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Chemical bond inside endohedral complexes H@Cs9B and H@C,P
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The geometries, electronic structures, and spin densities on the atoms of paramagnetic
heterofullerenes C5oX (X = B, P) and their endohedral derivatives H@Cs¢X were obtained from
B3LYP/6-31G* density functional calculations. The encapsulated hydrogen atom can form
a C—H bond inside the fullerene sphere. The energies of the C—H(endo) bonds are
40—50 kcal mol~! lower than those of the corresponding exo-bonds.

Key words: heterofullerenes, quantum chemical calculations, density functional theory,
spin density, hyperfine coupling constant, binding energy.

Endohedral complexes H@CsoX of paramagnetic
heterofullerenes CsoX (X = B, N, P)1—4 have not been
reported so far. They can be obtained similarly to the
complexes H@Cgy, or T@C;5 however, there is little
sense in doing such a labor-consuming work, although
the syntheses of the endohedral complexes K@Cs9B and
K@Cs4B, have been documented.* The aim of this work
was to calculate the energy states of systems under study
in the case where an H atom moves from the center of the
fullerene sphere toward different atoms of CsX fullerene,
i.e., to assess the possibility of formation of the endo-bond
between the encapsulated hydrogen atom and the Cs¢X
heterofullerene that form the endohedral complex. Ear-
lier,® this problem was solved for H@CygN. Here, this was

done for H@CB and H@CyyP and the results obtained
are generalized for all the three systems.

Calculation Procedure

Geometric parameters of the systems CsoX (doublet spin
state) and H@CsX (in the singlet and triplet states) were opti-
mized in the framework of the density functional theory (DFT)
with the B3LYP three-parameter exchange-correlation func-
tional and the 6-31G* basis set’ using the GAUSSIAN-98 pro-
gram.® This approximation provides a quite accurate and reli-
able description of the structure and properties of related sys-
tems.®? The method was also used to calculate the isotropic
hyperfine coupling (HFC) constants a(X) and a(!3C) for the
optimized structures of the CsoX systems and to perform vibra-
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C(16)

Fig. 1. Schematic view of C59X" radicals (X = N, P, B) (a) and position of the C(2) atom determined by the angle 6 (b).

tional frequency analysis for the endohedral derivatives of
H—Cs¢X in which the H atom forms a chemical bond with a
carbon atom. Based on the results of the vibrational frequency
analysis, the optimized structures were characterized as corre-
sponding to energy minima on the potential energy surfaces.

Results and Discussion

Geometric parameters. Geometric parameters and
electronic properties of the CsoX systems (Fig. 1) were
repeatedly studied by theoreticall:6:19—13 and experimen-
tall=%12 methods. The calculated bond lengths seem to
be quite reliable, namely, the 6/6- and 6/5-bond lengths
in the Cg, molecule are 1.392 and 1.452 A, respectively
(cf. 1.395 and 1.453 A obtained from B3LYP/6-31G**
calculations!4 and the experimental values!® equal to
1.388(9) and 1.432(5) A).

The calculated bond lengths in the CsoX systems
(Table 1) are similar to those calculated by other methods
for Cs5oB,10 CgoN,110-12 3nd CsoP.13 The C—X bonds
and adjacent C—C bonds are longer than corresponding
conventional bonds due to strain in the polyhedral cage
fragment near the X atom. The optimized C(2)—X bond

length is 1.526 (X = B), 1.408 (X = N), and 1.809 A
(X = P); hereafter, we will discuss all the three endo-
fullerenes with X = B, N, and P to point some regularities
in their structural and chemical properties.

In C4oP, the fullerene cage near the heteroatom is
much more strained compared to C5oN and Cs9B. The
0 angle determining the position of the C(2) atom (see
Fig. 1, b) is 35.6 (Cs9B), 30.5 (Cs5oN), and 22° (CsoP).
Thus, the smaller the X atom the weaker the cage dis-
tortion.

The formation of H@C;¢X endofullerenes leaves the
Cs9X cage structure almost undistorted. Namely, the bond
lengths change insignificantly and the 6 angle decreases
by 2° for H@Cs¢B and by 6—7° for H@CsoN and H@C;,P.
The key geometric parameters of the C5oX and H@Cy¢X
species are listed in Table 1.

Atomic charges and spin density. The calculated
Mulliken atomic charges of carbons in the compounds
Cs9X are small (from —0.05 to 0.01 for Cs59B, from —0.01
to 0.21 for CsN, and from —0.20 to 0.05 for CsyP),
whereas the charges on the heteroatoms are 0.14 (X = B),
—0.61 (X = N), and 0.49 (X = P). Partial charge trans-
fer from neighboring carbon atoms to the N atom oc-

Table 1. Geometric parameters of compounds CsoX (doublet state) and H@CsoX (singlet state)

Compound Bond length/A Angle/deg
C(2)—X C(6)—X C(2)—C3) C(2)—H C3)—C(22)—C3) C3)—C(2)—X C(6)—X—C(2) o

CsoN 1.408 1.424 1.434 — 108.7 120.1 118.9 30.5
H@CygN 1.384 1.422 1.432 3.507 109.8 121.7 118.3 23.9
CsoP 1.809 1.840 1.436 — 108.8 122.7 97.3 22.0
H@Cy4P 1.796 1.829 1.428 3.625 110.2 123.2 96.9 16.7
CsoB 1.526 1.548 1.443 — 107.7 118.7 118.6 35.6
H@Cs9B 1.526 1.548 1.442 3.624 107.7 118.7 118.6 33.3
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curs; contrary to this, the P and B atoms act as charge
donors.

Unlike unsubstituted Cg, fullerene with 7, symmetry,
the Cs59X molecules having C, symmetry are polar; the
calculated dipole moments are 0.1, 1.2, and 0.6 D for
X =B, N, and P, respectively.

The spin density distribution in the Cs9X radicals is
shown in Fig. 2. The highest positive spin density is local-
ized on the C(2) atom. The spin density is distributed over
the system of m-bonds in such a manner that all the even
carbon atoms bear positive spin density, which gradually
decreases with the distance from the C(2) atom to the
C(8) atom. Then, it slightly increases on the C(10) atom
and again decreases almost to zero on the C(14) atom and
more distant atoms.

The spin density on all the odd carbon atoms is nega-
tive, being largest in absolute value on the C(3) atom.
Then, it decreases almost to zero on the C(5) and C(7)

atoms, increases (in absolute value) on the C(9) and C(11)
atoms, and again decreases almost to zero on more dis-
tant atoms. Thus, all the C5¢X radicals show a common
pattern of the spin density distribution over the atoms of
the fullerene sphere. Namely, the positive spin density is
mainly distributed over orbitals of the even carbon atoms
by the spin delocalization mechanism, whereas spin delo-
calization over the odd carbon atoms mainly occurs by
the spin polarization mechanism involving creation of
negative spin density on these atoms. Both positive and
negative spin density decreases with the distance from the
C(2) atom. This situation is typical of organic radicals.16

The X atoms bear positive spin density (see Fig. 2),
which is, however, lower than for the C(2) atom. It fol-
lows that the spin density is transferred to the X orbitals by
both mechanisms (spin delocalization and spin polariza-
tion) with partial compensation, the former making the
major contribution.
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Fig. 2. Spin density distribution over atoms of Cs¢X radicals: X = B (a), N (b), and P (c).
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Table 2. HFC constants () on the X and 13C atoms in CsoX
systems

Atom X a/T
X C(2) C(3) C4)
B 0.25 1.41 —0.82 1.06
N* 0.41 1.79 —0.65 0.68
(0.36) (1.18) (=0.52) (0.48)
P 10.18 2.70 —0.98 1.16

* Experimental values!? are given in parentheses.

Table 2 lists the HFC constants a calculated for the
Cs5oX molecules. The calculated and experimentall?
a values for Cs9N are in reasonable agreement.

Energy characteristics. We calculated the structures of
the H—C4¢X systems in the singlet and triplet states. All
the singlet structures are energetically more favorable than
the corresponding triplet species; therefore, only the sin-
glet structures will be considered below.

Reaction trajectories. The potential energy profiles
were calculated by varying the distance between the cen-
ter of the Cs¢X sphere and the H atom moving along the
radius from the center to the X, C(2), C(3), C(4), etc.,
atoms at the same (namely, optimized) bond lengths and
bond angles in the C5¢X systems. The distance R between
the center of the CsoX sphere and the H atom was varied
in the range 0 A < R< 6.0 A. The profiles of the motion of
the H atom from the center to the C(2) atom bearing the
maximum unpaired electron density are shown in Fig. 3
and can be divided into two groups characterizing the
motion of the H atom along "internal" H—C(2) trajecto-
ries from the center of the fullerene sphere and the mo-
tion of a distant H atom from the outside of the sphere to
the C(2) atom. Figure 3 shows that for all the three C59X
radicals the former group of the energy profiles exhibit
minima lying below the energy of the H@Cs¢X system
and corresponding to the formation of a C(2)—H bond
inside the fullerene sphere (endo-H—C(2) bond).

The "external” trajectories correspond to attraction (see
Fig. 3). The strongest bonding was obtained for the
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Fig. 3. Potential energy profiles along the H—C(2) trajectory for the systems H + Cs9B (@), H + C59N (b), and H + C59P (¢). At R=0,
the atom H is located at the center of the Cs59X sphere; the dashed vertical line at R = 3.5 A corresponds to position of the atoms of the
fullerene cage; the range 0 A < R < 3.5 A corresponds to "internal" trajectories; and the range R > 3.5 A corresponds to "external”
trajectories passing outside the fullerene cage. The inset in Fig. 3,b shows fragments of the potential energy profilesat 2.1 A< R<2.6 A

(magnified).
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C(2)—H trajectory and corresponds to formation of the
exo-H—C(2) bond.

Energy diagrams. As mentioned above, the potential
energy profiles along the trajectories of the motion of
the H atom were calculated assuming the same geom-
etries of the fullerene cage. To obtain more correct ener-
gies and geometric parameters of the endo-H—C(2) and
exo-H—C(2) bonds, we optimized the geometries of cor-
responding systems. Their energies calculated relative to
the total energies of the Cs5oX system and infinitely distant
H atom (noninteracting reagents) are shown in Fig. 4.
Encapsulation of the H atom at the center of the C5oX
sphere increases the energy of the H@Cy¢X system by 28,
17, and 25 kcal mol~! for X = B, N, and P, respectively.
Displacement of the H atom from the center to the C(2)
atom is followed by the formation of the endo-H—C(2)
bond and the energy of the system decreases by 42 (Cs59B),
27 (C59N), and 41 (Cs9P) kcal mol~!. The major contri-
bution to this decrease comes from the energies of the
endo-H—C(2) bonds. The formation of the exo-H—C(2)
bonds even more reduces the energy of the system, namely,
by 80 (Cs5oB), 78 (C59N), and 81 (CsoP) kcal mol~!. The
C—H(exo) bond energies approach the energies of ordi-
nary C—H bonds (cf. ~80 kcal mol~! in toluene). The
C(2)—H(endo) and exo-H—C(2) bond lengths are listed
in Table 3. In all molecules (for all X) the exo-bonds are
shorter than the endo-bonds, which is consistent with
the higher energies of the former. Noteworthy is an im-
portant feature, namely, the exo-H—C(2) bond energies
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Fig. 4. Energies of differently organized systems H—Cs¢X
(X = B, N, P): noninteracting reagents Cs¢X and H, endo-
fullerenes H@Cs¢X, and heterofullerenes with the exo-H—C(2)
and endo-H—C(2) bond. For notations, see text.

Table 3. H—C(2) bond lengths (d) in systems H—CsoX

X d/A

exo endo
B 1.105 1.161
N 1.097 1.120
P 1.098 1.103

are almost equal for all X, whereas the energies of the
endo-H—C(2) bonds are strongly different; they charac-
terize the strain energy of the fullerene sphere, the strain
being due to structural distortions upon formation of the
endo-H—C(2) bond (see Fig. 4).

Thus, the Cs9X heterofullerenes can add an H atom to
the C(2) atom to form a endo-H—C(2) and exo-H—C(2)
bond. A common feature of all systems studied is that the
energies of the exo-H—C(2) bonds are 40—50 kcal mol—!
higher than those of the corresponding endo-bonds. The
energy difference between the exo- and endo-bonds char-
acterizes different reactivities of the outer and inner sur-
faces of the fullerene sphere. The calculated spin densities
and HFC constants on the X and 13C atoms in the C5oX
radicals (X = B, N, P) made it possible to establish the
pattern of the spin density distribution over the fullerene
sphere.
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