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Abstract We have studied the influence of hydrogena-
tion on the relative stability of the low-lying isomers of
the anionic B7

) cluster, computationally. It is known
that the pure-boron B7

) cluster has a doubly (r- and p-)
aromatic C6v (3A1) quasi-planar wheel-type triplet glo-
bal minimum (structure 1), a low-lying r-aromatic and
p-antiaromatic quasi-planar singlet C2v (1A1) isomer 2

(0.7 kcal mol)1 above the global minimum), and a
planar doubly (r- and p-) antiaromatic C2v (1A1) iso-
mer 3 (7.8 kcal mol)1 above the global minimum).
However, upon hydrogenation, an inversion in the
stability of the species occurs. The planar B7H2

) (C2v,
1A1) isomer 4, originated from the addition of two
hydrogen atoms to the doubly antiaromatic B7

) isomer
3, becomes the global minimum structure. The second
most stable B7H2

) isomer 5, originated from the quasi-
planar triplet wheel isomer 1 of B7

), was found to be
27 kcal mol)1 higher in energy. The inversion in sta-
bility occurs due to the loss of the doubly aromatic
character in the wheel-type global minimum isomer
(C6v,

3A1) of B7
) upon H2)addition. In contrast, the

planar isomer of B7
) (C2v,

1A1) gains aromatic character
upon addition of two hydrogen atoms, which makes it
more stable.

Keywords Multiple aromaticity Æ Boron hydrides Æ
Boron clusters

Introduction

Pure-boron clusters have received much attention in the
literature over the past couple of decades [1–12]. The
geometries and electronic properties of these species were
addressed, while sometimes the results obtained by dif-
ferent groups were not in agreement. Recently, we pub-
lished a series of articles on the chemical bonding of
neutral and anionic planar or quasi-planar pure-boron
clusters from B3 to B15 [13–18]. Both theoretical and
photoelectron spectroscopic characterizations were per-
formed for these species. We have explained the planar or
quasi-planar structure of small boron clusters on the
basis of the presence of double (r- and p-) aromaticity, or
r- and p-antiaromaticity, or a mixture of them. Double
aromaticity (the simultaneous presence of r- and p-aro-
maticity) was introduced in chemistry by Schleyer and
coworkers [19] in the late 1970 s for explaining properties
of the 3,5-dehydrophenyl cation. Double aromaticity and
antiaromaticity were first used by Martin-Santamaria
and Rzepa [20] for explaining chemical bonding in small
carbon rings. Berndt and coworkers have shown that
small carborane molecules containing three- and four-
membered rings also exhibit both r- and p-aromaticity
[21–25]. Double aromaticity in boron clusters forces
them to adopt the wheel-type structures, such as D7h

(1A1¢) B8
2) or D8h (1A1 g) B9

) [17], while the doubly an-
tiaromatic boron clusters, such as B6

2) [15], adopt highly
distorted polygonal topology. Switching from an aro-
matic form to an antiaromatic form and vice versa can be
accomplished by adding or removing a pair of electrons,
or by forming two B-H bonds during the partial hydro-
genation of boron clusters.

We thought that it would be important to understand
how hydrogenation may affect the structure of boron
clusters, because when 1:1 hydrogenation is reached, a
transformation from planar or quasi-planar structures
of pure-boron clusters into 3D structures of hydroge-
nated species is expected. The BxHx

2) boranes are known
to have deltahedral structures [26–28].
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Hydrogenated small boron clusters have been stud-
ied before. Ricca and Bauschlicher characterized cat-
ionic BnH

+ clusters theoretically [29]. Small systems
B2H

+, B2H2
+, and B3H2

+ were studied by Curtiss and
Pople [30]. Larger BnHn species (n=3)6) were calcu-
lated by many groups using ab initio methods (see
reference [31] and references therein). A series of the-
oretical and experimental studies on other similar sys-
tems have been reported by various authors [32–34].
Experimental and theoretical studies of the pure B7

cluster in neutral and various ionic forms were also
previously reported [8, 35–39]. The B7

) anion has a
triplet doubly (r- and p-) aromatic C6v (3A1) quasi-
planar wheel-type global minimum, a low-lying singlet
r-aromatic and p-antiaromatic C2v (1A1) quasi-planar
isomer (0.7 kcal mol)1 above the global minimum),
and a planar doubly (r- and p-) antiaromatic C2v (

1A1)
isomer [16].

In the current article we present results of our theo-
retical study of the hydrogenation of a doubly aromatic
boron cluster B7

). This includes our computational re-
sults on the relative stability of low-lying B7

) isomers
upon the influence of addition of two hydrogen atoms.

Computational methods

While the structure of the B7
) anion was firmly estab-

lished in our previous work [16], we decided to perform
the search for its global minimum again in order to test
our Gradient Embedded Genetic Algorithm (GEGA)
program, written by Alexandrova et al. [40]. We then
used the GEGA program to find low-lying isomers for
the B7H2

) anion also. The GEGA procedure [40] is based
upon the geometry interplay proposed by Hartke [41]
and Deaven and Ho [42], and involves some unique
mutation and optimization specifics. The hybrid meth-
od, known as B3LYP [43–45], with relatively small basis
set 3-21G was employed throughout the execution of the
GEGA. Briefly, within the GEGA procedure, the initial
geometries of individuals in the population are ran-
domly generated and further optimized to the nearest
local minima on the potential energy surface, using the
Gaussian 03 package [46]. If a saddle point is encoun-
tered, the normal mode of the first imaginary frequency
is followed until a local minimum is found. Then the
population, composed of the good individuals thus se-
lected, undergoes breeding and mutations. Probabilities
to be bred are assigned according to the best-fit (lowest-
energy) criterion. Based on these probabilities, pairs of
parents are selected randomly. The geometries of the
parents are cut by a random cutting plane, and the
halves thus obtained (genes) are then recombined either
in a simple or in a head-to-tail manner forming a child.
The number of atoms in the newly generated geometry is
checked, and the child is optimized to the nearest local
minimum. After the number of individuals in the pop-
ulation has doubled within the breeding process, the

best-fit group is selected and convergence of the algo-
rithm is checked. The GEGA is considered converged if
the current lowest energy species (global minimum or at
least very stable local minimum) remains leading for 20
iterations. If convergence is not yet met, the highest
energy species in the population undergo mutations. The
mutation rate is set to 33.33%. Mutations are shifts of
random atoms of a species in random directions, with
the purpose of changing the initial geometry so as to
push the structure out of the current local minimum to
another well on the potential energy surface. Mutants
are optimized to the nearest local minima. After that, the
algorithm proceeds with the new cycle of breeding. All
low-lying isomers are detected and stored throughout
the execution and they are reported to the user at the end
of the run. A few runs of GEGA are done on the system
in order to confirm the global minimum structure found.

The geometry and vibrational frequencies of the
global minimum thus identified, as well as low-lying
isomers, were refined further at higher levels of theory.
The B3LYP and coupled-cluster CCSD(T) [47–49]
methods with polarized split-valence basis sets (6-
311++G**) [50, 51] were used for this purpose. We also
optimized geometry and calculated frequencies for the
B7H2

) global minimum structure at the CASSCF(4,4)/
6-311++G** [52–57] level of theory. Single-point
calculations were performed at the CASSCF(8,8)/
6-311++G**//CASSCF(4,4)/6-311++G** level of
theory in order to test the applicability of the B3LYP
and CCSD(T) methods. The Natural Bond Order
(NBO) analysis [58–62] was used for detailed chemical
bonding examination. Molecular orbitals (MOs) were
calculated at the HF/6-311++G** level of theory.
B3LYP, HF, and CCSD(T) calculations were performed
using the Gaussian 03 program. MOs were made using
the MOLDEN 3.4 program [63].

Computational results and discussion

The GEGA search revealed the same three low-lying
isomers 1–3 (Fig. 1) for B7

) as we reported in our pre-
vious work [16]. Thus, our GEGA program performed
well. The search for the most stable structure of the
B7H2

) anion, performed by GEGA and accompanied by
the higher level calculations, revealed that the planar 4

(C2v,
1A1) (Fig. 2) structure is the global minimum. The

order of the lowest structures for B7H2
) was the same at

the B3LYP/3-21G, B3LYP/6-311+G*, and CCSD(T)/
6-311+G* levels of theory. The global minimum B7H2

)

cluster has the following electronic configuration:
1a1

21b2
22a1

22b2
23a1

24a1
23b2

21b1
24b2

25a1
26a1

21a2
2. The molecular

properties of the global minimum structure at three
levels of theory are summarized in Table 1. The geo-
metric parameters and harmonic frequencies calculated
at these levels of theory were in reasonable agreement
with each other. The Hartree–Fock configuration was
found to be dominant (CHF=0.969) in the CASSCF(8,8)/
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6-311++G** expansion and thus our B3LYP and
CCSD(T) calculations should be reliable.

The second lowest isomer (structure 5 in Fig. 2) is
27 kcal mol)1 higher in energy at the B3LYP/6-
311++G** level of theory. Molecular properties of the
second isomer at B3LYP/6-311++G** and CCSD(T)/
6-311++G** levels of theory are summarized in
Table 2. All low-energy structures of B7H2

) identified are
shown in Fig. 2. The global minimum of B7H2

) is a
planar species; it originates from the planar isomer 3 of
the bare B7

) cluster (Fig. 1) with two hydrogen atoms

bonded to the end boron atoms of the cluster. Other
alternative isomers 8, 10, and 14, having hydrogen
atoms bound in different positions, also derive from the
structure 3 of B7

). Among the isomers depicted in Fig. 2,
the singlet and triplet species 5–7, 9, 11, 12, and 15 arise
from either the isomer 1 or isomer 2 of B7

) with different
bonding positions of hydrogen atoms.

Thus, the addition of two hydrogen atoms completely
rearranges the relative stability of the isomers of B7

). In
the following section, we present our explanation of why
that is happening.

Fig. 2 Alternative structures of the B7H2
) hydride (B3LYP/6-311++G** level of theory)

Fig. 1 Low-energy isomers of
the B7

) cluster at the B3LYP/
6-311+G* level of theory
(relative energies computed at
the CCSD(T)/6-311+G(2df)
level are shown in square
brackets)
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Chemical bonding in B7H2
� isomers

First, we performed an NBO analysis of the global
minimum structure of B7H2

). We found nine classical 2c–
2e bonds, seven of which are localized on the peripheral
edges of the B7

) unit (bonds B1–B4, B4–B6, B6–B2, B2–
B3, B3–B7, B7–B5, B5–B1, see Fig. 2), and the
remaining two are simply covalent B–H bonds. The rest
of the electrons in the system participate in delocalized

bonding over the entire cluster. A similar bonding pic-
ture was found in structure 3 of the bare B7

) species. The
NBO analysis showed the presence of seven peripheral
2c–2e B–B bonds in the B7

) cluster. However, the dif-
ference between the dihydride and the original B7

) cluster
occurs in the structure of delocalized bonding patterns.

The MOs of the global minimum isomer of B7H2
) are

shown in Fig. 3a. Figure 3b represents the MOs of the
structure 3 of the bare B7

) cluster. In order to elucidate
the MOs responsible for the localized bonding, described

Table 1 Molecular properties of the B7H2
) (C2v,

1A1) global minimum species

B3LYP/6-311++G** CASSCF(4,4)/6-311++G** CCSD(T)/6-311++G**

Etotal, a.u. )175.143862 )173.860826b )174.554521

ZPE, kcal mol
)1 27.452 29.468 c

Geometry R(B1-B2,3)=1.7496 Å R(B1-B2)= 1.7859 Å R(B1-B2)= 1.7735 Å
R(B1-B4,5)=1.5954 Å R(B1-B4)= 1.5969 Å R(B1-B4)= 1.6179 Å
R(B4-B6,7)=1.5166 Å R(B4-B6)= 1.5087 Å R(B4-B6)= 1.5428 Å
R(B2-B3)=1.5975 Å R(B2-B3)= 1.6150 Å R(B2-B3)= 1.6196 Å
R(B2-B6)= 1.6730 Å R(B2-B6)= 1.6938 Å R(B2-B6)= 1.6884 Å
R(B6-H)=1.1833 Å R(B6-H)= 1.1815 Å R(B6-H)= 1.1902 Å
R(B4-B2)= 1.6763 Å R(B4-B2) = 1.6910 Å R(B4-B2) = 1.7071 Å
\(B4-B6-H)=162.895� \(B4-B6-H)= 163.756� \(B4-B6-H)= 162.245�

Frequencies, cm
)1 x1(a1) 2686 (84)a x12(b1) 705 (1) x1(a1) 2766 x12(b1) 764

c

x2(a1) 1312 (8) x13(b1) 469 (2) x2(a1) 2042 x13(b1) 485
x3(a1) 1210 (0) x14(b1) 168 (1) x3(a1) 932 x14(b1) 166
x4(a1) 858 (8) x15(b2) 2684 (284) x4(a1) 794 x15(b2) 2762
x5(a1) 754 (13) x16(b2) 1314 (14) x5(a1) 726 x16(b2) 1381
x6(a1) 683 (1) x17(b2) 1128 (2) x6(a1) 642 x17(b2) 1362
x7(a1) 566 (12) x18(b2) 897 (10) x7(a1) 567 x18(b2) 1151
x8(a1) 381 (0) x19(b2) 767 (0) x8(a1) 398 x19(b2) 882
x9(a2) 731 (0) x20(b2) 641 (17) x9(a2) 809 x20(b2) 809
x10(a2) 471 (0) x21(b2) 521 (0) x10(a2) 480 x21(b2) 523
x11(a2) 258 (0) x11(a2) 174

aInfrared intensities (km mol)1) are shown in parentheses
bAt the CASSCF(8,8)/6-311++G**//CASSCF/6-311++G** level Etotal=)173.891026 a. u., CHF=0.969
cVibrational frequencies were not calculated at this level of theory

Table 2 Molecular properties
of the second isomer of B7H2

)

(C2v,
1A1) – species 2, Figure 1

aInfrared intensities are shown
in parentheses
bVibrational frequencies were
not calculated at this level of
theory

B3LYP/6-311++G** CCSD(T)/6-311++G**

Etotal, a.u. )175.100763 )174.53084463

ZPE, kcal mol
)1 27.592 b

Geometry R(B1-B2,3)=1.9267 Å R(B1-B2,3)= 1.9338 Å
R(B1-B4,5,6,7)=1.6640 Å R(B1-B4,5,6,7)= 1.6901 Å
R(B4-B5)=1.5905 Å R(B4-B5)= 1.6175 Å
R(B2-B3)=3.7470 Å R(B2-B3)= 3.7730 Å
R(B2-B4)=1.6232 Å R(B2-B4)= 1.6462 Å
R(B2-H)=1.1956 Å R(B2-H)= 1.1981 Å
\(B1-B2-H)=133.181� \(B1-B2-H)= 133.283�

Frequencies, cm)1 x1(a1) 2572 (83)a x12(b1) 1109 (9) b

x2(a1) 1277 (1) x13(b1) 823 (11)
x3(a1) 967 (6) x14(b1) 566 (16)
x4(a1) 757 (7) x15(b2) 2570 (409)
x5(a1) 695 (0) x16(b2) 1032 (1)
x6(a1) 438 (0) x17(b2) 1015 (25)
x7(a1) 272 (0) x18(b2) 901 (31)
x8(a2) 875 (0) x19(b2) 792 (12)
x9(a2) 818 (0) x20(b2) 484 (1)
x10(a2) 614 (0) x21(b2) 317 (62)
x11(a2) 359 (0)
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above, we performed an NBO calculation on the B7H2
5+

cation. We found that if the HOMO-2, HOMO-3,
HOMO-5, HOMO-6, HOMO-7, HOMO-8, HOMO-9,
HOMO-10, and HOM0-11 are occupied in B7H2

5+, the
MOs can be localized into seven 2c–2e bonds as ex-
plained earlier. Thus, the localized bonding described is
due to the presence of these low-lying MOs. The
remaining HOMO, HOMO-1, and HOMO-4 are
responsible for the bonding over the whole system. A
similar analysis performed on the bare B7

) cluster re-
vealed that HOMO-3, HOMO-5, HOMO-6, HOMO-7,
HOMO-8, HOMO-9, and HOMO-10 (Fig. 3b) form the

peripheral r-framework, while the remaining MOs
represent delocalized bonding in the cluster. One may
notice that, upon the introduction of two electrons
to the system (addition of two H-atoms), the local-
ized bonding region is enriched with two classical
2c–2e B–H bonds. Correspondingly, the delocalized
region sacrifices one molecular orbital. Indeed, the
HOMO of the B7

) cluster is missing in B7H2
), while the

HOMO-1 in B7
) corresponds to the HOMO in B7H2

),
the HOMO-2 corresponds to the HOMO-1 in B7H2

), and
the shapes of the HOMO-4 are identical in the two
species (see Fig. 3).

Fig. 3 Molecular orbital picture of a the global minimum of B7H2
- (C2v,

1A1) and b of the bare B7
) cluster (C2v,

1A1)

Fig. 4 Molecular orbital picture of a the second isomer of B7H2
) (C2v,

1A1), b of the bare global minimum B7
) cluster (C6v,

3A1), and c of
the C2v,

1A1 isomer 2 of B7
)
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As has been discussed in our previous work [16], the
planar isomer 3 of the B7

) cluster possesses doubly an-
tiaromatic character. The HOMO-4 (1b1) is a completely
bonding p-molecular orbital, and the HOMO-1 (1a2) is
partially bonding p-MO with one nodal plane. Four p-
electrons on these MOs make structure 3 of B7

) p-an-
tiaromatic. The HOMO-2 (5a1) and the HOMO (4b2)
are MOs of r-type formed by the radial overlap of the
2p-AOs on boron atoms, where the former MO is
completely bonding, and the latter one is partially
bonding. Hence, the four electrons occupying these MOs
make the system also r-antiaromatic.

In the hydride, the partially bonding r-molecular
orbital (HOMO in B7

)) mentioned earlier is now a
virtual orbital. The only delocalized r-MO in the spe-
cies is the HOMO-1 (6a1) (Fig. 3a). Since the cluster
obeys the (4n+2) Hückel rule for aromatic com-
pounds, it possesses r-aromaticity. The p-MOs in the
B7H2

) cluster are analogous to those in the B7
) species.

Four electrons in these MOs make the global minimum
of B7H2

) p-antiaromatic. Consequently, upon the

molecular hydrogen addition, the planar B7
) cluster

gains r-aromaticity and loses the antibonding character
in the r-set of MOs.

We also performed a molecular orbital analysis for
the wheel-type B7

) and B7H2
) moieties. The MOs of these

species are shown in Fig. 4. Figure 5 depicts the MOs of
the clusters in a simplified manner, that is, when geom-
etries of both clusters are adjusted to planarity. This
adjustment is done in order to make the bonding picture
clearer (the sets of valence MOs shown are analogous to
the ones in the original species). Removal of the elec-
trons from the HOMO, HOMO-1, HOMO-2, and
HOMO-5 (Fig. 5a) in B7H2

) and subsequent localization
demonstrates that the remaining MOs are responsible
for the formation of six 2c–2e B–B bonds: B2–B4, B4–
B5, B5–B3, B3–B7, B7–B6, B6–B2, and two B–H bonds.
Similarly, in the B7

) (C6v,
3A1) cluster, removal of elec-

trons from the HOMO, HOMO¢, HOMO-1, HOMO-1¢,
HOMO-2, and HOMO-4 (Fig. 5b) leaves the cluster
with six peripheral B–B r-bonds forming the six-mem-
bered ring. Thus, HOMO, HOMO-1, HOMO-2, and

Fig. 5 Adjusted to the planarity
molecular orbital picture of a
the second isomer of B7H2

) and
b of the bare B7

) cluster with
corresponding geometry

Fig. 6 Calculated
hydrogenation energies (at the
CCSD(T)/6-311+G(2df) level
of theory) for the lowest B7

)

isomers
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HOMO-5 in B7H2
), and HOMO, HOMO¢, HOMO-1,

HOMO-1¢, HOMO-2, and HOMO-4 in B7
) are respon-

sible for the bonding over the whole system. As has been
reported earlier [16], the triplet species 1 is doubly aro-
matic. The HOMO-4 (1a2u) in Fig. 5b is a completely
bonding p-MO and the HOMO-2 (4a1g) is a completely
bonding r-MO. Degenerate pairs HOMO (1e1g) and
HOMO-1 (2e1u) are partially bonding MOs of p- and
r-radial types, respectively. Thus the structure 1 is
r-aromatic (six r-electrons) and p-aromatic (four p-elec-
trons with single occupancy of the every degenerate
HOMO). In the second isomer of B7

) (singlet structure 2,
Fig. 1), the HOMO (Fig. 5b) is doubly occupied, leaving
the second degenerate MO unoccupied. Thus, the reg-
ular 4n Hückel’s rule governs the shape of the cluster,
making it p-antiaromatic. However, the second lowest
isomer of B7H2

) (structure 5, Fig. 2) possesses double
antiaromaticity. The HOMO-5 (1b3u) and HOMO
(1b2 g) are p-MOs populated by four electrons, and thus
the system is p-antiaromatic. The HOMO-2 (4ag) and
HOMO-1 (3b2u) are r-radial MOs populated by four
r-electrons, and thus the system is also r-antiaromatic.
Hence, upon hydration the most stable triplet B7

) cluster
1 loses both p- and r-aromatic character. The singlet
isomer 2 of B7

), being r-aromatic and p-antiaromatic,
becomes doubly antiaromatic during the hydration
process.

Energy of the hydrogenation

The effect of hydrogenation on the relative stability of
the B7

) isomers can also be illustrated by the energies of
reactions of hydrogenation (at the CCSD(T)/6-
311++G** level of theory) (Fig. 6). One can see that
the energy of the hydrogenation is significantly higher
for the isomer 3 of B7

).

Conclusions

Using the GEGA program, we found low-energy
structures of B7

) and B7H2
) at the B3LYP/3-21G level of

theory. The low-energy species were then re-optimized at
the B3LYP/6-311++G** and CCSD(T)/6-311++G**
levels of theory and the results were found to be in good
agreement. CASSCF(8,8)/6-311++G** calculations
showed that the Hartree–Fock configuration was dom-
inant in the CASSCF expansion, and thus our B3LYP
and CCSD(T) calculations must be reliable.

The B7
) cluster has a wheel-type quasi-planar doubly

(r- and p-) aromatic triplet C6v (
3A1¢) global minimum, a

low-lying r-aromatic and p-antiaromatic singlet C2v

(1A1) isomer with a quasi-planar shape (0.7 kcal mol)1

above the global minimum), and a planar doubly (r- and
p-) antiaromatic C2v (

1A1) isomer (7.8 kcal mol)1 above
the global minimum). Upon hydrogenation, an inver-
sion in stability of the species occurs. The planar B7H2

)

(C2v,
1A1) isomer 4, formed by the addition of two

hydrogen atoms to the doubly antiaromatic C2v (
1A1) B7

)

isomer 3, becomes the global minimum structure. It is
27 kcal mol)1 more stable than isomer 5 of B7H2

),
originated from the quasi-planar triplet wheel isomer of
B7

). We have shown that the reason for the inversion of
stability of adducts is in the loss of the doubly aromatic
character in the wheel-type global minimum isomer (C6v,
3A1) of B7

) upon the H2 addition. In contrast, the planar
isomer of B7

) (C2v,
1A1) gains aromatic character upon

addition of two hydrogen atoms, which makes it more
stable.
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