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Abstract The structure and stability of endohedral
X@CyoF complexes (X = H, F, Cl', Br, H, He) have
been computed at the B3LYP level of theory. All complexes
in [, symmetry were found to be energy minimum structures.
H @CyoF20 and F @CyoF,y complexes have negative
inclusion energies, while other complexes have positive
inclusion energies. Similarity between C,oF,o and C,oH,g
has been found for X = H and He. On the basis of the
computed nucleus independent chemical shift values at the
cage center, both C,oF,o and C,F,( are aromatic.

Keywords C,oF,o- DFT- Aromaticity -
Endohedral complexes

Introduction

Dodecahedrane (CyoHyo) [1] is an aesthetic molecule with
unusually high symmetry (/,) and provides the opportunity
for fascinating chemistry [2—4]. Apart from the chemistry of
the outer cage, the encapsulation of various guest atoms and
ions has been explored theoretically [5—10]. The first
experimental example is the encapsulation of He into
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CyooHyg (He@CyoHyp) [11]. In addition, the endohedral
complexes of small hydrocarbon cages (C4Hy4, CgHg, CgHy4,
CioHis, CioHp» and Ci6Hj) have also been investigated
[12]. More recently, the endohedral complexes of SiyoHyg
(X@SiyoH9) have been studied and significant charge
transfer from X into the cage has been observed [13, 14].

For encapsulating anions, it is conceptual to have cages
with partially positive charged inner sides. An appropriate
candidate for this purpose is perfluorodedocahedrane
(Cy0F20), due to the different electronegativities of carbon
and fluorine. Although the existence of C,oF,o has been
reported [4], the best information is computational [15].
Indeed, perfluoroalkanes have exceptional chemical and
physical properties compared to their parent hydrocarbons.
For example, hydrocarbons have been computed to have
negative adiabatic electron affinity [16], and corresponding
perfluorohydrocarbons have substantial adiabatic electron
affinities and the ability to bind an additional electron [17—
22]. Similarly, C,oH,( has been predicted to have negative
adiabatic electron affinity (—0.71 eV) [9]. i.e., it does not
readily attract an electron. Based on these properties,
CyoF5o is expected to have large electron affinity and
therefore significantly stabilize capsulated spherical anions.
Here, we report the structure and stability of endohedral
X@CsoF>o complexes (X =H, F, Cl', Br, H and He) at
the B3LYP level of density functional theory.

Methods

All calculations were carried out using the Gaussian 03
software package [23]. Guest anions or atoms were placed
at the cage centers. All structures were optimized at the
B3LYP/6-31G* level of density functional theory, and the
corresponding frequency calculations at the same level

@ Springer



500

J Mol Model (2007) 13:499-503

identify the optimized structures as energy minima without
imaginary frequencies. Atomic charges were calculated
using natural bond orbital analysis [24]. Single-point
energies were calculated at the B3LYP/6-311+G** level
with the B3LYP/6-31G* optimized geometries.

The inclusion energy (Ej,.) is defined as the difference
between X@C,0F,o and the sum of C,oF; and X. On this
basis, a negative Ej,. means favored encapsulation, while a
positive E;, means disfavored encapsulation. The deforma-
tion energy (Eq.) is defined as the difference between the
free optimized C,oF, cage and the cage with encapsulation
from single-point energy calculation. For estimating the
degree of electron delocalization of CyoF,¢ and CyoF»g ,
nucleus independent chemical shift (NICS) [25-27], the
negative of the absolute shielding at the cage center, was
calculated using the gauge-independent atomic orbital
(GIAO) [28] method and B3LYP/6-31G* geometry.

Results and discussion
CaoF20 and CyoF20

Like C,oHyg, the Ip-symmetrical CyoF,o (Fig. 1) is an
energy minimum. The C—C bond length is 1.562 A and the
C—X distance (X for the cage center) is 2.188 A; these
parameters are close to those of CooH,g (1.557 and 2.181 A,
respectively). In C,oF»0, the polarized C—F bonds constitute
an approximate C**—F®" double electric layer due to the
negatively charged outer F shell (6p=—0.318) and the
positively charged inner C shell is (6c=+0.318). Although
there is also a double electric layer in CyoH,g, the inner C
shell is negatively charged (0c=—0.248) and the outer H
layer is positively charged (6y=0.248); this is just the
opposite of CyoF»o.

Fig. 1 Endohedral X@C,(F»
complex
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As shown in Fig. 2, the C,oF,, cage structure has
degenerate HOMOs (H,,); removal of one electron from the
HOMO will lead to Jahn-Teller distortion. However, the
corresponding LUMO (A,) is non-degenerate and distributes
fully around the cage center, therefore the cage is able to host
one additional electron into the LUMO without lowering the
high symmetry. Indeed, CoF,¢ cage in f, symmetry is an
energy minimum on the B3LYP/6-31G* potential energy
surface. Compared to C,oF,9, the C—C bond length of
CyoF>0 becomes shorter, while that of C—F becomes longer
(1.562/1.358 vs 1.550/1.379 A, respectively). Compared also
to CyoF»0, the negative charge is distributed over both carbon
and fluorine in C,oF,, , carbon becomes less positively
charged (0.318 vs 0.299), and fluorine becomes more
negatively charged (—0.318 vs —0.349).

The ability of C,oF;o to host one additional electron is
reflected by the computed electron affinity. At B3LYP/6-
311+G*//B3LYP/6-31G*, the calculated electron affinity
(or inclusion energy of one electron) is 3.66 eV for CyoF» ,
which is also stronger than that of an F atom (3.49 eV) at the
same level, compared with the experimental value (3.45 eV)
[29]. This good agreement validates the computational
method. Therefore, adding an electron does not lower the
symmetry, and this novel structural model of C,oF,o can
stabilize the encapsulated spherical anions significantly.

The degree of delocalization of the added electron in the
LUMO can be tested by the computed NICS, which is a
simple and efficient criterion of aromaticity. For C,oF,0, the
computed NICS is —7.7 ppm, indicating the partial
delocalization of the skeleton electrons of the C shell; this
is because that the inner carbon shell is positively charged.
For comparison, the NICS value of CyoHyg is +1.7 ppm at
the same level. For CyoF;( , the computed NICS value is
—10.5 ppm, i.e., more negative than that of C,gF,q,
revealing the increased delocalization effect of the added

X@C F
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Fig. 2 The HOMO (H,, left)
and LUMO (A,, right) orbitals
of C20F20

electron. It is also interesting to note that the NICS values
of CyoFy9 and CyoF,y are close to that (—8.9 ppm) of
benzene at the ring center [26]. Therefore, both C,(F», and
CyoF»9 can be considered as aromatic systems. That
CyoF»5p is aromatic is further evidenced by the calculated
diamagnetic susceptibility exaltation of —22.5 ppm.cgs [the
diamagnetic susceptibility exaltation is evaluated on the
basis of the equation, 20 CF(CH3);—30 C,H=C,0F5, at
the B3LYP/6-31G*level with the CSGT method]. The
computed diamagnetic susceptibility (ppm csg) is —41.1
for CF(CHs)3, —19.9 for C,Hg, and —247.5 for C,oF,0]. For
comparison, benzene has a diamagnetic susceptibility
exaltation of —14.5 ppm cgs (for the background and
methodology for the diamagnetic susceptibility exaltation
calculation, see [30]), [31].

X@CyoF2 (X=H,F,Cl, Br)
Since C,oF;( can accept one additional electron to form the

stable C,oF,9 without lowering the symmetry, we were
interested in the structure and stability of the endohedral

complex of X@CyoF0 (X=H, F, Cl, Br). At B3LYP/
6-31G*, all complexes in [;, symmetry are energy minima.
As shown in Table 1, both H and F~ have negative Ej,,
indicating thermodynamic favorability. In contrast, CI” and
Br have positive Ej,., showing the difficulty of encapsu-
lation, as well as showing that the decreased Ej,. increases
with increasing ion radii. In addition, we have also
computed the deformation energy of the cage. As shown
in Table 1, deformation energy (Eg4.r) increases with ion
radii, but it contributes only a small fraction to Ej,.

As shown in Table 1, the C—C bond length increases
along X = H, F, CI', Br, while the C-F bond length
decreases accordingly. It is also interesting to note that the
inclusion energy for X =H and F~ is even stronger than that
of one electron (—130.9 and —93.5 vs —84.3 kcal mol '). As
shown below, this is associated with the degree of charge
transfer and the electrostatic interaction between the cage
inner and the partially charged guests. In addition, we have
also computed the basis set superposition error (BSSE) [32].
As given in Table 1, the BSSE for X = He and H are
negligible (0.7 and 0.8 kcal mol ', respectively), while those

Table 1 Total electronic energies (E, au), bond distances (A), inclusion energies (Ejy, kcal molfl), and cage deformation energies (Eqep; keal molfl).

BSSE Basis set superposition error

X@Cs0F»0 Eot Eio Ry " Re * R Eine® BSSE* Egef"
CaoFa0 —2758.70603 —2759.55858 (2.188)° 1.562 1.358

CyoFsg —2758.79783 —2759.69295 2.172)° 1.550 1.379 —84.3 6.2
H @C5F» —2759.39750 —2760.28507 2.180 1.556 1.374 -130.9 17.1 3.8
F @CyF» —2858.67980 —2859.59631 2.201 1.571 1.370 -93.5 6.7 2.7
Cl @CyFy0 —3218.70902 —3219.57975 2.260 1.613 1.368 177.3 4.8 22.6
Br @CyoF20 —5330.13414 —5333.29881 2.283 1.629 1.369 312.2 4.2 38.3
He@CyF»0 —2761.56645 —2762.42480 2.199 1.570 1.356 29.4 0.7 <0.1
H@CyoF>0 —2759.16532 -2760.01976 2.197 1.568 1.358 30.6 0.8 <0.1

# At B3LYP/6-31G*

® At B3LYP/6-311+G**//B3LYP/6-31G*

¢ Distance to cage center

9Inclusion energy; Eine = E(X@C20F20) — [E(X) + E(C20F20)]
°BSSE at B3LYP/6-311+G**//B3LYP/6-31G*

' Cage deformation energy; Eger = E(C20F20)/(strain) — E(C20F20)
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Table 2 Calculated natural atomic charge (¢) and its change (Ag)

Complex qgc qr qx Agx
CsoFa0 +0.318 -0.318

CyoFa0~ +0.299 —0.349

H @Cs0Fs0 +0.317 —0.348 -0.377 +0.623
F @Ca0F +0.328 -0.351 ~0.547 +0.453
Cl"@Ca0F20 +0.295 -0.350 +0.107 +1.107
Br @CsoF +0.275 —0.350 +0.499 +1.499
He@CoF»0 +0.315 -0.319 +0.060 +0.060
H@C»0F»0 +0.311 -0.317 +0.120 +0.120

for X =F, Cl and Br are also small (6.8, 4.8 and 4.2 kcal
mol ', respectively). The largest BSSE is found for X = H™
(17.1 keal mol"). Nevertheless, BSSE correction does not
change the order of the inclusion energies.

The computed natural charges in Table 2 of the
encapsulated guests reveal the significant charge transfer
between cage and guest. For X = H™ and F, the guest has
partially negative charge (—0.377 and —0.547, respectively),
and this might explain their much stronger inclusion
energies than that of one electron. This is because, apart
from the charge transfer, the partially negative charge guest
interacts with the positively charged inner side of the cage.
For X = CI' and Br, however, the guest is slightly
positively charged (+0.107 and +0.499, respectively),
indicating the transfer of more than one charge unit from
guest to host. This might explain the rather positive
inclusion energies. All these show the oxidation potential
of C20F20.

X@CyoF» (X = H, He)

On the basis of the results for anion encapsulation, it is
interesting to compare that for hydrogen atoms and helium
atoms. For X = H and He, the encapsulated complexes have
I, symmetry, despite the radical character of the hydrogen
atom as in the case of CyoF,y . Compared to C,(F», there
are no significant changes of C—C and C—F bond lengths in
H@C,oF,y and He@Cy0F5, and it should also be noted
that the cage deformation energies are smaller than 0.1 kcal
mol™'. The computed inclusion energies are positive (30.6
and 29.4 kcal mol ") and smaller than those reported for
H@C,0H,o (35.8 kecal mol ') [9] and He@C,oHao
(33.8 kcal mol ' [8] and 37.9 kcal mol ' [9]).

Conclusion
The structure and stability of the C,F;( cage and its radical
anion C,oF,o , as well as the endohedral complexes

X@CyoF,y have been computed at the B3LYP density
functional level of theory. As expected, C,oF,o has a double
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electric layer, in which the inner carbon shell is positively
charged, and the outer fluorine shell is negatively charged.
Due to the spherically distributed LUMO, C,yF»,( can host
one additional electron without lowering its /,-symmetry.
On the basis of the computed NICS values, C,oF,, and
CyoF,¢ can be considered as aromatic systems.

The double electric layer structure of C,oF,o provides the
possibility to host guest anions as energy minimum
structures, X@CyoF2 (X = H, F, ClI', Br ), in which
both H @C,oF,0 and F @C,F,¢ with partially negatively
charged guests have negative inclusion energies, while
Cl @CyoF,50 and Br @C,oF,o with partially positively
charged guests have positive inclusion energies. These
energies are associated with the strong charge transfer
between cage and guest, and their electrostatic interaction.

Similar results for X = H and He have been found for the
endohedral complexes of C,yoF,o and C,gHy. They have
I,-symmetry as energy minimum structures; however, those
of CyoF,0 have somewhat smaller inclusion energies than
those of C20H20.
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