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We study theoretically the bound states of one and two boron atoms in the exohedral and endohedral Cg
fullerene. The optimal position of one boron atom is found above the midpoint of the C¢y double bond in the
exohedral complex, and at the center of Cgy or below a carbon atom in the endohedral complex. However,
the optimal position of a boron atom is often altered when the second boron atom is added to the molecular
complex. For two boron atoms outside the cage the optimal arrangement is realized when the B, molecule is
attached by one boron atom to a double bond midpoint of C¢y or when two boron atoms are above two double
bond midpoints on opposite sides of Cgy. Two endohedral boron atoms can lie on the line joining either two
opposite double bond midpoints or two centers of opposite pentagons. The latter case corresponds to the optimal
geometry of the B, @Cgy, complex provided that two boron atoms are close enough to form the B, molecule.
In case one boron atom is inside while the other is outside the cage, the optimal locations of atoms are above
and below two neighboring carbon atoms belonging to the same hexagon of Cgy. Remarkably, all these optimal
arrangements have different spin states: in the exohedral complex B,Cgy S = 1, in the endohedral B, @Cqy § = 2
(as in the isolated B, molecule), whereas for one boron atom inside and the other outside the cage S = 0. The
effective (Bader) charge of boron in these configurations varies appreciably—from 0.06e at the center of Ceg
to 2e in the B,Csg molecule with two boron atoms substituting for two carbon atoms in Cgy. We also discuss

various conformations in the exohedral and endohedral molecular complexes.

DOI: 10.1103/PhysRevA.105.022813

I. INTRODUCTION

The research of endohedral fullerenes with the modern
methods of quantum chemistry has become a separate field of
investigation [1]. Recently, a vast number of molecular com-
plexes of the type A@Cgp, where A is an element or a molecule
encapsulated into the interior space of the fullerene cage, has
been studied theoretically within this approach [1-4]. The
progress reached in the field is essential. On the one hand,
a fast improvement of the quantum chemistry codes and de-
velopment of powerful computer clusters allow us to calculate
the parameters of nano-objects composed of dozens of atoms
with improved accuracy for a reasonable amount of time.
On the other hand, we speak here of novel materials, which
have not been known before and, therefore, whose physics
and chemistry quite naturally draw the attention of many
researchers from different fields. Such advanced materials due
to their unusual properties can be required and applied in
various fields of materials science, physics, chemistry, engi-
neering, and biology [5,9].

In the present work we study the fullerene complexes
with boron, where boron can be in the endohedral position—
B@Cgqy, B,@Cgp—and in the exohedral one—B-Cgy and
B,-Cg. In addition to the general scientific interest compris-
ing such topics as charge transfer, spin states, and possible

2469-9926/2022/105(2)/022813(8)

022813-1

magnetic properties, these molecules can be used in sev-
eral specific applications, for example, in oncology treatment
[5]. The idea of using neutron capture induced decay of
OB(B(n, o) "Li) to produce, locally in a tissue, 2.3-MeV «
particles for the radiation therapy has a long history [6-8].
Recently, with the development of high-current accelera-
tors for compact neutron sources, the boron neutron capture
therapy (BNCT) received a new wave of strong practical in-
terest for clinical applications. Still, one of the challenges in
BNCT is the necessity of new boron-containing compounds
which can be selectively accumulated in the specific tissues
providing sufficient concentration of '°B. Historically, there
are only two drugs that currently are being used clinically,
sodium borocaptate (BSH) and boronophenylalanine (BPA)
[8], which are far from ideal for many cases. Using a fullerene
cage for one or several boron atoms, which can then be
functionalized for solubility and vectorized for selective ac-
cumulation in target tissues, may be an interesting option for
new radio-pharmaceuticals providing the increased nuclide
concentration for BNCT.

There is yet another possibility. Upon the interaction of '°B
with protons of the energy exceeding approximately 100 eV,
the nuclear reaction '°B(p, @) "Be results in the appearance
of "Be. The "Be nucleus as well as !B has a very large
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TABLE 1. Main calculated parameters: binding energy (Ej, in eV), two smallest B-C bond lengths (d;, d, in A), the B-B bond length
[d(B-B), in A] in the case when two B atoms are close, average radius (Rceo) of Ceo [Eq. (1), in /o\] and its deviation §Rceo [Eq. (2), in 10\],
and Bader charges of boron (in e) for the considered cases. B(in) and B(out) are the number of boron atoms located inside and outside the Cg
molecular cage. The case “2, O(mol)” and “0, 2 (mol)” refer to the B, molecule located inside and outside Cg, respectively, B,Csg to the case
where two boron atoms substitute for two carbon atoms of the Ce fullerene (E, in that case is the binding energy of the fullerene). The Bader
charge of B indicated by (c) in “2, 0 (mol)” refers to the central atom, indicated by (o) in “0, 2 (mol)” to the outer atom.

B (in,out) Figure S d(B-C)  dy(B-C) d(B-B) (Rego) SReo O(B) E, (HF/MP2)

1,0 1,center  1/2 3.529 3.534 3.531 0.0 0.061 0.405/—0.390

1,0 2 12 1.819 2210 3.536 0.038  0.586 2.331/0.529

2, 0 (mol) 3 1 1.633 2.249 1.544 3.540 0.041 0261 1.002/—2.022
0.610(c)

2,0 4(a),(b) 0 2.121 2.158 3.074 3.542 0.018  0.542 4.847/—2.645

2,0 4(c),(d) 0 2.005 2.349 3.132 3.543 0015  0.559 4.760/—2.567

2,0 (mol) 4(e),(H) 2 2.878 2.878 1.474 3.535 0.011 0.601 —1.253/—3.099

0,1 5(a)~(c) 12 1.541 2.720 3.539 0.051 1.299 —1.375/—1.848

0,1 5(d)—(f) 12 1.384 1.467 3.557 0.125 1.800 —0.242/—1.241

1,1 6 0 1.742 2.228 (in) 3.537 0.057  0.660 0.036/—3.711

1.606 2.648 (out) 0.760

0, 2 (mol) 7(a),(b) 1 1.558 2.731 1.584 3.537 0.045 1.228 —4.651/-5.511
0.034(0)

0,2 7(0).(d) 1 1.540 2.720 10.024 3.548 0.075 1.301 —2.725/—3.663

0,2 7(e),() 1 1.626 2.573 10.692 3.541 0.058  0.752 —0.666/—1.361

B,Css (subs) 8 1 1.531 1.549 7.280 3.552 0.051 1.998 —279.878/—383.814

B,Css (subs) 8 0 1.532 1.546 7.222 3.598 0.042  2.006 —279.561/—384.386

cross section of the interaction with slow neutrons [10], and
therefore, it can also be used for the cancer neutron capturing
therapy [11]. However, beryllium is a very toxic chemical, and
the Cg fullerene is a natural protecting shell for the delivery
of "Be to tumor sites. In addition, "Be is radioactive with the
lifetime of approximately 52-53 days [12-15]. Thus, the pro-

radical simplification of the technological chain for the use
of "Be in medicine.

For these purposes and for other applications one needs
understanding of energy and structural properties of boron
atoms located inside and outside the Cgo fullerene, which is
the main goal of the present work. It should be noted that

the B, molecule differs from other homonuclear diatomic
molecules in that it has the spin quintet (S = 2) ground state
[16,17]. Therefore, for the B, @Cgy and B,Cg¢ fullerenes we

duction of "Be in the Cg interior region from nonradioactive
1B with the above-mentioned nuclear reaction immediately
before the injection of the material into organism offers a

TABLE II. The energy E; of the 1s orbital of boron for various complexes and the energy shifts AE fsl) and AE 1(3) with respect to reference
values of E;(B) (for the isolated boron atom) and E;;(B,) (the B, molecule), in eV (see text for details). The notations for the first column
are as in Table I. Inequivalent B atoms are marked by (1), (2), etc., where (1) refers to the boron atom close to the center, (2) to B close to the
cage, (1) to B attached to Cg, and (2') to a more distant B.

B (in,out) Figure E AEl(j) AEl(f_)
1,0 1, center —208.611 0.294 —1.905
1,0 2 —210.262 —1.358 —3.557
2, 0 (mol) 3 —207.321 (1) 1.584 -0.615
—208.358 (2) 0.547 —1.652
2,0 4(a),(b) —211.305 —2.400 —4.599
2,0 4(c),(d) —207.977 0.928 —1.271
2, 0 (mol) 4(e),(f) —206.071 2.834 0.635
0,1 5(a)—(c) —208.837 0.068 —2.131
0,1 5(d)—(f) —208.671 0.234 —1.965
1,1 6 —209.694 (in) —0.789 —2.988
—208.858 (out) 0.046 —-2.152
0, 2 (mol) 7(a),(b) —207.977 (1') 0.928 —1.271
—208.186 (2') 0.718 —1.480
0,2 7(c),(d) —208.739 0.166 —2.033
0,2 7(e),(f) —209.149 —0.245 —2.444
B,Csg (S =1) 8 —207.394 1.510 —0.688
B,Css (S =0) 8 —207.386 1.518 —0.680
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have to consider possibilities of their ground state to have an
open electron shell with nonzero spin quantum number (S = 1
or 2).

II. METHOD

The molecular geometry optimization calculations have
been performed within the ab initio Hartree-Fock (HF)
method [18,19] by using GAMESS [20] and GAUSSIAN [21]
software. The adopted molecular basis sets were 6-31G for
carbon and boron. To account for the electronic correlations
effects (responsible, e.g., for the weak dispersion forces),
at the HF-optimized configurations, we have performed the
second-order Mgller-Plesset calculations (MP2) [18]. MP2
computations for the closed electron shells (the spin quantum
number S = 0) have been carried out with GAMESS whereas
for the open shells (S # 0) with GAUSSIAN. In the last case the
restricted open-shell Hartree-Fock (ROHF) method has been
employed. HF optimal geometries have been cross-checked
with both codes.

The binding energy E, for a single boron atom encapsu-
lated in the Cg, fullerene has been defined as

E, = EB@Cq) — E(B) — E(Cqep),

and analogously for the other cases.
To quantify the deformation of the Cg fullerene cage from
the ideal shape we introduce two parameters:

1
(Reso) = Z AR (1)
1
SRceo = \/ @Xaqu — (Reeo))* )

Here (Rceo) describes the average radius of the Cg fullerene,
while §Rc¢o is an average displacement of carbon atoms from
(Rceo)- For the pristine Cgy molecule (Rcgp) = 3.55 A from
experimental measurements [22,23] and 3.53 A according to
the HF calculation with the 6-31G basis, whereas §R = 0.

Estimations of the effect of temperature on the energies
of B,@Cgsy bound states due to the motion of atoms in
the adiabatic approximation have shown that the influence
of zero-point (ZP) vibrations and the thermal motions at
temperature 7 = 300 K is negligible. Within the harmonic
approximation the ZP vibrational energy of the complexes is
about 0.5 Hartree and comes mainly from the vibrations of
Ceo. The difference of the ZP energy values among different
bound complexes is less than 0.1 eV. At T = 300 K the inter-
nal thermal energy is about 0.02 Hartree higher than the ZP
energy [21]. The resulting difference in the bound state ener-
gies due to the thermal effects is less than 0.01 eV. Therefore,
one can safely use the ground-state electron energies for the
characterization of the complexes.

III. RESULTS AND DISCUSSION

Although the C¢y molecule has a very high icosahedral ()
symmetry, not all its bonds are equivalent. One distinguishes
30 double bonds and 60 single bonds. Double bonds fus-
ing two neighboring six-carbon rings (hexagons) are stronger
and have smaller C-C bond length (/). Single bonds (with
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FIG. 1. Two energy minima for the boron atom encapsulated
inside the Cg fullerene. The energy dependence E (eV) vs radius
R in the direction from the center towards any carbon atom of Cg,
E(R=0)=0.

Iy > 1gp) form edges of the five-carbon rings (pentagons).
Experimentally, I, = 1.400(15) A, Iy, = 1.450(15) A from
13C nuclear magnetic resonance (!*C NMR) measurements
[22], and Iy, = 1.404(10) A, Iy, = 1.448(10) A from high
resolution neutral scattering [23], with the 3.55-A molecular
radius (Rcep). Our calculations with the 6-31G basis set yield
Ly = 1.375 A, Iy, = 1.452 A, and Reep = 3.530 A.

In the following we consider the case of one or two boron
atoms (in some cases in the form of the B, molecule) attached
to Cgo aiming to study the fullerene as a drug vector delivering
boron for medical purposes. Since these atoms can be located
inside and outside of the C¢p molecule, we distinguish several
cases. It is worth mentioning that currently only the position
of boron at the center of the Cg fullerene has been reported
in Ref. [24]. The results of our calculations are summarized in
Table I with optimal geometries visualized below in Figs. 2-8.
Bader charges [25] (BC) in Table I and below are calculated
with the MULTIWFN code [26] using the electron density con-
structed from HF wave functions.

Inside the fullerene the boron atom can be at its center [24];
below a carbon atom, Fig. 2; below the midpoint of double
bond, Figs. 3 and 4(c), 4(d); or below the center of a pentagon,

FIG. 2. The secondary optimal geometry for a single boron atom
(blue) encapsulated inside Cgp (B@Cgp). The boron atom is located
on the radius from the center to a carbon atom at 1.82 A beneath it.
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FIG. 3. Two boron atoms encapsulated inside the Cgy fullerene
shown in three different projections. The boron atoms lie on the line
joining the center and the double bond midpoint.

Figs. 4(a), 4(b) and 4(e), 4(f). Being outside Cg, it can be
located above the midpoint of double bond, Fig. 5, or above
one of the carbon atoms of Cg, Figs. 6 and 7(e), 7(f). Below
we consider these cases in more detail.

In addition, since the shifts in the energy E;; of the 1s
orbital of boron due to a different chemical environment in
various states of the exohedral B, C¢, and endohedral B,, @ Cg,
fullerenes (n = 1, 2) could be detectable experimentally in
the photon or electron impact spectroscopy, we list them in
Table II. One may refer to these numbers as estimates of the
ionization energies, when the electron vacancy remains in the
1s state of boron. The corresponding values for an isolated
B atom and a B, molecule are E;;(B) = —208.905 eV and
E;(By) = —206.706 eV, respectively, and for completeness

(b)

®

FIG. 4. Three optimal geometries of two boron atoms (blue)
encapsulated inside the Cg fullerene. (a) and (b) Two boron atoms lie
on the line connecting the centers of two opposite pentagons of Ce;
(c) and (d) two boron atoms lie on the line connecting the centers of
two opposite double bonds; (e) and (f) the B, molecule lying on the
line connecting the centers of two opposite pentagons.
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FIG. 5. Two optimal geometries of a single boron atom (blue)
located outside the Cgqo fullerene: (1) (a)—(c) different projections
corresponding to the conformation with a lower energy; (2) (d)—(f)
correspond to the conformation lying 1.188 eV higher in energy in
comparison with (1). The boron atom in (2) is closer to the two
nearest carbon atoms of Cgy.

in Table II we also quote energy differences AEI(SI) =E; —
E;(B) and AEl(f) = E|; — E|5(B,) with respect to these ref-
erence values. Due to the restricted basis set, nonzero spin
(open shell system), and the effect of the electronic corre-
lations, we cannot expect that our absolute values are exact.
Nevertheless, these results could guide future experiments of
these compounds.

A. One and two boron atoms encapsulated inside Cg

We start with illustrating some important features of our
results in a simple example. If we consider a single boron
atom encapsulated in the Cgo fullerene and find its energy
as a function of boron distance from the fullerene center
along the line leading to a carbon atom, we arrive at Fig. 1.
While the global minimum at R = 0 has been found earlier in
Ref. [24], the second energy minimum at R = 1.51 A is new.
In Fig. 1 we kept the fullerene geometry fixed. If we allow
for the relaxation of the carbon atomic positions, the energy
of the second minimum is lowered further by 0.471 eV. (Here
and below unless stated otherwise the HF value is implied.)
As a result, it becomes well pronounced and identified as a

FIG. 6. The optimal geometry for one boron atom inside and one
outside the Cg fullerene.
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FIG. 7. Optimal geometries of two boron atoms (blue) located
outside the Cg fullerene: (1) (a) and (b) The B, molecule attached
by the lower boron atom to two carbon atoms forming the double
bond of Cgy; (2) (c) and (d) each boron atom is attached to two
carbon atoms forming the double bond; (3) (e) and (f) boron atoms
are attached to two opposite carbon atoms.

stable minimum in the process of atomic relaxation (Fig. 2).
It is worth mentioning that the boron atom resides beneath
a carbon atom and therefore its location is different from its
boron counterpart put outside the cage which chooses being
close to the double bond midpoint (Fig. 5). The effective
(Bader) charge of B is that these minima are also different:
At the central position it is very small (0.06e) whereas in the

FIG. 8. The optimal geometry of the B,Csg fullerene with two
boron atoms substituting for two carbon atoms of the Cg, molecule.

second minimum it reaches 0.59e. In comparison with the
exohedral molecular complex with one boron atom outside
Ceo [Figs. 5(a)-5(c)] in B@Cg the closest B-C bond length
(d1) becomes larger, the second B-C bond length (d,) smaller
(Table I), while the binding energy lies 3.706 eV higher.

If, however, we put two boron atoms inside Cgy and enable
the geometry optimization, the positions of boron atoms are
changed: The first becomes displaced from the center and
located at R = 0.281 A on the line leading from the center
to the double bond midpoint (Fig. 3). The second boron atom
lies on the same line at R = 1.825 A. Thus, upon the addition
of the second boron atom the optimal positions existing for a
single boron atom are transformed to completely new energy
minima where even the direction of the line on which both
atoms reside is changed. This transformation is accompanied
by a sizable redistribution of charge transfer: The charge of
the central boron atom changes from 0.06e to 0.61e¢ while
the second boron attached to the fullerene cage becomes less
charged (0.26¢) (Table I). It is also worth mentioning that the
ground state of two boron atoms inside Cg is the spin triplet
with the spin quantum number S = 1. The spin singlet state
(S = 0) lies 0.6304 eV higher.

The boron atomic positions shown in Fig. 3 are asymmetri-
cal in respect to the fullerene center (no inversion symmetry).
A close examination indicates that there are also three other
different energy minima with symmetrical arrangement of
atoms (Fig. 4). These three conformations are shown in (1)
Figs. 4(a) and 4(b); (2) Figs. 4(c) and 4(d); and (3) Figs. 4(e)
and 4(f). In the cases (1) and (3) two boron atoms lie on the
line connecting two centers of opposite pentagons [Figs. 4(a)
and 4(e)], and in the case of (2) on the line connecting two
centers of opposite double bonds [Fig. 4(c)]. In all these cases
the inversion symmetry is conserved, and the former energy
minimum associated with the position below the carbon atom,
disappears. It is worth noting that while within the HF treat-
ment the energy of (2) is 0.087 eV lower than (1); at the
HF+MP2 level the opposite occurs and the energy of (2)
becomes 0.078 eV higher than (1).

In the case (3) two boron atoms are in a bound state—they
form the B, diatomic molecule, which makes the energy of
the whole configuration the lowest (Table I). Its energy is
2.255 eV lower than the asymmetrical configuration shown
in Fig. 3, and it has a high spin § = 2 (quintet) state. The
energy difference between the quintet and singlet state reaches
5.926 eV. The spin quintet state of B, @Cg is not completely
unexpected because the same spin state occurs in the isolated
B, molecule [16,17], where the 52; ground state lies close
in energy to the *% ¢ excited level [16]. Apparently, the spin
quintet state remains the lowest even when B, is encapsulated
at the center of the fullerene.

The Bader charge of the boron atoms in going from (1) to
(2) and (3) gradually increases from 0.54¢ in (1) to 0.60e in
(3) (Table I).

B. Single boron atom located outside the Cg fullerene

Considering a single boron atom placed outside the Cgg
molecular cage we find two optimal geometries shown in
Figs. 5(a)-5(c) and Figs. 5(d)-5(f). The former has lower en-
ergy than the latter; the energy difference is 1.133 eV. In both
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conformations the boron atom is located above the midpoint
of the double bond [Figs. 5(a) and 5(d)], where the concentra-
tion of electron density is generally higher than along a single
bond. In the second case [Figs. 5(d)-5(f)] the two closest B-C
bond lengths d; and d, become inequivalent (Ad = 0.08 A);
see Table I. Both of them are smaller than two equivalent
B-C bond lengths (Ad = 0) shown in Fig. 5(b). The boron
atom of the configuration in Figs. 5(d)-5(f) virtually pushes
aside nearest carbon atoms whose C=C bond length increases
from 1.375 A (in neutral Cg) to 2.539 A [Fig. 5(e)]. This,
however, results in a higher total energy in comparison with
the first structure where the displacements of carbon atoms are
smaller as indicated by smaller radial deviation §R¢gp. In the
first conformation the C=C bond length between double bond
carbon atoms remains virtually unchanged (1.373 A).

The Bader charge of boron is 1.30e and 1.80e for the
first and second configurations, respectively. These values are
more than twice as much as effective charges of endohedral
boron atoms considered in Sec. III A. These positive charges
are largely compensated by negative charges of two carbon
atoms connected with the boron atom. The sum of two neg-
ative carbon charges is —1.27¢ for the first configuration and
—1.76¢ for the second.

C. Two boron atoms: one is inside and one is outside Cg

‘With one boron atom inside and one outside the Cgy molec-
ular cage one may expect to obtain a combination of the
optimal positions found earlier for one boron atom in Figs. 2
and 5. However, this does not occur. While the boron atom
inside Cgo keeps being under the carbon atom C1, the second
boron atom outside the cage changes its position to the one
located above another carbon atom C2, which is the nearest
neighbor for C1. A close examination shows that C1 and C2
are connected via the double bond and belong to the same
hexagon of Cgy. The boron atom attached to C1 from inside
has a larger bond length d; but smaller ¢, in comparison with
the second boron atom attached to C2 from outside (Table I).

Here we encounter the situation when the addition of a
second boron atom forces the first atom to change its optimal
location with respect to the fullerene cage. Other examples
of this effect are given in Secs. Il A and IIID. The pos-
itive charge of boron atoms located inside and outside the
cage (0.66e and 0.76e) is partially compensated by nega-
tive charges of adjacent carbon atoms (—0.57¢ and —0.65¢),
whereas charges of the other carbon atoms are very small.

We finally note that here the ground spin state is singlet
(S = 0) in contrast to the optimal cases of two boron atoms
put inside (S = 2) and outside (S = 1) the fullerene cage.
We conclude that the electron exchange between two boron
atoms, which goes via the electron states of Cgg, favors the
antiferromagnetic arrangements of spins on boron atoms.

D. Two boron atoms outside Cg

In case two boron atoms are put outside the Cgy molecular
cage, three optimal arrangements are found—(1), (2), and
(3)—shown in Figs. 7(a) and 7(b); Figs. 7(c) and 7(d); and
Figs. 7(e) and 7(f), respectively. The lowest HF energy is
in (1), the highest in (3); see Table I. The order of these

configurations is not changed if we take into account the MP2
correction.

Remarkably, the lowest energy for configurations (1), (2),
and (3) is found for the spin triplet state (S = 1). One can
expect it for (1) with the B, molecules attached to Cg for the
isolated B, molecule has a high spin state S = 2 [16,17]. As
discussed earlier, in the B, molecule the S = 2 ground state
competes with the low lying triplet state. In (1) the triplet state
prevails, but in other environments it is not necessarily so.
Indeed, for the B, molecule encapsulated in Cgp the ground
state is the spin quintet (Sec. III A).

It is completely surprising that the spin triplet state is
realized for cases (2) and (3) when two boron atoms are well
separated: d(B-B) >10 A (Table I). The only explanation for
this fact is that the fullerene molecule gets involved in the spin
transfer between two distant boron atoms. This mechanism is
known as the indirect exchange (or superexchange) [27,28].

In cases (1) and (2) boron bindings are close to that il-
lustrated in Figs. 5(a)-5(c) for a single boron atom. This is
confirmed by close bond lengths d; and d, and the Bader
charges of boron for these cases (Table I). It is also worth
noting that while in the triplet state (S = 1) of (2) the molecule
structure has the inversion symmetry, in the singlet state of
(2) we find that two boron atoms are not equivalent. In (3)
two bondings between both boron atoms and Cg are approx-
imately equivalent. This type of bonding has been also found
for the outer boron atom shown in Fig. 6 and discussed in
Sec. I C. The bond lengths d; and d, and the Bader charges
for these cases are close but not identical (Table I). It is worth
noting that in the configuration (2) and (3) two boron atoms
having positive charges [1.30e in (1) and 0.75e in (2)], prefer
to stay on opposite sides of the fullerene, whereas for the case
when one boron atom is put inside and one outside the cage
they come close to each other (Fig. 6).

E. Two boron atoms substituted for two carbon atoms in B,Csg

Finally, we mention that the boron atoms can also substi-
tute for carbon atoms in the Cg fullerene (Fig. 8). Due to the
acquired positive charge (about 2e¢ Table I), the boron atoms
are subjected to the Coulomb repulsion and tend to avoid
each other. The optimal configuration is reached when they
reside on opposite sides of the fullerene, with the bond pat-
tern equivalent for each boron atom. Three nearest B-C bond
lengths—1.531 A, 1.549 A, 1.551 A for the § = 1 case (1.532
A, 1.546 A, 1.559 A for the S =0 case)—being slightly
different, are larger than the initial double and single bonds of
Ceo and result in local cage buckling. Then the averaged radius
of B,Csg is increased by 0.02 A for § = 1 (0.07 A for § = 0)
with the averaged radial atomic displacement §R¢gp = 0.05A
(6Rcep = 0.04 A); see Table 1. Within the HF treatment the
ground spin state is triplet implying that the electron exchange
via Cg states favors the ferromagnetic arrangements of spins
on boron atoms. The MP2 correction, however, makes the spin
singlet the ground state.

IV. CONCLUSIONS

We have studied the optimal positions of one and two
boron atoms when they are located inside and outside the Cg
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fullerene cage, calculated their effective (Bader) charges [25],
and analyzed their spin states; see Figs. 2—7 and Table 1. For
a single boron atom the global energy minima are found for
its position above the double bond midpoint in the exohedral
location [Figs. 5(a)-5(c)] or at the center of the fullerene
in the endohedral location. Another local minimum of the
endofullerene B@Cg is detected with the boron lying at 1.82
A below a carbon atom (Fig. 2). For two boron atoms outside
the cage, the energy minima correspond to the B, molecule
attached by one boron to the double bond midpoint [Figs. 7(a)
and 7(b)]. Another candidate is that with two boron atoms
above two double bond midpoints on opposite sides of Cgo
shown in Figs. 7(c) and 7(d), which has a higher energy, and
also a conformation with two boron atoms above two opposite
carbon atoms [Figs. 7(e) and 7(f)]; see Table 1. For two boron
atoms in the endohedral location, the lowest minimum is
found for the B, molecule at the center of Cgy and oriented
along the line connecting two opposite pentagons [Figs. 4(e)
and 4(f)]. Other local energy minima for B, @Cg are realized
for symmetrical boron positions shown in Figs. 4(a)-4(d) or
for the asymmetrical arrangement of Fig. 3 with boron atoms
on the line joining the center with a double bond midpoint. In
the case of one atom inside and the other outside the cage, the
boron atoms are attached to two neighboring carbon atoms
belonging to the same hexagon of the fullerene (Fig. 6). In
general, the energy of the molecule complex is lower if one
or two boron atoms are located outside the Cgy cage in com-
parison with analogous configurations with one or two boron
atoms inside the cage. It is also worth noting that two boron
atoms can substitute for carbon atoms of the Cgy fullerene
(Fig. 8), with larger B-C bond lengths and deformations of
the Cgp cage. Since there are various conformations of Cgg
with two boron atoms lying close in energy, the locations
of boron atoms can be altered by transferring to them some
energy, e.g., through the absorption of laser radiation. The
energy absorption changes such molecular characteristics as
effective atomic charges, dipole and quadrupole moments, etc.
In particular, Bader charges of boron in these configurations
can vary from 0.06e (at the center of the fullerene) to 2e for
B,Cqp (Fig. 8). Generally, the Bader charges are larger for
boron in exohedral complexes. However, large positive Bader
charges of boron are found to be partially compensated by
negative charges of the neighboring carbon atoms.

We have found that in the endofullerene B@Cg, the ad-
dition of the second boron atom affects the location of the
first (Sec. III A). The same effect occurs also in the exohedral
fullerene BCgp, when the second boron atom is put inside the
cage; see Sec. III C and Fig. 6. This molecular transformation
is accompanied by a sizable change of effective charges of
boron atoms.

Except for the § = 0 ground state found for the molecule
shown in Fig. 6, for two boron atoms the lowest energy is
reached in a high spin state. In particular, the global mini-
mum in the exohedral fullerene B,Cgy [Figs. 7(a) and 7(b)]
is obtained with S = 1, in the endohedral fullerene B, @Cg,
[Figs. 4(e) and 4(f)] with § =2. In these two cases two
boron atoms are so close that they form the B, molecule,
which has the S = 2 spin in the ground state [16,17]. There-
fore, in the exohedral location the Cgy fullerene influences
B, in such a way that the triplet spin state becomes energy
preferable.

Surprisingly, the triplet ground state also manifests itself
in the configuration shown in Figs. 7(c), 7(d), and Figs. 7(e),
7(f) with two distant boron atoms separated by the fullerene
molecule. In that case the mechanism of an indirect exchange
(or superexchange) between the boron atoms is enabled
[27,28], with the fullerene molecule acting as a mediator.

Various enohedral and exohedral locations of boron
atoms considered in this study can be distinguished ex-
perimentally in the photon or electron impact spectroscopy
measuring shifts of the E;; energy of boron. For that
purpose we list calculated values of Ej; in Table II. Alter-
natively, they can be probed in the ultrafast processes of
photoexcitation [29].
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