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We used terahertz spectroscopy to study the non-covalent interaction between CH, and the confining fullerene cage
in endofullerene CH4 @Cg. The temperature dependence of the THz absorption spectra of powdered CH4 @Cgy was
measured between 5 and 300 K. At temperatures below 50 K, the THz spectrum of CH4 shows a single line centered
at 214 cm~!, which broadens and shifts to higher energy as the temperature increases. These effects are explained by
the anharmonicity of the CH4—Cg interaction potential function. The model involves the center-of-mass motion of
CHy in a spherically symmetric potential well. Line intensities are modeled by invoking an electric dipole moment
induced by the translational displacement of CH4 from the center of the cage Cgy. The potential function and the dipole
moment parameters were derived from the temperature dependence of the THz absorption spectra and compared with
the parameters of previously studied endofullerenes. The quantum chemistry calculations reproduce the CH4 translation
motion frequency and the potential function remarkably well.

I. INTRODUCTION

After the discovery of fullerene Cgy by Kroto et al.' in
1985, this highly symmetric molecule gained immediate at-
tention due to its potential to encapsulate atoms and molecules
in its hollow cavity. Soon the same group of scientists re-
ported the encapsulation of lanthanum atom by laser ablation
method to form La@Cg2, known as endofullerene and de-
noted as A@Cgg. Since then, the field of studies of endo-
fullerenes has shown significant growth. The advent of the
“molecular surgery” method? has allowed for the synthesis of
a variety of endohedral fullerenes in relatively large amount®.
These includes noble gas atoms>® and molecular species
such as Hy@Cgy?, H,@C7'?, HF@Cgp'!, H,0@Cgp'?,
CH;@Cg'3, and CH,O@Cgp'*. One salient feature of the
confinement is the quantization of the center-of-mass trans-
lational degrees of freedom of the guest species. This phe-
nomenon, thanks to “molecular surgery” is accessible to vari-
ous spectroscopic techniques and has been studied in detail for
endofullerenes hosting noble gas atoms and small molecules
by terahertz (THz) and infrared spectroscopy'®!#2* and in-
elastic neutron scattering spectroscopy ' 8-20-22:25-30

The confining potential energy function of atoms and small
molecules inside the Cgg molecular cage is the result of non-
bonding interactions between the guest and Cgg. This func-
tion has been a frequent target of theoretical calculations’!=#¢.
The noble gas atoms are spherically symmetric and only have
translational degrees of freedom, which makes them a rela-
tively simple system for quantum chemistry calculations. The
calculation of more complicated endohedral species in which
the guest is a polar molecule, such as HyO and HF@C,
has been widely regarded as a challenge. Endofullerenes like
CH4@Cgp, in which the molecule fits tightly inside the cage,
also presents computational difficulties. The quantum chem-
istry calculation often requires a careful selection of compu-

tational techniques and the basis set to precisely determine
the weak non-bonding interactions. Therefore, experimental
findings which guide the selection of computational model
and the basis set, are highly valuable. Over the years, re-
liable potential energy functions have been determined for
H,@Cg>"17?° and noble gas atoms>'>?. The translational
excitation frequencies from the ground to the first excited
state have been determined for HF@Cg '8, HoO@Cgy'?, and
CH,O0@Cg¢y'*. However, to the best of our knowledge,
no potential energy function nor translational excitation fre-
quency has so far been determined experimentally for a larger
molecule such as CH4@Cgqy. CH4@Cgq has been the subject
of several theoretical studies, including the prediction of ter-
hertz and infrared spectra®’—°.

Here we report a THz study of translational dynamics of
CHy4 in the molecular cavity of Cgy. To determine the anhar-
monicity of the confining potential, we studied the tempera-
ture dependence of the THz absorption spectra. CHy is clas-
sified as a spherical top molecule, for which the translation-
rotation coupling is expected to be negligible compared to
less symmetric molecules such as H, @Cg'%, HF@Cgp'8,
H,0@Cg!® and CH,0@Cg'*. Hence, the translation mo-
tion of CH4 @Cgg can be treated independently of its rotations,
and the Hamiltonian model is similar to that of a confined no-
ble gas atom?°.

Il. MATERIALS AND METHODS
A. Sample preparation

CH4@Cgp sample was prepared using the multiroute
“molecular surgery” method'®. The procedure involves a se-
ries of controlled chemical reactions to create a hole in the
fullerene molecule cage, then incorporating the guest species
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through the hole, and finally closing the hole with another se-
ries of chemical reactions while keeping the guest inside the
fullerene.

Following the synthesis, the CHs@Cg sample was sub-
jected to high-performance liquid chromatography (HPLC) to
remove the traces of empty Cgo. Eventually, CH;@Cgy was
obtained with filling factor fy = 100.0£0.3%. The sample was
sublimed under a vacuum before THz measurements.

B. Measurement technique

The CH4 @Cg powdered sample (12.7 mg) was put into the
3 mm brass frame and pressed into a d = 1.1 mm thick pellet.

To achieve cryogenic temperatures a cold-finger continu-
ous flow cryostat was used, equipped with a sample cell. The
brass frame containing the pressed pellet was placed into the
vacuum-tight sample cell with two thin polypropylene win-
dows. The sample cell was filled with 100 mbar of He gas at
room temperature to facilitate good thermal contact between
the cold finger and the pellet. The cryostat was inserted into
the sample compartment of the interferometer. The transmis-
sion spectra of CH4 @Cgy were measured up to 300 cm ! us-
ing a FTIR Bruker Vertex 80v spectrometer equipped with
SiC (globar) radiation source, a 6uum thick Mylar beamsplit-
ter, and a 4 K bolometer detector. The spectral resolution was
0.3 cm™!, which was less than the line width of CH4@Cg
absorption lines.

To record the transmission spectra, the cold finger was
moved up and down relative to the beam, allowing the light
to pass through the sample or a 3 mm reference hole attached
to the cold finger. The transmission spectra, 7 (®), were mea-
sured as the ratio of the intensity of light transmitted through
sample, I;(®) at frequency , to the intensity transmitted by
the reference hole, I(®), T(®) = I;(®)/I,(®). The absorp-
tion spectra ¢ot(w) were calculated from the transmission spec-
tra, a(®) = —d~'In [T (®)R(w)~"|, where d is the sample
thickness. R(®) is the amount of radiation lost in reflections
from the surfaces of the pellet and sample chamber windows.
Since R is featureless in the spectral range of CH4 absorption
lines it was subtracted as a background absorption without af-
fecting the CHy absorption line intensities and shape.

C. Confined CHy translational motion: Anharmonic spherical
oscillator model

To describe the quantized translational motion of CHgy
trapped inside the Cgp we use the spherical anharmonic oscil-
lator model. The detailed formulation of the model has been
discussed in Ref.20 and Ref.21. Here, we summarize the key
features. We treat Cg as a rigid body with a fixed center of
mass. Within this approximation, we ignore the effects of Cg
rotations and librations on the motion of the confined CHy.
We also ignore the coupling of CHy to the vibrations of Cgg
and to the crystal lattice modes. We assume the confining po-
tential stays constant over the 5 to 300 K temperature range.

Fullerene has icosahedral symmetry, but for simplicity, we ap-
proximate it with spherical symmetry. This approximation
excludes any angular dependence and as a result, the poten-
tial function of CHy depends only on the radial displacement
r from the Cg center of mass.

The Hamiltonian A for CHy in the spherically symmetric
potential is

A2

A= v v, (1)
2m

where V,r* is the anharmonic correction. The first two terms

are the kinetic and potential energy of the harmonic oscillator

with the energy eigenvalues

E, = hay (n+;> ®)

where the frequency of the harmonic spherical oscillator is
@y = y/2Vo/m and m is the mass of CHy. The eigen-
states of the harmonic spherical oscillator are well known?>!-,
They are characterized by translational quantum number, n €
{1,2,3...} and angular momentum quantum number ¢, where
¢ e {2,4,6...} for even n and ¢ € {1,3,5...} for odd n.
The anharmonic spherically symmetric Hamiltonian of CHy
is solved by diagonalizing Eq. (1) numerically using a finite
basis set of harmonic spherical oscillator eigenstates, using all
the states up to and including 7,,,, = 18. Since the potential is
spherically symmetric, there is no mixing of eigenstates with
different ¢ and the energy levels are (2¢+ 1)-fold degenerate.

The translational motion of CHy is decoupled from electro-
magnetic radiation since the molecule is neutral. We assume
that the electric field of THz radiation couples to the dipole
moment induced by the displacement of CH, from the cen-
ter of the Cgo cage, r = (r,0,0), given in spherical coordi-
nates. A similar analysis was used to treat the THz spectrum
of He@Cgy?'. The dipole moment operator, as discussed in
Ref.21, is expressed as a function of spherical harmonic of

rank one,
l4r
dlq: ?Alqrqu(6a¢)v (3)

where Ay, is the real-valued dipole amplitude coefficient and
g € {—1,0,+1}. For spherical symmetry, A, does not depend
on g, s0 A1y, = Ajp. In case of CH4@Cg, we found that it was
not necessary to include higher order odd powers of r in the
expansion Eq. (3). The selection rules for the electric dipole
transition of harmonic oscillator are A¢ = 41 and An = 412!

The fitting parameters kK = {V,,V4,A;} are determined
by minimizing the difference-squared between the baseline-
corrected experimental spectrum and the spectrum calculated
with the fitting parameters. At each step the Hamiltonian
was diagonalized numerically and the dipole moment ma-
trix transformed into the Hamiltonian eigenbasis. The line
intensities were calculated by taking into account the ther-
mal populations of the energy levels as described in Ref. 21.
The linewidth of the CH4 @Cg( experimental spectra changes
with temperature. Up to 80 K the full width at half maximum
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FIG. 1. Temperature dependence of THz transmission spectra of
CH4@Cgp at 5K (black solid line), 140K (dashed blue line) and
300K (red solid line). Plotted is the log;[7T ()] where T(®) =
I;(0)/I(®) and I; and I, are the intensities transmitted through the
sample and through the reference hole, respectively.

was determined from the experimental spectra. Above 80 K it
was not possible to resolve individual lines and therefore the
linewidth was assumed to be equal to 2 cm~! and indepen-
dent of temperature. The confidence limits of the fit parame-
ters were calculated with the method described in Ref.19.

D. Quantum chemistry calculations

The structure of CH4@Cgy was minimised with Gaussian
09 revision D1.01°! using Density Functional Theory (DFT)
with pure PB86°23 functional, and the harmonic frequen-
cies calculated for the translational modes. The basis set was
cc-pVDZ>* with a superfine (175,974 points for H, 250,974
points for C) integration grid. Tight criteria were used for
convergence.

lll. RESULTS AND DISCUSSIONS

The temperature dependence of THz transmission spectra
of CH4@Cgg is shown in Fig. 1. At the lowest temperature
of 5K, the THz spectrum displays one prominent absorption
line at 214 cm™!. As the temperature increases the absorp-
tion line broadens and shifts to higher frequency. The peak is
exclusive to CH4@Cgp because such a peak is present in the
THz spectra of neither Cgg nor A@Cgy. The peak does not
belong to the vibrational mode of free CHy because all of the
vibrational modes frequencies are above 1200 cm~!. Also, it
is not the rotational transition of CH4@Cg because the rota-
tional constant is small, B = 5.2 cm™ '3, which correspond to
10.4 cm~! energy difference between the ground and the first
excited rotational state.

A more detailed temperature dependence of the absorption
spectra with the baseline subtracted is shown in Fig.2. We
attribute the 214 cm~! peak in the THz absorption spectrum
to the quantized center-of-mass translational motion of CHy
inside Cgg. The peak broadening and the shifts of its maxi-
mum to higher frequency is due to the increased population of
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FIG. 2.  Temperature dependence of THz absorption spectra of
CH4 @Cgg. Experimental spectra (black) and the calculated spectra
(blue dashed) using best fit parameters given in Table I. Calculated
spectra are plotted using Gaussian line shape and 7-dependent line
width, see text. Sticks represent positions of individual lines from
the model fit with stick height proportional to the line area. The inset
shows the integrated line area across measured temperatures.

excited translational states at higher temperature; transitions
starting from excited translational states have an increased en-
ergy due to the anharmonicity of the potential function. The
inset to Fig.2 shows that the total line area does not change
with temperature. This confirms that all electric-dipole-active
transitions of CHy translational motion are contained within
the same peak.

To validate our experimental findings, we fitted the ex-
perimental spectra with the spherical anharmonic oscillator
model, Sec. Il C. This model only includes calculations of the
frequencies and intensities, and does not take into account line
width effects. To obtain the experimental line widths the low
temperature spectra were fitted with a single Gaussian line
from where the temperature-dependent line widths followed:
(T/K, FWHM /cm™): (5, 1.4), (10, 1.4), (20, 1.52), (30,
1.55), (40, 1.6), (50, 1.68), (60, 1.77), (80, 1.93). Since the in-
dividual lines could not be resolved in the experimental spec-
tra above 80 K, the line width was assumed constant, 2 cm ™!,
in the spectra measured at 100, 140, 180, 220, 250 280 and
300 K. When fitting the spectra with the anharmonic oscilla-
tor model these line widths were used to calculate the model
spectra. The model spectra, calculated using the best fit poten-
tial and dipole moment parameters listed in TableI are plotted
in Fig. 2 for selected temperatures. In TableII we list the en-
ergy levels up to n = 5 calculated with the best fit potential
parameters.

The anharmonic spherical oscillator parameters that give
the best fit to the experimental THz spectra are given in Ta-
bleI. The anharmonic V4 term is positive, which means that
the distance between the energy levels increases with increas-
ing energy. This behaviour is found for all A@Cgg species, as
shown in TableI. The effect of positive V4 term is visible in
Fig. 2: the additional absorption lines in the high temperature



TABLE I. The best fit polynomial coefficients and their confidence limits for the spherically symmetric potential function V (r) =V, PVt +
Ver® and induced dipole function d = (47/3)' /2 (A r+ A3 r3)Y,0(8,9) of A@Cg. do; = (1|d |0) is the expectation value of the dipole moment
between the ground state and the first excited state. @y is the peak frequency of the absorption line at 5K in the measured THz spectrum
which corresponds to the energy separation of the ground state and the first excited state. vy, = (@o; — @)/ @) is the fractional contribution
of the anharmonic potential to @y where @y = (27t¢)~!1/2V5 /m is the frequency of the harmonic oscillator, Eq. (2), in wavenumber units and
c is the speed of light in vacuum. Ry is the van der Waals radius of A. The data for atoms is from Ref. 21 and Ref. 22.

Parameter ‘He 20Ne 40Ar 84Ky CHy
Vo / Jm~2 0.39+0.006 1.58£0.04 9.56+0.03 17.81+0.12 21.1040.04
Vy/ Im=4/10%0 (0.6040.01) (2.284+0.22) (8.1940.16) (13.241.60) (11.6+0.56)
Vs/ Im=6/10% (3.94+0.09) 0 0 0 0
Ay/C/1072 (0.68+0.04) (1.84+0.13) (3.31+0.01) (3.30+0.21) (2.73+0.03)
A3 /Cm~2 0.04+0.01 0 0 0 0

do1 /Debye 0.017 0.019 0.020 0.014 0.017
o1/ cm™! 81.4 56.6 91.8 85.4 214.1
Vanh 0.29 0.085 0.018 0.007 0.014
Rw / pm 140°6 1546 1886 2025 2067

spectra appear on the higher frequency side of the low temper-
ature absorption line. However, the transitions from thermally
excited energy levels merge because of the small energy sep-
aration of individual lines relative to the line width, resulting
in a single broad unresolved line. Similar behaviour is ob-
served for endofullerenes containing the noble gas atoms Ne,
Ar, and Kr?2. This contrasts to the case of He@Cg, which
shows a comb of well-resolved peaks as the excited levels be-

come thermally populated at high temperatures®’.

TABLE II. Translational energy levels of CH4@Cgq obtained from
the fits of THz absorption spectra. |£|? is the amplitude-squared of
the dominant component of the eigenstate with the quantum numbers
(n,€). The zero point energy, 319.47 cm ™', has been subtracted.

E/cm™! n 1 |E?

0 0 0 1
214.4 1 1 1
429.9 2 2 1
431.5 2 0 0.999
646.4 3 3 0.999
649.2 3 1 0.998
864.0 4 4 0.998
867.8 4 2 0.997
869.5 4 0 0.996

1082.7 5 5 0.998
1087.6 5 3 0.995
1090.2 5 1 0.994

Anharmonicity in the confining potential induces mixing
between the harmonic oscillator eigenstates. Hence, a good
indicator of the degree of anharmonicity is the largest coeffi-
cient of a harmonic oscillator state in each eigenstate of the
anharmonic oscillator. This coefficient is equal to 1 for a har-
monic oscillator but takes a smaller value for an anharmonic
oscillator. Table II lists the computed coefficients for the an-
harmonic oscillator eigenstates used to match the experimen-
tal THz spectrum of CH4 @Cg, as shown in Figure 2. In case
of CHy, |&|? falls off slowly with increasing 7 indicating the
weak anharmonicity of the potential function. For example,
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FIG. 3.  The experimentally determined potential energy curve

V(r) of several endohedral complexes of Cg. The potential energy
curves of 4He, ZONe, 40Ar, 84Kr and CHy4 are calculated with pa-
rameters from TableI. The open symbols are the result of quantum
chemistry calculation for CH4@Cg, see Section II D. The potential
curves of Hj are calculated from best fit parameters given in Ref.16,
where the H, molecule axis is parallel to the displacement r (dotted
orange) and perpendicular to it (solid orange). The degree of an-
harmonicity of HF, H,O and CH,O@Cg is not known experimen-
tally. Here the potential curve is plotted in harmonic approximation
where V3 = m@} /2 and @y (27cc) ! is the observed translational fre-
quency in wavenumber units: 78.6 cm~! for HF@Cgp '3, 110 cm™!
for HO@Cg!® and 166.8 (dashed) and 231.1 cm™! (solid) for
CH,0@Cg'4; ¢ is the speed of light in vacuum.

the |€|? in the state which is predominantly (n,¢) = (3,3), is
0.69 in *“He@Cgp?! while it is 0.999 in CH4@Cgy.

Just like other A@Cg( in Table I, CHy is neutral and lacks
permanent dipole moment. The guest molecule gains the
dipole moment through its interaction with the inner surface
of Cgp when it moves away from the cage center. The induced



dipole moment, (0|d |1), of CH4 and atoms for the transition
from the ground (n = 0) to the first excited state (n = 1) is
listed in Tablel. It can be seen that the induced dipole mo-
ments are about 100 times smaller than the permanent dipole
moment of free H,O (1.85D), for example.

Previous DFT studies on CHy4@Cgy using the
Becke-Perdew BP86 exchange-correlation functional®>>3
gave the translational mode frequencies of 209, 217, and
220 cm~'47.  Although the mean (2153 cm™!) is in ex-
ceptionally good agreement with the experimental value
(214 cm™!) the wide spread of values does not reflect the
high symmetry of the CH4@Cgy system. Repeating the
calculation using a large integration grid gave translational
mode frequencies of 207.3, 207.5 and 208.1 cm~!. Although
the mean (207.6 cm™!) is further from that observed the
narrow spread of three calculated mode frequencies is an
improvement. A potential energy curve for the 207.5 cm™!
translational mode was constructed using single point energy
calculations on structures generated along the mode using
GaussView and is shown in Fig.3. The calculated potential
provides an overall good description of the confining potential
of the encapsulated CH4 molecule.

In Fig. 3, we also compare the experimentally derived po-
tential energy function curves of several endohedral com-
plexes of Cgy. The comparison of CH4 @Cg and Noble gas
atoms shows that there is a correlation with the van der Waals
radius (listed in TableI): the potential steepens with the in-
crease of the van der Waals radius. This conforms to the intu-
itive picture that large species fit more snugly into the Cgg cav-
ity and have less room to “rattle around”. The comparison to
other four molecules is not so straightforward. Firstly, H,, HF,
H,0 and CH;0 are asymmetric; this asymmetry, manifested
as translation-rotation coupling in the Hamiltonian >3°, is
demonstrated for H, where two potential curves are shown,
for the H, molecule axis parallel and perpendicular to the
displacement vector r; although the anisotropic experimen-
tal potential curves have not been derived for CH,O@Cy,
the translation-rotation coupling must be strong in compari-
son to H as the two well-separated lines are seen at 166.8 and
231.1 cm™! in the CH,O@Cgy THz absorption spectrum'#.
Secondly, there is no experimental data about the anharmonic-
ity for HoO@C¢y, HF@Cgy and CH,O@Cyg.

To summarize, the translational mode of CH4 was observed
at 214 cm~! at 5K in the molecular cavity of Cgo. The poten-
tial energy curve, including the anharmonic correction, was
determined from the temperature dependence of the THz ab-
sorption spectra which shift to higher energy and broaden as
the temperature increases. The THz spectra are well described
by a spherical anharmonic oscillator for the CH4 center-of-
mass motion despite the internal vibrational and rotational
degrees of freedom of CHy. The experimentally determined
potential function is in good agreement with quantum chem-
istry calculations. The lighter mass of CH4 combined with the
steep confining potential sets the CH4 @Cgg mode frequency
to be higher than that of Cgy endofullerenes containing noble
gas atoms in Cgy.
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