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ABSTRACT

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

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066817

I. INTRODUCTION

Nonbonded intermolecular interactions determine the struc-
ture and properties of most forms of matter. The potential energy
function specifies the dependence of the potential energy on
the nuclear coordinates of the interacting moieties within the
Born-Oppenheimer approximation.! The estimation of potential
functions for nonbonded interactions remains an active research
area of computational chemistry.” Ab initio methods are capable
of high accuracy but are usually too computationally expensive to
be applied to anything but very small molecular systems. Compu-
tational techniques with good scaling properties, such as density
functional theory (DFT), are generally imprecise for nonbonded
interactions, unless customized adjustments are made.”> The accu-
racy of quantum chemistry algorithms is often assessed by seeking
convergence with respect to the calculation level or number of basis
functions.’

Advances in all fields of science require comparison with exper-
iment. Unfortunately, detailed experimental data on intermolecu-
lar potential energy surfaces are scarce. Some information may be
gained by comparing crystal structures and energetics with those
derived from model potentials.” The equilibrium structures, disso-
ciation energies, and vibrational frequencies of intermolecular com-
plexes and clusters may be studied in the gas phase and molecular
beams.”"'* However, these measurements encounter difficulties with
control of the local sample temperature and only provide informa-
tion on potential minima and their local properties close to poten-
tial minima (unless tunneling splittings are resolved). Atomic beam
diffraction may also provide information.'* !°

An ideal set of systems for the study of intermolecular interac-
tions is provided by atomic and molecular endofullerenes, in which
single atoms or small molecules are encapsulated in closed car-
bon cages.'°'” A range of small-molecule endofullerenes is avail-
able in macroscopic quantities through the multistep synthetic route

J. Chem. Phys. 155, 144302 (2021); doi: 10.1063/5.0066817
© Author(s) 2021

155, 144302-1


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0066817
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0066817
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0066817&domain=pdf&date_stamp=2021-October-11
https://doi.org/10.1063/5.0066817
http://orcid.org/0000-0003-0822-8643
http://orcid.org/0000-0001-5164-2503
http://orcid.org/0000-0003-0412-4345
http://orcid.org/0000-0001-5827-9495
http://orcid.org/0000-0002-8086-1374
http://orcid.org/0000-0002-9892-816X
http://orcid.org/0000-0002-6165-8290
http://orcid.org/0000-0002-9891-5502
http://orcid.org/0000-0001-9878-1180
mailto:mhl@soton.ac.uk
https://doi.org/10.1063/5.0066817

The Journal

of Chemical Physics

known as “molecular surgery,”” including H,@Cep,'* H,@Cr,”’
H,0@Cso,"” HF@Ceo,”> CH4@Ce,”” and their isotopologues. Endo-
fullerenes containing noble gas atoms and containing two encapsu-
lated species may also be produced.”**-*" Endofullerenes are chem-
ically very stable, may be prepared in a pure and homogeneous 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 endo-
hedral species are quantized. The quantum levels may be probed
by a wide range of spectroscopic techniques,’’ including infrared
spectroscopy,””**~*° pulsed terahertz spectroscopy,”’ nuclear mag-
netic resonance (NMR),>>?**+38-40 and inelastic neutron scatter-
ing>***142 When performed at cryogenic temperatures, these
techniques reveal a rich energy level structure for the quan-
tized modes of the encapsulated systems.’>?>**41*> The quantum
structure has been studied in detail using models of the confin-
ing potential, sometimes combined with cage-induced modifica-
tions of the rotational and vibrational characteristics of the guest
molecule.??%35:36:43-56

There are two main ways to describe the interaction poten-
tial between the encapsulated species and the cage. One approach
describes the interaction potential as a sum over many two-body
Lennard-Jones (LJ) functions involving each endohedral atom and
all 60 carbon atoms of the cage,** 0:49°0:9253.95.5 gometimes intro-
ducing “additional sites” on the endohedral species as well.**5%>?
One disadvantage of this approach is that the summed potential
has an undesirable dependence on the precise radius of the encap-
sulating fullerene cage. An alternative approach, which we call
“model-free,” describes the interaction potential as a sum of orthog-
onal spatial functions.’>?#336434748 The latter approach makes no
assumptions about the cage geometry and is better suited for a
comparison with computational chemistry methods.

In this report, we “go back to basics” by studying the simplest
atomic endofullerene, He@Cgp, consisting of Ce fullerene cages,
each encapsulating a single helium atom [Fig. 1(a)]. Terahertz and
neutron scattering data are acquired and fitted by a simple quan-
tum 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@Cso was first made in trace amounts by gas phase
methods,'®'"” molecular surgery techniques now provide both

V(r)

ARTICLE scitation.org/journalljcp

isotopologues *He@Csp and *He@Cgp in high purity and macro-
scopic quantities.””?" These synthetic advances have made it feasi-
ble to perform terahertz spectroscopy and inelastic neutron scatter-
ing experiments on solid polycrystalline samples of He@Cgo at low
temperatures with a good signal-to-noise ratio.

At first sight, He@Ceo 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 *He and *He isotopes
have small neutron scattering cross sections, and *Heisa strong neu-
tron absorber. Fortunately, although these concerns are valid, they
are not fatal. An off-center He atom acquires a small induced electric
dipole through its interactions with the encapsulating Ceo cage, as is
known for H,@Cso.”* The induced dipole is approximately linearly
dependent on the displacement from the cage center, allowing the
He atom to interact weakly with THz irradiation. The feeble neutron
scattering of both He isotopes may be compensated by a sufficiently
large sample quantity.

We compare the experimentally determined potential to esti-
mates from empirical two-body interaction potentials and from
quantum chemistry calculations. Empirical two-body potentials give
widely divergent results, even when those potentials are based on
experimental helium-graphite scattering data. Meller—Plesset per-
turbation (MP2) theory techniques and density functional theory
(DFT) methods, which explicitly include, or are empirically cor-
rected to account for, dispersive interactions, are shown to provide
good estimates for the interaction potential.

Il. MATERIALS AND METHODS
A. Sample preparation

3He@Cyqy and “He@Cg were synthesized using a solid-state
process for the critical step, as described in Ref. 30. The initial filling
factors were 30%-50%. The samples were further purified by recir-
culating high-performance liquid chromatography (HPLC) on Cos-
mosil Buckyprep columns to remove trace impurities of HyO@Cego.
Without this precaution, strong neutron scattering by the hydro-
gen nuclei interferes strongly with the INS measurements. For THz
spectroscopy, samples of high filling factor were required to get
sufficient signal and were prepared by further recirculating HPLC.
All samples were sublimed under vacuum before spectroscopic
measurements.

¢ d

il
i

V(r)
THz, INS

FIG. 1. (a) A Cs 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 temperatures 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.
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B. Terahertz spectroscopy

THz absorption spectra were measured with an interferome-
ter using a mercury arc light source and a 4 K bolometer as an
intensity detector. The typical instrumental resolution was 0.3 cm ™,
which is below the width of the measured THz absorption lines. The
‘He@Cgo sample had a filling factor of f = 88.2% +0.5%, while the
*He@Cs had a filling factor of f = 97.2% +0.5%, as determined by
C NMR. The sample pellets were pressed from fine powders of
solid He@Cg. The temperature dependence of the absorption spec-
tra was measured 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 spec-
trometer at the Institut Laue-Langevin (ILL) in Grenoble. Incident
neutrons are provided by the “hot source” moderator of the reactor,
resulting in a high flux neutron beam. A choice of three different sin-
gle crystal monochromators, namely, Si(111), Si(311), and Cu(220),
are used to define the incident energy of the monochromatic neu-
tron beam arriving at the sample using Bragg reflection. The neu-
trons scattered by the interaction with the sample enter a secondary
spectrometer comprising a large area array of pyrolytic graphite ana-
lyzer crystals. The focusing geometry of the secondary spectrometer
ensures that only neutrons with a fixed kinetic energy of 4.5 meV
are detected by the *He detector. INS spectra were recorded in the
energy transfer range of [5, 200] meV for the SHe@Cs sample, while
it was reduced to [5, 60] meV for 4“He@Cgp as the time allowed for
performing the latter experiment was reduced.

The powdered samples with respective masses of 1067 mg for
*He@Cyo (f = 45%) and 294 mg for ‘He@Cso (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 Ceo cage, a blank mass matching sample of Cgp was
measured using the same setup and an empty cell was also measured.
In order to account for the strong absorption of *He@Cg, a Cd sam-
ple was also measured, enabling one to correct from the incident
energy dependent absorption of the sample. The neutron counts in
Fig. 3 were normalized to the incident neutron flux.

Ill. EXPERIMENTAL RESULTS
A. Terahertz spectroscopy

Terahertz absorption spectra for *He@Cygp and *He@Cgp at two
different temperatures are shown in Fig. 2. For both isotopologues,
the high-temperature spectrum displays a comb of several clearly
resolved THz peaks, with the *He peaks having higher frequencies
than those of *He. As discussed below, the combs of THz peaks indi-
cate that the potential energy function V(r) for the encapsulated
He does not have a purely quadratic dependence on the displace-
ment r of the He atom from the cage center. This indicates that the
He dynamics is not well-described as a harmonic three-dimensional
oscillator.

The 5 K spectra in Fig. 2 display a single peak with a partially
resolved fine structure for both *He@Cs) and *He@Cs. These fun-
damental peaks correspond to transitions from the quantum ground
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FIG. 2. THz spectroscopy of He endofullerenes. (a) THz absorption spectra of
3He@Cq at temperatures of 5 K (blue) and 125 K (red). (b) THz absorption spectra
of “He@Cyo at temperatures of 5 K (green) and 100 K (orange). In both cases,
the short vertical bars indicate the predicted positions of the terahertz absorption
peaks for the radial potential energy function specified in Table |, and their height
is proportional to the absorption area. In both cases, the black curve is the sum of
Gaussian peaks with the position and area defined by the vertical bars. The THz
peaks are numbered according to the transition assignments in Fig. 4(b).

states of He in the two isotopologues. The fine structure requires fur-
ther investigation but may be associated with a small perturbation of
the confining potential by the merohedral disorder in the crystal lat-
tice, meaning the inhomogeneous orientations of neighboring Cg
cages with respect to each other. Similar effects have been identified
for Hz@Cso. 2

B. Inelastic neutron scattering

Inelastic neutron scattering spectra for *He@Cso and *He@Cgo
are shown in Fig. 3. The figure shows the difference between the
INS of the He endofullerenes and that of the pure Cgp. The INS
spectra before subtraction are shown in the supplementary mate-
rial. Since Cgo has no vibrational modes below ~ 250 cm™, and the
low-energy phonon spectrum 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 *He INS peaks are at higher
energies than for *He.

The strong features above ~ 250 cm™ are attributed to the
known vibrational modes of Cgy molecules.”® Raman studies have
shown that the radial vibrational modes of the Ceso cages are slightly
blue-shifted by the presence of an endohedral noble gas atom.™
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FIG. 3. Inelastic neutron scattering of He endofullerenes. (a) Inelastic neutron scat-
tering spectra of *He@Cyg at a temperature of 2.7 K (blue). (b) Inelastic neutron
scattering spectra of “He@Cg at a temperature of 2.7 K (green). In both cases,
a weighted difference between the scattering of He@Cgy and pure Cg is shown,
with the weighting factors adjusted for best subtraction of the Cgy background. The
short vertical bars indicate the predicted positions of the INS peaks for the quan-
tized He motion under the radial potential energy function specified in Table |. The
INS peaks are labeled according to the transition assignments in Fig. 4(b). The
peaks above ~ 250 cm~" and marked by asterisks are due to scattering from the
Cgo cages, whose modes are slightly modified in frequency by the presence of
endohedral He.

These shifts lead to imperfect cancellation in the INS difference spec-
tra, causing the dispersion-like features shown in Fig. 3, which are
marked by asterisks. These subtraction artifacts are much stronger
for “He than for *He for two reasons: (i) the Cgo vibrational modes
are slightly more shifted for *He than for *He due to its larger mass
and (ii) *He has a much lower scattering cross section than *He.
The poor signal-to-noise ratio for *He causes some of the expected
peaks to be barely visible, an example being the peak marked “c” in
Fig. 3(b).

IV. ANALYSIS
A. Energy levels and transitions

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

H(r)yq(r) = Eqyq(r), (1)

where q describes a set of quantum numbers, q = {g;,4,,. ..}, and
Eq is the energy of the stationary quantum state. The Hamiltonian
operator H is given by

N P
H(r) = BT V(r), (2)

ARTICLE scitation.org/journalljcp

where p is the momentum operator and M is the atomic mass.
In general, the energy levels Eq and stationary state wavefunc-
tions y, depend strongly on the potential energy function V(r),
where r represents the nuclear coordinates of the encapsulated atom
[Fig. 1(b)].

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 carried out for
studies of H,O@Cgp.* 71770

The potential energy of the He atom inside the cage may be
described by a potential function V(r, 6, ¢), where r is the displace-
ment of the He nucleus from the cage center and (6,¢) are the
polar angles. The Cgo cage has icosahedral symmetry but may be
treated as spherical to a good approximation at low excitation
energies of the endohedral atom. The angular dependence may be
dropped by assuming approximate spherical symmetry, V(r,6, )
~ V(r). We assume a radial potential energy function of the form
V(r) = Var* + Var* + Ver®, where { V3, V4, V} are the polynomial
coefficients.

The energy eigenvalues and eigenstates are given by E,,, and
V,om (1> 0, 9), respectively. The principal quantum number # takes
values n € {0,1,...} with the angular momentum quantum num-
ber ¢ given by £ € {0,2,...,n} (for even n) and £ € {1,3,...,n}
(for odd n).®" The azimuthal quantum number takes values
me {-f,—¢+1,...,+£}. For spherical symmetry, the energies are
independent of m, so the energy level E,; is (2¢ + 1)-fold degener-
ate. 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
V0 (7,6, ¢) are given by products of radial functions R,¢(r) and
spherical harmonics Yy, (6, ¢), just as for the electronic orbitals of a
hydrogen atom.®’

The eigenvalues and eigenstates depend on the potential coef-
ficients {V3, V4, Vs} and the mass of the He atom. The electric-
dipole-allowed transitions, which are observed in THz spectroscopy
and described by the induced dipole moment coefficient A;, have the
selection rule A¢ = +1; see the supplementary material. There are no
relevant selection rules for the neutron scattering peaks.

B. Fitting of the potential

We treat the V4 and Vs terms as perturbations of the quadratic

V, term, which corresponds to an isotropic three-dimensional har-

monic oscillator. The solutions of the Schrédinger equation for the

isotropic 3D harmonic oscillator are well-known®”‘' and are given
by

|nlm)(r,0,¢) = Rue(r) Y (6, ¢), (3)

where the principal quantum number is given by n € {0,1,2,...}
and the angular momentum quantum number ¢ takes values
{0,2,...,n} forevennand {1,3,...,n} for odd n. The radial wave-
functions R,¢(r) are proportional to generalized Laguerre polyno-
mials,*>% while the angular parts Y, are spherical harmonics. The
energy eigenvalues are given by

Epom = hwo(n + %) (4)
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TABLE |. Best-fit polynomial coefficients and confidence limits for the radial
potential function V(r) = Vor? + V4r* + Ver® and induced dipole function
dig = \/4m/3 Ay rYi4(6,¢) experienced by the confined He isotopes; see the
supplementary material.

Parameter *He ‘He

V, (meV pm™2)  (2.58+0.06) x 107 (2.50 £ 0.05) x 1073
Vi (meVpm™)  (3.37+0.15) x 1077 (3.61+£0.11) x 1077
Ve (meVpm™®)  (279+0.12) x 107" (2.63£0.09) x 107"
A (Dpm™) (4.38+0.09) x 107* (4.58 £ 0.06) x 107*

with the fundamental vibrational frequency wo = (2V2/u)'/?, where
y is the reduced mass (assumed here to be equal to the mass of the
*He or “He atoms, since each Cgo molecule is more than two orders
of magnitude more massive than the encapsulated atom and is also
coupled to the lattice).

The Schrodinger equation was solved approximately for finite
V4 and Ve by numerically diagonalizing a matrix with elements
given by (nlm|Vr* + Vsr®|n’¢'m'). Since the assumed Hamiltonian
retains isotropic symmetry, all matrix elements are independent
of the quantum number m and vanish for £ # ¢’ and m # m’. In
practice, the matrix was bounded by the 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 V,
(or wp), V4, and Vi and the induced dipole moment amplitude
Aj. The derived eigenvalues were used to estimate the INS peak
positions.

ARTICLE scitation.org/journalljcp

The fitting of the potential was performed independently for
the two He isotopes. The best-fit solutions for the potential coeffi-
cients and their confidence limits are given in Table I.

Figure 4(a) shows the best-fit potential functions for *He and
*He inside the interior cavity of Ceo. The best-fit potential has a dis-
tinct U-shape, which deviates strongly from the parabolic form of a
harmonic oscillator. The best-fit potential curves *He and *He differ
by not more than +1 cm™ over the plotted energy range.

An energy level diagram for the confined He atoms, marked
with the observed transitions, is shown in Fig. 4(b). The predicted
positions of the relevant THz and INS transitions are shown by
the vertical bars in Figs. 2 and 3. Although some of the higher-
energy transitions in the INS data are partially obscured by Ceo
features, the agreement with the spectroscopic results is gratifying.
The remaining discrepancies between the experiment and theory
are minor, such as the form of the peak labeled 4 in Fig. 2(a), and
are currently unexplained. The close correspondence of the derived
potential curves for *He and *He, 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 nonbonded
interactions between atoms using empirical two-body potential
functions, such as the Lennard-Jones (L]) 6-12 potential, or by
more complex functional forms. Suitable functions and parameters
have been proposed for the He- - -C interaction.'*!>%*%>¢" Some of
the proposed two-body potentials were developed for modeling the
scattering of He atoms from a graphite surface.'*!°

a | b Vi, Vi # 0 4
] | ; 2
] s 1
100 - 800 6
: B - 1
80 - c 3
> - 600 O 5
E 60 \ I - 2 9
> . [ € 4

g ) — 400 2
5 40 - [ e ;
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] [ 500 =
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- \_z// : i
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FIG. 4. (a) Radial potential energy functions V(r) for *He in Cgy (black solid curve) and for “He in Cgg (gray dashed curve) together with the quantized energy levels for *He.
The ®He and “He 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 |. (b) Energy levels of the confined *He atoms, labeled by the quantum numbers né. The energy levels for a harmonic oscillator are shown on the left.
The finite V4 and Vi terms break the degeneracies between terms with different £. All levels are (2¢ + 1)-fold degenerate. The transitions observed in THz spectroscopy
are labeled by circled numbers in black and correspond to the peaks in Fig. 2. The transitions observed in INS are labeled by circled letters in blue and correspond to the

peaks in Fig. 3. Colors are used to indicate the £ values of the energy levels.
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FIG. 5. Comparison of the experimentally determined radial potentials V(r) (*He:
black solid curve; “He: gray dashed curve, superposed 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 and Cole; '
[(b) blue] modified Buckingham potential (implemented in the MM3 program, as
reported by Jiménez-Vazquez and Cross®); [(c) orange] Lennard-Jones 6-12
potential with parameters from Pang and Brisse;"° [(d) red] Lennard-Jones 6-12
potential with parameters from Carlos and Cole.'* The potentials used in (a) and
(d) were used for the fitting of He- - -C scattering data.'# 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 center toward the
nucleus of a carbon atom. The confidence limits in the structural data for Cg%°
lead to error margins on the empirical curves, which are smaller than the plotted
linewidths.

Figure 5 compares the experimental V(r) curve with predic-
tions from published He:--C two-body interaction functions. In
each case, the total potential energy V(r) was estimated by locat-
ing the He atom at a distance r along a line from the center of
the cage toward a C atom and summing the contributions from
all 60 two-body He: --C potentials. The direction of the He dis-
placement has a negligible effect on the calculated potential curves
over the relevant energy range (see the supplementary material).
The derived potentials are very sensitive to the geometry of the Cqo
cage, especially its radius R. We fixed the locations of all C nuclei
to the best current estimates from neutron diffraction®® 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 cen-
ter R = 354.7 + 0.5 pm. The width of the curves in Fig. 5 is greater
than their confidence limits, which are dominated by the uncer-
tainties in the structural parameters. Explicit functional forms and
parameters for the empirical two-body potentials are given in the
supplementary material.

The most striking feature of Fig. 5 is the wide variation in
derived potentials for different two-body interaction models. Of all
the proposed two-body potentials, the Lennard-Jones 6-12 poten-
tial with parameters given by Pang and Brisse®” [curve (c)] provides
the best agreement with the experiment. The isotropic two-body
potentials derived by fitting the experimental He/graphite scatter-
ing data'*!"> [curves (a) and (d)] give poor fits to the experimental
He@Cg potential.

D. Comparison with quantum chemistry

The He@Cgo 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 evaluation
of approximate computational chemistry techniques—not only at
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the equilibrium geometry but also for displacements of the He atom
from the center of the Cqp cage.

The radial potential V(r) was evaluated by estimating the
energy of a He@Ceo system using a range of computational chem-
istry algorithms with the He atom displaced by r from the center of
the Cego cage. In all cases, the locations of the carbon atoms were
fixed to the Cep geometry as determined by neutron diffraction®®
with the same parameters as used for the evaluation of the empir-
ical potentials. The He atom was moved on the line connecting the
cage center to a carbon nucleus. The direction of the He displace-
ment has a negligible effect on the predicted potential curves over
the relevant energy range (see the supplementary material). The
potentials were calculated using the Psi4 program.®® The function-
als used for DFT were (i) the B3LYP functional, which is one of the
most popular semi-empirical hybrid functionals;*”"* (ii) the B3LYP
functional, including the Grimme D3 empirical dispersion correc-
tion with Beck-Johnson damping;”’* (iii) the wB97X-V functional,
which includes a contribution from the nonlocal VV10 correlation
functional and is designed to handle non-covalent interactions.®”’
The potential was also calculated using second-order Meller—Plesset
perturbation (MP2) theory,” including empirical spin-component-
scaling (SCS) factors.”” All potential calculations employed a coun-
terpoise basis-set-superposition-error correction and converged to
a good approximation with the correlation-consistent cc-pVXZ (X
=D, T, Q, 5) basis sets.”””” The calculations with X = Qand X = 5
were found to agree within 1% in the case of MP2 theory and within
7% for the two DFT-functionals. More details on the quantum
chemistry calculations are given in the supplementary material.

Some comparisons are shown in Fig. 6. Density functional
theory with the popular B3LYP functional®””® overestimates the
steepness of the confining potential, although the correspondence
with the experiment is improved by including the empirical D3

A B3LYP
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FIG. 6. Comparison of the experimentally determined He@Cg, radial poten-
tials V(r) (*He: black solid curve; “He: gray dashed curve, superposed on
the 3He curve) with quantum chemical calculations using density functional and
Mgller-Plesset perturbation theories? as follows: (blue upper triangle) DFT using
the B3LYP functional;’®-73 (blue lower triangle) DFT using the B3LYP func-
tional with D3BJ correction;>’4 (red diamond) DFT using the wB97XV func-
tional;%.7¢ and (open circle) spin-component-scaled Mgaller-Plesset perturbation
theory (SCS-MP2).7
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correction with Beck-Johnson damping.””* DFT with the wB97X-V
functional® and Meller-Plesset perturbation (MP2) theory with
spin-component-scaling (SCS) factors™ give an acceptable corre-
spondence between the calculated and experimentally determined
potentials.

V. DISCUSSION

We have showed that the quantized energy levels of helium
atoms encapsulated in Cep cages may be probed by THz spec-
troscopy and INS, despite the weak interactions of the He atoms
with the electromagnetic field and with neutrons. The spectroscopic
features were analyzed to obtain a detailed potential energy func-
tion for the interaction between the encapsulated species and the
surrounding cage—an interaction dominated by nonbonded disper-
sion forces, which are hard to estimate experimentally. An excel-
lent correspondence was obtained between the interaction potentials
derived from independent 3He@Csgy and *He@Cgy measurements,
despite the different peak positions for the two samples.

The experimental V(1) curve was compared with sums of pub-
lished two-body He- - -C interactions. With a few exceptions, the
summed two-body potentials have a poor correspondence 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 Cgp 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 techniques.
This allowed the validation of DFT methods that have been devel-
oped to deal with dispersive interactions, including the popular
B3LYP functional with the D3 empirical dispersion correction®”*
and the wB97X-V functional, which incorporates the nonlocal VV10
correlation functional and has been parameterized using a train-
ing set rich in nonbonding interactions.”” Moller-Plesset pertur-
bation theory with spin-component-scaling factors’> 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 quantum
chemistry algorithms or the limitations in the assumptions made
when interpreting the experimental data—for example, the neglect
of the influence exerted by the encapsulated He atoms on the cage
radius. Precise measurements of the He@Ceo cage geometry by
neutron scattering or x-ray diffraction are planned.

He atoms are small, have no static dipole moment, and have low
polarizability. This makes He@Cey a relatively easy case for compu-
tational chemistry. A stiffer challenge for computational chemistry is
likely to be presented by compounds in which the endohedral species
is polar, such as H,O@Ceo** and HF@Ceo,”” and by endofullerenes
such as CH4@Cgo,”* where the fit with the cage is much tighter. Fur-
thermore, the study of the systems with multiple atoms or molecules
encapsulated in the same fullerene cage’****’ should allow the study
of nonbonded molecule-molecule and molecule-atom interactions.

SUPPLEMENTARY MATERIAL

The supplementary material includes technical details of the
terahertz spectroscopy; technical details of the inelastic neutron
scattering measurements; quantum theory of a confined atom in a

ARTICLE scitation.org/journalljcp

spherical potential, including fitting procedures for the confining
potential; details of the two-body potentials; and technical details of
the computational chemistry calculations.
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