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Structure and stability of the C-doped boron fullerenes
BsoC12 and BgyCy, with quasi-planar pentacoordinated
cage carbon atoms: a quantum-chemical study
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Thenovel stable C-doped boron fullerenes Bg,C1, and Bg,Cy,
with quasi-planar pentacoordinated cage carbon atoms have
been computationally designed using DFT B3LY P/6-311+G(d,p)
and M 06/6-311+G(d,p) methods.

BgoCio BgoCi2

Dueto their unusual aesthetically appealing structure and awide
range of potentially useful properties, fullerenes attract the atten-
tion of theoretical chemists and materials science researchers.-2
Whereas the synthesis, structure and various applications of carbon
fullerenes have been already studied in much detail, investigation
into boron fullerenesinitiated by the computational prediction of
spherical boron forms® and photoelectron spectroscopy detection
of acage-like B 4-cluster* has begun only recently.

A usual approach to the theoretical design of boron fullerenes
isoelectronic to the basic carbon analogs consists in capping the
hexagonal and pentagonal faces of a spherical boron frame with
additional boron atoms.® Thus, based on the carbon fullerene
Ceo» its isoelectronic boron analog Bgy can be formed, in which
icosahedral Bgy framework 1 is completed by 20 apical boron
atoms above the hexagonal faces (structure 2).

The structural modification of fullerene systems includes
endohedral, exohedral or substitutional doping with hetero-
atoms,* which leads to new structural types. Thus, the replace-
ment of 12 borons by carbon atoms in Bgj 2 gives rise to cluster
3 (BggCyp) With the three-dimensional arrangement of non-
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classical quasi-planar tetracoordinate carbon centers.? It can be
expected that the boron fullerene cage can serve as an appropriate
basis for the formation of non-classical molecular systems with
hypercoordinated centers and rigid boron frameworks.® Here, we
report novel C-doped boron fullerenes 4 and 5 designed on the
basis of icosahedral By, and Bg, frameworks, respectively, which
contain 12 pentacoordinated carbon apexes with a quasi-planar
bond configuration.

The density functional theory (DFT) calculations were per-
formed with the B3LY P” and M06® functionals and 6-311+G(d,p)°®
valence-split basis set using the Gaussian-09 program package.10
The stationary points on the potential energy surfaces (PESS)
were located with full geometry optimizations, identified by
calculating the matrices of second derivatives (force constants)
and checked for the stability of Hartree-Fock solutions. Natural
bond orbital (NBO) analysis'* was performed using the NBO 6.0
program.X2 The AIM (Atoms in Molecules) anaysis'® was carried
out using the AIMAII Professional program. The drawings were
made using the ChemCraft® program suite with calculated atomic
coordinates as input parameters.

According to the calculations at both levels of approximation,
the fullerene structure Bg,C;, formed on the basis of the icosa-
hedral framework B, isstablein low-symmetry form 4 (C, sym-
metry at the B3LY Plevel and C, symmetry at the M0O6 level) and
corresponds to the energy minimum (A4 = O; hereafter, A denotes
the number of negative eigenvalues of the matrix of second
derivatives) on the PES. The high-symmetry |, structure does
not correspond to astableform (number of imaginary frequencies
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Table 1 Energy parameters® of systems4 and 5 calculated using the B3LY P
and M06 (italicized) methods with the 6-311+G(d,p) basis set.

Structure Eiot A o
4,C, —1947.234957 0 39.3
C, —1946.133585 0 92.7
5C —2444.138831 0 79.9
—2442.696687 0 99.4

aE (au.) isthetotal energy; A isthe number of negative hessian eigenvalues;
w, (cm™) isthe lowest harmonic vibration frequency.
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Figure 1 Geometric characteristics (bond lengths, A) of systems 4 and 5
calculated using the B3LYP and MO06 (italicized values) methods with
6-311+G(d,p) basis set. The Bader molecular graphs 4a and 5a of structures
4 and 5, respectively, are given at the bottom, BP designates the Bader bond
path, CP (3,-1) — the bond path critical point.

A = 2). Figure 1 and Table 1 show the structural and energetic
parameters of 4.

The structure of BgCy, 4 contains 12 five-membered and
20 six-membered faces and 12 additional carbon atoms in the
apical positions above the five-membered rings. According to
the calculations, the spherical structural form of a Bg, cage (1y,)
does not correspond to the stationary point on the PES and relaxes
into closed-cluster form 6 with three-, tetra-, penta- and hexagonal
faces. Therefore, the introduction of additional carbon atoms in
apical positions stabilizes the spherical fullerene structure.

Interatomic CB distances in system 4 are nonequivalent and
laying in arange of 1.514-1.531 A (B3LYP) or 1.510-1.522 A
(M06) corresponding to the parameters of covalent carborn—boron
bonds (1.56 A). The calculated Wiberg bond index (WBI) of
CB bonds (0.9) witnesses the significantly covalent nature of
these bonds. According to AIM analysis data (molecular graph

Table 2 AIM parameters? (a.u.) for the bond critical point (BCP) corre-
sponding to the C-B bonding in systems 4 and 5 cal culated using the B3LY P
and MO6 (italicized) methods with the 6-311+G(d,p) basis set.

Structure p(r) Vp(r) Hp(r)

4 0.158 0.175 -0.143
0.159 0.174 -0.143

5 0.157 0.182 0,140
0.158 0.153 0143

a5 (r) isthe electron density; V2o (r) isthe electron density Laplacian; Hy(r)
isthe total electron energy density.

4ais shown in Figure 1), each carbon atom linked by five bond
paths to the neighboring boron atoms can be characterized as a
pentacoordinated center. Table 2 presents the calculated AIM
parameters for the bond critical point (BCP) corresponding to
the CB interactions in 4. The BCPs are characterized by the
positive Laplacian V2o (r), characteristic of closed-shell type
interactions.’* However, the values of the electron density p(r)
at the BCPs are large (0.16) and close to those of covalent
single bonds (~0.25-0.30). Simultaneously, the negative sign
of thetotal electron energy density, Hy(r), indicates the covalent
character of the bonds. The above characteristics of electron density
distribution [large p (r) and positive V2o (r)] are indicative of
so-called * charge-shift’ type bonds, 1”18 which are assigned to inter-
actions intermediate between closed-shell and covalent in terms
of the AIM theory. The ‘charge-shift’ bond character is known
to be inherent in a number of hypercoordinated molecules and
systems with non-standard bond configurations (for instance, the
central inverted bond in [1.1.1] propellane).1™-1°

In 4, the apica hypercoordinated quasi-flat (pyramidalization
of bonds does not exceed 10°) carbon atoms are significantly
positively charged (the Mulliken charge is +1.6€). The cal-
culated BB distances connecting the neighboring CB5 fragments
(1.59-1.60 A) are considerably shortened compared with the
lengths of single covalent BB bonds (1.75 A%). The BB distances
aong the perimeter of CB; fragments are slightly lengthened in
comparison with the interfragment BB bonds (1.68-1.83 A).
According to the AIM and NBO analyses, all boron atoms are
dicoordinated (Figure 1, molecular graph 4a) and sp-hybridized,
and they form bond paths only with carbon and boron atoms of
the adjacent CBg fragment. The absence of BB bonding along
the perimeter of CB; fragments facilitates the planarization of
carbon centers. The stabilization of non-classical hypercoor-
dinated carbon centers in 4 is sterically enforced by the rigid
spherical closed cage, and it is aso sustained by the n-acceptor
properties of boron atoms providing for drawing off electron
density from carbons. Molecular orbital analysis indicates that
the principal component contributing to the stabilization of 4 is
electron density donation from the filled p, orbitals of hyper-
coordinated carbons to the vacant p, orbitals of the adjacent
boron atoms, which leads to the formation of the delocalized
multicenter n orbitals of CB; fragments [Figure 2(a)]. Therefore,
the stability of a composite fullerene structure with hypercoor-
dinated carbon atoms is determined by the stabilization of its
constituent structural fragments.

The stability of a spherical fullerene form with hypercoor-
dinated carbon atoms is retained upon increasing the cage
structure size. Calculations at both levels of approximation show
that the fullerene structure of 5 (BgyCyp) corresponds to the
energy minimum (4 = 0) on the PES. The structural and energy
characteristics of 5 are shown in Figure 1 and Table 1.

The structure of 5 is derived based on the icosahedral frame-
work of Bgy 7 consisting of 12 pentagonal and 30 hexagonal
faces via capping the five-membered faces with twelve additional
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Figure 2 Shapes of multicenter bonding n-molecular orbitals of hyper-
coordinated fragmentsin systems (a) 4 and (b) 5.

carbon atoms. Similar to Bgg, the spherical form 7 of Bg, does
not correspond to a stationary point on the PES and relaxes into
closed-cluster species 8 with three-, penta-, hexa- and heptagonal
faces.
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In contrast with 4, al interatomic CB distances in 5 are
equivalent and equal to 1.535 (B3LYP)-1.532 A (M06), which
corresponds to the parameters of single covalent bonds. The
calculated high WBI index (0.7) indicates a significantly covalent
character of these bonds. The AIM analysis (molecular graph 5a
ispresented in Figure 1) shows that each carbon atom in 5 forms
five bond paths with the adjacent boron centers; thus, it is penta-
coordinated. As in the case of 4, the parameters of bond paths
(high electron density values and positive values of the Laplacian,
see Table 2) correspond to the charge-shift bond type of CB
bonds. The hypercoordinated apical carbon atoms in 5 bear a
considerable Mulliken positive charge of 1.2e. The dight pyra
midalization of CB bonds, which does not exceed 10°, alows
us to consider the stereochemical configuration of carbons as
quasi-flat. According to the AIM and NBO analyses, cluster 5
contains two types of boron atoms differing in their hybridization
states. The boron atoms surrounding carbon atoms are dicoor-
dinated and, as in the case of 4, they do not form bonds aong
the perimeter of CBs fragments. Their state can be defined as
sp-hybridized. The interfragment boron atoms form three bond
paths with boron atoms of the adjacent CBg fragments, and
they are characterized as sp?-hybridized centers. The calculated
distances between sp- and sp?-hybridized boron atoms are 1.658
(B3LYP) or 1.653 A (M06). These are considerably shortened
compared to the intrafragment perimetral BB distances [1.782
(B3LYP) or 1.775 A (M06)]. The presence of interfragment
sp?-hybridized boron atoms in system 5 increases n-€lectron
delocalization that leads to a small elongation of CB bonds
compared to system 4. As in 4, the mgjor factor of stability of
fullerene 5 with quasi-flat hypercoordinated carbon centers is
the donation of electron density from the carbon p, orbitalsto the
vacant p, orbitals of the surrounding boron atoms resulting in the
formation of delocalized rt orbitals of CB5 fragments[Figure 2(b)].

In summary, the calculations revealed anew structural type of
fullerene boron systems with a three-dimensional arrangement
of non-classical pentacoordinated quasi-flat carbon centers. The
doping with carbon atoms in apical positions above the five-
membered rings stabilizes the spherical boron fullerene forms due
to the multicenter interactions of carbon p, orbitals and adjacent
boron atoms.
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