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Abstract

Following the discovery of quantum mechanics, properties of atoms and molecules in confined environments were investi-
gated using model systems and the implications of the results for real systems in the laboratory as well as in astrophysical
conditions (white dwarfs and neutron stars) were examined. While chemists continued to study photochemical properties of
molecules inside solvent cages and molecular cages, the discovery of fullerene, C, gave a new impetus to the investigation
of electronic properties of atoms/ions and electronic and vib-rotational properties of individual molecules inside the cavity
of the fullerene cage. This overview presents the results of theoretical investigations on atoms, molecules and their clusters

inside Cg, from the author’s laboratory.
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Introduction

One of the first lessons I learned in a course in quantum
mechanics was that the solution to a differential equation
must satisfy the boundary conditions and that the imposition
of boundary conditions led to quantization. A classical
mechanical description of a free particle (not under the influ-
ence of any external field) suggests that the particle can have
any energy (E > 0). A quantum mechanical description of
the same problem yields the same result. However, when the
movement of the particle is restricted to a finite range, in one
dimension (1D), for example,0 < x < a, the solution of the
time-independent Schrodinger equation reveals that the
energy of the particle is quantized (Levine 2013). That is,
the energy of the particle can be one of the following:
E, = (n*h*)/(8ma?*), where m is the mass of the particle, a
is the size of the “box”, & is Planck’s constant and » is the
quantum number. In two and three dimensions, similar

2 2
results are obtained: E,,X’ny = <Z—;+ %)hz/(Sm) and
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Eynon = Z—; +ot %>h2/(8m), where a, b and ¢ repre-

sent the size of the box along the x, y and z directions and n,,
n, and n, are the corresponding quantum numbers.

" It becomes obvious from these formulas for the energy
levels of a particle-in-a-box that the smaller the value of the
box dimensions, greater is the energy of the bound states.
That is, the more confined the particle (in space) is, larger is
its momentum and hence the kinetic energy (potential energy
being zero inside the box). This, of course, follows from the
Heisenberg’s uncertainty principle. If we extend this model
of confinement to hydrogen and other atoms (Michels et al.
1937; Sommerfeld and Welker 1938), the implications are
profound. If an electron in an atom is confined to a smaller
radius (r.) (w(r > r.) = 0) than what is envisaged in its
quantum mechanical solution, i.e., limy — O, its energy

r—0o0

increases and it can go up to the level of ionization and
beyond. In principle, such a confinement could be achieved
by increasing the pressure on the atom. There could be a
situation in which a proton and an electron are confined to a
small space and yet they do not (necessarily) constitute a
hydrogen atom. This is referred to as “pressure (induced)
ionization”. It is considered to be important in white dwarf
stars (Kothari 1938) and also in the formation of plasmas
under constraints (in Tokamak, for example). Auluck had
considered the effect of confinement on a harmonic oscilla-
tor and pointed out how the energy levels could shift
upwards and also reduce the degeneracy present in the case
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of a free oscillator in higher dimensions (Auluck 1942,
1945). Gueorguiev et al. (2006) showed that a two-mode
system could arise in one dimension by combining a 1D
harmonic oscillator with a 1D particle-in-a-box model.

Nature had demonstrated long ago that diamond could
be formed from charcoal under extremely high pressure.
Wigner and Huntington (2005) had considered the possi-
bility of hydrogen behaving like a metal under extremely
high pressure (250,000 atm.). Rahm and Cammi (2019) have
shown recently that the electronegativity of atoms could
change under high pressure.

Electronic structure calculations have shown that the rela-
tive ordering of atomic orbitals can change due to confine-
ment and a main group element can behave like a transi-
tion metal under high pressure. (Sen 2004; Guimaraes and
Prudente 2005). One of the early studies on the effect of
confinement on molecules was by Singh, who considered
H," in a spheroidal box (Singh 1964). For details of other
confined systems studied over the years, the reader may refer
to excellent reviews elsewhere (Cruz 2009; Sen 2014; Con-
nerade 2020).

While much of the model studies mentioned above per-
tain to confinements arising from rigid boundaries, the real-
life systems involve “soft” boundaries like solvent/solid/
molecular cages. Nandi et al. (2000) showed that water
behaved differently in the confines of reversed micelles and
in cavities of mesoscopic materials and proteins. Recently,
Mukhopadhyay and coworkers (Arya and Mukhopadhyay
2014; Arya et al. 2016; Mukhopadhyay 2020) have shown
that water molecules are more ordered inside the cavities of
(mis)folded proteins than in bulk water and that their char-
acteristics could provide an insight into the nature of the
cavity.

Cage effects in photochemistry have been known for long
(For example, see Turro 1983). Chemists have been work-
ing with molecules shaped like buckets (cyclodextrin, for
example), which provide a cavity for molecules to get in
and undergo isomerization and capsids like Cucurbiturils,
which provide a fully covered space for molecules to get in
and undergo chemical reactions (Ramamurthy and Sivaguru
2016).

Soon after the discovery of fullerenes (Kroto et al. 1985),
it was realized that fullerene cages provide large enough
nonpolar cavities within, for atoms and small molecules to
get trapped. Heath et al. (1985) announced the discovery
of a lanthanum atom trapped inside Cg, (La@Cg,). Such
species came to be called endohedral fullerenes and they
offer unique opportunities to study host—guest interactions.
A lot of work has been done over the years to trap suitable
species inside fullerenes to finetune the properties of the
host molecule as well as to investigate the effect of the cage
on the properties of the guest species. Gd@Cg, has been
used as a contrasting agent in magnetic resonance imaging
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(Lu et al. 2006), N@Cg, has been thought of as a possible
candidate for use in quantum computing (Almeida Murphy
et al. 1996). One of the early reviews of endohedral fuller-
enes was by Popov et al. (2013). At one time, the possibil-
ity of using fullerenes as a means of hydrogen storage was
considered (Durbin et al. 2016). However, there is a large
barrier for H, to get in and out of the cage. Chakraborty and
Chattaraj (2019) have published recently a broad overview
of the bonding, reactivity and dynamics in confined systems.

In what follows, we describe briefly the effect of the
host cage (Cg) or a carbon nanotube on the properties of
the guest atoms/molecules/ions and atomic and molecular
clusters, with examples largely from our own laboratory. In
spite of the fact that C, is a fairly rigid cage, it does inter-
act electronically with the guest species. It has z electrons
delocalized in the form of an inner layer and an outer layer
around the sphere of 60 carbon atoms, thus providing for the
possibility of electron/charge transfer between the host and
the guest moieties.

Fullerenes as a means of confinement

The idea of endohedral fullerenes is conceptually simple
and attractive for various molecular investigations. Although
Cgo 1s thermodynamically less stable than graphite, it is sta-
ble enough to be stored in the laboratory for ever. The C—C
bonds are strong and covalent. Since Cy, has a diameter of
7.1 A, it can easily hold atoms/molecules of smaller size
in its cavity. A representative diagram of a rare gas atom
trapped inside Cg, is given in Fig. 1. Preparing endohedral

Fig. 1 Schematic illustration of an endohedral fullerene. The rare
gas atom (light blue colour) is located in the geometric centre of the
buckyball made of 60 carbon atoms (grey colour)
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fullerenes turned out to be much more challenging than the
preparation of fullerenes.

We had shown elsewhere (Maheshwari et al. 1999) that
the entry of a proton through any of the pentagons or hexa-
gons that constitute the buckyball does not face any barrier.
However, an atom like He or Li* ion faces a substantial bar-
rier (~10 eV) for entry into (or exit out of) Cg, fullerene
(Ramachandran et al. 2008). This barrier is larger than the
strength of a C—C bond, suggesting that the cage has to be
“pried” open for any atomic species (other than the proton)
to enter or exit the cage. Perhaps, the easiest way to form
an endohedral fullerene would be to “co-deposit” the guest
atom while the Cg, cage is being formed.

While subjecting a mixture of carbon rods and the poten-
tial guest species to an electric arc was a possible synthetic
strategy for forming an endohedral fullerene (for exam-
ple, see Saunders et al. 1993; Roy et al. 2009, 2011), an
alternative was to produce it under high pressure and high
temperature (Saunders et al. 1994). The possibility of brute
force entry of the guest atom inside the host cage using high
energy beams was also demonstrated (Weiske et al. 1991).
Chemists also synthesized “open” fullerenes through organic
pathways and trapped guest atoms like Ar and Kr and mol-
ecules like CO and N, (Stanisky et al. 2009), H,O (Iwamatsu
et al. 2004), NH; (Whitener et al. 2008) and CH, (Whitener
et al. 2009). The cage could be closed successfully in some
cases to result in H, @C,, (Komatsu et al. 2005), H,O@C,
(Kurotobi and Murati 2011) and HF@Cy, (Krachmalnicoff
et al. 2016). Such an approach is referred to as “molecular
surgery method” in the literature.

Perhaps the first set of theoretical (Hartree—Fock) inves-
tigations of the structure and stability of several endohedral
fullerenes was by Cioslowski and coworkers (Cioslowski
1991; Cioslowski and Fleischman 1991; Cioslowski and
Nanayakkara 1992). They showed that an anion like F~ and
cations like Na*, Mg?* and AI’* could be stabilized inside
the cage. While the encapsulated anion was responsible for
a slight shrinking of the cage, the cations trapped inside led
to a slight enlargement of the cage. They also showed that
polar molecules like HF were stable inside Cg, and that they
could rotate freely inside the cage. They also pointed out
that the vibrational stretching frequencies of some molecules
increased and some decreased due to encapsulation. Dol-
gonos and Peslherbe (2014) carried out extensive density-
fitting local second order Mgller—Plesset theory (DF-LMP2)
calculations for H,, N,, O,, F,, HF, CO, LiH, LiF, BN and
BeO inside Cy, and showed that they were all stable. They
also pointed out that the bond length of each of these guest
diatomic molecules increased slightly due to encapsulation
resulting in a red shift in their vibrational frequencies.

We had studied the properties of the guest molecules HF,
H,0, NH; and CH, inside fullerene (Cg,) using the Har-
tree—Fock method and the 6-31G basis set and shown that the

vibrational stretching frequency of the guest molecule could
be blue-shifted when compared to that of the same molecule
in the free state (Shameema et al. 2006). Ramachandran and
Sathyamurthy (2005) showed that the stretching frequencies
of H,O in water dimer inside Cg, were also blue-shifted.
However, recent density functional theoretic (DFT) calcula-
tions using the MN15 functional and the aug-cc-pVDZ basis
set have shown a significant red shift in the F—H stretching
frequency of the HF molecule and its oligomers inside Cq
(Remya et al. 2019). The only experimental result available
(Krachmalnicoff et al. 2016) on the vibrational frequency of
HF inside Cg, suggests that it is red-shifted due to confine-
ment. A summary of the results is presented in Table 1. It
is quite possible that the earlier Hartree—Fock calculations
accounted essentially for the Pauli repulsion between the
guest molecule and the cage and hence a blue shift in the
stretching frequency of the guest molecules.
Ramachandran (2007) had found that polar molecules like
HF and H,0 could induce a dipole moment in the opposite
direction on the cage and the net dipole moment of the endo-
hedral fullerene would decrease considerably (see Table 2).
Recent experiments (Krachmalnicoff et al. 2016) on HF @
Cgo confirm that the cage shields 75% of the dipole moment
of HF at cryogenic temperatures. The same authors found
from neutron scattering and infrared spectroscopy that HF
rotated freely inside Cg, and its translational and rotational
motions were quantized. Kalugina and Roy (2017) showed
using the DF-LMP2/cc-pVTZ level of theory that the poten-
tial energy minimum corresponded to the centre of mass of
HF located 0.11 A away from the centre of the cage with
an interaction energy of — 6.9 kcal/mol. Rashed and Dunn
(2019) have analyzed the symmetry aspects of the interac-
tion of the guest H,O molecule with the host (Cg) cage.
Earlier researchers had shown that several H, molecules
could, in principle, be packed inside C, without breaking
the cage (Durbin et al. 2016). We undertook an investigation
of the structure and stability of water clusters inside Cg,.
The structure of water clusters in gas phase has been
investigated over the years experimentally as well as theo-
retically (Maheshwary et al. 2001 and references therein).
The hydrogen bond (O-H:--O) between two water molecules
in (H,0), in gas phase is well established. Three water mol-
ecules form a trigonal structure and four form a cyclic struc-
ture with all four oxygen atoms occupying the corners of a
square. While five water molecules form a five membered
ring with one oxygen atom staying out of the plane formed
by the other four, water hexamer is known to form a cage
structure or a prism or an open book structure, depending
upon the experimental conditions. Our ab initio calculations
showed that water dimer could indeed be stable inside Cg,
but without the “linear” hydrogen bond between the two
water molecules (Ramachandran and Sathyamurthy 2005).
The non-bonded O-++H distance decreases from 2.04 A in
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Table 1 Change in vibrational

stretching frequency (in cm™! System Symmetric Asymmetrtic Expt
units) due to confinement for Frequency Shift Frequency Shift
HF, H,0, NH;, CH, and (H,0),
inside Cg, obtained using dif- HF 3692
ferent theoreti‘cal flnethods‘ﬂ"b’c 4172.2¢
and from experiment HF@Cy, 3693 1 3791 (- 170.5)¢
4016.5° - 1557

H,0 3560 3701

H,0@Cy, 3601 41 3731 30

NH, 3376 3559

NH;@Cy, 3414 38 3596 37

CH, 2841 2943

CH,@Cy, 2979 138 3100 157

(H,0),° (3483, 3571) (3668, 3705)

(H,0),@Cq," (3620, 3630) (137, 59) (3738,3746) (70,41)

a. Shameema et al. (2006)

b. Ramachandran and Sathy-

amurthy (2005)
c. Remya et al. (2019)
d. Krachmalnikoff et al.
(2016)

Table2 Dipole moment (x) Molecular system 4 in Debye units

values for HF, HF@C(,O’ H,0,

H,0@C,,, NH, and NH,@Cy, HF

HF@C,

H,0
H,0@C
NH,

NH,@C

a. HF/6-31G (Shameema et al. 2006)
b. Expt. Krachmalnikoff et al. 2016
¢. DFT/M06-2X/6-311G** (Kurotobi and Murata 2011)

d. CCSD(T)/aug-cc-pVTZ (Remya et al. 2019)

e. DFT(MN15)/aug-cc-pVDZ (Remya et al. 2019)

2.3,21.93,91.83¢

0.5,20.45+—0.05,°
0.6-0.7°

2.5,22.02¢
0.54,*2.03¢
1.4%

0.3%

the free state to 1.92 A inside Ceo- An atoms-in-molecules
(AIM) analysis (Bader 1990) revealed no bond critical point
and hence no hydrogen bond between the two water mol-
ecules inside the cage. The Cg, cage is not large enough
to accommodate four water molecules in a square planar
structure. However, it can accommodate them in a tetrahe-
dral arrangement of four oxygen atoms, with the hydrogen
atoms pointing away from the centre. Experimental evidence
for such a tetrahedral structure in metal—organic framework
came subsequently (Jiang et al. 2006). Water pentamer and
hexamer assume a compact trigonal bipyramidal and an
octahedral structure, respectively, inside Cgq, (Ramachan-
dran 2007) as illustrated in Fig. 2. Vaitheeswaran et al.
(2004) demonstrated that as the size of the cage increases,
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the structure of water clusters becomes increasingly similar
to that of the corresponding clusters in the gas phase.
More recently, we have investigated the structure of HF

clusters inside Cgy, (Remya et al. 2019). The F-H--F struc-
ture is known to be nearly linear in an L-shaped configu-
ration for (HF), in the gas phase. Unfortunately, the com-
puted results for the dimer turn out to be basis set dependent.
While second order Mgller—Plesset perturbation theory
(MP2) and coupled cluster singles, doubles and perturba-
tive triples (CCSD(T)) calculations using the aug-cc-pVTZ
basis set yielded the correct L-shaped structure, they yielded
an anti-parallel structure between the two HF molecules,
when the 6-31G** basis set was used (Khatua et al. 2014,
Remya et al. 2019).
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Fig.2 Optimized geometry of (H,0),, (H,0); and (H,0)¢ inside
Cgo (schematically shown as a circle)as obtained from MP2/6-31G*
calculations (Ramachandran 2007). An imaginary atom is shown in
purple colour at the centre of each cluster to illustrate the tetrahedral,

Fig.3 Schematic illustration of the geometry of the HF dimer inside
C¢o as obtained from DFT(MNI15)/aug-cc-pVDZ level of theory
(Remya et al. 2019). Some of the carbon atoms (grey colour) of the
cage are not shown for the sake of clarity. The sea green colored
spheres represent F atoms and the whitish spheres represent the H
atoms

Since our computational resources did not permit us to
carry out MP2 or CCSD(T) calculations for (HF),@Cg,, we
resorted to DFT(MN15)/aug-cc-pVDZ calculations, which
yielded an L-shaped structure for the HF dimer inside the
Cyp cage, as illustrated in Fig. 3. However, it is important to
point out that the hydrogen bond between the two HF mol-
ecules gets shorter due to confinement. In addition to reveal-
ing a hydrogen bond critical point (3) between the two HF
molecules, an AIM analysis revealed the bond critical points
(2 and 4) in each HF molecule and noncovalent bond critical
points (1 and 5) between each HF molecule and the cage.
The results are shown schematically in Fig. 4 (Remya et al.

trigonal bipyramid and octahedral arrangement of the oxygen atoms
(in red colour). The hydrogen atoms in each water molecule are not
shown to keep the drawing simple

2019) and the relevant electron density (p) values and their
Laplacian (V?2p) are listed in Table 3. It is worth pointing
out that there is an additional build up of electron density at
the hydrogen bond critical point and a depletion of electron
density from the covalent bond critical points, when com-
pared to the corresponding values in free HF dimer (Mishra
2020). The significance of the magnitude of the p values
and the sign of V?2p values for different types of interac-
tion in molecular systems has been discussed elsewhere
(For example, see Parthasarathi et al. 2006). Lipkowski
et al. (2014) had investigated the effect of a two dimensional
(2D) model harmonic confining potential on hydrogen bond-
ing in HCN---HCN, HF---HF and HCN---HCCH systems.
Although they found a shortening of the hydrogen bond in
all three cases, their model considered only a completely
linear HF---HF structure.

Three HF molecules form a trigonal planar structure and
four form nearly a square planar structure in the free state.
Inside Cyg, although (HF); retains a “squeezed” trigonal
geometry, (HF), prefers a trigonal pyramidal arrangement of
the four F atoms, with the corresponding covalently bonded
H atoms pointing towards the neighboring F atoms, form-
ing four hydrogen bonds. There is an elongation of the H-F
bond length and a significant red shift in the H-F vibrational
frequency in all cases investigated (Remya et al. 2019).

Closed shell guest atoms like He, ions like Li* and mol-
ecules like H, trapped inside Cg, do not perturb the orbital
energy levels of the cage, but a proton (H") or a hydride (H™)
ion does (Ramachandran et al. 2008). When a small open
shell molecule like B, or O, is trapped inside Cg, it retains
its electronic spin multiplicity (triplet); however, a molecule
like Ge, interacts with the molecular orbitals of Cg, and
undergoes a change in its spin multiplicity as it rotates inside
the cage (Equbal et al. 2014) indicating that the size of the
guest molecule matters. Turro et al. (2010) had shown that
the ortho-para conversion of H, (involving nuclear spin mul-
tiplicities) “incarcerated” inside the cage could be influenced
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Fig.4 An atoms-in-molecules

analysis of the bond critical

points (small solid red spheres)

for (HF),@Cy,. While the

points 1 and 5 represent non-

covalent interactions, 2 and 4

represent covalent bonding and

3 the hydrogen bonding (Remya

et al. 2019). Solid black spheres 1
represent carbon atoms, amber

color the fluorine atoms and
grey color the hydrogen atoms

Table 3 Electron density (p) and the Laplacian of the electron den-
sity (V2p) at the bond critical points in (HF),@Cy as obtained from
DFT(MNI15)/aug-cc-pVDZ calculations (Remya et al. 2019; Mishra
2020)

Nature of interaction pl (e/A3) (V2p)/ (E/AS )

0.024 0.028
0.329 (0.346) — 0.658 (- 0.738)

1. (3, — 1) non-covalent

2. (3, = 1) covalent bond
(H-donor)

3. (3, — 1) hydrogen bond

4. (3, — 1) covalent bond
(H-acceptor)

0.095 (0.025) 0.069 (0.028)
0.318 (0.353) —0.588 (= 0.755)

5. (3, — 1) non-covalent 0.037 0.027

The corresponding values for the free HF dimer at the same level of
theory are given in parentheses

by O, in its ground electronic state (triplet) acting as a spin
catalyst from outside.

Biihl et al. (1997) had shown using MP2/6-31G** cal-
culations for He@Cg), Ne@Cy, and Ar@Cg, and MP2/
DZP level calculations for Kr@Cy, and Xe@Cy, that the
host—guest interaction energy for all the rare gas endohedral
fullerenes was negative. Pyykko et al. (2007) determined the
interaction energy for X@Cg, (X=He, Ne, Ar, Kr, Xe, Zn,
Cd, Hg and CH,) using the RI-MP2/def2-TZVPP method
and also derived an analytic expression for the dispersion
interaction between the host and the guest. Estimates of the
host—guest interaction energy values for X@Cg, (X=He, Ne,
Ar, Kr, HF and H,O) from our group and those of our col-
laborators are compared with the results from other research

Table 4 Interaction energy
values in kcal/mol units,
computed for different
endohedral fullerenes

He@Cg,
Ne@,
Ar@Cy,
Kr@Cy,
Xe@Cyq,
HF@Cq,
H,0@Cq,

a. HF/6-31G* (Koner et al. 2018)

3220-17Y-18%-03"-20
172 —412—-53 - 19"

93,2 -8.6,—17.05,—2.5"
17.82 -84 -229¢— 7.5
—5.4

—14.7(9),4 = 10.1,° — 6.9
-99¢

b. DFT(wB97XD)/6-31G* (Koner et al. 2018)

c. RI-MP2/def2-TZVPP (Pyykko et al. 2007)

d. DFT(MNI15)/aug-cc-pVDZ (Remya et al. 2019)

e. DF-LMP2/cc-pVTZ (Dolgonos and Peslherbe 2014)

f. DF-LMP2/cc-pVTZ (Kalugina and Roy 2017)

g. MP2/6-31G//HF/6-31G (Ramachandran and Sathyamurthy 2005)

h. MP2/6-31G** (Biihl et al. 1997)

i. MP2/TZP(C) + cc-pVQZ (Biihl et al. 1997)

J- MP2/DZP (Biihl et al. 1997)
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groups in Table 4. Various experimental and theoretical
studies carried out till date on rare gas endohedral fullerenes
have been reviewed by Jalife et al. (2020) recently.

Since Cg, fullerene could be synthesized in sufficient
quantities in the laboratory, its heat capacity has been meas-
ured as a function of temperature (Diky et al. 2001). The
results showed clearly the sublimation point. By comput-
ing the vibrational frequencies of Cgy,, we could calculate
the molar heat capacity of Cg, and show that the computed
results are in agreement with the experimentally observed
results. Although endohedral fullerenes have not been syn-
thesized in sufficient quantities to enable the measurement
of their thermodynamic properties, we computed the vibra-
tional frequencies of Rg@Cy, (Rg=He, Ne, Ar and Kr) and
their molar heat capacity (C) values as a function of tem-
perature (7) (Koner et al. 2018). It became clear from the
results that the guest atom interacts with the host cage and
that the difference between the heat capacity values for Rg@
C¢o and the sum of Cy, for C¢, and Rg could be explained by
the fact that the translational motion of the Rg atom becomes
a vibrational motion inside the cage. It was also clear that
the interaction potential between the guest atom and the host
cage has to be taken into consideration to explain the com-
puted results. The computed Cy, values for Rg@Cg, could
be accounted for by a model isotropic three dimensional
harmonic oscillator confined to a cage (Kumar 2020).

Confinement inside carbon nanotubes

We have investigated the interaction between Rg (Rg=He,
Ne, Ar and Kr) atoms, and Rg, and single walled carbon
nanotubes (SWCNTs) (Koner et al. 2020; Kumar et al.
2015). The literature on the confinement of atoms and mol-
ecules inside SWCNTs is too large to be reviewed here. We
mention only a few of them (Hummer et al. 2001; Britz and
Khlobystov 2006; Ramachandran et al. 2009; Owais et al.
2021).

Summary and conclusion

We have tried to highlight some of the effects of confinement
on the electronic structure of atoms, molecules and clusters
using Cg, as the container. Depending upon the size of the
guest molecule, its electronic spin state could change due to
confinement. It is important to include the dispersion forces
between the guest atom/molecule and the host in arriving
at any of their electronic, vibrational/rotational properties
correctly. It can be safely concluded that a single atom of
He, Ne, Ar, Kr or Xe or a single molecule like H,, HF, H,O,
NH; and CH, could be stable inside the Cg, cage. How-
ever, their oligomers inside the cage make the endohedral

fullerene a highly energetic material. Because of the size of
the cage, the oligomers of HF and H,O assume shapes that
are different from those in the free state. In the case of polar
molecules, the dipole moment of the molecule polarizes the
cage, resulting in an overall reduction of the dipole moment
of the endohedral fullerene. The synthesis and spectral stud-
ies of endohedral fullerenes, along with ab initio electronic
structure calculations and molecular dynamical studies have
provided new insights into the effect of confinement on the
properties of atoms, molecules and clusters.
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