3 group of CH3 OH
and C-Hmeta of C4 B2 H6 . This, in turn, helped the stability of the M4 complex compared to their counterpart
complexes (A4 and W4) in other conﬁgurations. e) With
regard to the energy gaps, C4 B2 H6 –CH3 OH clusters had
the most chemical activities. In contrast, C4 B2 H6 –H2 O
complexes which had the least chemical activity were
the most stable of complexes.
Supplementary Information (SI)
All additional information pertaining to the minimal molecular electrostatic potential (MEP) proﬁles, Tables S1, S2,
Figures S1-S4, Frontier orbitals HOMO and LUMO of
C4 B2 H6 -CH3 OH and C4 B2 H6 -H2 O compounds are given
in the Supporting Information, available at www.ias.ac.in/
chemsci.
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