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Influence of Endohedral Confinement on the Electronic Interaction between
He atoms: A He,@C,H,, Case Study
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Abstract: The electronic interaction be-
tween confined pairs of He atoms in
the C,,H,, dodecahedrane cage is ana-
lyzed. The He-He distance is only
1.265 A, a separation that is less than

Gabriel Merino*!?!

midpoint in the cage. We consider that
a study of inclusion complexes, such as
the case we have selected and other
systems that involve artificially com-
pressed molecular fragments, are useful

reference points in testing and extend-
ing our understanding of the bonding
capabilities of otherwise unreactive or
unstable species. A key observation
about bonding that emerges uniquely

half the He-He distance in the free He
dimer. The energy difference between
the possible isomers is negligible (less
than 0.15 kcalmol ™), illustrating that
there is a nearly free precession move-
ment of the He, fragment around its

tions -

Theoretical interest in the nature of small helium clusters
dates back at least to Slater some eighty years ago.'! How-
ever, definitive experimental evidence for the existence of
the helium dimer became available only in last two de-
cades.™¥ The potential-energy curve of the He, unit is re-
pulsive, except for a very shallow van der Waals minimum.
Coupled cluster calculations give a dissociation energy of
only D.=0.021 kcalmol "' As pointed out recently in ref-
erence [5], this is 5000 times smaller than D, for the cova-
lent H, bond.

The molecular orbital explanation for the non-existence
of a covalently bonded He, is well described in general
chemistry texts. He, is a simple case of a two-orbital four-
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from endohedral (confinement) com-
plexes is that a short internuclear sepa-
ration does not necessarily imply the
existence of a chemical bond.

bond

electron interaction in which the filling of both the bonding
o0, and antibonding o,* molecular orbitals (MOs) results in a
net repulsion between the two He centers. An evident strat-
egy for enhancing the bonding between the two He centers
is, therefore, removal of electrons from the o,* orbital. The
brute-force electron-stripping method in which one or both
electrons are completely removed from the antibonding
MO, for example, has been employed. The result is a signifi-
cant stabilization: while He, is a weak dimer with a large vi-
brational amplitude, the electronic ground state of He," is
more strongly bound.!*” Shifting some of the charge density
out of the He, HOMO into the bonding LUMO is a chemi-
cally more interesting way of reducing the o,* orbital popu-
lation, but the LUMO is quite high in energy.

Although the He, dimer is not a particularly stable unit,
carbon cages containing one or two He atoms trapped at
“unnaturally” close interatomic separations have been stud-
ied both experimentally and computationally. For instance,
several endohedral complexes containing two noble gas
atoms have been synthesized by Saunders and co-work-
ers.’1% More recently, Krapp and Frenking carried out a
computational study of the endohedral fullerene complexes
Ng,@Cy, (Ng=He, Ne, Ar, Kr and Xe).!"'! They found that
a precession movement of He, in the Cg, cage has practically
no barrier, with a He-He distance in He,@Cy, (1.948 A) far
shorter than that in the free He, dimer (2.977 A).*'Yl Krapp
and Frenking also determined that all five of the Ng,@C,
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complexes they considered are thermodynamically unstable
towards the reactants (the free Cyy and two Ng atoms).

Despite the very short He-He interatomic separation
(1.948 A) obtained for the He,@Cq complex, Krapp and
Frenking concluded that there is no bonding between the
He centers. Evidence of bonding was found, however, be-
tween the pair of Xe atoms that were similarly trapped in a
Cg cage. Since the atomic radius of the Xe atoms is signifi-
cantly larger than that of the He atoms, and the ionization
of Xe is relatively low, trapping a pair of Xe atoms in the
Ceo cage ensures far more significant Xe-Xe and C-Xe in-
teractions compared to the helium case (and the cases of
the other Ng atoms smaller than Xe). The minimum energy
Xe,@Cy, structure they obtained exhibited clear evidence of
bonding between the two included Xe atoms, accompanied
by a significant transfer of charge density from the Xe-Xe
antibonding molecular orbital onto the Cy, cage.

A question we ask in this paper is whether a similar chem-
ical confinement strategy, which employs a significantly
smaller cage to ensure shorter He—cage and He-He con-
tacts, may be sufficient to realize bonding between the
helium centers? For this purpose we consider the theoretical
He,@C,)H,, system in which the two helium atoms are con-
fined in the C,yH,, cage. Beyond an interest in the electronic
properties of Ng,@Cage systems, we want to assess, as well,
the influence of structural compression and confinement on
chemical bonding.

Geometries and energies: Three unique isomers of the
He,@C,)H,, complex optimized under symmetry constraints
are shown in Figure 1. Frequency analysis shows that all of
them are local minima. In the D,, structure, the He—He axis
is oriented along the line connecting the midpoints of two
opposing C—C bonds in the cage (Figure 1). In the other two
isomers the helium dimer is oriented 1) along the axis be-
tween two opposing carbon atoms (the Ds, structure), and
2) along the axis between the midpoints of two opposing
five-membered rings of the cage (the Dy, structure).

Note that all of the isomers are essentially identical ener-
getically (all of the isomers are within 0.15 kcalmol™' of
each other), indicating that there is a nearly free precession
movement of the He, fragment around its midpoint in the
cage. So, the symmetry assignment for a frozen equilibrium
structure is not relevant at room temperature.

The trapped He-He pair has an internuclear separation of
1.265 A! At the RI-MP2 level this separation is almost iden-
tical (1.263 A), and is some 1.71 A shorter than the comput-
ed minimum-energy distance obtained for the uncompressed
helium van der Waals dimer (2.977 A)." Indeed, the endo-
hedral He-He interatomic separation we have obtained is
the shortest reported so far; but it comes at a cost: in the
case of the D,, structure (Figure 2), the C—C bonds oriented
along the He-He axis are elongated from 1.551 to 1.618 A.
Overall the cage expands along the He-He axis from
4.062 A in the free CyH, to 4.301 A.

The difference between the sum of the van der Waals
radii of two carbon atoms (~3.4 A)—one C atom each from
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Figure 1. Isomers of He,@C,H,, optimized at the B3LYP/def2-
TZVPPP and the RI-MP2/def2-TZVPPP levels, using the Turbo-
mole suite of programs.’” The relative energies (with respect to the Ds,
structure) obtained from the B3LYP and RI-MP2 calculations are given
in kcalmol " units in round and square brackets respectively.

Figure 2. Computed (B3LYP/def2-TZVPP) geometry of C,H,, and
He,@CyH,, (D,;). Key interatomic separations are given in A.

opposite sides of the expanded cage—and the diameter of
the cage (~4.3 A) is only 0.9 A; a tight spot in which to
squeeze two He atoms. In the minimum-energy structure,
the He-He separation (1.265 A; vide supra) is larger than
0.9 A, implying that there is a significant He-C (van der
Waals) interpenetration. The evident difficulty of getting
two He atoms into this restrictive space may explain why
only the complex with one He atom in a C,H,, cage
(He@C,,H,,) has been synthesized so far.'">!?
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Dissociation energies and the energy decomposition analy-
sis: The highly repulsive nature of the He-He and He,-
C,H,, interactions is evident in the dissociation energy D,
for He,@C, H,, going to the He atoms and the free C,yHy,
cage [Eq. (1); see also Table 1].

He,@CyHyy — He, +CyyHy 1)

Table 1. Dissociation energies (D.), interaction energies (E;,), counter-
poise corrected interaction energies" (Ej, psse), and preparation ener-
gies (E,,) for Dy, He,@CyH,,. All values in kcalmol™ 1

B3LYP/def2-TZVPP RI-MP2/def2-TZVPP

D, —169.8 -157.5
Ep 124.9 111.8
Epipsse 125.8 115.0
Eprep(CroHay) 145 142
Epep(Hey) 304 315

For He,@C,;H,,, the dissociation energy as defined above
at the MP2 and B3LYP levels are D,=—157.4 kcalmol™!
and —169.8 kcalmol ™', respectively. To gain a bit more in-
sight into the energetics, we separated the dissociation
energy into two contributions: —D, = E;,+E.,. The interac-
tion energy (E;,) gives the repulsive contribution between
the geometrically deformed C,,H,, and the He, dimer with a
He-He distance as in the complex. The preparation energy
(E,rp) is the energy needed to deform the cage and to bring
the He atoms closely together. It is clear from Table 1 that
the overall interaction between the cage and the two He
atoms is repulsive (E;,,=111.8 kcalmol™' at the MP2 level)
and is the dominant contribution to the overall dissociation
energy. The total energy required to deform the cage is rela-
tively small (14.2 kcalmol ™! at MP2), and is the net result of
several geometrical (bond length and angular) modifications
in the C,)H,, skeleton. Forcing the He atoms closer together
costs roughly twice as much in energy (31.5 kcalmol ™).

We also employed an energy decomposition analysis
(EDA)! 7 to estimate the strength of the individual contri-
butions to the total electronic energy of the He,@C,H,,
complex. The EDA was carried out by using He, and C,yHy,
as fragments. From the EDA results, it becomes evident that
the repulsive interactions between the He, fragment and the
cage come from the Pauli repulsion (See Table 2). Both the
orbital and electrostatic contributions (AE,,, and AE,,, re-
spectively) are attractive. The largest attractive contribution
comes from the electrostatic term (AEq,=—77.6kcal

Table 2. Results of the EDA at BP86U'*'Y/TZ2P//B3LYP/def2-TZVPP
for the D,, structure of He,@C,H,, by using He, and C,H,, as frag-
ments. Energy values kcalmol .

AE,, 122.1 AE 2413
AE o -716 AE,, —416
a, ~17.4 by, ~1.0
bay ~02 bs ~1.0
a, —0.1 bra -17
by —18.4 bau ~18
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mol™"). This value is much higher than those calculated for
He,@Cq, (—3.5 kcalmol '), indicating a strong electrostatic
attraction between both fragments.

The partition of the orbital term into contributions of the
orbitals belonging to different irreducible representations of
the point group shows that the a, term, which contains the
He-He o-bonding and He,-C,yH,, attractive interactions,
has nearly the same strength as the b,, term.

Charge distribution: The discovery and analysis of unusual
molecular motifs, such as the endohedral complexes consid-
ered in this paper, (described as artificial in referen-
ces [8,10]) often compel chemists to reexamine our under-
standing of that inherently fuzzy concept we call the chemi-
cal bond. For the Ng,@Cg, endohedral complexes, such a
reevaluation has been carried out by one of us and Frenking
in a recent study.”

In this section we move directly into an assessment of the
charge distribution in the title He,@C, H,, system using dif-
ferent—but by now conventional—methods for describing
the charge distribution in molecules: the topological analysis
due to Bader et al.,” the natural population analysis, and
Wiberg bond indices.*!]

Bader analysis: We start by using the topological analysis of
the electron density following Bader’s atoms in molecules
analysis.””! Bader pointed out in reference [22] that if two
fragments interact strongly within a molecular system, then
the electron density will exhibit a saddle point in the region
between the nuclei, and the nuclei will be linked by a bond
path. In Figure 3, the molecular graphs of the three isomers
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Figure 3. Molecular graphs for different isomers of He,@C, H,,. A (3,—1)
critical point is denoted by the smallest spheres.

obtained by using the AIM2000 program®?! are shown,
employing the wave functions obtained in Gaussian 98.1%!
The analysis identifies a He-He bond path and a He-C
bond path for each He atom for the D;,; structure, suggest-
ing that each helium atom is dicoordinated. However, the
bonding scenario drastically changes for the Ds, and D,
structures, for which the Bader analysis indicates pentacoor-
dination and tricoordination for each helium atom, respec-
tively. A recent analysis by some of the present authors con-
firms that the number of bond paths obtained between
atoms in molecular cages and the atoms in the cage frame-
work is a function of the molecular symmetry,” and is not
necessarily indicative of the presence of a chemical bond be-
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tween atoms. It is hardly straightforward, therefore, to tell
whether a computed bond path denotes the presence of a
real bond or is simply an artifact of the topological analy-
Sis.[27—30]

Further, the Laplacian (v/°o(r)) map (Figure 4) shows that
this scalar field is positive (solid lines) over the entire region
of the He-He and He-C interactions, with a tiny distortion

D3y Dy, Dsy

Figure 4. Contour line map of /%o(r). Dashed lines indicate areas of
charge concentration (N’o(r) <0). Solid lines indicate areas of charge de-
pletion (/%o(r) >0).

in the charge depletion area along the connecting path be-
tween the helium atoms, suggesting that the He-X (X=C,
He) interactions result from the contact of closed-shell frag-
ments. The properties of p(r) at the associated (3,—1) critical
points reflect key characteristics associated with weak inter-
molecular interactions: a low value for py.x and 2o(r)>0
(Figure 4).

In contrast, the calculated p- and the negative values of
the Laplacian at the (3,—1) critical points associated with
the C—C bonds are usual for covalent bonds (See Figure 4,
dashed lines indicate that 7?o(r) <0). Our conclusion that
the occurrence of a bond path between the He centers is
not evidence for the existence of a covalent bond between
the two He atoms is supported strongly by the charge densi-
ty data. Note that the py.y. value in the He,@C, H,,
(Oue_tie =0.101 a.u.) is only slightly higher than that reported
for the He,@Cq complex in reference [11] (Oye_pe=
0.094 a.u.), despite a significant shortening of the He-He
separation by 0.5 A going from He,@C4 cage to
He,@C,)H,,.

Natural population analysis and Wiberg indexes: *"*1 Given
that the ionization energy of the He atom itself is rather
high (compared to the heavier noble gas atoms) and the
electron affinity of C, H,, is low, it is expected that any elec-
tronic transfer from the He atoms to the cage will be small.
Indeed, a natural population analysis on the He,@C,H,,
complex gives an insignificant charge separation of +0.05
on the helium atom (Table 1). This indicates that the He,
fragment donates effectively no charge density to the C,yHy,
cage. In fact, although the He-He bond length is significant-
ly shorter in the cage than it is in the free He,, the calculat-
ed values of He-He Wiberg bond index?! show that the
He-He bond order is zero. We obtain no noticeable charge
transfer between the two He atoms in the cage. This is in
contrast to the Xe,@C, case, for instance, in which a charge
for Xe of 4+1.06 was obtained.'!! Negligible Wiberg bond in-
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dices of 0.015 are also obtained for the He—C contacts, indi-
cative of the inert nature of He even in comparison to the
other noble gas atoms (for which some bonding is evident in
Cg) and despite the shorter interatomic separation with the
neighboring atoms in the C, H,, cage.

Molecular orbital analysis: Figure 5 shows the contour maps
of the most important molecular orbitals involving the
helium atoms. The HOMO energy for the isolated He,

dgy ba,
-16.71 eV

Figure 5. The contour maps of the relevant molecular orbitals involved in
the He-He interaction for the D,, He,@C,,H,, structure calculated at the
B3LYP/def2-TZVPP level.

dimer with the He-He distance in He,@C,jH,, is —17.75 eV
(at the B3LYP level). Note that the HOMO of the free He,
is mixed into a b, orbital (—16.71 eV) for the He,@C,,H,,
complex.

The change in the energy level going from the free He, to
the He,@C,H,, complex reveals that the He pair has a
slightly stabilizing electrostatic interaction with the cage,
which arises from an attraction between the electrons of
helium dimer and the nuclei of the C sites in cage. It is evi-
dent from our discussion of the dissociation energies that
the destabilization of the He,@C,;H,, complex arises from
steric (hard sphere) repulsion between the He, unit and the
CyH,, cage.

Figure 6 depicts the HOMO and the LUMO of He,@
CyHy. The HOMO lies completely on the C,H,, cage,
while the LUMO is mainly a strong He,—cage antibonding
contribution with a small He-He bonding contribution. This
suggests that in the He,@C,H,, anion or dianion, there

LUMO

HOMO

Figure 6. Isosurface of HOMO and contour line map of LUMO of D,,
He,@C,,H,, at B3LYP/def2-TZVPP.
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would be a further reduction of the He-He distance by re-
pulsion between the helium atom and the cage.

This prediction is confirmed by our B3LYP calcula-
tions,*®! which show a reduction of the He-He distance from
1265 A to 1255 A for the anion (He,@C,H, ) and to
1.244 A for the dianion (He,@C,yH,,*"). Interestingly, the
partial charge of the He atoms in both the anion and di-
anion is only +0.05. So the shortening of the He, distance is
a consequence of a substantial He—cage repulsion, unaccom-
panied by any meaningful reduction in charge density of the
antibonding o, He, molecular orbital to the cage.

Conclusion

The confinement of a pair of He atoms into the C,yH,, cage
leads to a high-energy distorted cage system in which the
He-He separation is 1.265 A, a separation that is less than
half the He-He distance in He,. The energy difference be-
tween the possible isomers is negligible (less than 0.15 kcal
mol '), indicating that there is a nearly free precession
movement of diatomic He, around its midpoint in the cage.
Given the highly repulsive nature of the He-He and He-
cage interactions and the small cavity size in C,H,, it
would be difficult to synthesize the complex. Nonetheless,
we consider that a study of inclusion complexes, such as the
case we have selected and other systems that involve artifi-
cially compressed molecular fragments, are useful reference
point in testing and extending our understanding of the
bonding capabilities of otherwise unreactive or unstable spe-
cies. The analysis of the bonding in endohedral (confine-
ment) complexes, such as He,@C,,H,, is a vivid demonstra-
tion that a short internuclear separation does not necessarily
imply the existence of a chemical bond. All bonding indica-
tors we have considered, except the Bader analysis, show
the absence of a genuine chemical bond. The high ionization
energy of the He atom and the relatively low electron affini-
ty of C,yH,, explain the small electron transfer between the
He atom and the cage. A comparison of He,@C, H,, with
Xe,@Cy is instructive. In both systems the free Ng-Ng dis-
tance is shortened as a consequence of the cage confine-
ment. However, although a significant degree of bonding is
obtained between the Xe atoms Xe,@Cg,, the helium atoms
in the He,@C, H,, complex show no tendency towards bond
formation, even though the He atoms are rather close to
each other at 1.265 A in C, H,,. We are interested in explor-
ing further the electronic interaction of He and other inert
chemical species in molecular cavities that afford even more
significant restrictions in motion and spatial confinement
and in cages with an increased Lewis acidity compared to
the Cq or C,)H,, frameworks. Steps in these directions are
in progress.
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