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ABSTRACT: In the year 1933, Herzberg and Teller realized that
the potential energy surface of a triatomic, linear molecule splits
into two as soon as the molecule is bent. The phenomenon, later
dubbed the Renner—Teller effect due to the detailed follow-up
work of Renner on the subject, describes the coupling of a
symmetry-reducing molecular vibration with degenerate electronic
states. In this article, we show that a very similar type of
nonadiabatic coupling can occur for certain translational degrees of
freedom of diatomic, electronically degenerate molecules when
trapped in a nearly spherical or cylindrical quantum confinement,
e.g., realized through electromagnetic fields or molecular
encapsulation. We illustrate this on the example of fullerene-
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encapsulated nitric oxide, and provide a prediction of its interesting, perturbed vibronic spectrum.

B INTRODUCTION

In its simplest form, the Renner—Teller (RT) effect, as first
described by Herzberg and Teller," and a year later thoroughly
discussed by Renner,” occurs in linear, open-shell molecules
consisting of three atoms. In these systems, the bending
vibration, which breaks the rotational symmetry present along
the internuclear axis, couples to the electronic motion and
enforces a local breakdown of the Born—Oppenheimer
approximation. Although this perturbation does not lift the
degeneracy of the coupled electronic states in first order, it has
significant, well-studied consequences for the vibronic as well as
the ro-vibronic spectrum of these molecules; the latter is due to
the fact that the corresponding eigenfunctions of the molecular
Hamiltonian are no longer eigenfunctions of the electronic
orbital angular momentum as well as the vibrational angular
momentum operator.” A recent overview of the subject has been
provided by Jungen.® Initiated by the early work of Pople,’
interest in spin—orbit coupling effects on the vibronic spectra of
linear molecules emerged. For relativistic treatments, see refs
6-8.

In this article, we show that a similar type of nonadiabatic
coupling must occur in the vibronic spectra of electronically
degenerate, spherically encapsulated diatomic molecules, a
molecular arrangement most closely realized by endofullerenes,
i.e., small molecules enclosed by fully intact fullerene cages. We
propose that, in such a setup, with cage dimensions similar to the
de Broglie wavelength of the trapped molecule, the necessarily
quantized translational motions are able to lift an electronic
degeneracy in second order. These interesting, yet somewhat
exotic molecular systems can be synthesized via “molecular

surgery”,””'? a process comprising the chemical opening of the
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cage, embedding of a guest molecule, and a follow-up
reconstruction of the carbon confinement. Degenerate
electronic states, a necessity for the RT effect, are mostly
found in electronically excited states, molecular radicals, or
molecular ions, which poses an experimental difficulty. We have
picked the NO molecule for the sake of a preliminary, yet
meaningful first investigation of the proposed nonadiabatic
effect. This small diatomic molecule features a “I1 degenerate
ground state, which makes it a computationally feasible, but also
experimentally accessible test object for follow-up spectroscopic
investigations.IA'_16 Density functional theory (DFT) will be
employed to obtain the potential energy surfaces (PES).
Alternatively, diatomic molecules such CCl and NS, which are
also characterized by a *I1 degenerate electronic ground state,
should show a similar Renner—Teller-like effect in the far- to
mid-infrared spectrosopic region. Different positions and
alignments are possible for such an encapsulated diatomic
molecule."” ™ In the case of NO, a structural optimization
without any symmetry enforcement shows that the minimum
energy is reached if the NO is in the center of the C¢, cage, and
the N—O axis is almost in line with the C; rotational axis of the
fullerene connecting the centers of two opposite hexagons. The
two “IT states become exactly degenerate if a perfect alignment
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between the internuclear axis and the C; rotational axis is
enforced. In this slightly idealized geometric arrangement, the
molecular system, as shown in Figure 1, is a representative of the
C;, molecular point group.

Figure 1. Spin isodensity plots (blue) of the two degenerate electronic
states of NO@Cg,. With NO aligned with the C; axis, this endofullerene
is a representative of the C;, molecular point group.

Neglecting for a moment the vibrational degrees of freedom of
the fullerene itself and looking at a single, encapsulated diatomic
molecule perfectly aligned to the C; axis of the fullerene, it is
obvious that the remaining vibrational degree of freedom of this
diatomic molecule can not cause the proposed coupling; neither
can a translation along the C; axis. Let us refer to the latter as the
z-axis in the laboratory frame. However, the two remaining
translational motions, i.e., motions displacing the diatomic along
the x and y-axis, are now taking the role of the 2-fold degenerate
bending vibrations as it would occur in the case of a Renner—
Teller-active molecule. Another way of thinking about this type
of coupling is to interpret the center-of-mass of the fullerene
cage as the missing “third” atom. Obviously, the fullerene cage is
not perfectly spherical as it consists of distinct atoms, a fact that
will show up below when discussing one-dimensional cuts
through the actual PES obtained from electronic structure
theory. However, the deviation from the typical PES of Renner—
Teller effect theory is negligible when discussing vibronic
features exclusively. Experimentally, diatomics encapsulated in
fullerenes have been investigated by UV to far-infrared
spectroscopy, #1723 inelastic neutron scattering, 24726 nudear
magnetic resonance,”’ and photoelectron spectroscopy.”®
Infrared spectroscopy of molecules, which allows to study low
lying rovibronic states showing the proposed effect, either
requires a permanent electric dipole moment or induction
effects, which can appear in Cg4, due to interactions of the guest
molecule with its confinement.””** On the theoretical side, the
enclosure of heteronuclear diatomics or triatomics has been
studied for the case of CO@Cy"’ (bond distances and
vibrational frequencies) and H,0@Cg."" Regarding open
shell systems, a comparison between singlet and triplet spin
manifolds of encapsulated B,, O, and Ge, can be found in ref 31.
For HF@Cy, bond elongation and a quenchlng of the
vibrational frequency have been predicted.”” Besides the
electronic and vibrational states studied here, rotational
coupling can lead to additional splittings; see, e.g., refs 33—39
for details.

B THEORY

The *I1 ground state of the NO molecule shows a 2-fold
degeneracy with respect to A = +1, the projection of the orbital
angular momentum onto the internuclear axis. Strictly speaking,
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these quantum numbers are valid only for the free linear
molecule. Fortunately, as will be shown below, symmetry
deviations introduced by the fullerene cage are minimal. The
sign of A dictates the behavior of the corresponding electronic
wave function with respect to a rotation R around the z-axis by
an arbitrary angle ¢,

Ryly =1y = ely™y; Ryly™) = e ly7) (1)

In the case of the “Renner—Teller-like” nonadiabatic coupling
proposed in this work, the RT-active doubly degenerate bending
mode is replaced by the translational motions of the NO
molecule perpendicular to the internuclear axis. Identifying the
latter with the z-axis of the laboratory frame (and also the C; axis
of the fullerene), we can identify g, and gy, the translations in the
x and the y directions, as suitable replacements. In analogy to the
handling of the electronic part described above, we introduce
complex nuclear coordinates

(?] B (i —)[Zy] @)

as a basis in which the operator C,, for an arbitrary rotatlon of the
angle ¢ becomes diagonal, with eigenvalues e and e,
respectively. With this choice, the usual Renner— Teller
Hamiltonian can be employed. Written in polar coordinates
for the two A values it has the form™
>(1 0
] e ][0 1)
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A diagonalization of the potential part of the Hamiltonian yields
two adiabatic electronic PES, again formulated in polar
coordinates:

aZ
ap*

0 a
Hyr =

1 2
V.= —(w =%
The first part of the Hamiltonian corresponds to the isotropic
two-dimensional Hamiltonian with the solutions™**’

2
v, (p, §) = eple™ /2L(”r|;+|l|)/z(/’2) ()

expressed via the associated Laguerre polynomials L with
eigenvalues of E,; = U(n + 1). For the evaluation of the dlstance—
dependent dlpole moments we introduce the length unit"'

r = p/2ncUu/h, with y denoting the reduced mass. In order

to obtain the corresponding vibronic eigenstates of Hyr, the
coupling terms (second term on the rhs of eq 3) are added and
the obtained matrix is diagonalized. ThlS qprocedure requires the
evaluation of matrix elements (n,llgp*e~*In,1), which are known
analytically"" and are evaluated via SymPy, a Python library for
symbolic computation. The total angular momentum J of a given
vibronic state with quantum number j is obtained by coupling
the vibrational angular momentum K (eigenfunctions ly;,;)) and
the orbital angular momentum L (eigenfunctions ly*), ly™)).
Coupled states are denoted as |®;,). Spectral intensities are
proportional to the absolute square of the dipole transition
moment,

1=Ky 1,1 ©
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Figure 2. Potential energy curves for the two coupled electronic states (denoted as 0 and 1) while displacing the NO molecule within C¢, (Ax, Ay, Az).

Displacements Ax and Ay produce the two curves of eq 4.

Introducing the expectation values of the dipole moment
operator in the laboratory frame,

(Wlaly) = A,
(wlily) = i,

Yelilyg) = O, @
which can be extracted from the DFT calculations as a function
of r (see the Supporting Information for details), spectral
intensities can be obtained by taking the absolute square of the
bracketed expressions

, 1 g | | ETHR
(@, k) = - Yk (n, i -1 n, j
n',n
o i =K
— 1)+, | — -1
o i =0
+CphCr (', j —1l—=|nj+ 1
o A+ i
+CLCl (', j +1—nj+ 1
(8)

Note the expansion of the vibrational part in a basis of
eigenfunctions for the isotropic 2D harmonic oscillator
according to eq S.

B COMPUTATIONAL DETAILS

Regarding the actual PES calculation, we place the NO molecule
in a Cg, cage and optimize the geometry at the DFT level of
theory, using the TZP basis set available in ADF as part of the
SCM software package.*” The PBE functional™ is employed
together with a D3 dispersion correction.** DFT output files and
code are provided in a repository.”> An interaction energy

AE = ENO@CGO - (EC(,U + ENO) 9)
of —0.165 eV is obtained if C;, symmetry is enforced. The
corresponding molecular geometry, as depicted in Figure 1,
features an exact electronic degeneracy due to a perfect
alignment with the C; axis of the fullerene, but breaks
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icosahedral symmetry. In a DFT-based frequency computation
within the C;, symmetry the three lowest modes correspond to a
translational movement of NO within the Cg, cage. The two
degenerate modes, perpendicular to the internuclear axis, have a
frequency of 122.5 cm™'. In our model Hamiltonian, these
modes will be treated like RT-active bending modes. The
translational in-axis movement of the NO molecule is found at
165.7 cm™". Within RT effect theory, the latter can be related to
the inactive asymmetric stretching mode, which has about the
same intensity in the DFT computation as the degenerate
modes. Vibrational modes involving the carbon cage start at
259.7 cm™!, but are of negligible intensity. The lowest
vibrational transitions of Cg, with significant intensity (about a
factor of 1300/1000/200 stronger than the translational modes)
can be found at 522.6/581.8/1180.7 cm™!, which agrees very
well with the experimentally confirmed lowest lines of Cg, at
526/576/1183 cm™), respectively.*® The N—O bond-stretching
vibration can be found at 1894.9 cm™' (with an equilibrium
bond distance of 1.163 A) and is about a factor of 140 stronger in
intensity than the translational modes. Note the slight difference
in comparison to the vibration of the free NO molecule in gas
phase: Applying the same computational method, we obtain a
bond distance of 1.167 A and a frequency of 1866.1 cm™ for free
NO, which indicates a minimal compression of the molecule
inside the Cg, cage.*” Experimentally, the lowest vibrational level
of gas phase NO is found at 1876 cm™,'® which validates the
accuracy of our computational treatment. The confinement has
a minimal impact on the rotational constant of NO, rising it by
less than one percent to a computed value of 1.67 cm™'.
Similarly, a negligible mode coupling between NO translations
and low lying vibrations of the Cg, cage can be expected from a
comparison of fullerene and endofullerene frequencies (see
Supporting Information for details).

As can be seen in Figure 1, the spin density, i.e., the electron
density of the highest singly occupied molecular orbital
(HOMO), is clearly dominated by the p-orbitals of the oxygen
and nitrogen atoms. At C;, symmetry, the p, and the p, orbitals
are degenerate, giving rise to the 2-fold electronic degeneracy
needed for the RT interaction. Displacement orthogonal to the
C, axis of the NO molecule reduces the symmetry of the system.
We choose the x-axis of our coordinate system in such a way that
the xz-plane is cutting the hexagons on the top and the bottom
of the fullerene exactly at the middle of a C—C bond. In this case,
a translation of the NO molecule along the x-axis reduces the
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overall symmetry to C, as it leaves a single mirror plane (xz) as
symmetry element. A translation along the y-axis, however,
breaks any symmetry and reduces the system to C;. This
introduces a certain complication in the calculations since the
two coupled electronic states can no longer be distinguished by
symmetry, which enforces the application of an excited state
method. We employ time-dependent DFT for their computa-
tion. The inevitable difference in absolute energies with respect
to ordinary DFT is compensated by an ad hoc shift of 0.28 eV.
Corrections of this magnitude with respect to absolute energy
are expected for this method;**’ the accuracy of relative
energies, i.e., the shape of the PES, has been confirmed through a
direct comparison to ordinary DFT results where possible, with
deviations in the range of a few wavenumbers (see Supporting
Information for details).

B RESULTS AND DISCUSSION

An overview of the PES cuts obtained by displacements of the
NO molecule is given in Figure 2. In these computations the Cg,
was kept fixed and the NO molecule was displaced by Ax, Ay,
and Az. We use different colors for the three displacements in
space (blue, green, and red, respectively). The two electronic
states are distinguished by solid and dashed line styles. Note
that, for symmetry reasons, deviations between the scans along x
and y directions, as well as along the positive and negative axis,
are a direct measure of the PES warping due to the icosahedral
cage structure. However, the minimal variation documented in
Figure 2 justifies the simplification of assuming cylindrical
symmetry. Therefore, x and y branches of the same state have
been fitted together. Displacements in Az (red), ie. the
nonactive mode, show a larger curvature and are not fully
symmetric due to the heterogeneous nature of the diatomic
molecule. This type of displacement does not lift the degeneracy
of the two electronic states (numerical deviations are below 1
cm™"). For the sake of completeness we have also investigated
rotations of NO inside the fullerene. Energies as a function of the
rotational angle for motions in the xz plane are given in Figure 3

80
60
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€ 40
=~ ~ -
w ~——- ,
201 — 0 (x2) ’
0] -—- 1(x2) o
-80 -60 -—-40 -20 0 20 40 60 80
e/

Figure 3. Energy dependence of the two involved electronic states for a
rotation of the NO molecule within the C4, cage. For symmetry
reasons, the warping of both PES repeats itself between 90 and 270°.

for the two different electronic states. A barrier height of about
75 cm™! has to be overcome for unhindered rotations, which
corresponds to a temperature of about 110 K. Interestingly, the
two electronic states show a different angular dependence,
which opens a new chapter for future investigation, as it suggests
a nonadiabatic coupling also on the level of rotational excitation.
It is also apparent that the high-symmetry orientation along the
Cs, axis (0 = 0°) is not exactly the global minimum. Note that,
within a Cartesian coordinate picture, a rotation of the caged
molecule, e.g., within the xz-plane means that the rotational axis
agrees with the symmetry axis of the p,-lobe. Therefore, the only
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modification of this orbital, and therefore its corresponding state
energy, with the angle 6, is due to its electronic coupling to the
p.-state, and not directly through the confining cage. The same
holds for the p,-component in case of a rotation within the yz-
plane.

Recently, a review article has been dedicated to the topic of
translation-rotation dynamics and spectroscopy of light-
molecule endofullerenes.’® On the theory side, powerful
methods such as the discrete variable representation®”" exist
for the numerical solution of low-dimensional quantum motion,
but will have to be extended to cover nonadiabatic coupling
effect at hand. Particularly useful will be the ansatz of Kalugina
and Roy,”” who expanded the PES of HF in Cg, in a basis of
bipolar spherical harmonics. Regarding future experimental
work, this system might offer the possibility to investigate
nonadiabatic coupling for hindered rotations via microwave
spectroscopy.23

In the next step, fitting parameters are extracted from the PES
scans in Ax and Ay, and used to set up the vibronic Hamiltonian
for a treatment within RT effect theory. We obtain @ = 118.3
ecm™ and g = 7.4 cm™! for the parameters in eq 3. Matrix
diagonalization produces the energy levels shown in the right
panel of Figure 4. In order to illustrate the impact of the

900 A

800 A

700 4

-1

600

E/cm

500 A

400 A

300 A

200 A

uncoupled isotropic 2D RT-like

Figure 4. Energy levels for two uncoupled harmonic oscillators (left),
for an isotropic 2D harmonic oscillator (middle), and obtained by
diagonalization of the RT-like Hamiltonian (right). Solid/dashed lines
indicate levels with significant/negligible transition probability from the
ground state at 200 cm™". Levels with n, = 0 are printed in blue; levels
with n, > 0 are printed in red.

nonadiabatic coupling, we compare them to the level structure
of two uncoupled one-dimensional harmonic oscillators (left, w,
and ;) and a two-dimensional harmonic oscillator (middle,
using the average @ = (@, + ®;) /2). Levels indicated by solid
lines have a nonzero transition probability and are accessible
from the ground state (Iowest blue line at 200 cm™).
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Figure S. Infrared spectra derived from the energy level structures obtained for two uncoupled harmonic oscillators and an isotropic 2D harmonic
oscillator and were obtained by diagonalizing the Hamiltonian described in the Theory.

Note the pronounced deviations from an equidistant spacing
due to the nonadiabatic interaction, but also the rather small
splitting in comparison to level splittings observed for actual
Renner—Teller active modes* involving vibrational instead of
translational degrees of freedom. As is apparent from Figure 4
transitions with An = + 1 have no intensity, while An = +2
transitions are strong, which can be explained by the dipole
moment dependence. For small displacements, it is dominated
by the permanent electric dipole moment of the nitric oxide,
which shows only a minimal variation in the x- and y-direction,
and is therefore favoring An = +2 transitions. Together with
information on line intensity derived from eq 8, we can make
predictions for the infrared absorption spectra at various
temperatures. Our results are shown in Figure 5 for 50, 150,
and 300 K. Even at temperatures as low as 50 K, which are
accessible through cooling,” this RT-like coupling leads to
significant deviations from the expected vibronic spectrum of a
spatially confined diatomic molecule. Hot band excitations with
n, = 1, i.e,, the first excited state in the nonactive mode (165.7
cm™'), are already contributing at lower temperatures and give a
significant contribution to the spectra at room temperature.
Numerical values of intensities and line positions are provided in
the Supporting Information.

B CONCLUSION

In conclusion, we are predicting a new type of nonadiabatic
coupling for electronically degenerate diatomic molecules in
spherical confinements. Technically, it can be handled similar to
the standard procedure in Renner—Teller effect theory if the
translations perpendicular to the internuclear axis are treated
like an RT-active mode. Given the example of NO encapsulated
in Cg, we have calculated vibronic levels and intensities, and
demonstrated that this coupling should lead to significant,
experimentally accessible deviations in the infrared absorption
spectrum for this class of molecular systems. Similar effects are
to be expected for electronically degenerate diatomics in any
type of spherical or cylindrical confinement, e.g. in ion traps,
magneto-optical traps, carbon nanotubes, or metal—organic
frameworks of suitable molecular structure.

1678

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10970.

Dipole moment analysis as a function of the NO
displacement, DFT and TD-DFT potential energy surface
comparison, tables of spectral lines and intensities at
various temperatures, and vibrational modes of Cg, and
NO@Cy, (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Andreas W. Hauser — Institute of Experimental Physics, Graz
University of Technology, 8010 Graz, Austria; ® orcid.org/
0000-0001-6918-3106; Email: andreas.w.hauser@
gmail.com

Johann V. Pototschnig — Institute of Experimental Physics,
Graz University of Technology, 8010 Graz, Austria;

orcid.org/0000-0002-9982-0556;

Email: pototschnig,johann@gmail.com

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.1¢10970

Funding

Open Access is funded by the Austrian Science Fund (FWF).
Thank you.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research has been supported by the Austrian Science Fund
(FWEF) under Grant Nos. P 29893-N36 and ] 4177-N36.
Further support by NAWI Graz is gratefully acknowledged.

B REFERENCES

(1) Herzberg, G.; Teller, E. Schwingungsstruktur der Elektronenii-
berginge bei mehratomigen Molekiilen. Z. Phys. Chem. 1933, 21B,
410—446.

https://doi.org/10.1021/acs.jpca.1c10970
J. Phys. Chem. A 2022, 126, 1674—1680


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10970/suppl_file/jp1c10970_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10970?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10970/suppl_file/jp1c10970_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+W.+Hauser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6918-3106
https://orcid.org/0000-0001-6918-3106
mailto:andreas.w.hauser@gmail.com
mailto:andreas.w.hauser@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johann+V.+Pototschnig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9982-0556
https://orcid.org/0000-0002-9982-0556
mailto:pototschnig.johann@gmail.com
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10970?ref=pdf
https://doi.org/10.1515/zpch-1933-2136
https://doi.org/10.1515/zpch-1933-2136
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10970?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c10970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(2) Renner, R. Zur Theorie der Wechselwirkung zwischen
Elektronen- und Kernbewegung bei dreiatomigen, stabformigen
Molekiilen. Z. Phys. 1934, 92, 172—193.

(3) Bersuker, I. The Jahn-Teller Effect; Cambridge University Press,
Cambridge. UK., 2006.

(4) Jungen, C. The Renner-Teller effect revisited 40 years later. J. Mol.
Spectrosc. 2019, 363, 111172.

(5) Pople, J. The Renner effect and spin-orbit coupling. Mol. Phys.
1960, 3, 16—22.

(6) Poluyanov, L. V., Domcke, W. Spin-Orbit Vibronic Coupling in
Jahn-Teller and Renner Systems; Koppel, H., Yarkony, D. R., Barentzen,
H., Eds.;Springer Berlin Heidelberg: Berlin and Heidelberg, Germany,
2009; pp 77-97.

(7) Poluyanov, L.; Domcke, W. Spin-Orbit Vibronic Coupling in Jahn-
Teller and Renner Systems. Springer Series in Chemical Physics 2009, 97,
77-97.

(8) Pernpointner, M.; Salopiata, F. A four-component quadratic
vibronic coupling approach to the Renner—Teller effect in linear
triatomic molecules. The *I1,,, and °I1;,, manifold of BrCN* and
CICN*. J. Phys. B 2013, 46, 125101.

(9) Kurotobi, K.; Murata, Y. A Single Molecule of Water Encapsulated
in Fullerene C60. Science 2011, 333, 613—616.

(10) Vougioukalakis, G. C.; Roubelakis, M. M.; Orfanopoulos, M.
Open-cage fullerenes: towards the construction of nanosized molecular
containers. Chem. Soc. Rev. 2010, 39, 817—844.

(11) Murata, M.; Murata, Y.; Komatsu, K. Surgery of fullerenes. Cherm.
Commun. 2008, 6083—6094.

(12) Rubin, Y.; Jarrosson, T.; Wang, G.-W.; Bartberger, M. D.; Houk,
K. N,; Schick, G.; Saunders, M.; Cross, R. J. Insertion of Helium and
Molecular Hydrogen Through the Orifice of an Open Fullerene. Angew.
Chem., Int. Ed. 2001, 40, 1543—1546.

(13) Rubin, Y. Organic Approaches to Endohedral Metallofullerenes:
Cracking Open or Zipping Up Carbon Shells? Chem. Eur. J. 1997, 3,
1009—-1016.

(14) Horii, Y.; Suzuki, H.; Miyazaki, Y.; Nakano, M.; Hasegawa, S.;
Hashikawa, Y.; Murata, Y. Dynamics and magnetic properties of NO
molecules encapsulated in open-cage fullerene derivatives evidenced by
low temperature heat capacity. Phys. Chem. Chem. Phys. 2021, 23,
10251-10256.

(15) Hasegawa, S.; Hashikawa, Y.; Kato, T.; Murata, Y. Construction
of a Metal-Free Electron Spin System by Encapsulation of an NO
Molecule Inside an Open-Cage Fullerene Cg, Derivative. Angew. Chem.,
Int. Ed. 2018, 57, 12804—12808.

(16) Wong, A.; Yurchenko, S. N.; Bernath, P.; Miiller, H. S. P,;
McConkey, S.; Tennyson, J. ExoMol line list - XXI. Nitric Oxide (NO).
Mon. Not. R. Astron. Soc. 2017, 470, 882—897.

(17) Dolgonos, G. A.; Peslherbe, G. H. Encapsulation of diatomic
molecules in fullerene Cg: implications for their main properties. Phys.
Chem. Chem. Phys. 2014, 16, 26294—26305.

(18) Dodziuk, H. Endohedral Fullerene Complexes. Which and How
Many Small Molecules Can Be Inserted into Fullerenes and a Carbon
Nanotube? Nanocomposites, Nanophotonics, Nanobiotechnology, and
Applications. Cham. 2018, 156, 3—29.

(19) Korona, T.; Dodziuk, H. Small Molecules in C¢ and C,: Which
Complexes Could Be Stabilized? J. Chem. Theory Comput. 2011, 7,
1476—1483.

(20) Cioslowski, J. Endohedral chemistry: electronic structures of
molecules trapped inside the Cg, cage. J. Am. Chem. Soc. 1991, 113,
4139—4141.

(21) Levitt, M. H. Spectroscopy of light-molecule endofullerenes.
Philos. Trans. R. Soc. A 2013, 371, 20120429.

(22) Rdom, T.; et al. Infrared spectroscopy of small-molecule
endofullerenes. Philos. Trans. R. Soc. A 2013, 371, 20110631.

(23) Zhukov, S. S.; et al. Rotational coherence of encapsulated ortho
and para water in fullerene-Cy, revealed by time-domain terahertz
spectroscopy. Sci. Rep. 2020, 10, 18329.

(24) Xu, M.; Felker, P. M.; Mamone, S.; Horsewill, A. J.; Rols, S.;
Whitby, R. J.; Bacic, Z. The Endofullerene HF@Cg: Inelastic Neutron
Scattering Spectra from Quantum Simulations and Experiment,

1679

Validity of the Selection Rule, and Symmetry Breaking. J. Phys. Chem.
Lett. 2019, 10, 5365—5371.

(25) Mamone, S.; Johnson, M. R.; Ollivier, J.; Rols, S.; Levitt, M. H.;
Horsewill, A. J. Symmetry-breaking in the H,@Cy, endofullerene
revealed by inelastic neutron scattering at low temperature. Phys. Chem.
Chem. Phys. 2016, 18, 1998—2005.

(26) Horsewill, A. J.; Goh, K.; Rols, S.; Ollivier, J.; Johnson, M. R;;
Levitt, M. H.; Carravetta, M.; Mamone, S.; Murata, Y.; Chen, J. Y.-C,;
Johnson, J. A;; Lei, X.; Turro, N. J. Quantum rotation and translation of
hydrogen molecules encapsulated inside C60: temperature dependence
of inelastic neutron scattering spectra. Philos. Trans. R. Soc. A 2013, 371,
20110627.

(27) Krachmalnicoff, A.; et al. The dipolar endofullerene HF@Cg,.
Nat. Chem. 2016, 8, 953—957.

(28) Zhu, G.-Z.; Liu, Y.; Hashikawa, Y,; Zhang, Q.-F.; Murata, Y,;
Wang, L.-S. Probing the interaction between the encapsulated water
molecule and the fullerene cages in H,O@Cg, and H,O@CsyN ™. Chem.
Sci. 2018, 9, 5666—5671.

(29) Slanina, Z.; Uhlik, F.; Nagase, S.; Akasaka, T.; Adamowicz, L.; Lu,
X. A computational characterization of CO@Cg. Fullerenes, Nanotubes
and Carbon Nanostructures 2017, 25, 624—629.

(30) Yagi, K; Watanabe, D. Infrared spectra of water molecule
encapsulated inside fullerene studied by instantaneous vibrational
analysis. Int. J. Quantum Chem. 2009, 109, 2080—2090.

(31) Equbal, A; Srinivasan, S.; Ramachandran, C. N.; Sathyamurthy,
N. Encapsulation of paramagnetic diatomic molecules B,, O, and Ge,
inside Cgy. Chem. Phys. L 2014, 610—611, 251-255.

(32) Remya, P. R; Mishra, B. K; Ramachandran, C. N;
Sathyamurthy, N. Effect of confinement on structure, energy and
vibrational spectra of (HF),, n = 1—4. Chem. Phys. L 2019, 733, 136670.

(33) Mamone, S.; Jiménez-Ruiz, M.; Johnson, M. R,; Rols, S.;
Horsewill, A. J. Experimental, theoretical and computational inves-
tigation of the inelastic neutron scattering spectrum of a homonuclear
diatomic molecule in a nearly spherical trap: H,@Cgy. Phys. Chem.
Chem. Phys. 2016, 18, 29369—29380.

(34) Felker, P. M; Badic, Z. Accurate quantum calculations of
translation-rotation eigenstates in electric-dipole-coupled H,O@Cy,
assemblies. Chem. Phys. L 2017, 683, 172—178.

(35) Felker, P. M.; Badi¢, Z. Electric-dipole-coupled H,O@Cg, dimer:
Translation-rotation eigenstates from twelve-dimensional quantum
calculations. J. Chem. Phys. 2017, 146, 084303.

(36) Badic, Z. Perspective: Accurate treatment of the quantum
dynamics of light molecules inside fullerene cages: Translation-rotation
states, spectroscopy, and symmetry breaking. J. Chem. Phys. 2018, 149,
100901.

(37) Felker, P. M.; Bali¢c, Z. Flexible water molecule in Cg:
Intramolecular vibrational frequencies and translation-rotation eigen-
states from fully coupled nine-dimensional quantum calculations with
small basis sets. J. Chem. Phys. 2020, 152, 014108.

(38) Shugai, A; Nagel, U; Murata, Y.,; Li, Y.; Mamone, S,;
Krachmalnicoff, A; Alom, S.; Whitby, R. J.; Levitt, M. H.; R60m, T.
Infrared spectroscopy of an endohedral water in fullerene. J. Chem. Phys.
2021, 154, 124311. )

(39) Carrillo-Bohérquez, O.; Valdés, A.; Prosmiti, R. Encapsulation of
a Water Molecule inside C60 Fullerene: The Impact of Confinement on
Quantum Features. J. Chem. Theory Comput. 2021, 17, 5839—5848.

(40) Képpel, H.; Domcke, W.; Cederbaum, L. S. Theory of vibronic
coupling in linear molecules. J. Chem. Phys. 1981, 74, 2945—2968.

(41) Shaffer, W. H. Degenerate Modes of Vibration and Perturbations
in Polyatomic Molecules. Rev. Mod. Phys. 1944, 16, 245—259.

(42) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra,
C.; van Gisbergen, S. J. A,; Snijders, J. G.; Ziegler, T. Chemistry with
ADF. J. Comput. Chem. 2001, 22, 931—967. ADF 2021.102; SCM,
Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Nether-
lands; https://www.scm.com

(43) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(44) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion

https://doi.org/10.1021/acs.jpca.1c10970
J. Phys. Chem. A 2022, 126, 1674—1680


https://doi.org/10.1007/BF01350054
https://doi.org/10.1007/BF01350054
https://doi.org/10.1007/BF01350054
https://doi.org/10.1016/j.jms.2019.07.003
https://doi.org/10.1080/00268976000100021
https://doi.org/10.1007/978-3-642-03432-9_4
https://doi.org/10.1007/978-3-642-03432-9_4
https://doi.org/10.1088/0953-4075/46/12/125101
https://doi.org/10.1088/0953-4075/46/12/125101
https://doi.org/10.1088/0953-4075/46/12/125101
https://doi.org/10.1088/0953-4075/46/12/125101
https://doi.org/10.1126/science.1206376
https://doi.org/10.1126/science.1206376
https://doi.org/10.1039/B913766A
https://doi.org/10.1039/B913766A
https://doi.org/10.1039/b811738a
https://doi.org/10.1002/1521-3773(20010417)40:8<1543::AID-ANIE1543>3.0.CO;2-6
https://doi.org/10.1002/1521-3773(20010417)40:8<1543::AID-ANIE1543>3.0.CO;2-6
https://doi.org/10.1002/chem.19970030705
https://doi.org/10.1002/chem.19970030705
https://doi.org/10.1039/D1CP00482D
https://doi.org/10.1039/D1CP00482D
https://doi.org/10.1039/D1CP00482D
https://doi.org/10.1002/anie.201807823
https://doi.org/10.1002/anie.201807823
https://doi.org/10.1002/anie.201807823
https://doi.org/10.1093/mnras/stx1211
https://doi.org/10.1039/C4CP04069D
https://doi.org/10.1039/C4CP04069D
https://doi.org/10.1007/978-3-319-06611-0_1
https://doi.org/10.1007/978-3-319-06611-0_1
https://doi.org/10.1007/978-3-319-06611-0_1
https://doi.org/10.1021/ct200111a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200111a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00011a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00011a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rsta.2012.0429
https://doi.org/10.1098/rsta.2011.0631
https://doi.org/10.1098/rsta.2011.0631
https://doi.org/10.1038/s41598-020-74972-3
https://doi.org/10.1038/s41598-020-74972-3
https://doi.org/10.1038/s41598-020-74972-3
https://doi.org/10.1021/acs.jpclett.9b02005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CP07146A
https://doi.org/10.1039/C5CP07146A
https://doi.org/10.1098/rsta.2011.0627
https://doi.org/10.1098/rsta.2011.0627
https://doi.org/10.1098/rsta.2011.0627
https://doi.org/10.1038/nchem.2563
https://doi.org/10.1039/C8SC01031E
https://doi.org/10.1039/C8SC01031E
https://doi.org/10.1080/1536383X.2017.1357548
https://doi.org/10.1002/qua.22066
https://doi.org/10.1002/qua.22066
https://doi.org/10.1002/qua.22066
https://doi.org/10.1016/j.cplett.2014.07.031
https://doi.org/10.1016/j.cplett.2014.07.031
https://doi.org/10.1016/j.cplett.2019.136670
https://doi.org/10.1016/j.cplett.2019.136670
https://doi.org/10.1039/C6CP06059E
https://doi.org/10.1039/C6CP06059E
https://doi.org/10.1039/C6CP06059E
https://doi.org/10.1016/j.cplett.2017.02.027
https://doi.org/10.1016/j.cplett.2017.02.027
https://doi.org/10.1016/j.cplett.2017.02.027
https://doi.org/10.1063/1.4976526
https://doi.org/10.1063/1.4976526
https://doi.org/10.1063/1.4976526
https://doi.org/10.1063/1.5049358
https://doi.org/10.1063/1.5049358
https://doi.org/10.1063/1.5049358
https://doi.org/10.1063/1.5138992
https://doi.org/10.1063/1.5138992
https://doi.org/10.1063/1.5138992
https://doi.org/10.1063/1.5138992
https://doi.org/10.1063/5.0047350
https://doi.org/10.1021/acs.jctc.1c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.441417
https://doi.org/10.1063/1.441417
https://doi.org/10.1103/RevModPhys.16.245
https://doi.org/10.1103/RevModPhys.16.245
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1002/jcc.1056
https://www.scm.com
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c10970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(4S) Hauser, A. W.; Pototschnig, J. V. Dataset: Vibronic Coupling in
Spherically Encapsulated, Diatomic Molecules: Prediction of a Renner-
Teller-like Effect for Endofullerenes; 2021; DOI: 10.5281/zeno-
do.5764573.

(46) Wang, K-A; Rao, A. M,; Eklund, P. C.; Dresselhaus, M. S,;
Dresselhaus, G. Observation of higher-order infrared modes in solid Cy,
films. Phys. Rev. B 1993, 48, 11375—11380.

(47) Shameema, O.; Ramachandran, C. N.; Sathyamurthy, N. Blue
Shift in X-H Stretching Frequency of Molecules Due to Confinement. J.
Phys. Chem. A 2006, 110, 2—4.

(48) Laurent, A. D.; Jacquemin, D. TD-DFT benchmarks: A review.
Int. J. Quantum Chem. 2013, 113, 2019—2039.

(49) Hirata, S.; Head-Gordon, M. Time-dependent density functional
theory for radicals: An improved description of excited states with
substantial double excitation character. Chem. Phys. L 1999, 302, 375—
382.

(50) Light, J. C.; Hamilton, I. P,; Lill, J. V. Generalized discrete
variable approximation in quantum mechanics. J. Chem. Phys. 1985, 82,
1400—1409.

(51) Colbert, D. T.; Miller, W. H. A novel discrete variable
representation for quantum mechanical reactive scattering via the S-
matrix Kohn method. J. Chem. Phys. 1992, 96, 1982—1991.

(52) Kalugina, Y. N.; Roy, P.-N. Potential energy and dipole moment
surfaces for HF@CG60: Prediction of spectral and electric response
properties. J. Chem. Phys. 2017, 147, 244303.

1680

https://doi.org/10.1021/acs.jpca.1c10970
J. Phys. Chem. A 2022, 126, 1674—1680


https://doi.org/10.1063/1.3382344
https://doi.org/10.5281/zenodo.5764573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5281/zenodo.5764573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.48.11375
https://doi.org/10.1103/PhysRevB.48.11375
https://doi.org/10.1021/jp056027s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp056027s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/qua.24438
https://doi.org/10.1016/S0009-2614(99)00137-2
https://doi.org/10.1016/S0009-2614(99)00137-2
https://doi.org/10.1016/S0009-2614(99)00137-2
https://doi.org/10.1063/1.448462
https://doi.org/10.1063/1.448462
https://doi.org/10.1063/1.462100
https://doi.org/10.1063/1.462100
https://doi.org/10.1063/1.462100
https://doi.org/10.1063/1.5006589
https://doi.org/10.1063/1.5006589
https://doi.org/10.1063/1.5006589
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c10970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

