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The interactions between atoms and molecules may be described by a potential energy function of the nuclear co-
ordinates. Non-bonded interactions between neutral atoms or molecules are dominated by repulsive forces at short
range and attractive dispersion forces at medium range. Experimental data on the detailed interaction potentials for
non-bonded interatomic and intermolecular forces is scarce. Here we use terahertz spectroscopy and inelastic neutron
scattering to determine the potential energy function for the non-bonded interaction between single He atoms and encap-
sulating C60 fullerene cages, in the helium endofullerenes 3He@C60 and 4He@C60, synthesised by molecular surgery
techniques. The experimentally derived potential is compared to estimates from quantum chemistry calculations, and
from sums of empirical two-body potentials.

I. INTRODUCTION

Non-bonded intermolecular interactions determine the
structure and properties of most forms of matter. The po-
tential energy function specifies the dependence of the poten-
tial energy on the nuclear coordinates of the interacting moi-
eties, within the Born-Oppenheimer approximation1. The es-
timation of potential functions for non-bonded interactions re-
mains an active research area of computational chemistry2–4.
Ab initio methods are capable of high accuracy but are usu-
ally too computational expensive to be applied to anything
but very small molecular systems. Computational techniques
with good scaling properties such as density functional theory
(DFT) are generally imprecise for non-bonded interactions,
unless customised adjustments are made3–5. The accuracy of
quantum chemistry algorithms is often assessed by seeking
convergence with respect to the calculation level, or number
of basis functions2.

Advances in all fields of science require comparison with
experiment. Unfortunately, detailed experimental data on in-
termolecular potential energy surfaces is scarce. Some infor-
mation may be gained by comparing crystal structures and
energetics with those derived from model potentials6. The
equilibrium structures, dissociation energies and vibrational
frequencies of intermolecular complexes and clusters may be
studied in the gas phase and molecular beams7–12. However
these measurements encounter difficulties with control of the
local sample temperature, and only provide information on
potential minima, and their local properties close to poten-
tial minima (unless tunnelling splittings are resolved). Atomic
beam diffraction may also provide information13–15.

An ideal set of systems for the study of intermolecular inter-
actions is provided by atomic and molecular endofullerenes,
in which single atoms or small molecules are encapsulated in
closed carbon cages16–19. A range of small-molecule endo-
fullerenes is available in macroscopic quantities through the

multi-step synthetic route known as “molecular surgery”20,
including H2@C60

18, H2@C70
21, H2O@C60

19, HF@C60
22,

CH4@C60
23, and their isotopologues. Endofullerenes con-

taining noble gas atoms, and containing two encapsulated
species, may also be produced21,24–30. Endofullerenes are
chemically very stable, may be prepared in a pure and homo-
geneous solid form, and may be studied at almost any desired
temperature.

At low temperatures, the translational modes (and for
non-monatomic species, the internal degrees of freedom) of
the endohedral species are quantized. The quantum lev-
els may be probed by a wide range of spectroscopic tech-
niques 31, including infrared spectroscopy22,32–36, pulsed tera-
hertz spectroscopy37, nuclear magnetic resonance22,29,34,38–40,
and inelastic neutron scattering22,34,41,42. When performed
at cryogenic temperatures, these techniques reveal a rich en-
ergy level structure for the quantized modes of the encap-
sulated systems22,32,34,41,43.The quantum structure has been
studied in detail using models of the confining potential,
sometimes combined with cage-induced modifications of
the rotational and vibrational characteristics of the guest
molecule32,33,35,36,43–56.

There are two main ways to describe the interaction poten-
tial between the encapsulated species and the cage. One ap-
proach describes the interaction potential as a sum over many
two-body Lennard-Jones functions involving each endohedral
atom and all 60 carbon atoms of the cage44–46,49,50,52,53,55,56,
sometimes introducing “additional sites" on the endohedral
species as well46,52,53. One disadvantage of this approach
is that the summed potential has an undesirable dependence
on the precise radius of the encapsulating fullerene cage. An
alternative approach, which we call “model-free", describes
the interaction potential as a sum of orthogonal spatial func-
tions32,33,35,36,43,47,48. The latter approach makes no assump-
tions about the cage geometry and is better-suited for a com-
parison with computational chemistry methods.



2

c

THz, INS

a
b d

FIG. 1. (a) A C60 cage encapsulates a single noble gas atom. (b) The confinement potential of the encapsulated atom is described by the
function V (r). The quantum energy levels and wavefunctions of the encapsulated atom depend on V (r). (c) Transitions between the energy
levels are detected in the bulk solid state at low temperature by terahertz spectroscopy and inelastic neutron scattering. (d) Analysis of the
spectroscopic and neutron scattering data allows determination of the potential energy function, which may be compared with computational
chemistry estimates.

In this report, we “go back to basics" by studying the
simplest atomic endofullerene, He@C60, consisting of C60
fullerene cages each encapsulating a single helium atom (fig-
ure 1a). Terahertz and neutron scattering data is acquired and
fitted by a simple quantum-mechanical model consisting of a
particle confined by a three-dimensional potential well. This
allows us to define a “model-free" atom-fullerene potential,
with no assumptions about whether it may be expressed as the
sum of many two-body interactions.

Although He@C60 was first made in trace amounts by
gas-phase methods16,17,57, molecular surgery techniques now
provide both isotopologues 3He@C60 and 4He@C60 in high
purity and macroscopic quantities25,30. These synthetic ad-
vances have made it feasible to perform terahertz spec-
troscopy and inelastic neutron scattering experiments on solid
polycrystalline samples of He@C60 at low temperature, with
good signal-to-noise ratio.

At first sight, He@C60 is an unpromising object of study by
both terahertz spectroscopy and neutron scattering. Since He
atoms are neutral, their translational motion is not expected
to interact with electromagnetic radiation. Furthermore, both
3He and 4He isotopes have small neutron scattering cross-
sections, and 3He is a strong neutron absorber. Fortunately,
although these concerns are valid, they are not fatal. An
off-centre He atom acquires a small induced electric dipole
through its interactions with the encapsulating C60 cage, as
is known for H2@C60

32.The induced dipole is approximately
linearly dependent on the displacement from the cage centre,
allowing the He atom to interact weakly with THz irradia-
tion. The feeble neutron scattering of both He isotopes may
be compensated by a sufficiently large sample quantity.

We compare the experimentally determined potential to es-
timates from empirical two-body interaction potentials, and
from quantum chemistry calculations. Empirical two-body
potentials give widely divergent results, even when those po-

tentials are based on experimental helium-graphite scatter-
ing data. Møller-Plesset perturbation theory techniques and
density functional theory (DFT) methods which explicitly in-
clude, or are empirically corrected to account for, dispersive
interactions, are shown to provide good estimates for the in-
teraction potential.

II. MATERIALS AND METHODS

A. Sample Preparation

3He@C60 and 4He@C60 were synthesised using a solid-
state process for the critical step, as described in reference 30.
The initial filling factors were 30% to 50%. The samples
were further purified by recirculating HPLC on Cosmosil
Buckyprep columns to remove trace impurities of H2O@C60.
Without this precaution, strong neutron scattering by the hy-
drogen nuclei interferes strongly with the INS measurements.
For THz spectroscopy samples of high filling factor were re-
quired to get sufficient signal and were prepared by further
extensive recirculating HPLC. All samples were sublimed un-
der vacuum before spectroscopic measurements.

B. Terahertz Spectroscopy

THz absorption spectra were measured with an interferom-
eter using a mercury arc light source and a 4 K bolometer as
an intensity detector. The typical instrumental resolution was
0.3 cm−1, which is below the width of the measured THz ab-
sorption lines. The 4He@C60 sample had a filling factor of
f = 88.2± 0.5% while the 3He@C60 had a filling factor of
f = 97.2± 0.5%, as determined by 13C NMR. The sample
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pellets were pressed from fine powders of solid He@C60. The
temperature dependence of the absorption spectra was mea-
sured by using a variable-temperature optical cryostat. More
information is in the Supplementary Material.

C. Inelastic Neutron Scattering

INS experiments were conducted using the IN1-Lagrange
spectrometer at the Institut Laue-Langevin (ILL) in Greno-
ble. Incident neutrons are provided by the “hot source“ mod-
erator of the reactor, resulting in a high flux neutron beam.
A choice of three different single crystal monochromators,
namely Si(111), Si(311) and Cu(220) are used to define the in-
cident energy of the monochromatic neutron beam arriving at
the sample using Bragg reflection. The neutrons scattered by
the interaction with the sample enter a secondary spectrome-
ter comprising a large area array of pyrolytic graphite analyzer
crystals. The focussing geometry of the secondary spectrom-
eter ensures that only neutrons with a fixed kinetic energy of
4.5 meV are detected by the 3He detector. INS spectra were
recorded in the energy transfer range [5, 200] meV for the
3He@C60 sample, while it was reduced to [5, 60] meV for
4He@C60 as the time allowed for performing the latter exper-
iment was reduced.

The powdered samples, with respective mass of 1067 mg
for 3He@C60 ( f = 45%) and 294 mg for 4He@C60 ( f = 40%)
were loaded inside an Al foil and further inserted inside a
cylindrical annulus before they were mounted at the tip of an
orange cryostat and placed inside the IN1 spectrometer beam.
The sample temperature was kept around 2.7 K. In order to
subtract background and scattering from Al and from the C60
cage, a blank mass matching sample of C60 was measured
using the same setup and an empty cell was also measured.
In order to account for the strong absorption of 3He@C60, a
Cd sample was also measured enabling to correct from the
incident energy dependent absorption of the sample. The neu-
tron counts in figure 3 were normalized to the incident neutron
flux.

III. EXPERIMENTAL RESULTS

A. Terahertz spectroscopy

Terahertz absorption spectra for 3He@C60 and 4He@C60 at
two different temperatures are shown in figure 2. For both iso-
topologues, the high-temperature spectrum displays a comb of
several clearly resolved THz peaks, with the 3He peaks hav-
ing higher frequencies than those of 4He. As discussed be-
low, the combs of THz peaks indicate that the potential energy
function V (r) for the encapsulated He does not have a purely
quadratic dependence on the displacement r of the He atom
from the cage centre. This indicates that the He dynamics is
not well-described as a harmonic three-dimensional oscillator.

The 5 K spectra in figure 2 display a single peak with
partially-resolved fine structure, for both 3He@C60 and

4He@C60. These fundamental peaks correspond to transi-
tions from the quantum ground states of He in the two iso-
topologues. The fine structure requires further investigation,
but may be associated with a small perturbation of the confin-
ing potential by the merohedral disorder in the crystal lattice,
meaning the inhomogeneous orientations of neighbouring C60
cages with respect to each other. Similar effects have been
identified for H2@C60

42.

B. Inelastic neutron scattering

Inelastic neutron scattering spectra for 3He@C60 and
4He@C60 are shown in figure 3. The figure shows the dif-
ference between the INS of the He endofullerenes and that

FIG. 2. THz spectroscopy of He endofullerenes. (a) THz absorp-
tion spectra of 3He@C60 at temperatures of 5 K (blue) and 125 K
(red). (b) THz absorption spectra of 4He@C60 at temperatures of 5 K
(green) and 100 K (orange). In both cases, the short vertical bars in-
dicate the predicted positions of the terahertz absorption peaks for the
radial potential energy function specified in table I, and their height
is proportional to the absorption area. In both cases the black curve is
the sum of gaussian peaks with position and area defined by the ver-
tical bars. The THz peaks are numbered according to the transition
assignments in figure 4(b).
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FIG. 3. Inelastic neutron scattering of He endofullerenes. (a) In-
elastic neutron scattering spectra of 3He@C60 at a temperature of
2.7 K (blue). (b) Inelastic neutron scattering spectra of 4He@C60
at a temperature of 2.7 K (green). In both cases, a weighted differ-
ence between the scattering of He@C60 and pure C60 is shown, with
the weighting factors adjusted for best subtraction of the C60 back-
ground. The short vertical bars indicate the predicted positions of
the INS peaks for the quantized He motion under the radial potential
energy function specified in table I. The INS peaks are labelled ac-
cording to the transition assignments in figure 4(b). The peaks above
∼ 250 cm−1 and marked by asterisks are due to scattering from the
C60 cages, whose modes are slightly modified in frequency by the
presence of endohedral He.

of pure C60. The INS spectra before subtraction are shown
in the Supplementary Material. Since C60 has no vibrational
modes below ∼ 250 cm−1, and the low-energy phonon spec-
trum cancels precisely for the empty and filled fullerenes, the
peaks below this energy threshold are clearly attributable to
the quantized modes of the confined He atoms. As in the case
of THz spectroscopy, the 3He INS peaks are at higher energies
than for 4He.

The strong features above ∼ 250 cm−1 are attributed to the
known vibrational modes of C60 molecules58. Raman stud-
ies have shown that the radial vibrational modes of the C60
cages are slightly blue-shifted by the presence of an endohe-
dral noble gas atom59. These shifts lead to imperfect cancel-
lation in the INS difference spectra, causing the dispersion-
like features in figure 3 which are marked by asterisks. These

subtraction artefacts are much stronger for 4He than for 3He,
for two reasons: (i) the C60 vibrational modes are slightly
more shifted for 4He than for 3He, due to its larger mass; (ii)
4He has a much lower scattering cross-section than 3He. The
poor signal-to-noise ratio for 4He causes some of the expected
peaks to be barely visible, an example being the peak marked
“c" in figure 3(b).

IV. ANALYSIS

A. Energy levels and transitions

The Schrödinger equation for the confined atom (within the
Born-Oppenheimer approximation), is given by

Ĥ(r)ψq(r) = Eqψq(r) (1)

where q describes a set of quantum numbers, q= {q1,q2, . . .},
and Eq is the energy of the stationary quantum state. The
Hamiltonian operator Ĥ is given by

Ĥ(r) =− p̂2

2M
+V (r) (2)

where p̂ is the momentum operator and M is the atomic mass.
In general, the energy levels Eq and stationary state wave-
functions ψq depend strongly on the potential energy function
V (r), where r represents the nuclear coordinates of the encap-
sulated atom (figure 1b).

Equations 1 and 2 assume that the cage coordinates are
fixed, and neglect environmental effects from beyond the cage
– although the treatment may readily be extended to include
the electrostatic influence of the lattice environment, as has
been done for studies of H2O@C60

36,51,55,56.
The potential energy of the He atom inside the cage may be

described by a potential function V (r,θ ,φ), where r is the dis-
placement of the He nucleus from the cage centre, and (θ ,φ)
are polar angles. The C60 cage has icosahedral symmetry, but
may be treated as spherical to a good approximation, at low
excitation energies of the endohedral atom. The angular de-
pendence may be dropped by assuming approximate spheri-
cal symmetry, V (r,θ ,φ)'V (r). We assume a radial potential
energy function of the form V (r) =V2r2 +V4r4 +V6r6 where
{V2,V4,V6} are polynomial coefficients.

The energy eigenvalues and eigenstates are given by En`m
and ψn`m(r,θ ,φ) respectively. The principal quantum num-
ber n takes values n ∈ {0,1, . . .} with the angular momentum
quantum number ` given by ` ∈ {0,2, . . .n} (for even n) and
` ∈ {1,3, . . .n} (for odd n)60. The azimuthal quantum number
takes values m ∈ {−`,−`+1, . . .+ `}. For spherical symme-
try, the energies are independent of m, so the energy level En`
is (2`+ 1)-fold degenerate. The icosahedral cage symmetry
introduces perturbation terms of spherical rank 6 and higher,
and only breaks the degeneracies of spherical states with large
angular momentum quantum numbers. Within the spherical
approximation, the stationary quantum states ψn`m(r,θ ,φ) are
given by products of radial functions Rn`(r) and spherical har-
monics Y`m(θ ,φ), just as for the electronic orbitals of a hydro-
gen atom60.
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FIG. 4. (a) The radial potential energy functions V (r) for 3He in C60 (solid black curve) and for 4He in C60 (dashed grey curve), together
with the quantized energy levels for 3He. The 3He and 4He potential curves are superposed within this energy range, leading to a “railway
track" appearance of the plotted curve. The best-fit polynomial coefficients are given in table I. (b) Energy levels of the confined 3He atoms,
labelled by the quantum numbers n`. The energy levels for a harmonic oscillator are shown on the left. The finite V4 and V6 terms break the
degeneracies between terms with different `. All levels are (2`+1)-fold degenerate. The transitions observed in THz spectroscopy are labelled
by circled numbers in black, and correspond to the peaks in figure 2. The transitions observed in INS are labelled by circled letters in blue,
and correspond to the peaks in figure 3. Colours are used to indicate the ` values of the energy levels.

The eigenvalues and eigenstates depend on the poten-
tial coefficients {V2,V4,V6} and the mass of the He atom.
The electric-dipole-allowed transitions, which are observed in
THz spectroscopy and described by the induced dipole mo-
ment coefficient A1, have the selection rule ∆`=±1, see Sup-
plementary Material. There are no relevant selection rules for
the neutron scattering peaks.

B. Fitting of the Potential

We treat the V4 and V6 terms as perturbations of the
quadratic V2 term, which corresponds to an isotropic three-
dimensional harmonic oscillator. The solutions of the
Schrödinger equation for the isotropic 3D harmonic oscilla-
tor are well-known60,61, and are given by:

|n`m〉(r,θ ,φ) = Rn`(r)Y`m(θ ,φ), (3)

where the principal quantum number is given by n ∈
{0,1,2, . . .} and the angular momentum quantum number `
takes values {0,2, . . .n} for even n, and {1,3, . . .n} for odd
n. The radial wavefunctions Rn`(r) are proportional to gener-
alised Laguerre polynomials 62,63, while the angular parts Y`m
are spherical harmonics. The energy eigenvalues are given by

En`m = h̄ω0(n+
3
2
) (4)

with the fundamental vibrational frequency ω0 = (2V2/µ)1/2,
where µ is the reduced mass (assumed here to be equal to
the mass of the 3He or 4He atom, since each C60 molecule
is more than two orders of magnitude more massive than the
encapsulated atom, and is also coupled to the lattice).

The Schrödinger equation was solved approximately for fi-
nite V4 and V6 by numerically diagonalizing a matrix with
elements given by 〈n`m|V4r4 +V6r6 |n′`′m′〉. Since the as-
sumed Hamiltonian retains isotropic symmetry, all matrix el-
ements are independent of the quantum number m and vanish
for ` 6= `′ and m 6= m′. In practice the matrix was bounded
by quantum numbers n≤ 18, after checking for convergence.
The THz peak intensities and peak positions were fitted, as
described in the Supplementary Material, allowing numerical
estimation of the potential parameters V2 (or ω0), V4 and V6,
and the induced dipole moment amplitude A1. The derived
eigenvalues were used to estimate the INS peak positions.

The fitting of the potential was performed independently
for the two He isotopes. The best fit solutions for the potential
coefficients, and their confidence limits, are given in table I.

Figure 4(a) shows the best-fit potential functions for 3He
and 4He inside the interior cavity of C60. The best-fit poten-
tial has a distinct U-shape which deviates strongly from the
parabolic form of a harmonic oscillator. The best-fit potential
curves 3He and 4He differ by not more than±1cm−1 over the
plotted energy range.

An energy level diagram for the confined He atoms, marked
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TABLE I. Best fit polynomial coefficients and confidence limits for
the radial potential function V (r) = V2r2 +V4r4 +V6r6 and induced
dipole function d1q =

√
4π/3 A1 rY1q(θ ,φ) experienced by the con-

fined He isotopes, see Supplementary Material.

Parameter 3He 4He
V2 / meVpm−2 (2.58±0.06) 10−3 (2.50±0.05) 10−3

V4 / meVpm−4 (3.37±0.15) 10−7 (3.61±0.11) 10−7

V6 / meVpm−6 (2.79±0.12) 10−11 (2.63±0.09) 10−11

A1 / D pm−1 (4.38±0.09) 10−4 (4.58±0.06) 10−4

FIG. 5. Comparison of the experimentally determined radial poten-
tials V (r) (3He: solid black curve; 4He: dashed grey curve, super-
posed on the 3He curve to give a “train track" appearance) with sums
of reported He · · ·C interaction potentials: (a, green) Lennard-Jones
6-8-12 potential with parameters from Carlos et al.14; (b, blue) Mod-
ified Buckingham potential (implemented in the MM3 program, as
reported by Jiménez-Vázquez et al.64); (c, orange) Lennard-Jones
6-12 potential with parameters from Pang and Brisse65; (d, red)
Lennard-Jones 6-12 potential with parameters from Carlos et al.14;
The potentials used in (a) and (d) were used for the fitting of He · · ·C
scattering data14. The functional forms of the potentials and their
associated parameters are given in the Supplementary Material. In
all cases the He atom was displaced from the cage centre towards
the nucleus of a carbon atom. The confidence limits in the structural
data for C60

66 lead to error margins on the empirical curves which
are smaller than the plotted linewidths.

with the observed transitions, is shown in figure 4(b). The
predicted positions of the relevant THz and INS transitions
are shown by the vertical bars in figures 2 and 3. Although
some of the higher-energy transitions in the INS data are par-
tially obscured by C60 features, the agreement with the spec-
troscopic results is gratifying. The remaining discrepancies
between experiment and theory are minor, such as the form
of the peak labelled 4 in figure 2(a), and are currently unex-
plained. The close correspondence of the derived potential
curves for 3He and 4He, despite the different masses of the
isotopes and the very different observed frequencies, attests
to the validity of the determination of V (r).

C. Comparison with Empirical Potentials

There have been numerous attempts to model the non-
bonded interactions between atoms using empirical two-body
potential functions such as the Lennard-Jones (LJ) 6-12 poten-
tial, or by more complex functional forms. Suitable functions
and parameters have been proposed for the He · · ·C interac-
tion14,15,64,65,67. Some of the proposed two-body potentials
were developed for modelling the scattering of He atoms from
a graphite surface14,15.

Figure 5 compares the experimental V (r) curve with pre-
dictions from published He · · ·C two-body interaction func-
tions. In each case, the total potential energy V (r) was esti-
mated by locating the He atom a distance r along a line from
the centre of the cage towards a C atom, and summing the
contributions from all 60 two-body He · · ·C potentials. The
direction of the He displacement has a negligible effect on the
calculated potential curves over the relevant energy range (see
Supplementary Material). The derived potentials are very sen-
sitive to the geometry of the C60 cage, especially its radius R.
We fixed the locations of all C nuclei to the best current es-
timates from neutron diffraction66, as follows: Bond lengths
h = 138.14±0.27 pm for C-C bonds shared by two hexagons,
p = 145.97±0.18 pm for C-C bonds shared by a hexagon and
a pentagon, and distance of all carbon atoms from the cage
centre R= 354.7±0.5 pm. The width of the curves in figure 5
is greater than their confidence limits, which are dominated by
the uncertainties in the structural parameters. Explicit func-
tional forms and parameters for the empirical two-body po-
tentials are given in the Supplementary Material.

The most striking feature of Figure 5 is the wide variation of
derived potentials for different two-body interaction models.
Of all the proposed two-body potentials, the Lennard-Jones
6-12 potential with parameters given by Pang and Brisse65

(curve c) provides the best agreement with experiment. The
isotropic two-body potentials derived by fitting experimental
He/graphite scattering data14,15 (curves a and d) give poor fits
to the experimental He@C60 potential.

D. Comparison with Quantum Chemistry

The He@C60 system is too large to be treated at the full ab
initio level of quantum chemistry. The availability of an exper-
imental radial potential function V (r) allows the direct evalua-
tion of approximate computational chemistry techniques – not
only at the equilibrium geometry, but also for displacements
of the He atom from the centre of the C60 cage.

The radial potential V (r) was evaluated by estimating the
energy of a He@C60 system using a range of computational
chemistry algorithms, with the He atom displaced by r from
the centre of the C60 cage. In all cases the locations of the
carbon atoms were fixed to the C60 geometry as determined
by neutron diffraction66, with the same parameters as used
for the evaluation of the empirical potentials. The He was
moved on the line connecting the cage centre to a carbon nu-
cleus. The direction of the He displacement has a negligible
effect on the predicted potential curves over the relevant en-
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ergy range (see Supplementary Material). The potentials were
calculated using the Psi4 program68. The functionals used
for DFT were: (i) the B3LYP functional, which is one of the
most popular semi-empirical hybrid functionals69–73; (ii) the
B3LYP functional including the Grimme D3 empirical dis-
persion correction with Beck-Johnson damping5,74; (iii) the
ωB97X-V functional, which includes a contribution from the
non-local VV10 correlation functional and is designed to han-
dle non-covalent interactions69. The potential was also calcu-
lated using second-order Møller-Plesset perturbation (MP2)
theory2 including empirical spin-component-scaling factors
(SCS)75. All potential calculations employed a counterpoise
basis-set-superposition-error correction, and converged to a
good approximation with the correlation-consistent cc-pVXZ
(X=D, T, Q, 5) basis sets76,77. The calculations with X = Q
and X = 5 were found to agree within 1% in the case of MP2
theory and within 7% for the two DFT-functionals. More de-
tails on the quantum chemistry calculations are given in the
Supplementary Material.

Some comparisons are shown in Figure 6. Density func-
tional theory with the popular B3LYP functional69–73 over-
estimates the steepness of the confining potential, although
the correspondence with experiment is improved by including
the empirical D3 correction with Beck-Johnson damping5,74.
DFT with the ωB97X-V functional69, and Møller-Plesset per-
turbation (MP2) theory with spin-component-scaling factors
(SCS)75, both give an acceptable correspondence between the
calculated and experimentally determined potentials.

V. DISCUSSION

We have showed that the quantized energy levels of he-
lium atoms encapsulated in C60 cages may be probed by THz
spectroscopy and INS, despite the weak interactions of the
He atoms with the electromagnetic field and with neutrons.
The spectroscopic features were analysed to obtain a detailed
potential energy function for the interaction between the en-
capsulated species and the surrounding cage – an interaction
dominated by non-bonded dispersion forces which are hard
to estimate experimentally. An excellent correspondence was
obtained between the interaction potentials derived from inde-
pendent 3He@C60 and 4He@C60 measurements, despite the
different peak positions for the two samples.

The experimental V (r) curve was compared with sums of
published two-body He · · ·C interactions. With few excep-
tions the summed two-body potentials have a poor correspon-
dence with the experimental result. It is not a great surprise
that the interaction of a He atom with a highly delocalized
electronic structure such as C60 is hard to model as the sum of
individual atom-atom interactions.

We also compared the experimentally derived interaction
potential with those derived by quantum chemistry tech-
niques. This allowed the validation of DFT methods which
have been developed to deal with dispersive interactions, in-
cluding the popular B3LYP functional with the D3 empir-
ical dispersion correction5,74, and the ωB97X-V functional
which incorporates the non-local VV10 correlation functional

FIG. 6. Comparison of the experimentally determined He@C60 ra-
dial potentials V (r) (3He: solid black curve; 4He: dashed grey curve,
superposed on the 3He curve) with quantum chemical calculations
using density functional and Møller-Plesset perturbation theories2,
as follows: (N) DFT using the B3LYP functional70–73; (H) DFT us-
ing the B3LYP functional with D3BJ correction5,74; ( � ) DFT using
the ωB97XV functional69,78; (◦) Spin-component-scaled Møller-
Plesset perturbation theory (SCS-MP2).75

and has been parameterised using a training set rich in non-
bonding interactions69. Møller-Plesset perturbation theory
with spin-component-scaling factors75 also provides a good
description of the confining potential of the encapsulated He
atoms.

There are small discrepancies between the calculated and
observed potentials. However it is not yet known whether the
remaining discrepancies reflect the limitations in the quan-
tum chemistry algorithms, or the limitations in the assump-
tions made when interpreting the experimental data – for ex-
ample, the neglect of the influence exerted by the encapsu-
lated He atoms on the cage radius. Precise measurements of
the He@C60 cage geometry by neutron scattering or X-ray
diffraction are planned.

He atoms are small, have no static dipole moment, and a
low polarizability. This makes He@C60 a relatively easy case
for computational chemistry. A stiffer challenge for compu-
tational chemistry is likely to be presented by compounds in
which the endohedral species is polar, such as H2O@C60

24

and HF@C60
22, and by endofullerenes such as CH4@C60

23,
where the fit with the cage is much tighter. Furthermore, the
study of systems with multiple atoms or molecules encapsu-
lated in the same fullerene cage24,26,27 should allow the study
of non-bonded molecule-molecule and molecule-atom inter-
actions.
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SUPPLEMENTAL MATERIAL

The supplemental material includes: technical details of the
terahertz spectroscopy; technical details of the inelastic neu-
tron scattering measurements; quantum theory of a confined
atom in a spherical potential, including fitting procedures for
the confining potential; details of the two-body potentials;
technical details of the computational chemistry calculations.
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