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Chemical Bonding in the Inclusion Complex of He in Adamantane
(He@adam): The Origin of the Barrier to Dissociation

Tatyana Strenalyuk and Arne Haaland*!*!

Four years ago we published the results of an extensive
computational study of the structure and bonding in the in-
clusion complex of a He atom in an adamantane (C, H;¢)
cage, He@adam, by density functional theory (DFT) calcu-
lations at the B3LYP/6-311 ++ G(2d,2p) level.!

Structure optimization of the free adamantane molecule
confirmed that the equilibrium structure has 7, symmetry
and yielded a C—C bond length of 154.0 pm and a 'C-°C-'C
valence angle of 109.7° (*C=secondary carbon atom, 'C=
tertiary carbon atom), both in excellent agreement with the
experimental values, r,=154.0(2) pm and 0,=109.8(7)°, re-
spectively.? Structure optimization of the He@adam com-
plex showed that it retained the T, symmetry of the ada-
mantane cage (see Figure 1). The distance from the He
atom to the four tertiary carbon atoms (‘C) was found to be
162.1 pm; the distance to the six secondary carbon atoms
(°C) was 184.4 pm.

Figure 1. Left: the equilibrium structure of the endohedral complex
He@adam. Right: the transition-state structure for the dissociation reac-
tion, [He@adam]".
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The sum of the van der Waals radii of a He atom
(148 pm)”! and of a spherically averaged methane molecule
(201 pm)¥ suggests that He-~C interactions should be
strongly repulsive at distances shorter than 200 pm. Indeed,
DFT calculations on the He--H;CH dimer optimized under
C,, symmetry with He--C distances fixed at values ranging
from 320 to 160 pm, showed that the interaction energy in-
crease monotonically with decreasing distance and reach a
value of 177 kImol ™" at He-~C=162.1 pm.!"

The energy of formation of the complex, defined as the
energy of the reaction given in Equation (1), was found to
be large and positive [Eq. (2)]

He + adam = HeQadam (1)

AE; = E(HeQadam)—E(adam)—E(He) = 645kJmol™*  (2)

Introduction of the He atom led to an elongation of the
C—C bond length from 154.0 to 160.5 pm, while the '‘C-°*C-'C
valence angles opened to 111.1°. The large positive energy
of formation and the marked elongation of the C—C bonds
were interpreted as the result of strong repulsive He'C in-
teractions.

Formation of the complex [Eq. (1)] may be divided into
two steps; the first involves the deformation of the adaman-
tane cage to the structure adopted in the complex (adam*),
the second the introduction of the He atom into the pre-
formed cage. The adamantane deformation (or strain)
energy calculated for the first step is given in Equation (3).
The He-adamantane interaction (or He-C repulsion)
energy, calculated for the second step is given in Equa-
tion (4).

AEy; = E(adam™)—E(adam) = 64 kJ mol ™ (3)

AE,, = E(HeQadam)—E(adam*)—E(He) = 581 kJ mol™
(4)

The major part, about 90 %, of the positive energy of for-
mation is thus due to He--C repulsion.
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Alternatively, one may divide the formation reaction
[Eq. (1)] into two steps in such a way that the first step in-
volves the introduction of the He atom into a rigid adaman-
tane cage of unchanging structure, and the second step the
structural relaxation of the cage. The calculated energy of
the first step is 716 kJmol™' and that of the second
—71 kJmol™'; expansion of the cage reduces the large posi-
tive energy of formation. At the same time part of the
energy of the complex is transferred from repulsive He--C
interactions to strain energy of the cage.

Topological analysis by using the “Atoms in Molecules”
(AIM) theory developed by Bader and co-workers® yields
atomic interaction lines between the He atom and the four
tertiary carbon atoms (‘C), but not between He and the six
secondary carbon atoms (°C). Assuming therefore that the
He atom interacts primarily with the tertiary carbon atoms,
the energy of formation corresponds to a positive mean
He-'C interaction energy of 161 kImol™, that is, very simi-
lar to the interaction energy of the He:-~H;CH dimer with
the same He---C distance, 178 kJmol ™.

The calculated mean He--'C bond energy, defined as one
quarter of the dissociation energy He@adam =He + adam is
—161 kJmol™'. Regarding a positive bond energy as the
basic criterion for a chemical bond, we concluded that the
He-'C interactions were antibonding (destabilizing) rather
than bonding. This interpretation has since been supported
by Poater, Sola, and Bickelhaupt!® and challenged, first by
Bader and Fang,! and more recently by Krapp and Frenk-
ing.®

Krapp and Frenking pointed out that a negative bond
energy does not always rule out the existence of a stable
molecule: Thus the He,** molecule has been shown experi-
mentally to have a mean lifetime longer than 5 ps in the gas
phase and a bond length of about 75 pm.”! Calculated po-
tential-energy curves, V(R), display a local minimum at R, =
70 pm followed by a local maximum at R=217 pm with
energy 140 kImol™' above the local minimum. Beyond this
maximum the energy decreases monotonically with increas-
ing internuclear distance to an asymptotic value
840 kImol ™ below the local minimum.'™"! In spite of a
large negative dissociation energy, the barrier to dissocia-
tion, 140 kJmol™, is sufficiently high to give estimated life
times of He,”* molecules in the lowest vibrational and rota-
tional state of the order of 10*s or about three hours."”! This
example is sufficient to show that negative bond energy
does not rule out the formation of a chemical bond. Krapp
and Frenking are absolutely right, our definition of a chemi-
cal bond is clearly inadequate!

Krapp and Frenking based their discussion of bonding in
He@adam on the definition of a chemical bond introduced
by Pauling!™? and adopted by IUPAC!"®: “There is a chemi-
cal bond between two atoms or groups of atoms in the case
that the forces acting between them are such as to lead to the
formation of an aggregation with sufficient stability to make
it convenient for the chemist to consider it as an independent
'molecular species’” " Krapp and Frenking remark that this
definition “does not say that there must be attractive forces
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that lead to the formation of an aggregation”, and since
AIM analysis shows that the He atom is connected to the
four tertiary carbon atoms by atomic interaction lines, and
since the energy of the He atom in the complex obtained by
AIM analysis is found to be lower than that of the free
atom, they concluded that a description in terms of a He--'C
chemical bonds seemed “reasonable”. To us it seems evident
that stable aggregates will only be formed if the net effect of
all interatomic forces is attractive. This does not rule out the
possibility that some atom—pair interactions in the aggregate
are repulsive, but in such cases it is the attractive interac-
tions that lead to the formation of an aggregation, while the
repulsive interactions oppose it.

The requirement that the aggregation should have a sig-
nificant life time means that there must be a sufficiently
high potential barrier to dissociation. Application of the
Pauling/IUPAC definition of chemical bond to the He,*?
species lead to the conclusion that a chemical bond is
formed, because of a short range (R <170 pm) attraction be-
tween the two He' ions that stabilizes the equilibrium struc-
ture relative to the transition state. A similar application of
the Pauling/TUPAC definition to the He@adam complex
would require us to identify the attractive forces that pre-
vent dissociation.

The barrier to dissociation of He@adam: The adamantane
molecule may be described as consisting of four fused six-
membered rings with alternating ‘C and *C atoms. For the
complex to dissociate, the He atom must exit through one
of these rings. Optimization of the transition state under Cs,
symmetry showed that the He atom was at the center of
gravity of the ring with three He--'C distances of 163.2 pm
and three He“C distances of 165.8 pm (see Figure 1).I"
While the equilibrium structure is characterized by four
short He---C distances below 170 pm, in the transition state
structure by is characterized by six such distances. The six
'C—*C bond lengths in the ring have increased from 160.5 to
170.2 pm, and the energy of the transition state He@adam'
was 172 kImol ™! above that of the equilibrium structure.

We now estimate the deformation (or strain) energy of
adamantane molecule in the transition state by comparing
the energy of an adamantane molecule calculated with the
geometry it adopts in the transition state, E(adam’), with
the energy of calculated for its equilibrium structure E-
(adam) [Eq. (5)]. Secondly we calculate the He-C interac-
tion (repulsion) energy in the transition state from Equa-
tion (6).

AE!; = E(adam")—E(adam) = 184 kJ mol™ (5)
AE! = E(HeQadam')—E(adam')—E(He) =632 kI mol™" (6)

Comparison with Equations (3) and (4) show that the
major part, about 74 %, of the barrier to dissociation is due
to an increase of the strain energy of the adamantane cage,

while 26% is due to an increase of the He--C repulsion
energy.
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The He--C repulsion energy in the transition state is pre-
sumably determined by the diameter of the unique C4 ring
defined as the distance between C atoms at opposite corners
Ring diameter=He-'C + He--*C=329 pm.

What happens if the diameter of the ring is increased? To
find an answer to this question we constructed a geometric
model of an adamantane molecule in which the diameter of
one ring had been increased to 400 pm, adam®."¥ The strain
energy of this model, calculated from Equation (7), is
980 kJ mol™" higher than in the equilibrium structure.

AEY, = E(adam™)—E(adam) = 1044 kI mol ™! (7)

The energy calculated for a model of the He@adam com-
plex where the He atom was placed inside the adam® cage
at the threefold symmetry axes and at a distance of
160.5 pm from the symmetry-unique (apical) 'C atom was
AE{(He@adam™) =1342 kJmol ' or 697 kJmol ' above the
equilibrium structure. The He--C repulsion energy for this
expanded-ring model is given by Equation (8) and is
283 kJmol™" below the He--C repulsion energy of the equi-
librium structure.

AE¥ = E(He@Qadam®)—E (adam)—E(He) = 298 kJ mol !

int 7

(®)

This means that if the adamantane frame had been more
flexible, that is, if the difference between the strain energies
of adam® and adam* had been less than 282 kJmol™!, the
energy of the He@adam® structure would have been below
that of the calculated for the equilibrium structure, and the
geometric deformation He@adam —He@adam" would occur
spontaneously.

Calculations on He@adam® models in which the unique
He--'C distance was increased stepwise from 160 to 230 pm,
showed that the energy of the complex decreased monotoni-
cally with increasing He--'C distance.

In our view the results of these calculations are sufficient
to show that the spontaneous dissociation of He@adam is
prevented solely by the rigidity of the adamantane frame-
work, that is, by the strong attractive forces between the C
atoms in the cage. Dissociation through distortion to a com-
plex of structure He@adam" would in fact be favored by a
monotonous decrease of the He---C repulsion energy.

AIM analysis of He@adam and the transient He--H;CH
dimer: AIM analysis of the charge density calculated for the
transient species He--H;CH optimized under C;, symmetry
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with the He--C distance fixed at 162.1 pm yields an atomic
interaction line between the He and C atoms, but not be-
tween the He and H atoms. In Table 1 we compare the
He-C bond critical point (BCP) parameters of He--H;CH
with the He-'C BCP parameters obtained by AIM analysis
of He@adam. As pointed out by Bader and Fang!” the
charge densities p(r.), the density Laplacians v/°0(r.), and
the energy densities H(r,) at the He-'C BCPs in He@adam
are similar to those found for metal-carbon bonds in transi-
tion-metal carbonyls: AIM analysis of Cr(CO);, Fe(CO)s
and Ni(CO), have yielded charge densities at the BCP’s
ranging from 0.10 to 0.14 au; density Laplacians ranging
from 0.45 to 0.55au, and energy densities ranging from
—0.030 to —0.055 au.l' Inspection of Table 1 will make it
clear, however, that the BCP parameters of He@adam are
much closer to those of He--H;CH than to those of the tran-
sition-metal carbonyls. Indeed, the close similarity of the
BCP parameters in He@adam and He--H;CH strongly sug-
gests that the nature of the He--C interactions in the two
species is essentially equal.

Calculation of atomic energies or atomic charges by AIM
analysis rests on the decision to describe the molecule as
consisting of nonpenetrating atoms separated by sharply
drawn boundary surfaces: this description is not forced on
us by quantum mechanics. After the choice has been made,
the theory rests on the rigid application of quantum me-
chanics. In Table 1 we list the AIM energies of He, C, and H
atoms in He@adam relative to those obtained for free He
atom or adamantane molecule. It is seen that the AIM
energy of the He atom in the complex is lower than that of
the free atom. Calculation of atomic energies in transient
species like He--H;CH is possible, but not routine.!"” Calcu-
lation of the atomic energies of He--H;CH for comparison
He@adam would, however, be of great interest.

Bader and Fang!” have shown that the Ehrenfest forces
acting across the interatomic surfaces between the He and
'C atoms in He@adam are attractive. In view of the similari-
ty between the BCP parameters of He@adam and
He--H;CH, in would be of considerable interest to know
whether the same is true for the Ehrenfest forces acting be-
tween the He and C atoms in the transient methane species.

Addendum

Note added in proof: In this communication we have
searched for the origin of the high energy of formation of
the inclusion complex He@adam by partitioning the energy

Table 1. He--C bond critical point parameters for He@adam and He-+-H;CH with the He---C distance fixed at 162.1 pm: distances to attractors, charge
densities p(r.), density Laplacians v/°o(r.), Hessian eigenvalues 4, 1,, and A;, and energy densities H(r.). AIM atomic energies relative to free He atoms

or adamantane molecules.®!

Distances to o(r.) v2o(re) =2, A3 H(r )" AE(He) AE(C) AE(H)

attractors [pm] [au] [au] [au] [au] [au] [kJmol™] [kImol™] [kImol™]
He@adam 72.1-90.0 0.078 0.362 -0.076 0.513 -0.018 —1263 2181; 13714 16; 1300
He--CH, 71.5-90.6 0.071 0.346 —0.083 0.512 —0.013

[a] All parameters calculated at the B3LYP/6-311 4+ G(2p,2d) level!! unless otherwise noted. [b] Calculated at the RI-BP86/def2-TZVPP level.™ [c]
Four tertiary C atoms. [d] Six secondary C atoms. [e] Hydrogen atoms bonded to tertiary C atoms. [f] Hydrogen atoms bonded to secondary C atoms.
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of formation into deformation and interaction energies. Our
analysis leads to the conclusion that the high energy of for-
mation is due to strongly destabilizing interactions between
the He atom and the four tertiary C atoms. In the following
communication Hoffgarten and Frenking analyze the energy
of formation by partitioning the energies of the free ada-
mantane molecule and of the complex into atomic energies
based on AIM analysis of the charge densities. Their investi-
gation leads to the conclusion that the He-'C interactions
in the complex are stabilizing, This stabilization is, however,
more than canceled by a concomitant weakening of the C—
C bonds. The reader is thus faced with two alternative inter-
pretations, each valid within each own conceptual frame-
work, and is free to choose the one that he finds most con-
venient.

In the final paragraph of their communication Hoffgarten
and Frenking write: “We think that the arguments against
the presence of He—C chemical bonds in He@adam given
by Strenalyuk and Haaland are valid within the realm of
classical bonding models. However, we also think that the
AIM analysis provides compelling evidence for the opposite
view. In our view, the physical view of chemical bonding ad-
vocated by Bader and Fang is more sound and goes deeper
when it comes to fundamental laws of physics than the
chemical view of Strenalyuk and Haaland which is based on
the pragmatic approach that is typical for chemistry.” We do
not share these views;

i) Our calculations of deformation and interaction ener-
gies are based on quantum mechanics and the Born—-Oppen-
heimer approximation. AIM atomic energies are based on
charge densities calculated on the same basis plus the some-
what arbitrary decision to regard the molecules as composed
of non-penetrating atoms. Our interpretation may be more
in line with classical bonding models, but we cannot see that
it is less firmly based on quantum mechanics or less compel-
ling than an interpretation in terms the atomic energies or
Ehrenfest forces obtained by AIM analysis.

ii) The AIM energy of the individual atoms in a general
polyatomic molecule cannot be determined experimentally.
For a discussion of this point, see reference [18]. The defor-
mation energy of the adamantane molecule in the complex
may—at least in principle—be determined by studying the
symmetric deformation frequencies. Since the interaction
energy is defined as the difference between formation and
deformation energies, AE,; and AE;, are both observable.
It is not obvious to us that an interpretation in terms of non-
observable quantities should be regarded as “going deeper”
than an interpretation in terms of observable ones.

We also note that our simple interpretation leads immedi-
ately to hypotheses that may be tested. Our analysis thus
suggests that the energy of formation of a complex of a rare
gas atom in a hydrocarbon cage will increase with the radius
of the rare gas atom and decrease with increasing radius of
the cage. As far as we know this hypotheses is consistent
with the results of all computational studies of such com-
plexes up to the present.!"!

Our final point concerns terminology. We believe that we
have demonstrated that the He-'C interactions in
He@adam do not correspond to “chemical bonds” according
to the Pauling/TUPAC definition. This classical, well-estab-
lished definition is based an observable property, namely,
the lifetime of the species. To describe the He-'C interac-
tions in He@adam as “genuine bonds” or as “chemical
bonds” is in our view tantamount to adopting a new, and
nonequivalent definition of the concept based on nonob-
servable parameters.
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