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Cep fullerenes molecules are closed carbon structures hollow inside. Placing an atom or molecule inside the cavity
leads to endofullerenes. The encapsulated, endohedral, species display quantisation of their translational degrees of
freedom. Such translational eigenstates define the non-bonded (non-covalent) interaction between the host (fullerene)
and the guest (endohedral). Encapsulated molecules behave as quantum rotors, displaying essentially free rotation even
at cryogenic temperatures. For symmetric molecules, spin isomerism can be observed in the condensed phase.

The translational and rotational motion can interact strongly, leading to translational-rotational coupling, which can
couple to the vibrational degrees of freedom. Endofullerenes act as nano-laboratories that isolate the encapsulated
atoms/molecules from the environment; ideal for spectroscopic investigations into the quantum behaviour of the endo-
hedral species.

This article is a comprehensive review of all experimental physico-chemical investigations, mostly spectroscopic, of
non-metallic Cgp endofullerenes. In metallic endofullerenes, the endohedral species interacts strongly with the fullerene
cage, usually leading to chemical bonding and/or charge transfer. Non-metallic endofullerenes display weaker guest-
host interactions, mostly of non-covalent character, that isolate the endohedral species from the environment.

All spectroscopic studies are reviewed, together with experimental techniques related to structure, voltammetry,
electron transport, heat capacity, etc. The spectroscopic methods include nuclear magnetic resonance (NMR), electron
paramagnetic resonance (EPR), inelastic neutron scattering (INS), Raman, THz & infrared (IR), electronic structure and
ionisation techniques. The article is organised in order of ascending energy probed by, or required by, the experimental
techniques. Theoretical background is provided for the quantum behaviour and the spectroscopies used to probe them.
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I. INTRODUCTION

Fullerenes represent the third allotropic form of Carbon to
be discovered. In 1985, very stable species consisting of 60
and 70 carbon atoms were discovered through the mass spec-
trometry of laser vaporised graphite.! Such species turned out
to be the Cgp and C7q fullerene molecules: closed spherical
structures composed of only covalently bonded carbon atoms.
The structure of the Cg fullerene is seen in fig. 1.

The cavity inside the Cgp cage has a diameter of ~ 3.7 A
and may be occupied by other atomic or molecular species.”
In the same year that fullerenes were discovered, the first evi-
dence of endofullerene species was discovered for La@Cg in
mass spectrometry measurements of laser vaporised graphite
disks impregnated with Lanthanum.? The term endohedral is
used to describe a species A trapped inside a fullerene; with
the notation A@Cg, where @ denotes that A is encapsulated
inside Cf,o.

Fullerene molecules are naturally occurring and have been
detected in fossil materials, oil, bitumen, etc.*>

Fullerenes have been detected in rock sediments from the
Allende and Murchison meteorites.® Mass spectrometry anal-
ysis of these samples revealed a large family of fullerenes
(Cgo — Cas0). There is evidence that such fullerene molecules
contain endohedral noble gas atoms enclosed inside them.
The isotopic ratios of the noble gases *He/*He and 3 Ar/*0Ar
from the meteorite samples differ from the natural isotopic
ratios on Earth. Thus, it was concluded that these rock sedi-



AIP
é Publishing

Spectroscopy of non-metallic Cgo endofullerenes

ments contain endofullerene molecules of extraterrestrial ori-
gin.®

Cgo fullerene molecules have been detected in extraterres-
trial space, in diffuse interstellar bands.”'% This implies that
endofullerenes could also be detected in outer space and could
provide assignment of several undetermined diffuse interstel-
lar bands.”'

A. Types of endofullerenes

1. Atomic endofullerenes

Atomic endofullerenes contain a single atom encapsulated
inside the fullerene.

a. Noble gas endofullerenes

Noble gas endofullerenes have been extensively studied in
the literature. Since the gases are inert, a few different ap-
proaches have been used to produce noble gas endofullerenes,
sometimes using extreme conditions; see Section IB. Encap-
sulation of a noble gas atom leads to very stable endofullerene
species, for example, He@Cg is stable up to 1200 K (similar
to Cgp)."

b.  Atomic N@Cgq endofullerene

N@Cg consists of a bare Nitrogen atom encapsulated in-
side the Cgp cage. The valence electrons of Nitrogen half fill
the three P orbitals, leading to a spherical electron distribution
with no fine-structure interaction. The endohedral N atom has
three unpaired electrons with a total electron spin S = 3/2.16

N@Cgy is soluble in organic solvents, is stable at room tem-
perature and upon exposure to air.!® N@Cg is stable up to ap-
proximately 480 — 500 K and up to pressures of 0.8 GPa.!”!8
N@Cy is less stable, decomposing at ~ 450 K.

c.  Atomic P@Cg endofullerene

P@Cg is very similar to N@Cg. The Cg fullerene encap-
sulates a bare Phosphorous atom — containing three unpaired
electrons (S = 3/2). P@Cg appears to start decomposing at
400 K, being about 100 K less stable than N@Cg."?

2. Molecular endofullerenes

Encapsulation of molecular species inside Cgo leads to
molecular endofullerenes. ~ Some notable examples are
Hz @C5(), Nz @C5(), HZO@CGQ, HF@C60, CH4@C60, etc. Re-
markably, the HF@Cgp molecule does not possess any of the
high reactivity of HF, the fullerene cage acting as a protective
barrier.?

Recently, the CH>O molecule was enclosed inside Cgo
fullerene, despite the size of the endohedral species (4.4 A)
being larger than the internal diameter of the cage (3.7 A).2!

3. Artificial molecules

Endofullerenes offer the possibility of studying artificial
molecules and the non-covalent interactions that govern them.
Artificial molecules represent endohedral atoms/molecules

4

that are forced into contact by the confinement and can
vibrate/rotate together, analogous to diatomic molecules.??
Such unconventional systems have been scarcely studied in
the literature: He, @Cgy2>?*, Ne, @C70%2, (Ha), @Cr0%° and
(Hy0),@C70%°.  Fascinatingly, even two distinct species
have been inserted inside fullerene cages: (He N)@Cgqp &
(He-N)@C7%, (Hy -N)@C70?® and (HF - H,0)@C7%.

Furthermore, dumbbell-shaped dimers of Cgy endo-
fullerenes have been observed, such as (He@Cg),
(H2 @Cgo)z and (HQO@C60)243m32

4. Muonium and tritium endofullerenes

Probably the most exotic endofullerenes to be observed
contains endohedral muonium (Mu); detected using muon-
spin rotation (SR).>3% Muonium is the "hydrogen-like
atom" formed between an electron e~ and an anti-muon ™+
(Mu = pute™). Endohedral muonium and the CgoMu radi-
cal have been observed for Cgg, C79, K4Cso and K¢Cgo.3>
There is evidence that tritium Cg endofullerene, *H@ Cgy,
can be obtained from 3He@Cg through a nuclear reaction by
neutron irradiation.3®

5. Metallic endofullerenes

The focus here is on the spectroscopy of non-metallic Cg
endofullerenes, incorporating atoms or molecules within Cgp.
Metallic endofullerenes are a bit different, usually they have
a strong electronic interaction between the endohedral species
and the fullerene cage.>’ A selection of references on metallic
endofullerenes is given in ref. 37-63.

Of the metallic endofullerenes, Lithium endofullerenes
(Lit @Cg) are notable examples that have been studied ex-
tensively,37-394548:49,52.53,56-61.63 (3ther examples are U@Cyy
and U@Cg,’.

For metallic endofullerenes, multiple metal atoms/ions can
be present inside the same cage.’** Cluster endofullerenes
being rather common: nitride cluster endofullerenes such as
Sc3N@Cg)*03462 metal carbide cluster endofullerenes such
as ScrCr@Cgy ™32 metal oxide/sulfide clusterfullerenes
and many others.*%-3+62

B. Production of endofullerenes

A comprehensive review of the methods used to produce
endofullerenes is outside the scope of this article; a brief
overview is given below.

1. Vaporisation methods, bottom-up approach

Fullerenes and endofullerenes have been initially obtained
through vaporisation methods.! The vaporisation methods
use arc-discharge or laser ablation,3-31:34.62
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It consists of using graphite rods that, upon vaporisa-
tion, produce soot containing fullerene molecules, which
sometimes trap endohedral species when forming,43-51:4:62.64
The endofullerenes need to be purified from the soot
and separated, as this method produces large mixtures of
(endo)fullerene molecules. In most cases, small quantities of
endofullerenes are obtained through such methods.

If the procedure is used on pristine graphite rods in an atmo-
sphere of inert gases, the inert gas will occasionally be trapped
by the fullerene molecule upon formation. Small quantities of
He@Cgp and Ne@Cgp have been obtained in this way,64

The method can be used on graphite rods infused uniformly
with atoms/ions, in order to trap them inside the fullerene
upon formation. This is one of the most popular method for
producing metallic endofullerenes. 331462

2. Brute force approach

For the brute force approach, fullerenes are kept under high
pressure of the inert gas and at high temperature. Under such
extreme conditions, the gas will occasionally penetrate the
fullerene cages, or the fullerene chemical bonds break and re-
form with the gas trapped inside. This brute force approach
is mostly applicable to noble gases. Through this method He,
Ne, Ar, Kr and Xe endofullerenes (Cgy and C7) have been
obtained in small quantities (< mg).2>%-7> Small quantities
of N, @Cgp and CO@Cg have been obtained, with very low
yields, using this brute force approach.”® The same approach
was used to try to make HyO@Cg; unfortunately, it was not
successful.”®

3. lon implantation

The ion implantation method uses ion beams or plasma
to insert endohedral species inside the fullerenes. The ions
are accelerated to high speeds and impact the fullerene mate-
rial, inserting themselves into the fullerene molecules without
destroying them,!6:37:4351,54.62.77-81 The yields of such tech-
niques are rather low, but allow the production of ~ mg quan-
tities.

This is the preferred method for synthesising non-metallic
bare atom endofullerenes such as N@Cgy, N@C7y and
P@Cg.'0>*77-83 A by-product of the N@Cgy synthesis is
N, @Cgp, which can be separated in very small quantities
through HPLC .88

Furthermore, ion implantation can be used to obtain alkali
metal endofullerenes M@Cygy (M= Li, Na, K, Rb).***2 This
method is extensively used to produce lithium endofullerenes
such as Lit @Cgp.37-39:45.48:49,52,53,56-61,63

The alternative approach to ion bombardment is to ac-
celerate fullerene ions, such as Cgro, to impact noble gases.
Through this method, small quantities of He, Ne and Ar

Cgo endofullerenes have been detected by mass spectrome-
{ry,5486-90

4. Molecular surgery

In this context, molecular surgery refers to a chemical syn-
thesis route developed for the production of endofullerenes.
Molecular surgery consists of three steps: (1) incision, (2) in-
sertion and (3) suture. (1) consists of a series of chemical
reactions applied to the fullerene cage to create an opening in
the fullerene surface. (2) the endohedral species are inserted
through the opening to form an open cage endofullerene com-
plex. (3) a series of chemical reactions, applied to the open
cage endofullerene, close the fullerene cage back to its orig-
inal form, with the endohedral species fully enclosed. This
procedure allows for the production of macroscopic quanti-
ties of endofullerenes, mg — g, which is impractical for other
synthetic procedures.>*°1-%7

Furthermore, molecular endofullerenes can be obtained
with this route, which have molecules as endohedral species.
The synthesis of molecular endofullerenes is difficult com-
pared to other "high-energy" routes, because the extreme con-
ditions are likely to destroy the molecules before they are in-
serted inside fullerenes. For N, @Cg and CO@Cg the endo-
hedral molecule can be inserted through the brute force ap-
proach, with very low yields, but for H,O@Cg it did not
work.”®

The first successful molecular surgery synthesis of
endofullerenes was achieved for the molecular endo-
fullerene H, @Cgo.3! Afterwards, the second molecular end-
ofullerene to be synthesised using molecular surgery was
Hy0@Cg).”® Ever since, the field of molecular surgery
has seen immense advancements, now a large selec-
tion of Cgp endofullerenes are available through molec-
ular surgery: He@Cg?*'%, Ne@Cy!?, Ar@Cg'"',
Kr@Cg)'%?, HF@Cgy®, CH4@Cgo'*® and CH,0@Cgp?'.
Derivatives of Cgp can also be filled with endohedral
species, through molecular surgery, e.g. Hr@Cs9N and
H,O@C5oN.!%4105 The paramagnetic NO molecule has been
inserted into open cage Cg fullerenes.!06-107

In addition, C7¢ endofullerenes can be obtained through
molecular surgery: He@Cz0”, H,@C7%. Furthermore,
multiple endohedral species can be inserted in C79 due
to the larger cage size: (H)2@Cy%, (H,0),@C7°,
(HF - H,0)@C70®. And by coupling molecular surgery
with ion implantation, endofullerenes such as (He-N)@Cg,
(He -N)@Crg and (H, - N)@Cyq have been obtained.?”-?

The development of molecular surgery techniques has en-
abled the field of molecular endofullerenes to explode. Molec-
ular surgery techniques have recently been reviewed.’® The
reader is also advised to check 54,91,93-95,97 for more in-
formation on molecular surgery.

C. Applications of endofullerenes

Endofullerenes display peculiar properties. The endohedral
species is mostly free to rotate and translate, behaving as if it
is in the gas phase even at cryogenic temperatures, despite the
fact that the endofullerene material is in the solid (or solution)
state.
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Investigations of endofullerenes allow for studying molec-
ular confinement, which is possible through other means (e.g.
clathrates). However, endofullerenes have the advantage of
possessing a very well defined cavity: the cages are rigid and
all of the same size, held together by strong covalent carbon-
carbon bonds. Thus, endofullerenes act as nano-laboratories
which can be used to extract non-covalent interactions be-
tween the endohedral species and the cage and between the
endohedral species themselves (in the case of multiple encap-
sulated species). Such experimentally determined interaction
potentials can be used as computational benchmarks for quan-
tum chemistry calculations.'%-113 Furthermore, the method
shown for the He@Cg non-bonded potential gives the entire
potential energy surface (within the measured range).' %112

Transistors containing a single endofullerene molecule
have been produced using N@Cgy and H,O@Cg.' 14116
Such investigations demonstrate that it is possible to construct
and control single-molecule transistors for practical applica-
tions.

Due to their exquisite electron spin properties, e.g. ex-
tremely long relaxation times, N@Cgp and P@Cg have been
proposed as ideal qubits for quantum computing — by using
the spin states of the unpaired electrons as qubits.' =124

These molecules are promising for quantum technologies
and could one day lead to an endofullerene-based quantum
computer. Furthermore, ''N@Cgo possesses a spin reso-
nance clock transition — making it a suitable condensed mat-
ter atomic clock at room temperature.'?>

The *He chemical shift is sensitive to chemical modifica-
tions of the fullerene cage, due to changes in the ring cur-
rents. This was utilised to monitor chemical reactions of the
fullerene cage through >He NMR.%0-%® Furthermore, this "spy"
property of the endohedral >He nucleus was utilised to probe
magnetic fields inside the Rbz @Cg( superconductor; without
excessively disturbing the properties of the material.'2®

D. Aim of the article

The aim of this article is to provide a comprehensive review
of the experimental spectroscopy of non-metallic Cgy endo-
fullerenes. The atomic and molecular Cg endofullerenes cov-
ered here are very stable materials under ambient conditions,
similar to empty Cg fullerene.

The focus here is on experimental investigations and their
interpretations. There are many studies in the literature
on computational/theoretical investigations of endofullerenes.
Such studies are not covered in this article, unless they are
directly related to experimental results. Some computational
studies on endofullerenes are given in ref. 127-147.

Metallo-endofullerenes generally have properties different
from those of the atomic and molecular endofullerenes cov-
ered here. More information about metallo-endofullerenes is
found in ref. 37-63.

Cgo is the smallest stable fullerene molecule, and its en-
dohedral derivatives are the most widely studied. C7o endo-
fullerenes have also been studied in the literature, but not to
the same extent. This article covers Cgp endofullerenes; how-

ever, some studies on Cyy endofullerenes are mentioned, if
relevant in relation to Cgo endofullerenes. Furthermore, only
fully closed cage Cgo endofullerenes are covered in this arti-
cle. Some studies on open cage endofullerenes are given in
ref. 97,106,107,148-153. Mostly neutral Cgo endofullerenes
have been studied, with few investigations on charged species.

The entire article is organised in the order of ascending en-
ergy. This applies to the theoretical background (section II),
the spectroscopic techniques (section III), and the main part
of the review (sections V—IX). The order starts with low en-
ergy techniques on nuclear spins, then more energetic electron
spins, molecular motion (rotations, translations, vibrations),
electron motion (excited electronic states) and finally high en-
ergy ionisation techniques.

Other techniques are presented in section X, which are
strictly speaking not spectroscopical techniques, but provide
similar or complementary information. For example, spectro-
scopic information can be obtained from electron tunnelling
and voltammetry measurements. Similarly, information about
spin isomers can be obtained from electrical or heat capacity
measurements, etc.

This article serves as a comprehensive review of all spec-
troscopical studies reported in the literature so far, on non-
metallic Cgp endofullerenes. The author apologises if any-
thing has been missed from the literature. Similar compila-
tions/reviews of literature results on Cg( endofullerenes can
be found in ref. 54,97,142,150,151,154-156.

1l. THEORETICAL BACKGROUND

Central to non-relativistic quantum mechanics is the
Schrodinger equation. The energies (eigenvalues E,) are

calculated using the time independent Schrodinger equa-
tion:157—164

HY,=E, ¥, )

Time evolution of quantum states is obtained from the time
dependent Schrédinger equation:!37-164

dy o
ih o W=HY o))

Essential to quantum mechanics are the angular momen-
tum operators G. In quantum mechanical terms, the angular
momentum operators give rise to the eigenstates |G M) with
total angular momentum G and projection of the angular mo-

mentum Mg (usually along the z axis):!37-164
G? |G Mg) =2 G(G+1) |G Mg) ©)
G, |G Mg) =h Mg |G Mg) @)
G =G+ G+ ¢ )

The angular momentum operators G, (A}v G. satisty the fol-
lowing commutation relations: 37164

[G.,G,)=inG,, [Gy,G)=inG,, [G.,G]=inG, (6

4]
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Quantisation leads to half-integer angular momentum for
nuclear and electron spins (/ and/or S) or integer angular mo-
mentum for: spin, orbital angular momentum (L) or molecular

rotation angular momentum (J).'57-164

The various quantum phenomena observed and analysed in
(endo)fullerenes are given below, in ascending order of the en-
ergies involved — this ordering will be used throughout the ar-
ticle. Starting from spin dynamics (nuclear and then electron),
then molecular dynamics and finally electronic dynamics.

A. Nuclear spin dynamics

Nuclear magnetic resonance (NMR) is concerned with the
interaction of nuclei and their spin with electromagnetic fields.
Magnetic interactions are the most common, although electric
interactions also occur for quadrupolar nuclear spins ( > %).
Such electromagnetic fields can be generated by an external
magnet (Bg) or can be internal to the molecule/material.

The spin of a particle behaves as intrinsic angular mo-
mentum of that particle. In quantum mechanics it is de-
scribed as in eq. 3-6, by replacing G — 1.158:160.163,165.166
The spin wavefunctions |/ M;) are given in terms of Pauli
spin matrices. The quantum number [ = 0,%, 17%7.., and
each [ state is 2/ 4+ 1 degenerate, from the quantum number
My =1,1—1,...,—1138160.163,165.166 The hats on the spin op-
erators I will be excluded for the rest of the document.

Nuclear spin interactions are written as Hamiltonian opera-
tors (Hymr), first in cartesian form eq. 7 and then in spherical

tensor notation eq. 8:'°8
R R 3
Hyur=M-O-N= Y 0;; M; N; (7)
i1
2 kimax  +k
=Y ATe=) Y (-4 Ty ®
=0 =0 g=—k

In cartesian form M and N are cartesian vectors (e.g.
{M,,My,M.}) and O s a 3 x 3 cartesian operator (O;; where
i,j = x,v,z). The vectors M and N can be: I or S vectors
of spin operators {I,1y,I;}, or vectors of rotational angular
momentum operators {Jy,Jy,J;} or vectors of By the external
static magnetic field {By, By, B }. In spherical tensor form, Ak
and Ty are spherical tensor operators (space and spin parts
respectively). Eq. 8 represents the scalar product of spheri-
cal tensors, because the Hamiltonian must be invariant with
respect to any general rotation,38:160,163,165,166

The space part of the spherical tensors Ak (with compo-
nents Ay, where ¢ = k,k—1,...,—k) is obtained from the 3 x 3

cartesian tensor O of the respective NMR interaction (e.g.

chemical shift, dipole-dipole coupling, etc.) as follows: '8

1 ~
A =~—=Tr{0}

S

i
A = *7(0@ - O,Vx)

V2
1
Alil = *5[ zxfoxzii(ozyfoyz)]
1 ~
Axy=—=(30,—Tr{O
20 ﬁ( 2z r{0})
1
Al = ¥5[0xz+0aii(0yz+ozy)]
1

Arin = 5 [Oxx — Oyy + l'(ox)- + ny)]

The spin part of the spherical tensors Tx (or the spin-field ten-
sor )A(k) with components T;, where g = k,k—1,...,—k are
obtained in a similar fashion, by combining the cartesian vec-
tors M and N. The spin spherical tensors fk (for all k ranks)
are given for all NMR interactions in table 1.

The NMR interactions are briefly discussed below. Nuclear
spin interactions can be external (Zeeman & radio frequency
pulses) or internal (all interactions from table I)

The Zeeman interaction represents the coupling of nuclear
spins with the external magnetic field By. The Zeeman in-
teraction is given below, and is identical with the rank k = 0

chemical shift interaction, it scales with the gyromagnetic ra-
tio 7:158163.165.166

ﬁZeeman = —YBo I=—yBo I, = Orarmor I ©

The Zeeman energy is given by the energy difference between
spin up and spin down states, which scales linearly with By,
and it gives the spin precession frequency @ygrmor (Larmor
frequency).!98:163.165.166 Zeeman is usually the largest interac-
tion (for spin % nuclei), resulting in energies in the radio wave
regime, MHz. For quadrupolar nuclei (I > %), the quadrupole
interaction can exceed the Zeeman interaction.

Internal spin interactions occur between nuclear spins and
magnetic fields generated by the microscopic features of a
molecule/material. The internal spin interactions are usually
smaller than Zeeman and fall in the kHz — Hz range, but can
even be as small as mHz in some cases.!0%158,163,165,166

The chemical shift also represents the coupling of nuclear
spins with the external By magnetic field, except that it also
takes into account the magnetic shielding from nearby elec-
trons. The chemical shift has an isotropic rank k = 0O part
and two anisotropic rank k = 1,2 parts called chemical shift
anisotropy (CSA). Usually only the kK = 2 component is re-
ferred to as the CSA since it has direct effects on the NMR
spectrum (the k = 1 component does not),'38163.165,166

The spin-spin couplings, dipole-dipole and J-coupling,
represent the direct and indirect (through electrons) mag-
netic interactions between nuclear spins (magnetic mo-
ments).158:163,165,166

Spin-rotation represents the coupling of nuclear spins with
the molecular angular momentum J,'38163.165,166
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TABLE 1. Expressions for the spin spherical tensor components 7, in terms of the cartesian vectors. Notation used: /1 = Iy +ily. For the

chemical shift By = B;. Reproduced from ref. 158.

Interaction ‘ Too Tio Ti+1 T Triq Trin
Chemical shift|  ~LL.By 0 —11.By \/21130 118y 0
Dipole-dipole 0 0 % (31,8, —1-8) FLLSL +1:5.) Ly
J-coupling 7%1»5 7ﬁ(1+s, +1-Sy) +1(LSs —118:) %(yzsz —~1-8) FL(LSL +14S:) s,
. . T 1 1 1 1 1
Spin-rotation 7ﬁI<J 727\/2(1*7’ +1_Jy) +5 (LS — 1) %(312.12 -1.J) Fy (LS +12T;) aleds
Quadrupole 0 0 ﬁ B2 —1(1+1)] FI(Lls +ILL) yn

The quadrupole interaction represents the electric inter-
action between a non-spherical charge distribution of the
quadrupolar nuclei (/ > %) with the electric field gradient
(EFG) at the location of the nucleus.!38-163.165.166

B. Electron spin dynamics

Electron paramagnetic resonance (EPR) concerns the in-
teraction of electron spins with electromagnetic fields. The
quantum mechanics for electron spins is the same as for nu-
clear spins, except that larger energies are involved, because
a free electron is about 660 times more magnetic than a pro-
ton. Thus, all external and internal EPR interactions are larger
for electron spins, usually in the kHz — GHz range. Another
distinction is the increased mobility of the electron, compared
with the nuclei, because of its much smaller mass.'¢7-170

Most EPR interactions have the same form as NMR interac-
tions (section IT A), with some different notation. The reader
is encouraged to see ref. 167-170 for more detailed descrip-
tions of EPR interactions. The EPR interactions are presented
below, with some similarities to the NMR interactions from
section IT A:167-170

o The Zeeman interaction is the same for electron and nu-
clear spins.

e The g-factor and its anisotropy in EPR are analogous to
the chemical shift and its anisotropy (CSA) in NMR.

o The exchange interaction in EPR is analogous to the J-
coupling in NMR.

o Dipole-dipole interactions between electron spins have
the same form as for nuclear spins.

e Zero field splitting (ZFS) in EPR has two contributions:
direct dipole-dipole interaction between electron spins and the
interaction of the electron spin with its orbital angular momen-
tum (spin-orbit coupling). ZFS is sometimes referred to as the
fine interaction.

e Hyperfine interactions represent the interaction between
nuclear and electron spins, which has two main contributions:
dipole-dipole interaction between the electron & nuclear spin
(anisotropic) and the Fermi contact interaction (isotropic).
The Fermi contact contribution depends on the electron spin
density at the location of the nucleus. Furthermore, the
pseudo-hyperfine interaction involves the interaction of the
electron orbital angular momentum with the nuclear spin.

e Quadrupole interactions refer to the interaction of

quadrupolar nuclei with the electric field gradient — i.e. NMR
interaction. Quadrupole interactions can indirectly lead to
changes in the EPR spectra through hyperfine interactions
with the electron spins.

C. Quantised translational motion

For any atomic or molecular species, there are 3 transla-
tional degrees of freedom. They are often ignored in spec-
troscopy because for a free species they cannot be probed and
they lead to peak broadening (Doppler broadening). Transla-
tional degrees of freedom can be used for laser cooling of gas
phase species, but do not provide spectroscopic information.

However, in endohedral fullerenes, the translational degrees
of freedom are quantised due to the strong confining poten-
tial, V (r), which keeps the endohedral species enclosed inside
the fullerene molecule. This 3-dimensional confinement leads
to a classic quantum mechanical example of a "particle-in-a-
box". In this case, the fullerene cage literally acts as an almost
spherical box.

The "particle-in-a-box" model assumes zero potential en-
ergy inside the box and infinite outside the box — which is
unrealistic to model endohedral confinement. This is because
the endohedral species has an attractive and/or repulsive in-
teraction potential V (r) with the walls of the cage (box), de-
pending on the distance r from the centre of the cage. In
this article, models based on the harmonic oscillator (HO)
will be presented. Alternative models use interatomic two-
body Lennard-Jones interaction potentials to model the con-
finement; by summing the 60 interactions with the carbon
atoms. 171176

The spherically symmetric 3D harmonic oscillator for a sin-

gle particle is defined by the Hamiltonian:!!!-101,162
A2 ) 0
3] P )4 2 P k 2
Hppo=—+V() = —+Var’=_—+7 10
3D HO = 5+ (r) S tVart=o 4o (10)

where p is the linear momentum operator, m is the mass of
the particle, r is the radial distance of the particle (in polar co-
ordinates) and V; is the HO potential coefficient (or the force
constant k of the HO).

The eigenvalues of the 3D HO are given by:

3 3
Esp o =ho(N+3) =ho(L+2N,+3) (1)
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Where @ is the angular frequency of the HO, @ = \/g , being

dependent on the force constant k and the mass m (or reduced
mass). The energy depends on the quantum number N, which
in turn can be decomposed into the orbital angular momentum
quantum number L and the radial quantum number N, (the
number of radial nodes that the wavefunction possesses); both
L=0,1,2,...and N, =0,1,2,.... Alternatively N =0, 1,2,....
which means L =0,2,....N if Niseven or L =1,3,... N if
N is odd. Furthermore, each L state is 2L + 1 degenerate,

from the quantum number M; = L,L —1,...,—L. For both
1D and 3D HO’s, the eigenvalues are equally spaced in en-
ergy! 101,161,162

The wavefunctions [NLMy) describing the 3D HO are
based on Laguerre polynomials for the radial component
and spherical harmonics Y7, (®,®) for the angular compo-
nent, 110,111,161,162,177,178

A model used to realistically describe Cgo endofullerenes is
the spherically symmetric 3D an-harmonic oscillator, which
uses the 3D HO as a basis. An-harmonic corrections are
included as matrix representations in the 3D HO basis, and
the final eigenfunctions and eigenvalues are obtained by
diagonalisation of the entire matrix (with corrections in-
cluded).!10-112.177-179 The most encountered form of the an-
harmonic confining potential, used for endofullerenes, is the
polynomial potential:!10-112.177-179

V() =Varr +Vart + Vs r® 12)

Thus far deviations from spherical symmetry, due to the
Icosahedral symmetry of the cage, have only been observed
for the CH4@Cg¢y endofullerenes, where a small splitting
was observed for the J = 3 rotational state.'8? In all other
endofullerenes assuming spherical symmetry is appropri-
ate,133150155.177.178,181 Transitions between the translational
eigenstates can be probed by various forms of spectroscopy
detailed in section III.

D. Molecular rotations

The rotation of a rigid molecule can be described quantum
mechanically by the rigid rotor.

1. Rigid rotor

The general Hamiltonian for a freely rotating rigid
molecule is:!37160.162
ROoRR

. T
Hpor = -2 b C —APR+BII+CJ? 13
Rot 2[aa+2[hb+2[cc at b+ ¢ a3

Where J; is the angular momentum operator for molecular
rotations about the axis i, I;; are the principal moments of in-
ertia, and A, B, C are the rotational constants.!>7-160

The parameters defining the rotational dynamics are the
moments of inertia (rotational constants). If all moments of
inertia are different, the rotor is an asymmetric top. If two

moments of inertia are the same, the rotor is a symmetric top
(can be prolate or oblate). If all moments of inertia are the
same, the rotor is a spherical top. And if two moments of
inertia are equal and one is zero, that represents a linear ro-

tor (Iyga = 0, Iy, = I # 0), with a simplified equation for the
energy:!51155157.160,182

E;j=BJ(J+1) (14)

The eigenfunctions |J M) of a linear rigid rotor are given
by spherical harmonics Yy, (60, ¢) (with associated Legendre
functions). Rotational eigenstates are defined by the quantum
numbers J =0,1,2...and My = J,J — 1,..., —J 157100182

For polyatomic non-linear molecules there are in general 3
quantum numbers: J,M, K for the symmetric top and J, K, K,
for the asymmetric top. J is the total angular momentum, M
is the projection of J on the space-fixed Z-axis, K is the pro-
jection of J on the symmetry axis of the molecule (molecule
fixed projection quantum number), for a linear molecule the
projection on the molecule fixed axis is zero (K = 0), K, and
K, are the values of |K| the asymmetric top would approach in
the limit of a prolate and oblate top respectively.!37-100-182 The
quantum numbers can take the following values: J =0,1,2...
withK=J,J—1,...,—Jand M =J,J —1,...,—J (similarly for
K, and K,). For a symmetric top, the eigenfunctions |J K M)
are the rotation matrices (Wigner D functions) D}, (¢, 6,%).
And for asymmetric tops, the eigenfunctions are linear com-
binations of the rotation matrices.!37-160-182

Transitions between rotational eigenstates can be probed by
various forms of spectroscopy, detailed in section III.

2. Non-rigid rotor: centrifugal distortion

The case above applies to the rigid rotor, whereas in re-
ality, molecules are not rigid. As molecules rotate faster
and faster (high J quantum numbers), molecular centrifugal

distortions appear, written as a modified rotational constant
B:155,157,160,178

B=B,—D,J(J+1) a5)

Where B, is the undistorted rotational constant and D, is
the centrifugal correction constant, which has the role of re-
ducing the rotational constant as the molecule rotates faster
(as it populates high J states).!3>157:160.178

E. Translation-Rotation coupling

For a system that has quantised rotational and trans-
lational degrees of freedom, Translational-Rotational (TR)
coupling can occur. Essentially, the interaction potential
fullerene—endohedral species depends on the orientation of
the endohedral species. For example, the potential energy is
different if a diatomic molecule approaches the inner fullerene
wall with the interatomic vector (molecule axis) tangential vs.
perpendicular to the cage wall,150:155.157.160.177,178,181,183
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Quantum mechanically there are two sources of angular
momentum, rotational (J,M;) and translational (L,My); and
they combine together according to the angular momentum
coupling rules. The resulting angular momentum is given in

terms of bispherical harmonics FALI{IA:150'155’157-160'177'178'181

F/\LI{/I,\(®’¢797¢) = Z CLAA[/IWLAJMJ YLML(®7<I)) YJM/(ev‘p)

MMy
(16)
Where C%Mj are the Clebsch-Gordan coefficients, the
spherical harmonics Y7y, (©,®) are one source of angu-
lar momentum (translational orbital angular momentum) and
Yim,(6,¢) are another source (molecular rotational angular
momentum).150.155.157,160,177,178,181
The TR coupling can be understood in terms of good and
bad quantum numbers. For zero TR coupling, the system
can be well described by the rotational (J,M;) and transla-
tional (N, L, M) quantum numbers: uncoupled basis |J M;) ®
|N L Mp). For finite TR coupling, the system is well described
only by N, A, M, (good quantum numbers); as J, My, L, M|, are
no longer good quantum numbers due to mixing. This arises
because only the total angular momentum (A, My) is a con-
served quantity.150:155.177.178.181

1. Potential in terms of bispherical harmonics

Bispherical harmonics can be used as wavefunctions and
also as components of the potential. The potential V expe-
rienced by the endohedral species can be expanded in multi-
poles, in terms of the bispherical harmonics F/{fn . (lowercase

letters are used to distinguish potential terms from wavefunc-
tions);190:155.157.160.177.178.181

vin)= Y v R (Q) 17)

Amy, Amy,
nl,jAmy

Where r is the radial distance from the centre of the cage (in
polar coordinates), Q = (0,9, 60,¢) and V}{{; , Tepresent the
coefficients of the multipole expansion. Setting j =0ineq. 17
leads to a multipole expansion of the potential energy function
for a confined atom, with no rotational degrees of freedom.

In spherical symmetry A = m; = 0, and since A = |/ —
Jjls--, 1+ j it means that [ = j. In I, symmetry, the allowed
values for A are A = 0,6,10,... 133150155 Thys far experi-
mental splittings caused by rank A = 6,10, ... have only been
observed for CH4@Cg, where the J = 3 rotational state is
split in at least two components, see section VIIL'8 For all
other Cg endofullerenes the spherical symmetry approxima-
tion is appropriate.!33150.155177.178,181 Eor homonuclear di-
atomics all odd—j terms vanish because the molecule is cen-
trosymmetric, 135181

The term V(%)Z represents the harmonic term of the poten-
tial (V, term in section IIC). V&?“ and V(%)G represent an-
harmonic corrections of the potential (V4 and Vi terms in sec-
tions VII A 3 and VIIE).

The term V2 is the first non-zero translational-rotational
(TR) anisotropic harmonic component of the potential. It

10

takes into account how the potential energy changes when a
non-spherical molecule translates inside a spherically sym-
metric potential. V02022 splits states with the same J,N,L
quantum numbers but different A; since A =L+ J,L+J —
1,...,|L —J|. The anisotropic an-harmonic component of the
potential is given by the term Vg2* 150-155177.178.181 For het-
eronuclear diatomics, the terms Vi and Vjj® can be non-
zero, as these terms vanish for homonuclear diatomics.!518!

For non-linear polyatomic molecules, a similar approach
can be used, by replacing the spherical harmonics ¥ with ro-
tational matrices (Wigner D functions), due to the additional
rotational degree of freedom.

F. Molecular vibrations

For molecules, the internal degrees of freedom of individ-
ual atoms become quantised and lead to molecular vibrations
(normal modes of vibration). Normal vibrational modes rep-
resent atomic displacements that leave the molecular centre of
mass unchanged. For diatomic molecules, the vibration poten-
tial has a rather simple expression based on the 1D harmonic
oscillator (HO). The Hamiltonian for the 1D HO is the same
as the spherically symmetric 3D HO in eq. 10, just that r is
replaced by x to represent just one dimension (the interatomic
distance): 150157160162

.2 2 .2
_ k
H],)Hozlzim+v(x)=§;+V2x2=’2’;+5"x2 (18)

The eigenvalues of the 1D HO are given in terms of a single
quantum number Vv:

1
E10H0=hw(v+i) (19)
where @ is the angular frequency of the 1D HO (0 = %),

and there is a single parameter for the vibration, the force con-
stant k of the molecular bond. The eigenvalues of a 1D HO
are equally spaced in energy. The eigenfunctions |v) of the
1D HO are based on Hermite polynomials,'>%157.160-162

For polyatomic molecules, the vibrational dynamics are
more complicated, displaying multiple vibrational modes
(normal modes)'157,160—162,182

1. An-harmonic oscillator (1D)

The harmonic oscillator only describes systems in which
the potential energy depends quadratically on position. If
the dependence is not strictly quadratic, the vibrational mo-
tion corresponds to an anharmonic oscillator. For molecules,
atoms in chemical bonds behave purely harmonically only
close to the equilibrium position. However, as the atoms move
farther apart (closer together), the potential energy decreases
(increases) — with respect to the HO model — due to weak
attractive forces at large distances (strong repulsive forces at
short distances). Thus, an-harmonic corrections are needed in
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order to accurately describe vibrating molecules; for this rea-
son the Morse potential can prove more useful than the har-
monic oscillator.'>”

An-harmonic corrections can be introduced in eq. 19 by re-
placing @ with @, below:!30:157

Wy = O, [lfxe (v+%>] (20)

where @, is the angular frequency of the HO and the adimen-
sional parameter x, is the an-harmonic correction. The energy
levels of an-harmonic oscillators are no longer equally spaced.

2. Vibrating rotor, Rotation-vibration coupling

Ro-vibrational couplings occur for molecules that can ro-
tate and vibrate at the same time. Intuitively, when a molecule
is in an excited vibrational state, this will change the expec-
tation value of the bond lengths (for an-harmonic oscillators,
section I F 1) — which in turn will change the moments of
inertia. These effects are rather small, and are included as
perturbations of the ro-vibrational eigenstates.

Due to such ro-vibrational interactions, the rotational con-

stant Bg,y;p for a vibrating rotor is adjusted as:'30157
Brovir = By —Dy J(J+1) 21
By =B ou(v+3) @2)
Dy=De+Belv+3) 23)

Where B, is the undistorted rotational constant, ¢, is an an-
harmonic correction of the rotational constant (as the equi-
librium geometry changes upon vibrational excitation due to
the bond an-harmonicity), D, is the correction due to the cen-
trifugal distortion (non-rigid rotor, section II D 2) with f3, rep-
resenting further corrections of the rotational constant due to
the an-harmonicity of the bond.!57 The correction terms e,
D, and f3, are small and are sometimes ignored. However, in
some cases, higher-order correction terms can be determined
if the experimental resolution allows.

The wavefunctions of a vibrating rotor are made up of lin-
ear combinations of the free rotor and harmonic oscillator
wavefunctions, resulting in the labelling |v J M;). Further-
more, if translational degrees of freedom are also quantised,
TR coupling can occur (section IIE). Then the following la-
belling is appropriate |V J N L A My). In spherical symmetry,

all [vJ N L A) states are 2A + 1 degenerate (M, degener-
acy).150.155.177,178,181,183

G. Electronic dynamics

The simplest case is the hydrogen atom, one electron and
one proton, for which the Schrédinger equation has analyti-
cal solutions. To model the hydrogen atom, the Schrodinger
equation is solved for an electron experiencing the Coulomb

11
: : . 2 1
potential from a static proton: V(r) = — Treg The angular
part of the wavefunction is given in terms of spherical harmon-
ics Yz, (quantum numbers L and M) and the radial part in
terms of associated Laguerre polynomials (quantum number
164
n).
The eigenvalues of the hydrogen atom (in the absence of
other interactions) are given in terms of the quantum number

nonly:164
5\ 2
me e 1
E,= — — 24
" [2)‘12 (47:%) } n2 @4

Where m, is the electron mass, e is the electron charge and &
is the vacuum permittivity.

For electronic structure calculations, analytical solutions to
the Schrodinger equation exist only for hydrogen-like species
(i.e. just one electron). For molecules, numerical quantum
chemistry techniques are used to compute molecular orbitals
as linear combinations of atomic orbitals, e.g. density func-
tional theory (DFT), Mgller—Plesset perturbation theory (MP),
coupled-cluster (CC), etc.'84-186

1. lonisation

‘When the excitation energy surpasses the ionisation energy
of a given species, ionisation will occur and electrons will be
ejected from the species.

H. Spin isomerism

The complete wavefunction of a molecule is given by the
product (linear combination) of all components: nuclear spin,
rotational, translational, vibrational and electronic wavefunc-
tions:157:182

Wior = \Pnucl QWror @Wrrans ® \Ilvib ® "Pele(' (25)

In quantum mechanics, the Pauli exclusion principle must be
satisfied. The Pauli exclusion principle states that the total
wavefunction must be antisymmetric (change sign) with re-
spect to odd permutations of identical fermions (half inte-
ger spin) and symmetric with respect to even permutations of
fermions. Regarding bosons (integer spin), the total wave-
function is symmetric with respect to any permutations of
identical bosons. For symmetric wavefunctions the charac-
ter is 1 and for antisymmetric wavefunctions the character is
—1, with respect to a given permutation. 37182

The character (permutation symmetry) of the total wave-
function ¥,,, with respect to permutations of identical parti-
cles is given by the product of characters for each component
of W, in eq. 25. For example, if for a given permutation all
characters are 1, then W,,, is symmetric; alternatively, if one
character is —1 and the rest are 1, then ¥,,, is antisymmetric
with respect to the given permutation.'>7-182

The most famous example of spin isomerism is the Hj
molecule. In the vibronic ground state, the H, vibronic wave-
function is permutation symmetric.!>’-182 The translational
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wavefunction is unaffected (symmetric) by a permutation of
the Hydrogens. Thus, the permutation symmetry of H; is
determined by the characters of the rotational W,, and nu-
clear spin ¥, wavefunctions. ¥,, is symmetric with re-
spect to permutation of the Hydrogens if J = even and is
antisymmetric if J = odd. Hj contains two identical spin
I= % particles which couple to produce two distinct states:
singlet Sy with / =0, M; = 0 (para-H,) and triplet 7; with
I=1, M;={-1,0,1} (ortho-Hy). ¥, is antisymmetric for
para-H, and symmetric for ortho-H, with respect to permuta-
tion of the Hydrogen nuclear spins. In order to satisfy Pauli’s
exclusion principle for W, para-H; can only have J = even
and ortho-H; can only have J = odd. Thus, the H> molecule
has two spin isomers, para-H, and ortho-H;, which behave as
two distinct chemical species.'>”82 Fig. 22 displays the en-
ergy level diagram for H; inside Cg (electronic ground state),
taking into account spin isomerism.

In free space, conversion between spin isomers is forbid-
den. However, if intermolecular interactions, collisions, inho-
mogeneous magnetic fields, etc. are present, then spin isomer
conversion is possible. A practical route for obtaining spin
isomer conversion is to use paramagnetic catalysts, which can
microscopically make the two Hydrogen atoms inequivalent.
Paramagnetic species, such as O, can create highly local tran-
sient magnetic fields that are different for the two 'H nuclei,
promoting efficient conversion,>7-182

The spin-isomerism phenomenon applies to species that
have identical nuclei, which can be exchanged by a rotational
symmetry operation: Hy, D>, H,O, CH,O, CHy, etc.

Ill.  SPECTROSCOPIC TECHNIQUES

In this section, a brief overview of the spectroscopic tech-
niques covered in this article is given. The techniques are pre-
sented starting from the lowest energy (magnetic resonance of
nuclear spins) to the highest (ionisation) - this ordering will
be used throughout the article.

A. Spin resonance or spin spectroscopies

At the low energy end, there are two spin resonance tech-
niques: Nuclear Magnetic Resonance (NMR) and Electron
Paramagnetic Resonance (EPR). EPR is also known as ESR
(Electron Spin Resonance). Both are magnetic resonance
techniques that measure spin interactions with magnetic fields
and with other spins. The only difference is that NMR con-
cerns nuclear spins, whereas EPR concerns electron spins.
The latter is associated with higher energies because elec-
tron spins are approximately 1000 times more magnetic than
nuclear spins (e.g. ~ 660 times more magnetic than proton
spins).

1. Nuclear Magnetic Resonance (NMR)

If one applies an oscillating magnetic field, matching the
Larmor frequency, spin flips occur, and magnetic resonance
experiments can be performed. Probing energy differences
between the spin eigenstates — which in turn will probe the
spin interactions of the system, see section II A for NMR in-
teractions. NMR energies are on the order of MHz (Zeeman
and quadrupole interactions), but can be much smaller kHz
— mHz for internal spin interactions (chemical shift, dipole-
dipole, J-couplings, spin rotation).!38:163.165.166.170

NMR spectra can be simulated using the time dependent
Schrodinger equation, eq. 2. In Liouville space notation the
NMR signal Syg(7) is given by:!3%163.165.166

Snmr(t) = (Qab.v

exp(—ifit) p(o)) (26)

where the observable Q,p; = —i I_ and p(0) is the density
operator of the spin system at time ¢ = 0,15%,163,165,166

NMR experiments are usually performed in the liquid or
solid state. Gas phase measurements are less common because
of the inherent low sensitivity; although initial NMR mea-
surements were performed on molecular beams. Anisotropic
NMR interactions average to zero in isotropic liquids (solu-
tions), because of fast molecular rotations; only isotropic cou-
plings persist. However, in condensed solids, anisotropic in-
teractions are present in full form. A technique called Magic
Angle Spinning (MAS) can average rank k = 2 interactions to
zero and drastically simplify solid state NMR spectra,38:163

In between liquids and solids are liquid crystals, represent-
ing partially orientated media, which retain anisotropic inter-
actions to some extent. Liquid crystal molecules in the ne-
matic phase align partially with respect to an externally ap-
plied magnetic field — which can partially align dissolved
molecules. Above a certain temperature, there is no prefer-
ential alignment of the liquid crystal molecules (i.e. isotropic
phase). All anisotropic NMR interactions are averaged out
to zero in isotropic solutions; however, in the nematic liquid
crystal solution the alignment averages anisotropic interac-
tions to a non-zero value. The partially averaged couplings
are called residual couplings.'38-163

For the cases discussed here, an interesting question arises:
can liquid crystals align Cgy endofullerenes, which are es-
sentially spherical molecules? It turns out that they can par-
tially align endohedral species, observed in NMR (H, @Cgp,
HF@C(,(), Hzo@c60) and EPR (N@C(,o and N@Cm) mea-
surements.

2. Electron Paramagnetic Resonance (EPR)

EPR is analogous to NMR (section III A 1), having the
same working principles. The difference is that now electron
spins are involved. Because electron spins are more magnetic
than nuclear spins, EPR energies are usually larger than NMR
and they fall in the microwave GHz range (e.g. electron Zee-
man energy is usually in the GHz range). The same is true
for internal EPR interactions; they are usually smaller than
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electron Zeeman energies but larger than internal nuclear spin
interactions, being in the kHz — MHz range (even Hz if the
experimental resolution allows).!67-170

In isotropic solutions, all anisotropic EPR interactions av-
erage out to zero. In partially aligned media, liquid crys-
tal solutions, anisotropic EPR interactions are averaged out
to a non-zero value, called residual couplings. EPR mea-
surements on the N@Cgy and N@C7 endofullerenes dis-
solved in liquid crystals display such residual couplings, see
section VIA4. In condensed solids, all EPR interactions,
isotropic and anisotropic, are present; the same discussion ap-
plies to NMR (section III A 1).

3. Electron nuclear double resonance (ENDOR)

Electron nuclear double resonance (ENDOR) is a magnetic
resonance technique which requires irradiation of both elec-
tron and nuclear spins. It essentially involves irradiation of
nuclear spin transitions and their detection via changes in the
EPR signal. Using ENDOR, the interactions between electron
and nuclear spins, hyperfine interactions, can be measured.
ENDOR can be used to measure very small to large hyperfine
and also nuclear quadrupole couplings.'0%169

B. Molecular motion spectroscopies

In this context, molecular motion means: molecular rota-
tions, molecular translations and molecular vibrations. All
can be probed by various forms of spectroscopy, as detailed
below.

1. THz or far-Infrared spectroscopy

THz or far-IR spectroscopies use light that have the fre-
quency in the THz range. It measures the absorption of light
with respect to its frequency as it passes through a sample.
The energy of THz light matches the difference in energies
between rotational and translational eigenstates and it induces
transitions between them, if they are allowed by the selection
rules (usually electric dipole allowed).

In the case of endofullerenes, the translational motion in-
duced dipole moments appear to be strong enough to allow
transitions to be observed between translational eigenstates.
This is the case for the noble gas Cgy endofullerenes, for ex-
ample, which absorb THz light and translationally excite the
endohedral noble gas atom (e.g. see section VIIA). When
the noble gas atom is displaced from the centre of the Cgp
cage (equilibrium position), it induces a dipole moment in the
whole endofullerene complex.

The absorption line area Sy; used for simulating peak
intensities in order to fit the THz and IR spectra

is.l]l,l]2,]55.]77—179,181,187
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N is the number density of molecules (for Cgp = 1.48 X
1027m’3), h is the Planck constant, & is the permittivity of
vacuum, co is the speed of light in vacuum, 1 is the in-

2
dex of refraction, the factor (”T”) is the enhancement of

electric field felt by the oscillator in a dielectric medium!88,
Qf = % E; and Ey are the eigenvalues of the initial and

final states, p; and py are the thermal Boltzmann populations
of the initial and final states, and L, is the dipole moment (per-
manent and/or induced). The dipole moment g, is a function
of the radial distance r from the cage centre, other degrees of
freedom f3 (e.g. interatomic distances for polyatomic endohe-
drals), and the polar angles Q. The dipole moment L, is given

in terms of bispherical harmonics Fll;(Q) (see eq. 16) multi-

plied by powers of r, weighed by the coefficients B'/"(B).
For transitions of ro-translational states |[J N L A M), the
selection rule applies to the total angular momentum quan-
tum number AA = 0,£1. For the quantum numbers J,N,L
the selection rules depend on the system, e.g. usually AJ =

+1 but for homonuclear diatomics AJ = even and AL =
0dd.155:177,178,181

2. Infrared spectroscopy

Infrared (mid-IR and IR) spectroscopy uses IR light to
probe vibrations of molecules (normal modes). It is more en-
ergetic than THz spectroscopy (previous section), with vis-
ible light usually representing the upper limit. Vibrational
excitation is accompanied by ro-translational excitations, for
|vJ N L A M,) states, if the selection rules allow it. IR matrix
elements and the ro-translational selection rules are the same
as for THz spectroscopy (section III B 1). Furthermore, for vi-
brational excitations, the selection rule for a harmonic oscilla-
tor (section II F) Av = £1 applies. However, an-harmonic cor-
rections can relax the selection rule and allow overtone tran-
sitions to be observed.!>’

3. Raman spectroscopy

Raman spectroscopy is complementary to IR in terms of
the information obtained. As a sample is illuminated with
IR/visible/UV light, the photon is inelastically scattered by the
sample, and it can lose or gain energy in the process. Raman
spectroscopy makes use of the energy transfer to build up the
spectrum: Stokes and anti-Stokes sides corresponding to pho-
ton energy loss and energy gain respectively. With Raman,
ro-vibrational states can be spectroscopically probed. How-
ever, translational states in endofullerenes have not yet been
observed with Raman spectroscopy.
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The intensities of Raman lines are related to the change
in polarisability during a vibration/rotation. Raman selection
rules for molecular rotations are AJ = 0, +2 and for molecular
vibrations Av = +1.157

For the endofullerenes relevant to this article, Raman spec-
troscopy was mainly used to probe the fullerene cage vibra-
tions. Raman signals for the endohedral species have not yet
been observed for fully closed Cgp endofullerenes, and the
reason is unknown at the moment.

4. Inelastic neutron scattering

Inelastic Neutron Scattering (INS) is complementary to IR
spectroscopy (far-IR, mid-IR and IR) and analogous to Ra-
man. However, the mechanism and selection rules are com-
pletely different. INS uses neutrons rather than light, and it
makes use of the energy transfer between the neutron and
the sample to build the INS spectrum. The sample can gain
energy (neutron energy loss) or lose energy (neutron energy
gain), depending on whether the sample has populated excited
states or not. It probes the same eigenstates (rotational, trans-
lational and vibrational) as IR and/or Raman, and the energies
involved can vary between fractions of meV to eV.

Neutron scattering experiments are characterised by the dif-
ferential scattering cross section a‘z:(;’w, which gives the frac-
tion of neutrons with energy E; being scattered into an el-
ement of the solid angle Q with an energy change 7 J®.
159,172,173,183,189-193 The expression used to simulate neutron
scattering experiments is:

d’c

kf L~
m*kfigﬁiwwms‘fﬂz ﬁ(hw*EH‘Ef) (29)

VialarD 2 |

(30)

. § 2 bina}h o
Vins = Zexp(irc-ra) (”agh + = L a)
a

Where the energy and wavevector for the incident neutron
are E; and k; and for the scattered neutron are E¢ and kg, the
neutron energy transfer is 7w = E; — Ey, the neutron momen-
tum transfer is iix = 1ik; — hikg and p; is the statistical weight
of the initial state |i). Vins is the interaction potential causing
transitions, o is a label for the nuclei present, r is the posi-
tion of nucleus a, % is the spin % of the neutron, I is the spin
of nucleus o, b and b1 are the coherent and incoherent
scattering lengths of nucleus c.!3-17173.183,190-193 The term
exp(ik-rq) is a plane wave which can be expanded into an
infinite series of spherical waves (plane wave expansion). The
series, in principle, is a linear combination of spherical har-
monics with ranks ranging from zero to infinity. For this rea-
son, it is said that INS does not have selection rules, besides
very few exceptions. One such exception has arisen from INS
of endofullerenes, see section IV B. For more information on
neutron scattering see refs. 159,172,173,183,190-193.

A huge advantage of neutron scattering techniques is that
transitions between spin isomers (section II H) can be excited.

14

Because the neutron is magnetic (spin %), it can flip one nu-
clear spin in the sample as it passes through; this changes the
nuclear spin state, which can belong to a different spin iso-
mer. Thus, exact energy differences between spin isomers can
be measured directly.

C. Electronic spectroscopies

Electronic states can be excited by more energetic light,
corresponding to the visible and ultraviolet ranges. Such an
excitation will change the electronic structure, and it is usu-
ally accompanied by vibrational, rotational (and translational)
excitations. For this reason, such transitions are called ro-
vibronic (and translational) transitions.

Electronic transitions usually have intensities proportional
to the Franck-Condon principle; which is the overlap between
the initial and final wavefunctions.!S’ Electronic motion is
much faster than nuclear motion, due to much smaller mass,
thus as ro-vibronic transitions occur, nuclei cannot adjust im-
mediately — and the intensity of such transitions is propor-
tional to the overlap of the two wavefunctions.'>” UV-vis is
a typical example of electronic spectroscopy that is routinely
performed. Other techniques usually employ laser excitation
to drive electronic transitions; i.e. vibronic transitions, and
additionally they can be accompanied by translational excita-
tion.

D. lonisation spectroscopies and techniques

‘When the energy of incident light surpasses the binding en-
ergy of a given atomic shell the light is absorbed, and the ex-
cess energy will be transferred to an electron in that shell. This
will expel the electron, leaving a hole behind in the ionised
atom. This process is called photoelectric absorption and the
ejected electron is called a photo electron. The minimum en-
ergy at which photoelectric absorption occurs is called the
absorption edge because of the drastic step-like increase in
the absorption cross section. Such energies usually fall in
the X-ray regime, and X-ray absorption spectroscopy is usu-
ally called XPS (X-ray Photoelectron spectroscopy).'** Use-
ful information can be obtained from the details of the emitted
photo electron, energy, momentum, etc.

If the hole left by the photo electron is in the inner atomic
shell, an electron from an outer shell can relax to fill the in-
ner shell hole, with a net release of energy. If the energy is
released as radiation, the process is called fluorescence. The
released energy can also be used to eject another electron from
an outer shell, this is called the Auger process and the expelled
electron is called Auger electron.'%*

1. Valence band X-ray photoemission spectroscopy
(VB-XPS)

Valence-band X-ray photoemission spectroscopy (VB-
XPS) is an XPS technique used for electrons in the valence
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shell. VB-XPS measures the ionisation energy of a given va-
lence electron.!94195

2. Extended X-ray absorption fine structure (EXAFS)

Extended X-ray absorption fine structure (EXAFS) repre-
sents oscillations in the X-ray absorption spectrum, when the
X-ray energy surpasses the absorption edge (binding energy
of a given atomic shell). The oscillations arise from the in-
terference of the ejected photoelectron’s wavefunction, at the
location of the absorbing atom, with its own reflection (back-
scattering) from the neighbouring atoms. Modelling the EX-
AFS response can give highly accurate interatomic distances,
as the interference depends on the atomic distances and the
wavelength of the ejected photo-electron.!9+19

3. Normal incidence X-ray standing wave (NIXSW)

NIXSW is a technique that measures the distance of a
given atom adsorbed on a surface away from the surface layer.
NIXSW creates an X-ray standing wave as the incident wave
(normal to the surface) interferes with the wave reflected off
the surface layer. By scanning the incident X-ray energy, the
position of an (absorbing) atom of interest, away from the sur-
face layer, can be measured from the known change in the
period/wavelength of the X-ray standing wave.!97198

4. Confinement resonances photoionisation

In the case of endofullerenes, confinement resonances arise
when a confined atom is ionised and the emitted photoelec-
tron’s wavefunction interferes with itself. The photoelectron
transmitted through the fullerene cage interferes with its own
reflection with the inner and outer fullerene wall, giving rise
to confinement resonances.'>2%! The confinement resonance
can be observed if the photon energy is scanned (above the
ionisation energy) in the energy range where the photoionisa-
tion cross section does not change much with the energy of
the photon.?0!

E. Other techniques

In some cases non-spectroscopic techniques have been used
to investigate endofullerenes, section X. Where such tech-
niques are used, a brief description is given in the relevant
section.

IV. BACKGROUND: C4y FULLERENES &
ENDOFULLERENES

A. Cgp structural considerations

Fullerene molecules are made of only carbon atoms, co-
valently bonded in a closed structure. In order to produce a
closed convex structure, pentagonal faces are required; hexag-
onal and heptagonal faces lead to planar and concave struc-
tures, respectively.? Fullerene molecules built up from only
pentagonal and hexagonal faces must satisty Euler’s theorem
for polyhedra; which states that there must be 12 pentago-
nal faces and an arbitrary number of hexagonal faces.> Fur-
thermore, due to chemical bond strain, fullerenes satisfy the
isolated pentagon rule: pentagonal faces must not share an
edge between them, as it would induce too much strain and the
molecule would be energetically unfavourable. From such ar-
guments, it is apparent why Cg is the smallest stable fullerene
molecule.”

FIG. 1. Structure of the Cgp fullerene. Single bonds (gray) are be-
tween a hexagon and a pentagon (HP bond) and double bonds (blue)
are between two hexagons.

The structure of Cgg fullerene is seen in fig. 1. It represents
a truncated icosahedron shape, composed of 60 vertices (car-
bon atoms) arranged in 12 pentagonal and 20 hexagonal faces.
There are 90 edges (chemical bonds): 60 shared between a
hexagon and a pentagon (HP single bond) and 30 shared be-
tween two hexagons (HH double bonds). The HP single bond
is 1.46 A and the HH double bond is 1.40 A 2 Because the two
types of bonds in Cg( are not equal, the C¢y molecule is not a
regular truncated icosahedron.?

Important pieces of evidence for the structure of Cg are the
13C solution and solid state NMR spectra.2>-204 The spectra
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consist of a single peak at ambient conditions, plus small side
peaks (see below), see main Cgy peak in fig. 2 for the solu-
tion state NMR spectrum. This proved that the Cgp structure
is highly symmetric, as it contains 60 carbon atoms, but all of
them are chemically equivalent, leading to a single peak in the
NMR spectrum.?92-20% It turns out that when one looks very
closely at the fine structure of the '3C NMR (high-resolution)
solution state spectrum of Cgp, two extra resonances are ob-
served. Displaying very small intensities due to low-abundant
isotopomers with two adjacent '3C nuclei®”, described next
in section IVA 1.

1. Cgo NMR fine structure, HP and HH isotope shifts

Close inspection of the '*C solution state NMR spectrum of
Cgp reveals two small additional peaks on the shielding (up-
field) side of the main C¢ peak. This is shown in fig. 2 where
two small peaks labelled HP and HH are seen, shifted away
from the main peak by 12.6 ppb (' Agp) and 20.0 ppb (' Agg)
respectively.!10-205

a Main C Main C,
Deakso b peak60

142.850 142.825 142.800 142.775
3C chemical shift (ppm)

142.85 142.80 142.75 142.70
13C chemical shift (ppm)

FIG. 2. (a) 13C solution NMR spectrum of 25 mM Cg in deuterated
orthodichlorobenzene (ODCB-dy), at a magnetic field of 16.45 T and
a temperature of 295 K (sum of 856 transients). The main Cg( peak is
at 142.818 ppm relative to TMS. (b) Expanded view of the base of the
main Cg peak, showing the assignment of the side peaks to >C pairs
sharing either a HP (hexagon-pentagon) or a HH (hexagon-hexagon)
bond. The secondary '3C isotope shifts are ! Ayp ~ 12.6 ppb for a
HP '3C; pair and ' Ay ~ 20.0 ppb for a HH '3C; pair. Open access
reprint from the PCCP Owner Societies (ref. 205): G. R. Bacanu er
al., Phys. Chem. Chem. Phys., 22, DOI: 10.1039/DOCP01282C,
2020; licensed under a Creative Commons Attribution-Non Com-
mercial 3.0 Unported Licence (CC BY-NC) license.

The integrated amplitudes of the two side peaks, relative to
the main '3C peak are HP = 1.63 + 0.15% and HH = 0.81 =+
0.08%. Furthermore, the relative ratio of the peak amplitudes
is HP : HH =2 : 1. These peaks were shown to arise due to
the NMR secondary isotope shift, when two '3C’s are adjacent
in the Cgg cage.'!%2%5 The secondary isotope shift in NMR is
a change in the chemical shift experienced by a nuclear spin
when one of the neighbouring atoms is substituted by one of
its isotopes.205-207
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For Cg there are 90 bonds in total, 60 "single bonds" be-
tween a hexagon and a pentagon (HP) and 30 "double bonds"
between a hexagon and a hexagon (HH), in relative ratio 2:1.2
It was shown that when two '3C’s are adjacent along a HP
(or HH) bond it leads to the observed HP (or HH) peak.?%’
The HH peak is shifted by a larger amount because the HH
"double bond" is stronger and the secondary isotope shift is
affected more by a change in mass of the constituent atoms.
13C-13C J-couplings do not generate spectral splitting because
the two carbon atoms are magnetically equivalent if they are
adjacent along HP or HH bonds.

A model explaining the observed intensities, making use of
the measured shifts, was developed and further tested on '3C
enriched Cgp — with an excellent match to experiment.'10-205
Furthermore, the isotope shifts decrease (linearly) in magni-
tude with increasing temperature, consistent with the expected
trend, 110,205

2. Cg) merohedral disorder

The Cg fullerene exhibits a rich set of exquisite properties.
Cgo fullerene molecules rotate freely in the lattice at room
temperature, which makes Cgo a plastic solid.204208.209 At
room temperature, the Cgg lattice is fcc (face-centred-cubic)
with Fm3m space group.2210211

As the temperature is lowered, at ~ 260 K a phase transition
occurs to a primitive cubic lattice with the Pa3 space group (S3
point group).2204208-211 A Jarge drop in the lattice constant is
seen at this Fm3m — Pa3 phase transition.>2!% Furthermore,
a large drop in the 13C T, is observed at this Fm3m — Pa3
phase transition.28

In this Pa3 phase, Cgo is in a "ratcheting” phase where it
is still rotating but no longer freely, it jumps (ratchets) in be-
tween symmetry equivalent positions.?0+208.209 If the temper-
ature is lowered even further, at 90— 100 K another phase tran-
sition occurs, and the Cgy molecules lose their rotational mo-
bility, being "frozen" in the lattice.20+2%820° The space group
Pa3 does not change with this second phase transition.>10-2!1

In the low temperature phase, Pa3, there is another aspect,
orientational disorder or merohedral disorder. Two distinct
orientations of the Cgp with respect to the crystallographic
axis, called P and H, can be disentangled using diffraction
measurements.>2'%2!! The P orientation has the pentagonal
faces (electron deficient) on one Cg facing the double bonds
(electron rich) on a neighbouring Cgo; whereas in the H orien-
tation the hexagonal faces (electron rich) are facing the double
bonds (electron rich). From this simple electrostatic argument
the P orientation is observed to be lower in energy (more sta-
ble). This is also observed in the relative ratios of the P and
H orientations, where below 90 — 100 K the ratio is locked to
approximately P: H=85:15. As the temperature is increased
close to the ~ 260 K Pa3 — Fm3m phase transition, the P : H
ratio approaches 1:1,2210:211

The P : H ratio is also sensitive to the applied pressure. If
Cgp is pressurised in the "ratcheting" phase, the P : H ratio
changes, increasing the ratio of H orientations.>2!?
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B. INS selection rule: unique for Cgy endofullerenes

A novel selection rule was found for INS (Inelastic Neutron
Scattering) of Cgp endofullerenes. Initially, when a diatomic
molecule is confined in Cg.

1. INS selection rule: numerical approach

It arises when the rotational angular momentum J and
the orbital angular momentum L couple together to give
the total angular momentum A = L+ J,L+J —1,....|[L—
J|.172-175,189213.214 The selection rule states that a given INS
transition N',J',.L',A' — N,J,L,A is forbidden if the follow-
ing are satisfied:2!3215

AN =0
and
A —L—J = odd integer

The quantum number N does not play a role in the selec-
tion rule. Furthermore, the nuclear spin component of the
INS transition (see eq. 29—30) does not influence the selec-
tion rule at all. The selection rule only involves spatial quan-
tum states, 172-176:189.213

The selection rule was shown to hold for INS of H, @Cgy,
HD@Cgy and HF@Cg.!72-175213 The forbidden transitions
for Hy@Cgg are shown to have intensities up to 1% of the
allowed transitions.!7*

The selection rule is valid if the N,L,J and A used to de-
scribe the system are good quantum numbers. This is the
case for homonuclear diatomics like H, @Cg. Although, for
HD@Cgp and HF@Cg the N, L, J are not good quantum num-
bers due to strong mixing, and only A is a good quantum
number.!727176213 Tn some cases, however, the states that are
mixed into the eigenstates (involved in the transition) each sat-
isfy the selection rule separately, and this will make the selec-
tion rule valid for the mixed eigenstate as well.!73:175:213

Upon symmetry breaking interactions (section IVC) a
given |[VJNLA) TR level is split into 2A + 1 components,
based on the |[M | quantum number. The selection rule makes
transitions to M, = 0 states forbidden. However, transitions to
|[Ma| > 0 states acquire small non-zero intensities — although
the transitions are not guaranteed to be observable in the spec-
trum.'7?

2. INS selection rule: group theory approach

The INS selection rule can be elegantly derived in a general
form using group theory.?!2!7 One can calculate if any tran-
sition (W f|Vivs|®:) (see eq. 29-30) is forbidden or allowed
by using the triple direct product of the irreducible representa-
tions (irreps) of the eigenstates and the INS transition operator
(Vins):216217

C=0(¥)@T(Vins) @T(¥y) =al’ 0ail o....
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The direct product I' can be reduced to a direct sum of ir-
reducible representations I', where the totally symmetric ir-
reducible representation is ['¥. The selection rule states that
transitions are forbidden if the direct sum of irreducible rep-
resentations does not contain I' (i.e. ay = 0).216:217

The challenging part of this approach is to treat all irreps
under the same group. In a rigorous treatment, the largest
common subgroup between (¥|, Vins and |¥;) needs to be
found, and all representations must be expressed using this
group. This approach leads to the analogous selection rule,
seen in the previous section, between states labelled by N,
J, L and A for diatomic molecules confined inside a perfect
sphere, transitions are forbidden if:?'%217

at leastone A =0
and
(J4L— A) changes from even to odd (or vice — versa)

Using the "spectroscopic parity”, INS selection rules are
also derived for HyO@sphere and CH4@sphere using this
group theoretical approach.”'” Furthermore, a selection rule
for pure rotational transitions is derived for HyO@sphere,
which proves that TR coupling is actually not necessary for
the INS selection rule to be valid.?!”

Such selection rules are valid for spherical symmetry, de-
scribing the Cgp endofullerenes using the spherical point
group Kj. However, the true symmetry group of Cgg is I
(Icosahedral) and not Kj,. Strictly speaking, the correct sym-
metry group for endofullerenes of Cgg is 1,? = I, ® G where
G is the symmetry group of the endohedral species.>'® When
using the I, group, it turns out there are no rigorous INS se-
lection rules for Cgo endofullerenes within 7, symmetry; the
forbidden transitions actually have very small non-zero inten-
sities. However, since Cg is nearly spherical, any orientation
is close to an equivalent orientation, which makes the INS
selection rules essentially valid for practical purposes. Such
"forbidden" transitions would have a negligible intensity with
respect to the INS sensitivity.?!6-217

C. Cgpo endofullerene symmetry breaking phenomena

In many spectroscopic investigations of Cg( endofullerenes
additional symmetry breaking effects are observed. Small
splittings are observed for the A = 1 ro-translational states.
This is not possible within the I, symmetry of Cgp, be-
cause only ro-translational states with A > 3 would be
Splil‘134’181’]83

Such small splittings have been observed in
He@Cgp!10-112, Ha @Cy0%150:177,178,181,192218.219.
HF@Cg2® and H,O@Cg!87:193.220-222. Furthermore,
fine structure couplings are observed in EPR measurements
on solid N@Cg, which are not possible in I, symmetry.$3223

The low temperature phase of the Cgo crystal has local
Se point group symmetry?, which can lead to such split-
tings of A = 1 states. Many studies have suggested that
the source of this symmetry breaking is due to the crystal
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field effects of the Cgy lattice.33-92177181.187,192,219,220.223
ing it further, merohedral disorder of the Cgp lattice (sec-
tion IV A 2) has been suggested to be the cause of the crystal
field 83-92.110,112,187.214219.224.225 Other studies suggested that
distortion of the Cgo cage may be responsible for the symme-
try breaking.?-193.220.221,226 §ome interpretations of the sym-
metry breaking mechanism are given below.

1. Symmetry breaking: merohedral disorder

An interpretation of the symmetry breaking effects, ob-
served for Cgo endofullerenes, is presented for H, @Cgy,
HF@Cgy and H;O@Cg in terms of merohedral disorder of
the Cgp lattice (section IV A 2).175:176:214224.225 Thjg consid-
ers a lattice fragment of rigid C¢p molecules, with one central
Cgo surrounded by 12 nearest neighbours, with all cages in
either the P or the H orientation (100% pure P or H orienta-
tions).75:176214.224.225

The charge distribution for the central Cgp (with 12 near-
est neighbours), computed with DFT, is expanded in spherical
multipoles. The lowest non-zero rank is £ = 2 (electric field
gradient = quadrupole terms).!7>176:214.224225 For an isolated
Cgo with I;, symmetry rank £ or A = 2 is impossible, the lowest
non-zero ranks are = 6, 10, ....!3315%.155 The electric field gra-
dient (EFG) I,S,Z) couples to the molecular electric quadrupole

moment of the endohedral species Q,(,?) (both ranks ¢ = 2),
giving the quadrupole interaction unadi224

2
Vaar = Y, (~1)" 15, 050 an
m=-2
Rank ¢ = 2 interactions can split A = 1 ro-translational
states, 175:176.214,224,225
Calculations on 100% pure P and H orientations of the 12
nearest neighbours give an EFG for P more than an order
of magnitude larger than for H.??* Furthermore, the calcu-
lated splittings for P are approximately 30 times larger than
for H.175176.214.224.225 Thys, within this model the symmetry
breaking splittings arise mainly from the P orientation, with
H orientation splittings being negligible.?* Such calculations
for P give splittings of the J = 1 rotational states of ~ 1 cm~!
for Hy@Cgp and ~ 4 cm~! for HF@Cgy & HyO@Cg. 214224
The same type of calculation for the pure translational
states, orbital angular momentum L =1 (A =1 and J = 0),
gives splittings about one order of magnitude smaller than
for the pure rotational states.?> Spectra simulated consider-
ing 15% H and 85% P contributions give a good match to the
experiment. 214225

2. Symmetry breaking: Cg cage distortion

An alternative interpretation of the symmetry breaking in-
vokes a Jahn-Teller (JT) distortion of the Cgo.22¢ The observed
splittings of the J = 1 rotational states can be explained by
the endohedral species experiencing a spheroidal D, envi-
ronment. This could be achieved through a JT distortion of
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the fullerene cage of Dsgq or D3g symmetry, distortion coin-
ciding with the 5 or 3-fold axis, respectively.??® For such a
JT effect, charge transfer between the endohedral species and
the cage should be present and also stabilisation effects from
cooperative interactions of the fullerene molecules.?2

Using group theory, a potential satisfying the Sg symme-
try (and Iy) can be constructed from a linear combination of
symmetry-adapted rotational and translational states.??” Such
a spheroidally distorted potential can be constructed using
only two terms. This potential is in the general form, which
can explain the observed splittings in H,O @ Cg without mak-
ing explicit assumptions about the system.”

However, making use of this approach does not exclude the
electrostatic mechanism mentioned above (section IVC1). It
is possible that such distortions of the cages are in addition to
the electrostatic interactions with the nearest Cgp neighbours.
In order to elucidate the effect and disentangle between the
two, further high-resolution experiments and calculations in-
volving higher excited states are required.?'*224-227

A related approach includes an additional C3; potential to
the 7, potential provided by Cgy.2*® Such a term can be re-
garded as arising from the induction interaction of the HF
quadrupole with the effective polarisability of Cgg. This term
is much larger than the analogous term arising from the inter-
action of the quadrupoles of HF and Cg.2%8

Another related approach uses quantum chemistry calcula-
tions, in which the fullerene cage is elongated or compressed.
A compression/elongation of ~ 1% gives the splitting of the
J = 1 rotational state observed for HyO@Cgp.2%’

3. Symmetry breaking: off-centre endohedral

To explain the symmetry breaking effect, a different ap-
proach involves the position of the endohedral molecule
within the fullerene cage. Through non-covalent interactions
with the fullerene cage or nearest neighbours, the position
of the endohedral species could be displaced from the cen-
tre.?? The splitting of the J = 1 rotational state observed for
H,0@Cgp can also be explained by assuming an off-centre
position for the endohedral H,O molecule.??

D. Photo excited Cg: electronic triplet state

The Cgp molecule can be excited to an electronic triplet
state by strong laser irradiation; and the same can be achieved
for endofullerenes of Cgo. Initially, the laser populates an
excited electronic singlet state S; of the cage, which then
through an intersystem crossing (ISC) mechanism is con-
verted to the electronic triplet state T;; with different tran-
sition amplitudes for the triplet sublevels (T, T14+1, T1-1).
Thus, the triplet sublevels become unequally populated. The
electronic triplet state T then decays to the ground electronic
single state So with its characteristic decay constant (elec-
tronic triplet state lifetime).2>* Transient absorbance decay ki-
netics measure the photo excited electron triplet state lifetime
of Cgo (endo)fullerenes.’231:232
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Furthermore, time-resolved EPR measurements can be per-
formed on the Cgy (endo)fullerene photo excited electronic
triplet state, if the triplet lifetime is long enough; see sec-
tion VIF2.

V. NMR

NMR measurements are extremely useful for investigat-
ing endofullerenes. Many results have been published on the
NMR of endofullerenes, characterisation, unusual relaxation
properties, unusual NMR interactions, endohedral shifts, nu-
clear spin isomers, quantum rotor induced polarisation, etc.

In all endofullerenes discussed here, encapsulation inside
the Cg cage causes a change in the chemical shift of the en-
dohedral species. In all cases shielding of the chemical shift
occurs, in some cases even pushing the chemical shift to neg-
ative values. This is a clear indication that encapsulation has
taken place: as the fullerene shields the endohedral species
from the environment, it also shields the chemical shift.

A. '3C NMR aspects of Cg endofullerenes
1. '3C Endohedral shifts

Upon encapsulation of an endohedral species within Cg,
the '3C chemical shift of Cgo changes, usually in the deshield-
ing direction. This change in chemical shift is referred to as
the (13C) endohedral shift. '3C endohedral shifts for H, @Cygp
and HyO@Cg are shown in fig. 3, where the '*C chemi-
cal shifts of the endofullerenes are deshielded with respect to
empty Cep. In the solution state, all carbon atoms of the end-
ofullerene are still chemically equivalent, i.e. the cage retains
icosahedral symmetry upon encapsulation.

The endohedral shift can be understood by at least two
mechanisms: (i) electronic changes induced in the cage by
interacting with the electrons and nuclei of the endohedral
species (direct interaction) and (ii) geometric changes of the
cage induced by the endohedral species (indirect interac-
tion)?!. Both mechanisms can modify the electronic structure
of the cage and lead to changes in the shielding = changes in
the 13C chemical shift.

The endohedral shifts seem to follow the general trend of
increasing in magnitude with increasing size of the endohedral
species. Endohedral shifts of Cg endofullerenes measured
by '3C solution state NMR are presented in table II. No '3C
resonance was detected for N@Cgg, due to line broadening
and paramagnetic shifts caused by the unpaired electrons.?3?

2. 3C NMR fine structure: HP & HH side peaks

High resolution 13C solution state NMR of Cg reveals two
small additional peaks on the shielding (upfield) side of the
main Cgo peak. This is shown in fig. 2 (also in fig. 3) where
two additional small peaks labelled HP and HH are seen. The
peaks arise due to the NMR secondary isotope shift, when two

142.
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FIG. 3. 3C solution NMR spectra of ~25 mM solutions of (a)
H,@Cg (filling factor 87.7%, sum of 416 transients) and (b)
H,0@Cyg (filling factor 78.6%, sum of 272 transients), in ODCB-dy4
at a temperature of 298 K. For each species, a pair of side peaks on
the shielding side of the main '3C peak is clearly visible. Open ac-
cess reprint from the PCCP Owner Societies (ref. 205): G. R. Bacanu
et al., Phys. Chem. Chem. Phys., 22, DOI: 10.1039/DOCP01282C,
2020; licensed under a Creative Commons Attribution-Non Com-
mercial 3.0 Unported Licence (CC BY-NC) license.

13C’s are adjacent in the Cg cage; see section IV A 1 for more
information.'10-205

Upon encapsulation, the '3C chemical shift of the endo-
fullerene cage changes due to the '3C endohedral shift (sec-
tion VA 1). The HP & HH isotope shifted peaks follow the
main 3C peak of the respective endofullerene, see fig. 3 for
H,@Cgy and HyO@Cg.'9"295 There are small differences
between the HP & HH isotope shifts (! Agp & 'Apy) of endo-
fullerenes and empty Cgo. Generally, the isotope shifts de-
crease slightly in magnitude as the endohedral species in-
creases in size, see Table III.

3. %J-couplings in Cgy endofullerenes

Internuclear J-couplings have been observed, in solution
state NMR, between the endohedral species and the '3C nu-
clei of the Cg cage that encloses it. The nuclei involved in the
interaction are not chemically bonded together, which leads to
a "non-bonded" °J-coupling. The prefix "0" in the °J symbol
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TABLE II. 13C endohedral shift of Cg endofullerenes, measured by
solution state NMR.

Species 13C Endohedral shift Solvent Reference
FHe@Cg 0.02 ppm ODCB-d4 99
24.781 £ 0.001 ppb ODCB-dy 100

SHe@Cgqy  24.628 + 0.001 ppb ODCB-d4 100
Ne@Cg 23.617 £ 0.002 ppb ODCB-d4 100
HF@Cg 0.05 ppm toluene-dg 20
H,@Cg 0.078 ppm ODCB-d4 31
H,0@Cg 0.11 ppm ODCB-d4 98
Ar@Cg 0.17 ppm benzene-dg 233
0.18 ppm ODCB-dy 101

Kr@Cg 0.39 ppm benzene-dg/hg (1:1) 73
390 £ 1 ppb ODCB-d4 102

CH4@Cg 0.52 ppm ODCB-d4 103
CH,0@Cg 0.684 ppm ODCB-d4 21
Xe@Cg 0.95 ppm benzene-dg/hg (1:1) 75

indicates the absence of a formal chemical bond, as the no-
tation makes use of the usual J-coupling nomenclature: "Jax
represents a J-coupling between nuclei "A" and "X" separated
by "n" covalent bonds.?!-10%110

The magnitudes of the observed °J-couplings are very
small, around 70 mHz.2!19%:110 Thys far, evidence of °J-
couplings has been observed for: *He@Cgy (“Juec sec-
tion VB 2), CH4@Cg (“Tyc section V G 1) and CH,0@Cgp
(%Juc section VH ).

Observation of such an effect proves that for J-couplings
to form, confinement to a small region of space is required
but chemical bonding is not. The confinement facilitates
orbital overlap between the endohedral species and the en-
closing fullerene cage, which enables °J-couplings to be ob-
served. 2109110 A prerequisite for the observation of such
small J-couplings is that the NMR relaxation times are suf-
ficiently long. Since the coupling is very small, the nuclei
involved must have a long enough T spin-lattice relaxation
time to allow for the coupling to be observable (roughly larger
than I/OJHec),2l’109’“O

B. 3HG@CGO NMR
1. 3He@Cg solution NMR

The 3He chemical shift of 3He@Cg is —6.30 +0.15 ppm
in 1-methylnaphthalene, with respect to dissolved *He gas.®
In THFE-dg the 3He chemical shift is —6.403 ppm.® Re-
markably, two Helium atoms can be observed inside Cgp,
with 3He, @Cg having the same 3He chemical shift of
—6.403 ppm (THF-dg).>

In contrast, the 3He chemical shift of *He@Cy
is —28.8 = 0.2ppm in I-methylnaphthalene,®® and
—28.716 ppm in methylnaphthalene:CD,Cl, = 3:1 (with
respect to dissolved >He gas).”! Furthermore, the >He
chemical shift of the bis species 3He, @Cyg is —28.702 ppm
in methylnaphthalene:CD,Cl, = 3:1.7! Such changes in the
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3He chemical shifts have been exploited to monitor chemical
reactions of the fullerene cage. The *He chemical shift is
sensitive to chemical modifications of the fullerene cage, due
to changes in the ring currents.®¢-68

For He@Cg the *He T spin lattice relaxation time has
been measured to be around 300 — 500 s, in a range of solvents
and temperatures.72 The *He T; was measured to be 365 +
41 s at 298 K in ODCB-d, (degassed by bubbling N, gas).!%®
For !3C (endohedral) chemical shifts see section V A 1.

2. OJyec in 3He@Cyg

An internuclear NMR OJ—coupling (see section V A 3) has
been observed in 3He@Cg between the endohedral *He nu-
cleus and one '3C nucleus part of the fullerene cage.'%%!10
This is shown as splitting of the '>C resonance for 3He@Cy
in fig 4 a and b, with a magnitude of 77.5 4= 0.2 mHz (at 340 K
in ODCB-dy).'%%!10 The splitting is absent in the “He@Cgq
isotopomer, fig 4 ¢ and d, because the 4He nucleus has zero
nuclear spin so it cannot exhibit J-couplings.

“He@Cso

N N N I "
142.97 142.96 142.95 142.94 142.93 142.968 142.966 142.964 142.962
5 ('°C)/ ppm 5 (°C)/ ppm

FIG. 4. (a) '3C solution NMR spectra of ~25 mM 3He@Cqg (43%
filling factor) in ODCB-d4 at 340 K and 16.45 T, using a Bruker
AVANCE NEO console and a TCI prodigy 5 mm cryoprobe (aver-
age of 40 transients). (b) Blue line: expansion of the 13C peak of
3He@Cg; Dashed grey line: Best fit to two shifted spectral compo-
nents, each with a shape matching the '3C peak of Cg; Solid gray
lines: individual spectral components. (c) '3C solution NMR spectra
of ~25 mM *He@Cg (41% filling factor) in ODCB-d, (average of
32 transients); all other conditions are the same as in (a). (d) Expan-
sion of the 13C peak of “He@Cg. Reprinted with permission from
(ref. 109) Bacanu et al.. J. Am. Chem. Soc., 142, 16926-16929,
(2020). Copyright 2020 American Chemical Society.

Minor '3C, isotopomers give rise to two side peaks, HP &
HH, on the main '3C resonance due to the secondary isotope
shift (sections IVA 1 and VA2). In *He@Cg, these side
peaks are also split by this °J-coupling (see SI of ref 109).

The splitting is attributed to a "non-bonded" 0y Hec-coupling
between the nuclear spin I = 1/2 nuclei *He and '3C. The
existence of such a J-coupling is quite remarkable; it is the
first direct spectroscopic observation of a J-coupling involving
the 3He nucleus, for the very simple reason that Helium does
not form covalent bonds. This proves that for J-couplings to
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TABLE III. One bond secondary isotope shifts for the HP and HH side peaks (! Agp and ! Aggy) for Co and endofullerenes of Cg, acquired at

298 K in ODCB-dy.

Species Cego H, @Cg Ne@Cg Ar@Cg H,0@Cg Kr@Cg

! Anp/ ppb 12.56 £ 0.01 12.54 £+ 0.03 12.53 £0.01 12.50 £+ 0.01 12.46 £+ 0.02 12.45 £ 0.01
'Ann/ ppb 19.98 4 0.02 19.93 £+ 0.05 19.94 4+ 0.03 19.86 £ 0.02 19.84 £+ 0.04 19.77 £+ 0.02
Reference 205 205 101 205 102

TABLE IV. *He NMR chemical shifts (in ppm) of endohedral mono-
& bis-helium fullerenes and fullerene hexaanions, relative to >He gas
in THF-dg. Reproduced from ref. 23.

A=3He A =3He,
A@Cg ~6.403 —6.403
A@CS; —49.266 —49.173
A@Cyy ~28.821 ~28.807
A@CSy +8.198 +8.044

form, confinement to a small region of space is required, but
chemical bonding is not.

In order to observe small J-couplings the relaxation times
must be long enough (roughly larger than 1/%Jyec). All re-
quirements are satisfied for *He @Cg( where the >He T; = 365
+ 41 s and for BC T, = 16.83 £ 0.04 5.9

The magnitude of the *Jyec-coupling increases linearly
with temperature (between 260 — 340 K), see ref 109. The en-
closed Helium atom behaves akin to a "particle-in-a-box", it
exhibits translational quantisation (section II C) which leads to
well defined translational eigenstates. The ground state trans-
lational wavefunction is strongly localised at the centre of the
fullerene cage, but excited states have an increasingly large
probability close to the "inner box edge". Thus, as the tem-
perature increases, the excited states become more populated
and the *He atom gets closer to the fullerene wall on average;
leading to an overall increase in the magnitude of the OJtec-
coupling.'®

The “Jgec can be estimated by quantum chemistry calcu-
lations, giving reasonable agreement with the experiment.'%”
Thus, showing that °J-couplings can be used to benchmark
quantum chemistry algorithms involving calculation of NMR
parameters for non-bonded systems.

3. 3He@CS; & *He@CS; solution NMR

The cages of 3He@C60 and He @C7 endofullerenes can
be reduced to the hexanion forms, 3He@Cga and 3He@C% s
using strong reducing agents.>>”? The *He chemical shifts for
these compounds change in peculiar ways, with explicit val-
ues in table IV.2372 The reduction of Cg deshields the He
chemical shifts further, whereas for C7g strong shielding oc-
curs after reduction, which actually pushes the *He chemical
shift to positive values. This observation applies to both the
mono- and bis-Helium endofullerenes, see table IV.2372

4. 3He@Cga solid state NMR

3He NMR measurements have been performed on the
Rb3;(PHe@Cgp) endofulleride material, in the solid state at
cryogenic temperatures.'?® The endofulleride has 3 negative
charges (3He@Cza ) from the three Rubidium ions. This ma-
terial becomes superconducting at low temperatures (<30 K)
and the endohedral He is used to probe the phenomenon; be-
cause it can act as an observer without appreciably chang-
ing the properties of the material. The *He NMR signal is
strongly influenced by the magnetic fields in the centre of the
cage, induced by the conducting and superconducting phases.
The 3He T; displays an anomalous dependence on the spec-
tral frequency in the superconducting state; and surprisingly
such behaviour persists at higher temperatures, well above the
superconducting transition.

C. Kr@Cq NMR

83Kr NMR measurements were performed on Kr@Cg.'%2

83Kr is 11.58% naturally abundant, with a nuclear spin I =
9/2. The 83Kr chemical shift of Kr@Cgy was measured to
be 64.3 £ 0.1 ppm (in ODCB-d4 at 298 K); using the IU-
PAC unified referencing scale (with an updated E parame-
ter for 8Kr).!2 Kr gas dissolved in the same sample had
the 83Kr chemical shift deshielded by 39.5 ppm with respect
to 83Kr@Cgy. In benzene-dg the ®3Kr chemical shift of
Kr@Cg is the same, but the dissolved Kr gas is deshielded
by 32.7 ppm with respect to Kr@Cgj.'0?

The shielding effect of the Cgo cage is observed in the
83Kr chemical shifts but also in the Ty spin-lattice relaxation
times. The 33Kr T, for dissolved Kr gas was 31 = 2 ms and
for B¥Kr@Cg it was 860 + 24 ms. The ~28-fold increase
in relaxation time upon encapsulation demonstrates how the
fullerene cage protects the endohedral Kr atom from the envi-
ronment.'0?

For 13C (endohedral) chemical shifts see section V A 1. The
cage '3C NMR signal of Kr@Cgy displays side peaks (HP &
HH), arising from secondary isotope shifts when two '3C’s
are adjacent.?9> Measured shifts and more details are shown
in section IVA 1 and VA2.

D. H,@Cq NMR

NMR investigations have been performed on Hy @Cgp in
the solution and solid state.
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1. H,@Cg solution NMR

The 'H chemical shift of Hy@Cgy is —1.44 ppm in
ODCB-dy, shielded by 5.98 ppm with respect to dissolved
free H.31234 For 3C (endohedral) chemical shifts see sec-
tion VA 1. The cage '>C NMR signal of H, @Cg displays
two side peaks in the fine structure, HP & HH, arising from
secondary isotope shifts when two 13C’s are adjacent.®> Mea-
sured shifts and more details are shown in section IV A 1 and
VA2.

The 'H T; of H, @Cy is solvent dependent, varying from
0.118 s in benzene to 0.046 s in CCly. Furthermore, the 'H
T, of H, dissolved in the same solvent as Hy @Cg is 10 — 20
times longer, but the T ratios in the same solvent are rather
similar.23> The 'H T in toluene-dg was measured with tem-
perature; it had a maximum of ~ 0.12 s at 240 K and a mini-
mum of ~ 0.09 s at 200 K and 330 K. In other solvents, only
a monotonic decrease in 'H T; was observed with increas-
ing temperature.3> In H,@Cg the dipole-dipole and spin-
rotation relaxation mechanisms are shown to be the dominant
mechanisms.23>236

a. Paramagnetic spin-lattice relaxation of Hy @Cg

The 'H spin-lattice relaxation rates (1/T;) of H, and
H, @Cgy were measured in toluene-dg, in the presence of ni-
troxide radicals containing unpaired electrons. The relaxation
rates are linearly dependent on radical concentration, with the
paramagnetic relaxation effects enhanced 5-fold for H, @Cqg
compared with H, under the same conditions.?®” It appears
that the encapsulation does not magnetically shield the endo-
hedral H, from the environment. On the contrary, it seems that
the interaction with paramagnets is stronger for Hy @Cgg than
for dissolved free Hy, based on the achievable intermolecular
distance in solution between Hj and the unpaired electrons.??’

Similar enhanced relaxation rates are achieved by cova-
lently attaching nitroxide radicals to the Hy @Cg cage.??®

b.  Comparison with HD @Cgg

The secondary NMR isotope shift between Hy @Cg and
HD@Cg observed for the 'H resonances (' AH(D)) is approx-
imately 36 ppb at room temperature (toluene-dg). Smaller by
1-2 ppb than the free forms of Ho/HD dissolved in toluene-dg,
and about 6 ppb smaller than the calculated values for gas
phase Hy/HD. This isotope shift decreases by ~ 3 ppb when
going from 200 K to 340 K.2

The one bond J-coupling in HD@Cg ( !Jup) was measured
to be ~41.7 Hz (in toluene-dg) and temperature independent.
However, 'Jyp is smaller by ~2% when encapsulated in Cgo
compared to free HD dissolved in toluene-dg.>*

The 'H T; of HD@Cg in toluene-dg decreases with tem-
perature, from ~ 0.4 s at 200 K to ~ 0.18 s at 340 K.2¥

Solution NMR investigations were performed on H,, HD,
H, @Cgy and HD@Cg in toluene-dg as a function of temper-
ature (200-340 K). 2 It is found that the 'H Ty for HD is
always slower than Hj by a factor of ~ 2, in the free form and
encapsulated in Cgo.2>° The 'H T’s qualitatively follow the
same trend in free form and encapsulated inside Cg, with the
encapsulated species always relaxing 10-20 times faster than
the free forms.?* This slower relaxation in the free form can
be explained by having a much shorter correlation time com-
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pared to Cgp encapsulation, i.e. the Hy and HD have much
faster reorientation when in free form due to collisions with
the solvent.”*® In endohedral form, the correlation times are
longer due to the shielding of the cage - but this results in
shorter T; relaxation times.2

For both free form and Cg encapsulation: Hy has a maxi-
mum (at 240 — 250 K) in the '"H T; with temperature, while
HD has a continuous decrease in the 'H T} with increasing
temperature.”>® This relaxation behaviour can be understood
as follows: for H, the dominant relaxation mechanisms are
dipole-dipole and spin-rotation, the former becoming more
important at low temperatures. However, for HD the dipole-
dipole mechanism is weak because Deuterium has a gyromag-
netic ratio that is 6 times smaller than Hydrogen, so the spin-
rotation mechanism dominates at all temperatures.?3”

2. H,@Cq spin isomer conversion: solution NMR

Since Hj has two indistinguishable Hydrogen nuclei, it dis-
plays nuclear spin isomerism: ortho-H, and para-H, (see sec-
tion II H). Spin isomer conversion of H; is extremely slow, up
to days/weeks in the gas phase.?*? However, spin isomer con-
version can be catalysed by paramagnetic species.?3!240.241

Singlet molecular oxygen, 'Oy, is a highly reactive species
that can be quenched by Cgo. The quenching rate of 'O, is
faster for D, @Cgp and even faster for Hy@Cgy (compared
with Cg) in a CS; solution.?>! Such rates are even faster than
for free Hp/D; dissolved in solution (CCly). This can be ex-
plained by assuming that the ' O, and the Cgg cage form an ex-
ciplex complex, which is rather long lived compared with the
free forms. The extended exciplex lifetime allows for longer
interaction times, which facilitates the quenching.3!

The spin catalysed conversion of ortho-H, @Cg to para-
H; @Cg) was performed at 77 K using liquid Oxygen in a ze-
olite matrix. O is a very efficient paramagnetic spin catalyst
for spin-isomer conversion.?*%-?*! The para-enriched H, @Cg
converts back to ortho-H, @Cg very slowly, with an esti-
mated half-life of ~ 7.5 days. However, the spin isomer con-
version is much faster if O, is dissolved (saturated solution) in
the same sample, obtaining a lifetime of ~ 100 h for H, @Cgy.
Similar conversion rates are observed when nitroxide TEMPO
radicals are present in the solution.240-241

The spin-isomer conversion of endohedral H; can be catal-
ysed by a nitroxide radical covalently attached to the H, @Cg
cage. #1242 Spin-isomer conversion rates faster than 90 s
are observed, 4 orders of magnitude faster than for pristine
H,@Cgy. When the nitroxide group (R — N — O-) is re-
duced to a diamagnetic form (R —N — OH), the spin-isomer
conversion becomes slow again, demonstrating a reversible
magnetic — switch for interconverting incarcerated nuclear
spin isomers.*? Fast spin isomer conversion rates are also ob-
served for Hy @Cg( with pyrrolidine anions covalently bonded
to the cage.”*
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3. H,@Cq liquid crystal solution NMR

NMR measurements of H, @Cgy have been performed in
the liquid crystal N-(4-methoxybenzylidene)-4-butylaniline
(MBBA).>* The '"H NMR of H, @Cg displays a single peak
in the isotropic phase, which splits into two in the nematic
phase due to residual dipolar couplings of the two Hydrogen
nuclei; see fig. 5. The splitting in the nematic phase becomes
larger with decreasing temperature (~ 1.2 kHz at 300 K), in-
dicating an increasingly larger residual dipolar coupling from
a stronger alignment in the magnetic field. Two mechanisms
(direct and indirect) are discussed for the alignment of the en-
dohedral species in the liquid crystal solution.?** The residual
dipolar coupling is smaller for H;yO@Cgp, ~ 0.7 kHz at 300 K
(section V F3), because the 'H-'H dipolar coupling is larger
in H, than in H,0, due to the shorter 'H-"H distance.

S G
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FIG. 5. 'H NMR spectra of Hy @Cgj dissolved in MBBA, recorded
at several temperatures: (a) T=316 K; (b) T=312K; (c) T=308 K;
(d) T =304K; (e) T =300K. Spectrum (a) was recorded in the
isotropic phase using a single pulse excitation and shows a single
peak at —1.5 ppm. The intense MBBA signals have been truncated.
Spectra (b—e) were observed in the nematic phase using a perfect
echo sequence to suppress the liquid crystal background. Used with
permission of Royal Society of Chemistry, from (ref. 244) Koufil et
al., Phy. Chem. Chem. Phys., 19, 11793-11801 (2017); permission
conveyed through Copyright Clearance Center, Inc.

4. H,@Cg solid state NMR

H, @Cg¢ has been studied using solid state NMR. Initially,
NMR measurements were performed on Hy enclosed in open
cage Cgo fullerenes.'*®>* Cryogenic NMR measurements
have been performed on Hy @C7¢, which led to some puzzling
results. The 'H signal gave a peculiar Pake pattern, which is
consistent with the H, @Cy cages preferentially aligning with
the external magnetic field below 10 K, similar to the nematic
phase of liquid crystals in magnetic fields.?4¢
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a. Hy@Cyg solid state NMR: static

Significant broadening is observed for the 'H NMR signal
of Hy@Cg below 5 K. This broadening is currently unex-
plained, but has been attributed to magnetic field distortions
at low temperatures.'*%178 It must be noted that initial inves-
tigations of endofullerenes did not usually employ a sublima-
tion purification step, which may have effects on the sample’s
behaviour.

Static 'H solid state NMR of H, @Cg at 4.8 K showed a
weak but clear Pake pattern with an additional sharp peak su-
perimposed, in a relative ratio 1:1.87 (Pake:sharp peak).'’"
The Pake pattern is consistent with a homonuclear dipolar
coupling of ~ 116 kHz. The appearance of a Pake pattern at
low temperature indicates that the site where H is present has
a lower symmetry than Icosahedral.'>*!7® The reduced sym-
metry splits the rotational energy levels, which should be on
the order of a few Kelvin (4.8 K).!°

'H T, under static conditions was measured at a variety of
magnetic fields.'*® Above 200 K T is field independent, but
below 200 K there is a T minimum, which is strongly field
dependent. The T; minimum appears at lower temperatures
in lower fields. The 'H T is still rather fast at all tempera-
tures, reaching a maximum of ~10 s at the lowest tempera-
tures of ~2 K; otherwise, above approximately 50 K the 'H
T} is around or below 0.1 s.148

Some differences were seen between the ~260 K phase
transition (Fm3m — Pa3) of Cgy and H,@Cg, (see sec-
tion IVA?2); it was shown to occur ~30K lower for
H, @Cg.'4® The H, @Cg does not appear to have been sub-
limed in this set of experiments, which can have rather strong
effects on the phase transition of fullerene crystals. 48

Ortho-para conversion is negligible in Hy@Cg at cryo-
genic temperatures, 148243

b. Hy@Cg solid state NMR: MAS

'H chemical shift of H,@Cg under MAS (Magic An-
gle Spinning) is —1.1 ppm, similar to solution NMR
(—1.44 ppm).31148 The motion of the endohedral H; is al-
most isotropic because the intramolecular 'H-'H dipolar cou-
pling is mostly averaged out at room temperature. Mak-
ing use of a non-zero dipolar coupling between the two pro-
tons, excitation of double quantum (DQ) coherences is possi-
ble. This allows filtering of the signal from protons which
are coupled together through dipolar couplings (DQ filter-
ing). MAS averages out the dipolar coupling to zero, but it
can be recoupled using various NMR sequences (rotor syn-
chronised, symmetry-based recoupling sequences, etc.). The
SR26 sequence is used for dipolar recoupling; and by chang-
ing the excitation interval, 'H-'H dipolar couplings can be
measured.'*® Dipolar coupling was —730 Hz at 293 K and
—610 Hz at 175 K, the temperature dependence of the dipolar
coupling is very weak between 293-175 K, which reflects the
nearly isotropic environment of the Cy cage. A non-zero 'H-
'H intramolecular dipolar coupling of endohedral H,, even at
room temperature, indicates the motion inside the cage is not
perfectly isotropic.'*® However, as Spherical Tensor Analysis
(STA)**7 shows, this dipolar coupling could be intermolecu-
lar, arising from couplings between H, molecules in neigh-
bouring fullerene cages (see below).!*® Larger intramolecular
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'H-"H dipolar couplings are seen for H, inside open-cage-
fullerenes, where the symmetry is drastically lowered from
Icosahedral, 148245

STA (spherical tensor analysis)**” performed with small
DQ recoupling times (0.4 ms) shows only spin spherical ten-
sor rank 1 components (thermal Zeeman polarisation). Using
longer DQ recoupling times (0.8 ms), spin spherical tensors
of rank 2 appear — only possible if at least two 'H’s are (dipo-
lar) coupled together. At even longer DQ recoupling times
(1.6-3.2 ms) ranks higher than 2 are present — only possible
if more than two 'H’s are coupled. This proves that inter-
molecular dipolar interactions between H,’s in neighbouring
cages are present, since each fullerene cage contains only two
'H atoms.'*8 STA effectively shows that the DQ filtered sig-
nal (see above) can have components from intermolecular 'H-
'H dipolar couplings between H, molecules in neighbouring
cages.'#

E. HF@Cg NMR
1. HF@Cg solution NMR

Solution state NMR measurements of HF@Cg give the
chemical shifts of the endohedral species to be 8y =
—2.68 ppm and & = —219.94 ppm; with a 'H-!F J-coupling
(1Jur) of 505.5 + 0.5 Hz (toluene-ds). The J-coupling is simi-
lar (or smaller) than HF in molecular beams, but is larger than
HF in various solvents.2’ For '3C (endohedral) chemical shifts
see section VA 1.

2. HF@Cg liquid crystal solution NMR

NMR measurements of HF@Cg have been performed in
the liquid crystal N-(4-methoxybenzylidene)-4-butylaniline
(MBBA).2* For HF@Cg, the '°F NMR signal is a doublet
from the "H-'"F J-coupling in the isotropic phase ('Jur =
506 Hz). The doublet splitting becomes much larger in the
nematic phase, ~2.71 kHz at room temperature. Indicating
a significant 'H-!°F residual dipolar coupling is present due
to the endohedral HF alignment in the liquid crystal solution.
Two mechanisms (direct and indirect) are discussed for the
alignment of the endohedral species in the liquid crystal solu-
tion.2*

3. HF@Cg solid state NMR: MAS

Solid state '°F MAS NMR measurements of HF@Cg,
(263 K) show the presence of anisotropic interactions (broad-
ening), due to '°F chemical shift anisotropy.?’ Most likely,
such anisotropic interactions are induced by distortions of the
Cg cage by the endohedral HF.?
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F. H,0@Cg NMR
1. H,00Cq solution NMR

The 'H chemical shift of HHO@Cg is —4.81 ppm in
ODCB-dy4, which is shielded by 6.2 ppm compared with H,O
dissolved in the same solvent.”® A 'Jgp-coupling between the
H and D of 0.9 Hz is observed in the HDO@Cg isotopo-
logue.98

For 13C (endohedral) chemical shifts see section V A 1. The
cage '3C NMR signal of HyO@Cg displays two side peaks in
the fine structure, HP & HH, arising from secondary isotope
shifts when two '3C’s are adjacent.”’> Measured shifts and
more details are shown in section [IVA 1 and V A 2.

The "HT; of HO@Cg is ~ 1.5 s in a few organic solvents
at 300 K.23¢ The 'H T; of HyO@Cg does not depend much
on the solvent (viscosity and polarity), indicating that the en-
dohedral H,O is decoupled quite well from the cage motion
and is quite electrically isolated from the environment by the
cage.?® The 'H T, has a monotonic decrease with increas-
ing temperature, meaning the spin-rotation relaxation mecha-
nism dominates (with dipole-dipole playing a minor role). In
H;, @Cg the dipole-dipole relaxation mechanism is not negli-
gible, see section VD 1, whereas for HyO@Cg spin-rotation
dominates.?3

Covalently attaching nitroxide radicals to the outside of the
cage makes the 'H T much faster.>3

a. HyO@CGO solution state NMR

The 'H solution NMR spectrum of H}’O@Cg is composed
of 6 peaks, due to the 'H-'70 J-coupling (!Jyo) of 77.9 Hz
(70 is a quadrupolar nucleus with spin / = 3). The line
widths of the peaks (full width at half maximum) vary in a
peculiar way: 9.1 = 0.3 Hz ( M, = i%), 13.2 £ 0.3 Hz (
M = £3) and 10.7 & 0.1 Hz ( M = £1), where M is the
projection quantum number of '7O. The peculiar sequence
of 'H linewidths is due to scalar relaxation of the second
kind, caused by the fast quadrupolar relaxation of the '”O nu-
cleus.2*® Furthermore, the rotational correlation time of the
endohedral HY’O was determined to be 7c = 107 £ 9 fs, at
room temperature in ODCB-d, and 11.7 T.248

2. H,O0@Cg spin isomer conversion: solution NMR

Since H>O has two indistinguishable Hydrogen nuclei, it
displays nuclear spin isomerism: ortho-H,O and para-H,O
(see section ITH).

The ortho-para conversion of HyO@Cgy was measured at
room temperature in solution.2*” HyO@Csg is enriched in the
para spin isomer at low temperature and then rapidly dis-
solved in ODCB-d4 at room temperature; then the conver-
sion from para-H,O to ortho-H,O is monitored using the 'H
NMR signal. The ortho-para spin isomer conversion rate at
room temperature in ODCB-dy is estimated to be 30 £ 4 s for
H,0@Cy and 16 + 3 s for H’O@Cg).>* The faster conver-
sion for HyO is attributed to 'H-7O dipole-dipole interac-
tions.2*?
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3. H,0@Cq liquid crystal solution: NMR

NMR measurements of HyO@Cgy have been performed
in the liquid crystal N-(4-methoxybenzylidene)-4-butylaniline
(MBBA).2* In the 'H NMR of H,O@Cq, the single peak in
the isotropic phase splits into two in the nematic phase, due to
residual dipolar couplings of the two Hydrogens.

The splitting seen in the nematic phase becomes larger with
decreasing temperature (~ 0.7 kHz at 300 K), indicating an
increasingly larger residual dipolar coupling from the stronger
alignment in the magnetic field. Two mechanisms (direct and
indirect) are discussed for the alignment of the endohedral
species in the liquid crystal solution.?** The residual dipo-
lar coupling is larger for Hy@Cgg, ~ 1.2 kHz at 300 K (sec-
tion V D 3), because the 'H-'H dipolar coupling is larger in
H, than in H,0, due to the shorter 'H-'H distance.

a. HyO@CGo liquid crystal solution: NMR

NMR measurements of H§7O@C50 have been performed
in the liquid crystal N-(4-methoxybenzylidene)-4-butylaniline
(MBBA), see fig. 6 for 7O spectra at different tempera-
tures." In the isotropic phase the 7O signal is split into
a triplet (1:2:1) from the 'H-170 scalar J-coupling (Mo =
78 Hz). In the nematic phase (MBBA), the splitting of the
triplet increases to 150 — 200 Hz due to 'H-'7O residual dipo-
lar couplings.?" Furthermore, 70 is a quadrupolar spin I =
5/2 nucleus, and 7O residual quadrupolar couplings lead to a
pentet with a 5 — 10 kHz splitting. Thus, the triplet 70O NMR
signal in the nematic phase is split into a pentet of triplets
pattern, seen in fig. 6.2°0 All residual couplings increase in
magnitude with decreasing temperature.
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-20 -10 0 10 20
Frequency Offset (kHz)

FIG. 6. 70 NMR spectra of Hi’O@Cg dissolved in MBBA at four
different temperatures: (a) 298 K, (b) 303 K, (c) 307 K, (d) 315 K.
Spectra a—c were recorded in the nematic phase. Spectrum d was
recorded in the isotropic phase. In the nematic phase the spectrum
shows signs of residual quadrupolar coupling and weaker residual
dipolar coupling. Details of the nematic-phase spectrum are shown
in Fig. 1 of ref. 250. In the isotropic phase the spectrum con-
sists of a 1:2:1 triplet showing a 'H-170 scalar J-coupling (I'Jyol
= 78 Hz). The intensity of spectrum d is scaled down by a factor
of 10. Used with permission of Royal Society of Chemistry, from
(ref. 250) Koufil et al., Faraday Discussions, 212, 517-532 (2018);
permission conveyed through Copyright Clearance Center, Inc.

From fitting such residual couplings, the order parameter
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FIG. 7. "H NMR spectra of HyO@Cg. (a) 'H spectra from room
temperature down to 1.7 K. (b) 'H spectra recorded at a set tempera-
ture of 5 K, taken at intervals of 2.25 h after cooling from 60 K. Dur-
ing all the experiments the temperature was stabilized to 5 K within
0.1 K. The first spectrum (top) was taken after waiting 30 min, in or-
der to allow thermal equilibration of the equipment. Reprinted from
(ref. 251) Mamone et al., J. Chem. Phys., 140, 194306 (2014)., with
the permission of AIP Publishing.

for HY7O encapsulated in Cg dissolved in MBBA is obtained:
water orientations in which the H-O-H plane is perpendicular
to the liquid crystal director (and the external magnetic field)
are slightly favoured and water orientations in which the H-H
internuclear vector is parallel to the liquid crystal director are
slightly disfavoured. Two mechanisms (direct and indirect)
are discussed for the preferential alignment of the endohedral
species in the liquid crystal solution.?>

4. H,0@Cq, solid state NMR

a. H;0@Cy solid state NMR: static

The '"H NMR spectrum of HO@Cygy in the static solid is
composed of a single peak at room temperature, see fig. 7.
The peak develops a splitting when the temperature is low-
ered below ~10 K.2! The splitting is due to dipolar interac-
tions between the two Hydrogen atoms in ortho-H,O. The
observation of a splitting in the NMR spectrum is consistent
with a broken degeneracy of the ground rotational state for
ortho-H,0.2%!

The '"HT, spin-lattice relaxation time for HyO@Cg in the
static solid was measured to be between ~0.2 s at room tem-
perature and ~5 s at ~4.5 K. There is a T{ minimum at ~8 K,
probably due to the ~0.6 meV splitting of the ortho-H,O ro-
tational ground state (see section VIIH 2).51

b. HO@Cyg solid state NMR: MAS

'H chemical shift of HO@Cg under MAS is —4.7 ppm,
similar to solution NMR (—4.81 ppm).?2! The presence of a
dipole-dipole coupling between the two 'H’s has also been
observed in cryogenic MAS measurements on HyO@Cg.2%0
A 'H-'H dipolar coupling of 5.5kHz is able to explain
the observed MAS 'H spectrum at 9.6 K.?** The splitting
of the ortho-H,O rotational ground state is estimated to be
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~0.9 meV, by calculating the thermal average of the dipolar
Hamiltonian.??® This value is comparable with the 0.6 meV
splitting measured by INS (see section VII H 2).220

Using  double-quantum-filtered ~ dipolar  recoupling
(DQfDR) techniques, employing symmetry-based sequences
(SRZOQ), the dipolar coupling between the two Hydrogens
was estimated to be —500 4 10 Hz at room temperature.??!
With this dipolar coupling and the intensity pattern of the
spinning sidebands, the chemical shift anisotropy (CSA) 6
is determined to be |§¢| = 3.140.3 ppm (8% = &, — §is0).2*!
Furthermore, the relative angle between the dipole-dipole
and CSA tensors is determined to be 90 & 40° (both tensors
assumed to be uniaxial), indicating the two tensors are
approximately perpendicular.??!

The presence of such a residual 'H-'H dipolar coupling and
CSA in HO@Cg at room temperature is significant. At room
temperature, the fast rotation of the endohedral H,O should
average out both interactions to zero. The residual interac-
tions allow estimation of an order parameter for second rank
spherical tensor interactions. This demonstrates that the ob-
served 'H CSA cannot be the intrinsic 'H CSA of the H,O
molecule and must be caused by the Cgg encapsulation.??! Ob-
servation of such anisotropic NMR interactions is consistent
with a modification of the enclosing Cgg cage. Either the H,O
disturbs the electronic structure of the cage, or it distorts the
Cgy structure or a combination of the two.?2!

5. HyO@Cq spin isomer conversion: solid state NMR

The ortho-para spin isomer conversion rate was measured
using low temperature solid state NMR. The 'H NMR signal
at low temperature (5 K) decreases with time as HyO@Cg
converts to the para spin isomer, see fig. 7 (b).>!

Using a temperature jump experiment, the ortho-para spin
isomer conversion rate of HyO@Cg is observed to follow
second-order kinetic behaviour, see fig. 8.1 The second-
order rate constant kj is measured to be 120 425 x 107> s~!,
23+ 5 %1072 s ! and 10 4+ 2 x 107 s~ at temperatures of
15K, 10 K and 5 K respectively.?5! The second-order kinetic
behaviour suggests a bimolecular process in which two neigh-
bouring ortho-H>O molecules are involved in the spin-isomer
conversion mechanism.?!

The presence of '3C nuclei in the fullerene cage is shown
to not affect the spin-isomer conversion rate of the endohedral
H,0.%! Furthermore, the magnetic field strength does not af-
fect the spin-isomer conversion rate.>!

6. H’0@Cg) Quantum rotor induced polarisation

The endofullerene H?O@Cq has been shown to exhibit
quantum rotor induced polarization (QRIP) effects.?49 QRIP
is a phenomenon in which nuclei can attain high levels of nu-
clear spin polarisation in solution, if populations of the nuclear
spin isomer states are far from thermal equilibrium (see sec-
tion IT H for spin isomerism). In this case, H£7O@C60 is kept
at a low temperature (5 K) in order to enrich the para-H}’O
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FIG. 8. Integrated normalised 'H NMR signals of H)O@Cgy, as a
function of time, after equilibration at a temperature of 60 K and (a)
cooling to 15 K (black dots), 10 K (blue dots), 5 K (gray dots) at a
field of 14.1 T and (b) cooling to 4.2 K at a field of 0.86 T. Solid
lines are best fits to second order kinetics, eq. 6 in ref. 251. In panel
(b), the gray dashed line is the best fit of the experimental points to an
exponential decay. Panels (c) and (d) show the data transformed so
as to provide straight-line plots for second-order kinetics. Reprinted
from (ref. 251) Mamone e al., J. Chem. Phys., 140, 194306 (2014).,
with the permission of AIP Publishing.

spin isomer. The sample is then rapidly dissolved in ODCB-dy4
at room temperature and the solution state 'H NMR spectrum
is monitored. The 6 'H peaks of Hi’O@Cy display a strange
pattern of alternating positive and negative peaks with differ-
ent intensities, see fig. 9. Some of the signals are enhanced (up
to x2) compared with the thermal polarisation of the nuclear
spins.24?

This alternating pattern of positive and negative peaks, to-
gether with amplitudes larger than thermal polarisation lev-
els, are clear signs of the QRIP effect. The QRIP effect is
rather weak here, but in other cases, such as for the rotating
methyl group of 4-Methylpyridine (y-picoline) it can be very
strong, enhancing the NMR signal hundreds of times.>>2>*
The mechanism of the QRIP effect is complex, involving a
combination of nuclear spin isomer imbalance (away from
thermal equilibrium) and cross-correlated relaxation effects.
Hyperpolarisation builds up in solution as the spin isomer con-
version occurs toward thermal equilibrium.?>3

G. CH40Cg NMR

The chemical shifts of CHy; in CH;@Cgy are 6y =
—5.71 ppm and 8¢ = —13.63 ppm (295 K in ODCB-d4) and
the !Jyc-coupling of CHy is 124.3 40.2 Hz.'93 For '3C (en-
dohedral) chemical shifts of the cage see section VA 1.

The 'H T; of CH;@Cgg is 1.4904 £ 0.0005 s (295 K in
ODCB-d4) and it decreases monotonically with increasing
temperature, indicative of a dominant spin-rotation relaxation
mechanism.!?? The '3C Ty of endohedral CH, was measured
using polarisation transfer, from 'H to '3C and back to 'H.
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FIG. 9. QRIP Experiment on HyO@CGO. (a) Thermal equilibrium
'H spectrum, recorded after equilibration of the sample (1024 tran-
sients averaged). (b) Averages of 20 transients during consecutive
intervals after dissolution of the sample. A clear antiphase signal
is obtained immediately after the dissolution (0-5 s). The antiphase
signal decays, and after approximately one minute the thermal signal
is restored. (c) The individual spectra are multiplied with Lorentzian
masks that correspond to each of the six peaks, and the product is in-
tegrated. (d) Results of the integration after applying a tricube band-
width reduction of width 2 s. The integrals are normalized by the
intensity of the respective thermal 7O peaks. (¢)~(j) The same data
as in (d), with spin dynamical simulations (black lines). Reprinted
figure with permission from (ref. 249) Meier et al., Phys. Rev. Lett.,
120, 266001 (2018). Copyright (2018) by the American Physical So-
ciety.

Detection was through the 'H channel, on the two '3C satel-
lites in the 'H spectrum, yielding '3C T/ ’s of 0.3940.14 s and
0.55+0.14 s (the difference is likely due to cross-relaxation
effects).!03

The cage 13C T, of CH,@Cg was slightly shorter than
Cep, 17.12£0.05 s and 17.64 +0.04 s respectively (298 K,
16.45 T in ODCB-dy), likely due to additional dipole-dipole
relaxation from the endohedral 'H’s of CH4.''0

1. OJHC in CH4@C6()

Indication of a %Jyc coupling (see section V A 3) is seen in
CH4@Cg between the endohedral "H’s and one '*C within
the cage.!'” No splitting is observed for the cage '>C reso-
nance of CH4@Cgp, but the peak linewidth is ~33% larger
than empty Cgp. Applying weak 'H decoupling on the en-
dohedral protons reduces the broadening of the cage '3C of
CH4@Cg¢p by 70 mHz (33%), down to the same linewidth as
empty Cgo. This unambiguously assigns the broadening of
the cage 13C in CH4 @Cgp to a 05 nc-coupling interaction with
the 'H’s on CHy4. The absence of a clear peak splitting is due
to the short '"H Ty of CHy3@Cgo, of 1.46540.001 s (298 K,
ODCB-d4 and 16.45 T), which "washes" away the spectral
splitting due to the scalar relaxation of the second kind mech-
anism, 10
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H. CH,00C4 NMR

The solution state NMR of CH,0@Cg is particularly in-
teresting, see fig. 10 for NMR spectra and relaxation mea-
surements. The chemical shifts for endohedral CH,O are oy
=3.75 ppm and 8¢ = 197.22 ppm (298 K, ODCB-d,).?! In-
tramolecular 'J nc-coupling for endohedral CH,O is 173.49 +
0.09 Hz, fig. 10 a. The '3C chemical shift of the CHO@Cg
cage is 143.49 ppm, shifted by +0.684 ppm with respect to
empty Cgp (see section V A 1).%!

The relaxation behaviour is rather surprising; for endo-
hedral CH,O the 'H Ty = 30.65 & 0.04 s (28.0+0.8 s for
BCH,0@Cg), whereas the '3C T; = 214 + 13 ms, fig. 10
d & e.2! The endohedral CH,O 3C Ty is monotonically de-
creasing with increasing temperature (fig. 10 f) and is effec-
tively independent of the magnetic field. From the '3C T field
and temperature dependence, it becomes apparent that the
dipole-dipole and chemical shift anisotropy relaxation mech-
anisms play a minor role.?! This relaxation behaviour can be
understood if one considers spin-rotation as the dominant re-
laxation mechanism. The Frobenius norm, obtained experi-
mentally on gas phase free CH,O, of the '3C spin-rotation
tensor is ~26 times larger than for 'H. This explains the large
difference between the relaxation rates, as the rate is propor-
tional to the square of the Frobenius norm of the tensor. For
the cage '>C T there was no significant difference between
CH,0@Cg and empty Cgp.2!

1. OJyc in CH0@Cy)

A finite °J-coupling (see section VA3) is observed in
CH,0@Cy between the 'H of CH,0 and the '3C of the
cage.?! No spectral splittings were observed in the 'H or '3C
spectra (fig. 10 b) because OJye is very small. However, a J-
modulated spin echo experiment (fig. 10 c¢) reveals the magni-
tude of “Jyc to be 70.6 + 0.3 mHz at 298 K.2! This is slightly
smaller than the °Jy.c observed in He@Cg of ~75 mHz,
section VB2, most likely because each Hydrogen atom in
CH,0@Cg has fewer electrons overall to participate in the
0J-coupling compared with the Helium atom in *He @Cg. For
comparison, the intramolecular !Jc-coupling for endohedral
CH,0 is 173.49 £ 0.09 Hz, which is more than three orders
of magnitude larger than the 0 2t

VI. EPR

This section discusses EPR (electron paramagnetic reso-
nance) investigations performed on the endohedral species
of N@Cgp and P@Cgy endofullerenes. Cg fullerenes, and
corresponding endofullerenes, can be photo-excited to the
electronic triplet state, which can be investigated using time-
resolved EPR; see section IV D.

Additionally, the NO molecule has been inserted inside
open-cage-Cg-fullerene and EPR measurements have been
carried out on the paramagnetic complex. Since the fullerene
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FIG. 10. '3C NMR of natural abundance CH,O@Cg (a—e). a showing the CH,O triplet '3C spectrum, a proton decoupled 13C{ ! H} spectrum
and a non-refocused INEPT spectrum with inter-pulse delay of 1.44 ms. b expansion of the '3C spectrum around 143 ppm, showing the
13C signals for CH;0@Cg, HyO@Cg, and empty Cg. ¢ 1>C (CH,0@Cgq;) NMR signal amplitude modulation following the J-modulated
spin-echo sequence shown in the figure [90('3C) — delay — 180('3C, 'H) — delay — Acquire ('>C)], acquired with 16 transients. Fitting the
modulation gives IOJHC 1=70.6 = 0.3 mHz. d and e Inversion-recovery curves for the Ty spin-lattice relaxation time constant of CH,O nuclei
in CH,O@Cg for 'H and '3C (central line) respectively. f '>C Ty of the central line of >C-labelled CH,0O in '3CH,0@Cg, measured at
16.45 T by inversion recovery as a function of sample temperature, in a I mM solution in toluene-dg. Open access reprint from ref. 21.

was not completely closed back to Cgp with NO enclosed in- three lines are very sharp, 0.3 — 1.5 uT observed experimen-

side, such studies are not covered in the manuscript; the reader tal linewidth (homogeneous linewidth of 1.5 — 2.5 kHz), and

is directed to ref. 106,107 for more information. display unequal intensities due to the second order hyperfine

splitting.>>>>%% High resolution measurements, instrumental

linewidth < 0.3 uT, show the outer lines (M =+1) are further

A. NQCg) EPR split by 0.9 uT into three lines by the second order hyperfine

interaction, a?/ @, = 26 kHz.2%® Spectral splittings due to the

N@Cg contains atomic Nitrogen with three unpaired elec- l}yperﬁpe'mteracnon 1";’ ith N or PN are observez(i,sbut hyper-
trons (S = 3/2), as P@Cgy in section VIC. The EPR spectra fine splittings due to °C nuclei are not detected.™

of “N@Cg and PN@Cg (solid state) can be seen in fig. 11. Inversion recovery, of N@Cg in CS; at room temperature,

Sharp lines in the powder EPR spectrum indicate the system ~ measured the electron T; to be 120(10) us and a Hahn echo

is spherically symmetric, so the fine structure and quadrupole ~ experiment measured the T, to be the same.?>> This T, cor-

interactions are zero, and the g factor and hyperfine interac- ~ responds to a 2.5 kHz homogeneous line width, which was
tions are igotropic‘lﬁvsz The hyperfine coupling of N@Cg is approximately a factor of 10 narrower than any observed EPR
1.5 times ]a_rger than for the free Nitrogen atom_lsjg The ab- line until that poim.255 The IOIlgCSt electron Tz measured for
sence of an electric field gradient indicates the Nitrogen atom ~ N@Cgo goes up to 250 us, being the longest of any molecular
is in the centre of the cage, and the electron spin S = 3/2 indi-  electron spin up to that point.>7

cates the absence of charge transfer with the cage.!62> Relaxation measurements (X band) at 300 K in toluene give
the electron Ty 120(2) us and T, 50(1) pus. Analysing the
electron relaxation gives a rotational correlation time of 25 ps

1. N@Cg solution EPR and a ZFS (zero field splitting) [Deg| = 8.5 MHz.2%8
Modulation of the isotropic hyperfine interaction and spin
Pulsed EPR on N@Cg in solution (CS;) at room temper- rotation can be excluded as the dominant relaxation mecha-
ature shows three lines split by the hyperfine interaction of = nisms. The most likely relaxation mechanism being collision
the unpaired electrons with the Nitrogen nucleus (N I = 1), induced cage deformations that lead to fluctuating zero field

similar to the solid state EPR spectrum in fig. 11.2°2% The  splittings.>>
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Relaxation measurements of N@Cg, in CS; at different
temperatures have been performed.2>” For the central line (M
= 0) Ty decreased with increasing temperature (~ 500 us at
160 K to ~ 150 us at room temperature); and the T, was ap-
proximately 2/3 of Ty at all temperatures.”>’ The inner and
outer peaks (My = 0 and My = —1) T’s are essentially the
same at all temperatures. Furthermore, ESEEM (Electron
Spin Echo Envelope Modulation) can be used to extract T, for
the outer coherence (Mg = +3/2 <+ £1/2), which is approx-
imately 2/3 of the inner coherence (Ms = +1/2 <> —1/2) T,
at all temperatures.”>’ The electron T behaviour can be de-
scribed by an Orbach mechanism; a two phonon mechanism
involving a vibrational mode of Cg (273 cm™1).2%7

Confining the Nitrogen atom inside Cgp suppresses most
conventional electron relaxation mechanisms: zero-field split-
ting interaction, anisotropic g matrix, electron-nuclear dipolar
coupling and nuclear quadrupole interaction.?>’

The electron T and T, of N@Cgq (toluene at room tem-
perature) become shorter, up to a factor of 10, when in the
presence of the nitroxide radical TEMPO.??

2. N@Cg solid state EPR

The Q-band EPR spectrum of N@Cg at room temperature
is shown in fig. 11. Three lines are seen for endohedral '*N
and two lines are seen for 3N, due to the hyperfine splitting
with the nuclear spins (I = 1 for 14N and 1= 1/2 for 15N),16 The
centre of the "“N@Cgy triplet has a g factor of 2.0030(£2),
which means that there is no orbital contribution to the para-
magnetism. The lines are sharp, 16 uT in the X-band and
28 uT in the Q-band at room temperature (22 uT in the X-
band at 4 K), indicating that the powder averaging did not lead
to significant broadening.'®

The isotropic hyperfine constants measured in the X-
band are 15.97(5) MHz for N@Cyg, and 22.35(5) MHz for
ISN@Cg.3? The hyperfine coupling of N@Cgg is 1.5 times
larger than for the free Nitrogen atom.!®’® The hyperfine in-
teraction in atomic Nitrogen (and atomic Phosphorous, sec-
tion VIC) increases when in confinement. The hyperfine in-
teraction increases monotonically when the confining medium
changes as follows: free, Ar matrix, Kr matrix, Xe matrix,
C70 and Cgo.”” The largest hyperfine interaction is observed
for N@Cg, because the confinement is tightest inside Cgo,
which leads to enhanced orbital overlap between the cage and
the endohedral atom.””

The g-factor for N@Cg (dilute in Cgp) was measured at
room temperature with very high accuracy to be 2.00204(4),
with a relative precision of ~20 ppm.> This is slightly
smaller than gaseous atomic Nitrogen (g = 2.00215) and more
similar to matrix-embedded Nitrogen atoms. The deviation
from the free electron g-factor is —138(20) ppm, indicating
that the Spin-Orbit coupling is mainly responsible for the dif-
ference.?>”

Increasing the concentration of N@Cgg (in Cgp) leads to
much broader EPR lines due to dipolar broadening from in-
teracting (unpaired electrons of the) endohedral N atoms in
neighbouring cages.?" Some weak (~ 0.1%) sharp peaks are
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FIG. 11. Q-band EPR spectra of ion bombarded Cg) measured at
room temperature. The lower trace (b) is measured with higher sen-
sitivity than the upper trace (a). The triplet splitting is due to the
hyperfine interaction with 4N nucleus I = 1, and the weak doublet
to the hyperfine interaction with N nucleus I = 1/2. Reprinted
figure with permission from (ref. 16) Almeida Murphy et al., Phys.
Rev. Lett., 77, 1075-1078 (1996). Copyright (1996) by the Ameri-
can Physical Society.

seen on top of the broad features, which are attributed to
N@Cg cages diffusing on the crystallite surface which av-
erage out the dipolar interactions.?%"

At room temperature the Cg lattice has Fm3m space group
symmetry (Oy) and below ~260 K has Pa3 space group sym-
metry (Sg), see section IVA2. Lowering of the symmetry
from Oy, to S¢ allows for a finite ZFS (zero-field-splitting) in-
teraction. At room temperature (in Fm3m space group) the
EPR spectrum is composed of sharp lines, but below 258 K
a powder spectrum typical for a quartet spin system is ob-
served. The spectrum is fitted with a zero field splitting D =
0.52 MHz.33223 At even lower temperatures, the powder fea-
tures persist but broadening occurs due to the hyperfine in-
teraction with the '3C’s, becoming more pronounced as the
fullerene cages stop rotating (see section IV A2). Further-
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more, even in the low temperature Pa3 phase, no quadrupole
splittings are observed.®?

The isotropic hyperfine coupling constant for N@Cg in-
creases with temperature. Below 50 K it stays constant at
~ 5.61 Gauss, and above 50 K it increases steadily, up to
~ 5.72 Gauss at 450 K.8226! This behaviour can be inter-
preted as the hyperfine coupling increasing with the mean
square displacement of the Nitrogen atom inside the cage.
This increases as excited vibrational states of the 3D isotropic
harmonic oscillator are populated — i.e. confined translational
states, see section II C. This in turn can increase the electron
probability at the nucleus, from deformation of the Nitrogen P
shell, leading to an increase in the hyperfine coupling.82261-262
From this interpretation 18(1) meV is obtained for the energy
of the first translational excited state (vibrational states of the
3D isotropic harmonic oscillator); which is comparable with
measurements on the other Cgy endofullerenes, see transla-
tional energies in section VII.8226!

Relaxation measurements of solid N@Cg diluted in Cgg
(W-band) show that the electron T decreases with increasing
temperature, from ~ 10 ms at 10 K to ~ 1 ms at 300 K.293 The
electron T, also displays a (weak) shortening with increasing
temperature (~20 us at 50 K to ~10 us at 300 K). Further-
more, for T, there is a sharp drop at 160 K that forms a dip,
ascribed to a resonance between the Cgy molecular reorienta-
tion jump frequency and the size of the zero-field splitting.2%3

The electron T of "'N@Cg (diluted in Cgp) is found to
depend on the applied magnetic field; relaxing faster at the X-
band (9.5 GHz) compared with the W-band (94 GHz).2%* At
low temperatures < 30 K the relaxation rates are comparable,
and below 20 K the X-band is in fact relaxing a little slower
than the W-band. At room temperature, relaxation becomes
up to three times faster for X-band.?%*

Relaxation in the solid can be modelled as being domi-
nated by fluctuations of the hyperfine interaction caused by
the translational degrees of freedom of N inside the cage (i.e.
vibrational motion of the 3D isotropic harmonic oscillator);
with the fluctuating fine structure contribution to relaxation
playing a minor role.?%3

Another interpretation of the N@Cg electron spin relax-
ation combines the Spin-Orbit interaction of the N 2p elec-
trons and the coupling of these electrons with the Cg vibra-
tions (Hg); giving a good match with expelrimerlts.265 Relax-
ation occurs due to a two-phonon Raman process by absorb-
ing one phonon and emitting another with approximately the
same energy.?%> This interpretation is different from the Or-
bach process seen in section VI A 1.257:265

3. N@Cq ENDOR

The ENDOR (Electron nuclear double resonance, sec-
tion IIT A 3)!68.169 spectrum of solid N@Cg is reminiscent of
solution state measurements, displaying very sharp lines. At
80 K the ENDOR peaks for 4N are very sharp, with a line
width of 4 kHz, indicating the absence of anisotropic hyper-
fine and nuclear quadrupole interactions.®3

ENDOR measurements on “N@Cg clearly prove that the
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total electron spin is S = 3/2. ENDOR measurements esti-
mate the hyperfine interaction between the nuclear and elec-
tron spins to be 15.730 MHz for "*“N@Cg and 22.021 MHz
for N@Cg.'%2% The N to N hyperfine interaction ratio
matches the ratio between the nuclear magnetic moments. The
14N@Cgy hyperfine coupling is approximately 50% larger
than for atomic Nitrogen, which can be understood in terms
of admixtures of translational excited states caused by the en-
capsulation in Cgp, see also section VIA2 (and section IIC
for background).!®

The 3C nuclei are also detected by ENDOR, and it shows
them to be weakly coupled to the electron spins.'® At room
temperature Cg rotate rapidly in the lattice (section IV A 2)
and average out anisotropic interactions, which allows for an
isotropic hyperfine splitting constant of 32(1) kHz to be esti-
mated. This small value indicates that the electron spin den-
sity of endohedral nitrogen within the cage is small.®3

4. NQ@Cg liquid crystal solution EPR

EPR measurements of N@Cgy and N@C7o were performed
in a liquid crystal matrix of N-(4-methoxybenzylidene)-4-
butylaniline (MBBA).27-270 In both cases the N atom has 3
unpaired electrons with total spin S= 3 /2.

The EPR lines of N@Cgp and N@C in liquid crystal solu-
tions are much broader than in isotropic solutions. The most
likely explanation is the faster relaxation caused by the ap-
pearance of finite fine-structure couplings.?

Such measurements show that C79 molecules (with endo-
hedral N) can be partially aligned by a liquid crystal matrix,
which partially aligns with respect to an externally applied
magnetic field.2¢7-2%° This is seen as the appearance of zero-
field splittings in the EPR spectrum due to incomplete aver-
aging of fine-structure spin-spin couplings, from the partially
aligned endofullerene molecules, see fig. 12. In the nematic
phase, spectral splittings of 70 — 170 kHz are observed (X-
band). These change sign with temperature due to the temper-
ature dependence of the order parameter, with the largest split-
ting seen at the lowest temperature of ~280 K.2¢7 For C7 this
is expected since the cage itself has an inherent anisotropic
(elongated) shape, which can be aligned by the liquid crystal
matrix.267-269

However, N@Cg also shows a zero-field splitting for the
endohedral N in a liquid crystal matrix, regardless of the
highly symmetric (nearly spherical) Cg cage. This is again
due to the partially averaged fine-structure spin-spin interac-
tions of the 3 unpaired electrons. The splittings for N@Cgg
are about 4 — 5 times smaller than for N@C7(.27-2% Fig. 12
shows the splitting of the central (M; = 0) EPR line for
N@Cgp and N@C7 in the nematic phase of MBBA at 296 K:
much larger splitting is observed for N@C7(.2%

The icosahedral symmetry of the Cgo cages should cause
the zero-field splitting to vanish. The observation of zero-field
splittings for N@Cg in a liquid crystal matrix indicates that
the environment at the endohedral N atom is anisotropic. This
can be achieved through a distortion of the Cgp by the liquid
crystal matrix = indirect effect. Or through a direct effect of
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FIG. 12. Comparison of the central EPR (M = 0) hyperfine com-
ponent of N@Cg (upper trace) and N@C7q (lower trace), measured
in the nematic phase of MBBA at 296 K. For these transitions line
splittings result exclusively from orientational order of the ZFS ten-
sor, thus proving the existence of a non-vanishing order parameter
for both compounds. Used with permission of Royal Society of
Chemistry, from (ref. 269) Dinse, Phys. Chem. Chem. Phys., 4,
5442-5447 (2002); permission conveyed through Copyright Clear-
ance Center, Inc.

the liquid crystal matrix onto the endohedral atom, effectively
imposing the anisotropic environment regardless of the pres-
ence of the Cg cage (i.e. through the cage).?6’2% The same
observation is made for nuclear spin interactions when molec-
ular Cgy endofullerenes are placed in a liquid crystal matrix,
see section VD3 & VE2 & VF3.

Chemical derivatives of N@Cg have also been studied in
liquid crystals. These also show preferential alignment in a
liquid crystal matrix, with differences depending on the nature
of the derivative compound.?’%

5. NG@Cg in carbon nanotubes EPR

N@Cg dilute in Cgp (i.e. N@Cg):Cgp) have been in-
serted inside single wall carbon nanotubes (SWCNT) to form
(N@Cgp:Cep) @SWCNT peapods.?”' =270 N@Cgy is found to
be more stable inside the SWCNT than in crystalline form,
with the endohedral nitrogen escaping at higher tempera-
tures.2’® The signature N@Cgy EPR signal is observed from
such materials.>’!2> The hyperfine coupling is not changed
upon encapsulation in the SWCNT.?’12"* The EPR sig-
nals are much broader than pristine N@Cg; the reason
could be due to magnetic impurities in the SWCNT caus-
ing inhomogeneous magnetic fields or due to cage distor-
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tions induced by the SWCNT.271-272.274 Sharper EPR lines
are obtained when the SWCNT are more pure (prepared by
chemical vapour deposition).?”> Electron relaxation is much
faster and bi-exponential in (N@Cg):Cgp) @SWCNT than
pristine N@Cgo:Cgo.2">?7327¢ The electron T; drops drasti-
cally around 100 K, forming a dip in the T} curve against tem-
perature. This effect is not explained at the moment, but must
involve the dynamics of the fullerene cages encapsulated in
SWCNT.?”3

6. N@Cq DNP

Dynamic Nuclear Polarisation (DNP) is a technique that
transfers spin polarisation from the electron to nuclear spins.
Thus, hyperpolarisation of the nuclear spins can be achieved,
with polarisation levels reaching up to ~100%.

Nuclear spin hyperpolarisation was achieved for endohe-
dral '>N using DNP on "N@Cq (in toluene-ds at 8.6 T). Us-
ing the Overhauser DNP mechanism at 4.2 K, a I5N nuclear
polarisation of 21 +2% can be achieved.?”” Employing a new
DNP approach called PONSEE (polarisation of nuclear spins
enhanced by ENDOR), the "N polarisation is increased to
624 2% (enhanced 1100 4 50 times), at 3 K.277

DNP was performed on the '3C nuclei using '“N@Cgj (di-
luted in Cgp) under magic angle spinning (MAS). The DNP
solid effect is found to be the polarisation transfer mecha-
nism, achieving '3C enhancement factors of approximately 5-
fold at 100 K.?’® The enhancement level is found to increase
with faster spinning speeds. The electron-driven spin diffu-
sion (EDSD) mechanism is proposed for this system.?’® The
DNP enhancement of the '3C nuclei can be up to 12% larger
when frequency-chirped microwaves are used for electron de-
coupling.?”®

B. (HC-N)@CGO & (HC-N)@C7O EPR

Multiple species can be inserted inside fullerene cages.
This was shown for Cgy and C79 where Helium and
atomic Nitrogen are inserted to produce (He-N)@Cgy and
(He -N)@Cy. In such cases, molecular surgery is used first
to make He@Cg or He@C7y, then atomic Nitrogen is intro-
duced using plasma methods.?’

Both endohedral atoms are detected through single crys-
tal X-ray diffraction measurements, on a co-crystal of
(He -N)@Cg and nickel(IT) octaethylporphyrin.?’

The EPR spectra of endohedral Nitrogen are broader in
(He . N)@C(,o and (He . N) @C7 than in N@Cg and N@Cy.
Most likely because the additional Helium atom breaks the
symmetry, which can introduce fine-structure splittings of the
spin S = 3/2 system.”’

The observed hyperfine couplings of endohedral Nitrogen
are 5.99 G for (He-N)@Cg (cf. 5.67 G for N@Cgp) and
5.59 G for (He - N)@Cy (cf. 5.38 G for N@Cyp). This shows
that the hyperfine coupling increases with tighter confinement,
since the extra Helium atom is inert and does not interact mag-
netically with the Nitrogen.?”
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C. P@Cq EPR

P@Cg contains atomic Phosphorus with three unpaired
electrons (S = 3/2), as N@Cgy in section VIA. The hyper-
fine interaction of endohedral 3'P is 2.5 times larger than for
the free atom.”®7?

1. P@Cg solution EPR

X-band solution EPR of P@Cg, shows two signals sepa-
rated by 49.2 G, caused by an isotropic hyperfine interaction
of the electron spins with the 3'P spin 1/2 nucleus.”’ The hy-
perfine interaction of the endohedral 3'P is 2.5 times larger
than for the free atom.”®7°

The hyperfine interaction in atomic Phosphorous (and
atomic Nitrogen, section VIA) increases when in confine-
ment; the increase is steady when changing the confining
medium as follows: free, Ar matrix, Kr matrix, Xe matrix,
Cy0 and Cgp.”7 The largest hyperfine interaction is seen for
confinement inside Cgp, due to the increased orbital overlap
between the cage and the endohedral atom.”” For this reason,
since Phosphorus is larger than Nitrogen, confining Phospho-
rous in Cg leads to a larger increase (relative to free atom)
in the hyperfine interaction as compared with N@Cg (sec-
tion VIA).”7

X-band EPR spectrum in toluene shows an additional
36 uT splitting of each signal into 3 components, due to the
second order hyperfine interaction of an electron spin S =3/2
system with the 3'P nucleus.”””® The second order hyperfine
coupling is observed because the isotropic hyperfine interac-
tion is large in P@Cg and the resulting splitting is larger than
the homogeneous line widths of the peaks.””-’® This second
order hyperfine splitting is much smaller in N@Cg (by ~ 40)
because the hyperfine interaction squared is much smaller for
N@Cg, see section VIC.”’

The outer components of the three peaks (split by the sec-
ond order hyperfine coupling) are broader than the central
component by a factor of 1.6(2).”® Lowering the tempera-
ture further broadens the outer peaks and they become un-
detectable.”® This behaviour is consistent with a relaxation
caused by a modulation of the zero field splitting (ZES).”® Fur-
thermore, the modulation occurs from collisions of the cage
with solvent molecules, and this translational diffusion of the
solvent depends on its viscosity.”® From solution state relax-
ation measurements the Dy is obtained as 61.7 MHz, which
is about an order of magnitude larger than for N@Cg (see
ref. 255 and section VIC).”® The electron T; in toluene at RT
is 1.0(2) us.”® No hyperfine splitting from the '3C nuclei was
observed, putting an upper limit of 0.05 mT.”®

2. P@Cq solid state EPR

For solid state EPR of P@Cg, dilute in Cgy powder at RT,
only the first order hyperfine splitting with the 3'P spin 1/2
nucleus is observed, of 49.2 G.”7 The outer components of
the second order hyperfine splitting are too broad to detect.”®
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The hyperfine interaction of the endohedral 3'P is 2.5 times
larger than the free atom.”®7%

The hyperfine coupling of P@Cg is rather constant be-
low 50 K, but as the temperature increases, the hyperfine cou-
pling steadily increases.’”® This behaviour can be understood
as follows: the confined endohedral phosphorous atom be-
haves like a 3D isotropic harmonic oscillator and as the tem-
perature increases, the excited states become more populated.
These excited states (and/or collisions) increase the electron
probability at the nucleus, which leads to an increase in the
hyperfine coupling; the same phenomenon is observed for
N@Cg (see section VI A 2). This model for the endohedral
phosphorus atom predicts a vibrational splitting of the 3D
isotropic harmonic oscillator levels of 125(10) cm~!.7 This
energy is comparable with measurements on the other Cgo
endofullerenes, see translational energies in section VII.82:2601

Derivatives of P@Cg that incorporate side chains, cova-
lently attached to the cage, acquire anisotropic hyperfine in-
teractions.?80

D. NQ@Cgy & PQ@Cq single (co)crystal: EPR

N@Cgy, N@C7y and P@Cg have been incorporated into
a solid state matrix of BrPOT [2,4,6-tris-(4bromophenoxy)-
1,3,5-triazine] by co-crystallisation; producing hexagonal and
rhombohedral crystals.?#!-?82 The EPR line-widths are inho-
mogeneously broadened due to the BrPOT protons and the
co-included solvent. The electron relaxation properties of
P@Cg) do not change significantly upon incorporation in Br-
POT.281’282

Inclusion in the solid state BrPOT matrix lifted, in some
cases completely, the degeneracies of the EPR transitions.
This allows each state to be accessed individually, with po-
tential applications to quantum computing.?8282 The split-
ting is due to the fine-structure interactions, which are non-
zero due to symmetry lowering in the BrPOT matrix, prob-
ably caused by fullerene cage distortions. Furthermore, the
magnitude of the splittings depends on the solvent used for
co-crystallisation. 1282

E. N@Cgy & P@Cgy quantum computing: EPR

Due to their exquisite spin properties, e.g. extremely long
relaxation times, N@Cgp and P@Cgy have been proposed
as ideal qubits for quantum computing — by using the spin
states of the unpaired electrons as qubits.!!7~12* Many such
studies have been published in the literature claiming that
N@Cg is an ideal gbit for quantum computing; 50 and 30
Rabi oscillations have been observed for N@Cg and P@Cg
respectively.!!7-12* These molecules are promising for quan-
tum technologies, and could someday lead to a fullerene based
quantum computer. 17-124
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1. N@Cq single molecule detection: NV centres

Single electron spin readout and control was demonstrated
for N@Cg using NV (Nitrogen vacancy) centres in diamond
(at 4.7 K).?3 The strong electron dipolar interaction between
N@Cg and the NV centre allowed the detection and control
of Rabi oscillations for a single N@Cgy molecule.?®? Such re-
sults can have large implications for the development of quan-
tum computing.

F. H,0@Cg EPR
1. Chemical derivatives of H@Cqy: ENDOR

ENDOR (Electron nuclear double resonance, sec-
tion I A 3)'%%19 measurements have been performed on
H,@Cgy which has a pyrrolidine radical anion covalently
attached to the fullerene cage.”*® Small isotropic and
anisotropic hyperfine couplings of the endohedral H, with
the unpaired electron on the pyrrolidine side chain have been
measured at low temperatures (50 — 100 K).>*

2. H,@Cgqy & D,@Cg time-resolved EPR

The Cg fullerene cage can be excited to an electronic triplet
state with strong laser irradiation, see section IV D. The same
applies to the cage of endofullerene molecules. If the life-
time of the electronic triplet state on the fullerene cage is long
enough, time-resolved EPR measurements can be performed
on the unpaired electrons.

Time-resolved EPR was performed on the electronic triplet
state of the fullerene cage in Cgp, Hy @Cgp and Dy @Cg (in
benzene at 285 K).%3! These measurements do not show any
significant differences in the time-resolved EPR spectra be-
tween Cgo, Hy@Cgy and D, @Cgy. Furthermore, no differ-
ences were observed in the electronic T; and T, time con-
stants of the three species.?’!

Similarly, no differences are observed between the time-
resolved EPR spectra of the photo excited triplet states of Cgg
and H, @Cg at 20 K.20

a. H,@Cgqy & Dy @Cyg time-resolved ENDOR

ENDOR experiments (20 K) detect a small hyperfine cou-
pling tensor of the photo-excited electronic triplet state on
the fullerene cage with the endohedral ortho-H; molecule.
The resulting components of the hyperfine tensor are: Ay =
0.25 MHz, Ayy = 0.75 MHz and A, = —1.05 MHz.230 Much
larger hyperfine couplings are detected between the photo ex-
cited triplet state on the fullerene and exohedral 'H & 3'P
spins when side chains, containing 'H & 3'P, are covalently
attached to the fullerene cage.?"
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VIl. MOLECULAR MOTION SPECTROSCOPIES: THZ,
INS, IR AND RAMAN

This section covers spectroscopic investigations that probe
molecular (and atomic) motions: translational, rotational and
vibrational (see section II). The relevant spectroscopic tech-
niques are: THz spectroscopy, Inelastic Neutron Scattering
(INS), Infrared spectroscopy (IR) and Raman spectroscopy
(see section IIT).

INS and IR measurements have been performed on open
cage Cgp endofullerenes with Hp, CH4 and even NHj3 in-
side.'#>153 However, only fully closed Cg endofullerenes are
discussed here.

A. He@Cgy molecular motion

The simplest noble gas endofullerene, He@Cg, displays a
rich spectral signature of the endohedral Helium atom due to
translational quantisation. This effect has been probed using
THz (far-IR)!10-112 and INS'OTTLII3,

1. He@Cgy THz

Astonishingly, the He@Cgp molecular complex can absorb
THz light and translationally excite the endohedral Helium
atom, although neither the Cgp molecule nor the Helium atom
possess permanent electric dipole moments. The He@Cg ac-
quires an induced dipole moment that is proportional to the
displacement of the Helium atom from the centre of the Cg
cage. However, THz absorption is weak since the electric
dipole moment is induced and not permanent,'!0-112

THz spectra of solid powders are seen in fig. 13
for He@Cyy (a) and *He@Cg (b), at 5K and 125K
(100 K).'10-112 Both sets of measurements look very similar,
with a shift in energy between the He@Cg and *He@Cqg
spectra, due to the different masses of the Helium isotopes.
This is consistent with the mass of the endohedral Helium
atom: higher energy transitions appear for the lighter *He iso-
tope. At 5 K only the fundamental peak is visible (96.8 cm™!
for He@Cg and 81.4 cm™! for *He @Cg), which represents
a transition from the translational ground state to the first
translational excited state.!10-112

The fundamental peaks for both 3He@Cg) and *He@Cg
exhibit a very small splitting of < 1.cm™~!, see fig. 13. This
splitting cannot exist in I, symmetry, but can be correlated
with the different P and H orientations of Cgy at low tem-
perature, see sections IVA2 and IV C. The amplitude ratio
of the fundamental peak subcomponents matches the P:H ra-
tio of Cgo.'1%112 Thus, each P and H orientation could give
rise to slightly different confining potentials, with slightly dif-
ferent translational eigenstates.'1%-!12 Therefore, the two sub-
components could arise from two slightly different confining
potentials and not from a splitting of translational eigenstates.

As the temperature increases, the fundamental peak de-
creases in intensity and a comb of other transitions appears;
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FIG. 13. THz spectra of He@Cg. (a) THz absorption spectra of
3He@C(,o at 5 K (blue) and 125 K (red). (b) THz absorption spectra
of “He@Cyj at 5 K (green) and 100 K (orange). Short vertical bars
indicate the predicted positions of the terahertz absorption peaks, for
the radial potential energy function specified in table V, and their
height is proportional to the absorption area. Black curve is the sum
of gaussian peaks with position and area defined by the vertical bars.
THz peaks are numbered according to the transition assignments in
figure 15 (b). Open access reprint from ref. 111.

see fig. 13. Such a comb of transitions would not be pos-
sible for a harmonic oscillator (all transitions would have the
same energy), so an-harmonic corrections to the confining po-
tential are necessary to explain the spectra.''%!1? In fig. 13
fitted simulations of the THz spectra are shown to repro-
duce the experimental data very well. Such simulations use
a polynomial oscillator, which gives rise to the confining po-
tential and energy level diagram in fig. 15, described in sec-
tion VII A 3.10-112 The peaks labelled with numbers in fig. 13
correspond to the transitions shown in fig. 15.

2. He @Cﬁ(} INS

Translational quantisation of He@Cg can also be probed
using INS,HOLI3I80 Neytron scattering of Helium nuclei
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FIG. 14. Inelastic neutron scattering (INS) of He@Cgy. ()
INS spectrum of 3He@Cg at 2.7 K (blue). (b) INS spectrum of
4He@Cg at 2.7 K (green). Spectra are shown as weighted dif-
ferences between the scattering of He@Cgo and pure empty Cgp,
with weighting factors adjusted for best subtraction of the Cg( back-
ground. The short vertical bars indicate the predicted position of the
INS peaks for the quantised He motion, under the radial potential
energy function specified in table V. The INS peaks are labelled ac-
cording to the transition assignments in figure 15 (b). The peaks
above ~ 250 cm™! and marked by asterisks are due to scattering
from the Cg( cages, whose modes are slightly modified in frequency
by the presence of endohedral He. Open access reprint from ref. 111.

is challenging as the scattering cross-section is very small,
compared with "H.'> Furthermore, >He is a strong neutron
absorber, making INS experiments difficult; such a challenge
can be overcome by using thin samples.

The INS spectra are shown in fig. 14 for 3He@Cg (a) and
4He@Cy (b), at 2.7 K. Similarly to the THz spectra (sec-
tion VILA 1), a shift in energy is seen due to the difference
in mass of the endohedral Helium isotopes (the lighter *He
displays higher energy transitions),!!0-111,113.180

The peaks labelled with letters correspond to translational
transitions of the endohedral Helium atom. All transitions
originate in the ground state at 2.7 K; and because INS essen-
tially does not have selection rules, transitions to all excited
states are possible.!!%!11113 peak assignment is described in
section VII' A3 and fig. 15 where the confining potential and
the annotated energy level diagram are shown. Additional
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3He@Cg INS hot-band transitions and their assignment can
be found in ref. 113,180. Modelling the Q-dependence of the
fundamental INS transition requires introducing the Debye-
Waller factor of the Cgy lattice.!!3-180

In fig. 14 transitions marked with asterisks correspond to
the Cgp cage modes (phonons, vibrations, etc.). The fig. 14
spectra are obtained by subtracting an empty Cgp measure-
ment (assumed as background), but some dispersion type fea-
tures are still visible for the cage modes. This is because the
Helium encapsulation leads to a slight change in the vibra-
tional modes of the cage, and the subtraction does not per-
fectly cancel out the peaks. This seems to scale with the
mass of the endohedral Helium, and it appears even more
pronounced for Ne@Cgy which contains the even larger and
heavier endohedral Ne, see section VIIB 2.!'%17% Similar ef-
fects are seen in IR and Raman measurements of Ar@Cg
(section VIIC) and Kr@Cg (section VIID).

3. He@Cg confining potential

For more information on translational quantisation, en-
countered in endofullerenes, see section II C. The dynamics of
the endohedral Helium atom are modelled as a 3D spherically
symmetric polynomial oscillator, with the confining potential
V(r):

V() =Vart +Vart + Vs r® (32)

where V,, Vi, Vg are coefficients of the potential and r is the
distance of the endohedral atom away from the centre of the
Ceo cage.!11-113.179.180

The energy level structure is obtained by finding the pa-
rameters of the potential that best fit the experimental spec-
tra; see fitted THz simulations in fig. 13. Fig. 15 shows: (a)
the confining potentials obtained for *He@Cgy & *He @Cgp,
and (b) the energy level diagram annotated with transitions
observed experimentally.!''"1'3 Here the THz transitions are
marked with numbers (black) and the INS transitions are
marked with letters (blue). THz transitions have the selec-
tion rule AL = +1, whereas INS does not have any selection
rules in this case.!'!"!13 Additional 3He@Cg, INS hot-band
transitions and their assignment can be found in ref. 113,180.

The confining potential parameters for the endohedral He
and “He atoms are fitted separately, from the THz data, with
values given in table V. The confining potential parameters
are the same for the two isotopes. The only difference in the
simulations is the different masses of the endohedral Helium
isotopes; this further proves the reliability of the obtained pa-
rameters, ! 10-112

This procedure allows the non-bonded interaction poten-
tial between the endohedral noble gas atom and the inner
surface of the Cgo to be determined experimentally.'!0-!13
The obtained parametrised confining potential is model-free
and has been used to benchmark quantum chemistry calcula-
tions; calculations which are aimed at accurately describing
non-covalent interactions. ''%-113 Such non-covalent interac-
tions are difficult to obtain experimentally; they are usually

35

TABLE V. *He@Cg and >He @ Cg( THz data fitting results. Best fit
polynomial coefficients and confidence limits for the radial potential
function V(r) = Vs r2 4V r* + Vi r® and induced dipole moment
parameters A and A3. Reproduced from ref. 111,112 (open access).

Parameter 3He@Cg 4He@Cg
Vy/ meVpm 2 (2.500+0.015) x 1073 (2.46+0.04) x 103
Vy/ meVpm ¥ (3.64+0.03) x 10~ (3.77+£0.08) x 1077
Ve / meVpm © (2.56040.017) x 10~ (2.46+0.06) x 10T
A;/Dpm ! (3.83+0.10) x 10°*  (3.73+0.22) x 107
A3 /Dpm3 (1.7+£03)x 1078 (23£0.6)x10°®

obtained for gas phase species in molecular beams. Endo-
fullerenes offer the possibility of experimentally extracting
non-bonded interactions in condensed phases. Furthermore,
the method shown for the He@Cgy non-bonded potential
gives the entire potential energy surface (within the measured
range).'10-112

B. Ne@Cg, molecular motion
1. Ne@Cgy THz

The experimental THz spectrum of Ne @ Cg displays trans-
lational excitations of the endohedral Ne atom, similar to
He@Cgp (section VIIA 1). The spectrum is seen in fig. 16,
where the fundamental transition appears at 56.6 cm™!, and
with increasing temperature the peak broadens on the higher
energy side.'”® This is because of the an-harmonicity of the
interaction potential between the endohedral Neon atom and
the inner carbon surface. Unlike the He@Cg case (sec-
tion VIIA 1), a comb of peaks is not seen in the spectrum.
This is because the hot-band peaks are not as far apart in en-
ergy as for He@Cg; and this means that the interaction po-
tential is not as an-harmonic as for He@Cg.' 10179

The frequency of the fundamental transition of Ne@Cg
shifts to higher energy with increasing temperature (fig. 16
inset).!”® This phenomenon is not currently understood, al-
though it is postulated that the Ne translational modes might
be interfering with the inter-molecular lattice phonon modes
of the fullerene lattice. The Cg inter-molecular lattice modes
appear below ~70 cm~! and this shift could be more pro-
nounced for Ne @Cg since the fundamental translational tran-
sition is at 56.6 cm™!, whereas for all the other noble gases it
is above 80 cm™! HOILII3IT Thig js seen in the INS spec-
trum of Ne@Cg, ref. 110 and the SI of ref. 179, where the
fundamental transition of Ne@Cgy is observed on the edge of
the inter-molecular lattice modes of Cg.

Fitting the experimental spectrum determines the confining
potential parameters for Ne@Cgy, section VIIE.'7°
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FIG. 15. (a) The radial potential energy functions V (r) for 3He in Cg (solid black curve) and for *He in Cg (dashed grey curve), together
with the quantised energy levels for He. The 3He and *He potential curves are superposed within this energy range. The best-fit polynomial
coefficients are given in table V. (b) Energy levels of the confined *He atoms, labelled by the quantum numbers n and £. The energy levels for
a harmonic oscillator are shown on the left. The non-zero V4 and Vi terms break the degeneracies of states with the same n but with different £.
All levels are (2¢+ 1)-fold degenerate. The transitions observed in THz spectroscopy are labelled by circled numbers in black, and correspond
to the peaks in figure 13. The transitions observed in INS are labelled by circled letters in blue, and correspond to the peaks in figure 14.
Colours are used to indicate the ¢ values of the energy levels. Open access reprint from ref. 111. To be consistent with the rest of the document,

replace ¢ — Land n — N.

2. Ne@Cg INS

The INS spectrum of Ne@Cg is observed experimen-
tally!'%17% | despite the weakly scattering Ne nucleus, simi-
lar to He@Cgy. The spectrum shows the fundamental tran-
sition of endohedral Neon at ~7 meV (56.46 cm™!) which
perfectly overlaps with the THz transition at 56.6 cm™!, see
ref. 110,179 for spectra.

In the INS spectrum of Ne@Cg dispersion shapes are seen
for the Cgp modes; which arise when the empty Cgp INS sig-
nal is subtracted from Ne@Cgy. The dispersion shape ap-
pears due to imperfect cancellation of the Cgo cage modes,
because the cage modes for Ne@Cg are slightly shifted in
energy upon Neon encapsulation.'%!7® The size of this ef-
fect seems to scale with the mass of the endohedral noble gas
atom: smallest for >He, in-between for *He and largest for Ne,
see section VIIA2.1101LIT Similar shifts of the fullerene
cage modes upon noble gas encapsulation are also seen in
IR and Raman measurements of Ar@Cg (section VIIC) and
Kr@Cg (section VIID).

C. Ar@Cgy molecular motion
1. Ar@C60 THz

Ar@Cg presents THz absorption peaks due to the endo-
hedral species, just as He@Cgp and Ne@Cgy. At low tem-
perature, the fundamental translational transition is observed
at 91.1 cm~1.17° With increasing temperature, the absorption
becomes broader and acquires more intensity on the higher
energy side. This is because of the an-harmonicity of the in-
teraction potential. The Ar@Cgp THz spectrum is very sim-
ilar to Ne@Cg, displaying a small an-harmonic contribution
compared with He@Cg.!”"

Fitting the experimental spectrum determines the confining
potential parameters for Ar@Cgy, section VIIE.!7°

2. Ar@C60 IR

The IR cage vibrations for Ar@Cgy have been measured
at room temperature in the solid powder.?%* The IR active
cage modes are shifted for the endofullerenes compared with
empty Cgo. Generally, the lower energy vibrational modes
(below ~600 cm™!) are blue-shifted, whereas the higher en-
ergy vibrations are red-shifted. The observed shifts are 0.5 —
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FIG. 16. THz differential absorption spectra of Ne@Cgy at different
temperatures (black) and the differential spectra calculated with the
best fit parameters from table VI (blue). The line shape is assumed
to be Lorentzian at 3 K (FWHM = 0.5 cm~ ') and Gaussian (FWHM
= 1.0 cm™ ") for temperatures of 40 K and higher. The intensities of
the 60, 85, and 125 K differential spectra have been multiplied by
factors of 1.5 and 3. The inset shows the temperature dependence
of the main peak frequency shift, ay; (T) — @p; (3 K), between 3 and
40 K. Open access reprint from ref. 179.

2.0 cm™! and the sign of the shifts can be correlated with the
nature of the Cgp vibration: vibrations with radial character
are blue shifted, whereas vibrations with tangential character
are red shifted.?3* Since the shifts are small, they indicate that
the endohedral noble gas atoms do not significantly perturb
the Cgo fullerene cage.

Quantum chemistry (DFT) calculations give good predic-
tions for the magnitude of the shifts, but do not correctly
predict all the signs.?3* Such cage vibrational shifts induced
by the encapsulation have been used to benchmark quantum
chemistry calculations involving non-covalent interactions. '

3. Ar@Cgy Raman

Raman cage vibrations for Ar@Cg have been measured
at room temperature in the solid powder.?#* The Raman ac-
tive cage modes are shifted for the endofullerenes compared
with Cgp. Generally, the lower energy vibrational modes
(below ~600 cm™!) are blue-shifted, whereas the higher en-
ergy vibrations are red-shifted. The observed shifts are 0.5 —

37

2.4 cm™! for Ar@Cg and the sign of the shifts can be cor-
related with the nature of the Cg( vibrations: vibrations with
radial character are blue shifted, whereas vibrations with tan-
gential character are red shifted.?%4 Since the shifts are small,
they indicate that the endohedral noble gas atoms do not sig-
nificantly perturb the fullerene cage.

Quantum chemistry (DFT) calculations give good predic-
tions for the magnitude of the shifts, but do not correctly
predict all the signs.?8* Such cage vibrational shifts induced
by the encapsulation have been used to benchmark quantum
chemistry calculations involving non-covalent interactions.'%

D. Kr@Cq, molecular motion
1. Kr@Cgy THz

Kr@Cg displays a THz absorption spectrum due to the
endohedral species, just as the other noble gases. At low
temperature, the fundamental translational transition appears
around 86 cm™!, but it is rather broad because Kr has a sig-
nificant fraction of many isotopes in natural abundance.'”®
With increasing temperature, the absorption becomes broader
and more intense on the higher energy side, because of the
an-harmonicity of the potential. The Kr@Cgy THz spectrum
is very similar to Ne@Cgp and Ar@Cg, all are detailed in
ref. 179.

Fitting the experimental spectrum determines the confining
potential parameters for Kr@Cgy, section VIIE.!7”

2. Kr@Cm IR

The IR cage vibrations for Kr@Cgy have been measured
at room temperature in the solid powder.?%* The IR active
cage modes are shifted for the endofullerenes compared with
empty Cgo. Generally, the lower energy vibrational modes
(below ~600 cm™") are blue-shifted, whereas the higher en-
ergy vibrations are red-shifted. The observed shifts are 0.0 —
2.0 cm~! and the sign of the shifts can be correlated with the
nature of the Cgq vibrations: vibrations with radial character
are blue shifted, whereas vibrations with tangential character
are red shifted.23* Since the shifts are small, it indicates that
the endohedral noble gas atoms do not significantly perturb
the fullerene cage.

Quantum chemistry (DFT) calculations give good predic-
tions for the magnitude of the shifts, but do not correctly
predict all the signs.”®* Such cage vibrational shifts induced
by the encapsulation have been used to benchmark quantum
chemistry calculations involving non-covalent interactions. %

The Fy,(1) mode of Cgy (526 cm™!) is observed to unusu-
ally soften by ~0.5 cm~! with decreasing temperature, for
both Cgo and Kr@Cg(.23> Furthermore, this vibrational mode
of Kr@Cgy is blue-shifted by ~2 cm!, compared with Cgo.
The Fy4(2) mode of Cgo (576 cm™ ") exhibits the usual hard-
ening with decreasing temperature; and it is blue-shifted by
~1 cm~! in Kr@Cg.% Such results, together with Kr@Cgg
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EXAFS measurements'% (section IX B), appear to be consis-
tent with Cgg fullerenes exhibiting negative thermal expansion
at low temperatures.'6-285

3. KI@C6() Raman

The Raman cage vibrations for Kr@Cgy have been mea-
sured at room temperature for the solid powder.?%* The Ra-
man active cage modes are shifted for the endofullerene com-
pared with empty Cgo. Generally, the lower energy vibra-
tional modes (below ~600 cm™!) are blue-shifted, whereas
the higher energy vibrations are red-shifted. The observed
shifts are 0.5 — 5.3 cm~! and the sign of the shifts can be cor-
related with the nature of the Cg vibrations: vibrations with
radial character are blue shifted, whereas vibrations with tan-
gential character are red shifted.23* Since the shifts are small,
they indicate that the endohedral noble gas atoms do not sig-
nificantly perturb the fullerene cage.

Quantum chemistry (DFT) calculations give good predic-
tions for the magnitude of the shifts, but do not correctly
predict all the signs.”®* Such cage vibrational shifts induced
by the encapsulation have been used to benchmark quantum
chemistry calculations involving non-covalent interactions. %

E. Noble gas @Cg endofullerenes confining potentials

All noble gas Cgo endofullerenes have been analysed us-
ing THz spectroscopy!''%-11217%; for He@Cgy and Ne@Cg
INS was also performed.!'%!1L113 From these studies, the
interaction potentials of the noble gas atoms with the inner
carbon surface of Cg are experimentally determined, shown
in table VI. The interaction potential has the general form
V(r) = Va 2 + Vg r* + Vi 19, with coefficients {Va, Vi, Vs}.

Since only He@Cg has a pronounced an-harmonicity, the
confining potential for He is composed of three terms (V2, V4,
Ve), see section VIIA3. For the other noble gases, due to
the decreased an-harmonicity only two terms are needed (well
defined) for the confining potential (V,, V4). The decreasing
level of an-harmonicity, in going from Helium to Krypton, is
also seen by looking at the degree of an-harmonicity for each
system, V,nn row of table VI.

The confining potential becomes steeper and steeper when
switching from Helium to Krypton. This is because the size
of the noble gas atom increases, switching from He — Kr,
which makes the confining potential tighter. The experimen-
tally determined confining potentials for all noble gas Cgp
endofullerenes are shown in fig 17 as solid lines. Dashed lines
are the confining potentials obtained by summing 60 inter-
atomic Lennard-Jones potentials (from semi-empirical quan-
tum chemistry calculations!”!) between the noble gas and car-
bon atoms.'”® The agreement between the experimentally ob-
tained potentials and the computed ones is good. The agree-
ment is expected to deviate at higher energies, but also the ex-
perimental potentials lose reliability since these energies are
not probed in the experiments.!”
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FIG. 17. Comparison of the experimentally determined potential
functions V(r) and the LJ (Lennard-Jones) potential functions of
4He@Cg, 2'Ne@Cyg, **Ar@Cg and $*Kr@Cg. Solid lines: Po-
tential energy curves for the an-harmonic spherical oscillator model,
with parameters given in Table VI, which provide the best fit to the
experimental data. Dashed lines: Potential energy curves obtained by
summing Lennard-Jones two-body potentials, with parameters given
in ref. 171. Open access reprint from ref. 179.

As the confining potential becomes tighter, the fundamental
translational transition energy should increase significantly.
However, this is not observed, it is always between 50-
100 cm~! (see the wy; row of table VI). This is because as
the noble gas atoms become larger in size they also become
heavier, which lowers the energies of all eigenstates and cor-
respondingly the energy separation between them.

F. H,@Cgy molecular motion
1. H,@Cq INS

H, has two indistinguishable Hydrogen nuclei and as a re-
sult it displays nuclear spin isomerism: ortho-H, and para-H;
(see section IIH). The INS spectrum of Hy @Cg at 1.6 K is
seen in fig. 18. All possible transitions from the ground states
of ortho and para H; can be assigned (below 60 meV).'$3 An
extended INS spectrum of Hy @Cg is seen in fig. 19.

Firstly, on the negative side (neutron energy gain) a peak is
seen at —14.7 meV, which corresponds to a purely rotational
transition from the metastable ortho-H, ground state (J = 1)
to the para-H, ground state (J = 0). This metastable transition
is observable because the nuclear spin isomer conversion is
very slow for Hy, even when encapsulated inside Cgo (days
or even weeks).'$3240 On the positive side (neutron energy
loss), at +14.7 meV, the analogous transition from the para-
H, ground state (J = 0) to the ortho-H, ground state (J = 1) is
observed.'$?

Interestingly, the peak at 8.08 & 0.03 meV corresponds to
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TABLE VL. Best fit polynomial coefficients and confidence limits for the radial potential function V (r) = V5 12 +Vy r* + Vi r© and induced
dipole function di, = \/47/3(A; r+ A3 ) Y14(6,9) of the confined atoms; see section IIC and IIIB 1 for more details. @y, is the peak
frequency of the absorption line at 5 K in the measured THz spectrum corresponding to the n = 0 — n = 1 transition. vy, = (@) — @)/ @p;
is the fractional contribution of the an-harmonic potential to @y;, where @y = /2 V»/m is the frequency of the harmonic oscillator, m is the
mass of the endohedral atom, and c is the speed of light in vacuum. Open access reprint from ref. 179.

Parameter “He 20Ne

40Ar 84Ky

Va/ Jm~? 0.39 £0.006 1.58+£0.04 9.56 £0.03 17.814+0.12

Vy/ Jm™? (0.60+0.01) x 10%° (2.28+0.22) x 1070 (8.19+0.16) x 107 (13.20+ 1.60) x 1070

V! Jm® (3.94+0.09) x 103

0 0

A/ C (0.68+0.04) x 102 (1.84+0.13) x 102 (3.31+0.01) x 10T (3.30+0.21) x 10T

A3/ Cm 2 0.04+0.01

0 0

(2c) T g /em T 81.4 56.6

91.8 85.4

Vanh 0.29 0.085

0.018 0.007
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FIG. 18. Low temperature INS spectrum of H, @Cg recorded with
two time-of-flight spectrometers. (a) INAC A, = 1.6 A, T=165K;
(b)IN4C A, =1.2A, T=1.65K;and (©)IN5 A, =5A, T=15K.
Used with permission of The Royal Society (U.K.), from (ref. 192)
Horsewill et al., Philos. Trans. R. Soc. A, 371, 20110627 (2013);
permission conveyed through Copyright Clearance Center, Inc.

a transition from the ortho-H, ground state to para-H; in the
first excited translational state, (J,N,L) = (1,0,0) — (0,1, 1),
involving a simultaneous change of rotational and transla-
tional states.'®? This in turn gives the energy of the first trans-
lational excited state for para-H,, (J,N,L) = (0,1, 1), of 22.78
+ 0.06 meV (not split by the TR coupling because J = 0).
The band at 37.8 meV is analogous, corresponding to a transi-
tion from para-H, ground state to ortho-H, in the first excited
translational state, (J,N,L) = (0,0,0) — (1,1,1).

At ~23 meV a peak composed of multiple transitions is ob-
served, seen more clearly in fig. 19. The transitions are from
the ortho-Hy ground state to the first translational excited state
of ortho-H, (J,N,L) = (1,0,0) — (1,1,1). The final state
is actually split by the TR coupling (see section I1E), of ~
1 meV magnitude, into three states. (J,N,L,A) = (1,1,1,A),

where A is the true quantum number that describes the sys-
tem, arising from coupling J & L, and for this case A =
0,1,2.18318% This translational peak has a linewidth larger
than the instrumental resolution and can accommodate 3 tran-
sitions, while most of the other peaks have linewidths equal to
the instrument resolution. 33

An-harmonicity of the confining potential leads to a split-
ting of the para-H, N = 2 states into L = 0 and 2, (J,N,L) =
(0,2,2) and (0,2,0), this is visible in the spectrum as a
2.4 meV splitting.'$> Other hot-band and ground state INS
transitions are assigned in ref. 172,183.

The INS spectrum can be simulated up to 215 meV with as-
tonishing match to the experimental spectrum, see fig. 19.'8
For such a simulation the unmodified rotational parameters
for free H, are used and only a few potential parameters are
needed: harmonic (V332), an-harmonic (V33*, V53¢) and TR-
coupling (V33?), see section IIE1 for details on potential
terms.'$° High J rotational states are observed in the spec-
trum, without significant splittings. Indicating that H; rotates
freely inside the cage, exhibiting low rotational barriers even
at cryogenic temperatures. Furthermore, this shows that in-
cluding non-spherical potential terms, satisfying Icosahedral
symmetry, would only give rise to minor spectral splittings
and shifts - which would be obscured by the instrumental
resolution. Thus, proving that assuming spherical symmetry
for the potential terms is adequate.'®® An alternative simu-
lation approach uses Lennard-Jones interatomic potentials to
describe the interaction potential between the endohedral H,
and Cgp, with a good match to the experimental INS spec-
trum. 72174

In the temperature range 1.6 — 20 K a small shift is ob-
served, towards smaller energy transfer, for the —14.7 meV
purely rotational transition (J =0 — J = 1), as temperature is
decreased. This is consistent with a small splitting of the J = 1
rotational state of a few tenths of meV.!%2

Very low temperature INS measurements, 60 mK — 35 K,
on Hy @Cgp reveal an apparent shift of the —14.7 meV ro-
tational transition (J = 1 — J = 0).2!° The peak becomes
broader, more asymmetric, and it shifts to greater energy
transfer with increasing temperature.?!® The peak can be fitted
with two components that change in intensity with tempera-
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FIG. 19. Comparison between the experimental and calculated spec-
trum of Hy @Cg. For clarity the plot is split into two equally wide
panels spanning the transfer energy ranges from 10 meV to 215 meV.
The black line with error bars represent the spectrum of Hy @Cgg
recorded at 2.5 K on IN1-Lagrange at ILL. The bars represent the
calculated stick spectrum of Hy @Cgp at 2.5 K, where the colours
blue and red are used to distinguish transitions originating in the
para and ortho ground states, respectively. The orange line over-
laid to the experimental spectrum represent the calculated spectrum
obtained by convolving the stick spectrum with the instrumental res-
olution of IN1-Lagrange. For clarity the peaks in the stick spec-
trum are scaled by a factor 0.5 with respect to the numerical values
and vertically shifted. Reprinted from the PCCP Owner Societies
(ref. 189): S. Mamone et al., Phys. Chem. Chem. Phys., 18, DOI:
10.1039/C6CP06059E, 2016; licensed under a Creative Commons
Attribution 3.0 Unported Licence (CC BY 3.0) license.

ture, but have constant linewidths and constant energy separa-
tion (of 0.135 = 0.01 meV). Fitting the INS spectra with tem-
perature is consistent with a lower singly degenerate state and
a higher doubly degenerate state.>!® Such splitting of the J = 1
rotational states cannot be caused by a potential with Icosahe-
dral symmetry and crystal fields with reduced symmetry must
be considered.'??>?!? Tnitially ref. 92 suggested this splitting
to be due to two different crystal fields arising from two dif-
ferent orientations (P and H) that Cg( can have in the low tem-
perature phase (i.e. merohedral disorder), see sections IV A2
and IVCI.

High pressure (5 kbar) INS measurements on Hy @Cgp shed
light on the effect of pressure on the —14.7 meV purely ro-
tational transition (J = 1 — J = 0).2!% At ambient pressure,
empty Cgp has two orientations called P and H, in relative ratio
85 : 15, in the Pa3 phase below ~90 K (section IV A 2). Ap-
plying pressure enriches the ratio of H in Cg and lowering the
temperature (below ~90 K) "locks in" the new P:H ratio even
after pressure is released. The energy splitting between the
two fitted components, of the —14.7 meV peak, increases by
~40% in the H-rich phase under pressure. It remains ~25%
larger when the pressure is released — which relieves the ex-
ternal pressure but locks in the P:H ratio.?! The high pressure

40

INS results prove that the symmetry breaking of the J = 1 ro-
tational state is influenced by the orientation and proximity of
neighbouring cages, i.e. crystal field effects.?!®

Simulations of the symmetry breaking effect by making
use of the P & H orientations give good correspondence
to the experimental splittings.?!42%4225 Such simulations as-
sume 100% pure P and H orientations of the Cgo fullerene
lattice, which induce a crystal field (electric field gradient) in
the centre of the cage from its nearest neighbours. It is shown
that the 100% pure P orientation leads to a splitting of the
J = 1 rotational ortho-H; state of ~ 1.1 cm™!, whereas the H
orientation leads to a splitting an order of magnitude smaller;
see section IV C.214224.225

The momentum transfer k that the neutron imparts on the
endohedral H, reflects the physical dimension of the Hy in-
side the cage.'®> The momentum transfer dependence of the
147 meV (J = 0 — J = 1) transition is the same for the neu-
tron energy loss and the energy gain side. This allows for
the determination of (u?), the mean squared displacement of
the hydrogen molecule: 0.126 + 0.002 A for NE loss and
0.122 + 0.002 A2 for NE gain. '83 The momentum transfer
dependence of the translational peak at 22.5 meV (for ortho-
Hy) gives (u?) = 0.102 4+ 0.002 A2.183

Confined diatomic molecules in fullerene cages exhibit an
INS selection rule, resulting from the vector addition of trans-
lational and rotational angular momenta (i.e. TR dynamics).
This leads to missing peaks in the INS spectra of Hy @Cg
which can be simulated.!”>!7418% Section IV B explains the
INS selection rule in more detail.

2. HD@Cq INS

The INS spectrum of HD@Cg, changes greatly with tem-
perature, whereas Hy @Cg( does not. This is because HD does
not display spin isomerisms (see section II H), and for H, the
ortho-para populations do not change significantly with tem-
perature due to very long spin isomer conversion times.?8¢ At
1.8 K HD@Cg does not have any peaks on the neutron en-
ergy gain because it does not have metastable spin isomers;
but acquires peaks at higher temperatures from populating TR
excited states. Scattering from the 'H nucleus dominates the
spectra, but features from 2D are possible.

INS measurements have been performed on a sample con-
taining both Hy@Cgy and HD@Cg,.28 INS peaks are ob-
served at 22.3 meV and 19.1 meV, and are assigned to trans-
lational excitations of H, and HD, respectively (by analysing
the reduced masses and their ratio).28¢ The H, @Cg rotational
peaks are close to the gas phase H but for HD@Cg this is not
the case; significant differences are seen from the gas phase
HD. This is because for the non-centrosymmetric HD, encap-
sulation inside Cgp forces HD to rotate about the geometric
centre (middle of the bond) and not about the centre of mass.
This is not the case for centrosymmetric molecules such as
H,.2%0 The same is observed for Hy@Cgy and HD@Cg IR
measurements, section VIIF 3.

The momentum transfer dependences of the HD@Cgy INS
peaks are quite different from Hy @Cg. This is because for
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HD @Cg an extra term is included in the scattering amplitude,
since HD is not centrosymmetric.'83 For the rotational (and
translational) peak of HD @ Cg the mean square displacement
of the HD molecule, (u?), is 0.090 +0.006 A2. This is 26%
smaller than (uz) for Hy @Cg, which conforms to the theoret-
ically expected value of 22%.'%3

The theoretical INS spectrum of HD@Cg has been simu-
lated using Lennard-Jones interatomic parameters for the in-
teraction potential of the endohedral HD and Cgy. Such sim-
ulations also take into account the INS selection rule, sec-
tion IVB.!73 The HD@Cg, simulated spectra remain to be
compared with experimental data once available, because so
far only a few peaks have been observed in the INS spectrum
of HD@Cgp; acquired on a mixed sample containing both
HD@C(,() and 1‘[2@(:(,().286

3. Hy@Cq IR

The Hy @Cq endofullerene has been extensively investi-
gated by IR spectroscopy.!?%177:178,181218 The [R spectra of
H,@Cg (solid powder) at different temperatures are shown
in fig. 20.'8! At higher temperatures more IR peaks are seen
because excited states become more populated, leading to
many possible transitions. IR lines are sharp if Hy is free
to rotate inside the Cgp cage, and this is indeed observed for
Hy @Cgp.150:177:178,181,218

The 6 K experimental spectra are shown in more detail
in fig. 21, together with peak annotations and fitted simu-
lated spectra.'”’ Fig. 22 shows the energy level diagram for
H, @Cg) with assigned transitions. Absorption lines are seen
between 3850-4850 cm™!, corresponding to the stretching
mode of Hy together with rotational/translational sidebands.

Isolated homonuclear diatomic molecules do not display
IR absorption. However, H, can absorb IR radiation if
intermolecular interactions are present.!”’!78 IR activity in
H,@Cg arises from an induced electric dipole moment
caused by the confinement. The induced dipole moment is
dependent on the displacement of H, from the centre of the
cage. Thus, the Hy@Cgy molecule has zero dipole moment
when Hj is at the centre of the cage, but acquires a dipole mo-
ment when Hy is displaced from it (i.e. translational motion).
This leads to the selection rules AN = +1 and AL = £1 for
the translational quantum numbers N and L, see section IIC
for more details.'”” However, very weak transitions are ob-
served around 4070 cm™! for AN = 0, corresponding to pure
vibrational excitation (fig. 21 a) — which are formally forbid-
den in the model used.!”” Electromagnetic radiation cannot
induce transitions between H, nuclear spin isomers, para-H;
has even and ortho-H; has odd J rotational states. This gives
rise to the rotational selection rule AJ = 0, £2.177178181 The
label "Q" or "S" for the transitions corresponds to the change
in the J quantum number: Q is for AT=0and S is for A = £2,
and the number in parentheses is the initial J value.'7”

The pure vibrational transition of Hy @Cg (fig. 21 a) is red-
shifted by 90 cm~! from H in the gas phase.'”” A contribu-
tion to the vibrational frequency red-shift represents the trans-
lational zero-point energy.'8! Tt appears that the zero-point
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translational energies are different for the ground and first ex-
cited vibrational states of H, encapsulated in Cgo. This dif-
ference leads to a 9 cm~! change in the vibrational excitation
energy, from the encapsulation itself and not from changes
in the vibrational parameters of Hy upon encapsulation (e.g.
changes in the force constant or bond length).!8! However,
the 90 cm~! red-shift cannot be completely disentangled. On
the one hand, the shift could be caused by changes in the zero-
point vibrational energy; on the other hand, it could be caused
by anharmonic corrections to the H, vibrational levels caused
by the encapsulation. At the moment the two causes cannot
be isolated, as the experimental data is limited to v =0 — 1
transitions only.'8!

H;@Cgy was enriched in the para-H, spin isomer by ex-
posing the endofullerene (adsorbed onto a zeolite) to liquid
oxygen at 77 K, in order to catalyse the ortho-para conver-
sion, section V D 2. The different peak intensity profile of the
para-H, enriched sample greatly facilitated the assignment of
IR peaks to each spin isomer. !

IR vibrational transitions must change the vibrational quan-
tum number (Av = +1) and at the same time can excite the
molecule rotationally or translationally, or both. Fig. 21 (b)
shows the peak structure for a vibrational excitation, from the
ground rotational ortho and para Hj states, accompanied by
a translational excitation (Q transitions). For ortho-H; there
are three peaks, Q(1), whereas for para-H, only one peak
is present, Q(0). The translation-rotational coupling is re-
sponsible for splitting Q(1) into three components; because
the two sources of angular momentum in ortho-H», rotational
(J =1) and translational (L = 1), couple according to the an-
gular momentum coupling rules (see section II E for more de-
tails).'7”178 This gives the total angular momentum that de-
scribes the system, represented by the good quantum number
A. CouplingJ =1 and L =1 gives A =0, 1 and 2 — all three
states having different energies. This is the origin of Q(1) be-
ing split into three peaks. This is not the case for the para-H;
Q(0), because the rotational angular momentum J = 0 and the
translational angular momentum L = 1 couple to give a single
value of the total angular momentum, A = 1. Fig. 22 shows
the energy level diagram of H, @Cg, graphically displaying
the TR coupling.

The IR spectrum can be simulated and from the fit-
ting procedure parameters describing the vibration-rotation-
translation of H, inside Cg are obtained.!”7-181:218 The pa-
rameters are discussed below, for exact values see refer-
ences 177,178,181,218.

The rotational constant B, and the vibrational an-harmonic
correction term , are smaller for Hy @Cg than for Hy in the
gas phase; whereas the centrifugal correction term D, is sim-
ilar in both cases.'8! The smaller B, would correspond to a
0.81% stretching of the H-H distance. Indicating that the cage
could have an attractive interaction with the Hy, which elon-
gates the H-H bond.'8! However, the smaller o, indicates that
the cage now has a repulsive interaction, reducing the elonga-
tion of the H-H bond in excited vibrational states, as compared
with Hj in the gas phase. A repulsive interaction with the cage
also follows from the positive an-harmonic translational term
vV 30+ 181 See section ITE 1 for details on potential terms.
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FIG. 20. Temperature dependence of the infrared absorption spectra of Hy @Cgg. Four panels show groups of transitions with the same change
of the quantum numbers J and N . An exception is the 4612.5 cm™! line in (c), the fundamental ortho-H, transition AJ = 2, AN = 0. Spectra are
shifted vertically for clarification. Broad lines that are visible already in the 6 K spectrum below 4000 cm ™! in panel (a) are not H, absorption
lines. The absorption of the 200 and 300 K spectra has been multiplied by 2 in panels (c) and (d). Reprinted from (ref. 181) Ge et al., J. Chem.

Phys., 134, 054507 (2011), with the permission of AIP Publishing.
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FIG. 21. Baseline-corrected IR absorption spectra of Hy @Cg at 6 K
(black) and the best fit theoretical spectrum (gray) in panels (a — d).
All transitions are from the vibrational state v =0to v = 1. The
letter indicates the change in J (Q for AJ =0 and S for AJ = 2) and
the number in parentheses is the initial J value. For the assignment
inside a rotational branch, see Table I and fig. 2 from ref. 177. (a)
Fundamental vibrational transitions; these are forbidden in the first
order theory so the calculated spectrum contains no peaks. (b) Q
transitions with AN = +1 and AJ = 0. (c) Para-H; and (d) ortho-H,
S transitions with AN = +1, AJ = +2. Reprinted from (ref. 177)
Mamone et al., J. Chem. Phys., 130, 081103 (2009), with the per-
mission of AIP Publishing.

The harmonic TR coupling term in the vibrational excited
state (1V332) is two times larger than in the vibrational ground
state (“V222).18! However, the trend is opposite for the an-
harmonic TR coupling term where in the vibrational ground
state the “V22* term is two times larger than V324,181

A reduction in symmetry is observed for the peaks at
4255 cm~! and 4261 cm ™. This can be due to cage deforma-
tions, crystal fields or carbon isotopomers, see section IV C
for more information.!”” The same mechanism could allow
the observation of "formally forbidden" pure vibrational tran-
sitions with AN = AJ = 0.7 In icosahedral symmetry, levels
with A = 3 will be split; an indication of this effect is observed
in ref. 181. However, the magnitude of the splitting would be
2 cm™!, which is too large to arise from I, symmetry. '8!

4. HD@Cq & D,@Cq IR

The endofullerenes HD@Cg and D, @Cg have been in-
vestigated using IR spectroscopy, discussed below in relation
to Ho @Cg (previous section).?!® To analyse the HD@Cg IR
spectrum, some results from INS measurements on HD@Cg
are used (section VII F2).218:286

The IR data of HD@Cgy and D, @Cg is analysed and fit-
ted analogously to Hy @Cg. The exact fitting parameters for
H; @Cgp, HD@Cg and D, @Cg are found in ref. 218.

The isotropic confining potential parameters YV99> and
vV3%* are similar for all isotopomers, with a slight trend to
increase with the mass of the endohedral species (see sec-
tion ITE 1 for details on the potential terms).!8

The relative change in the rotational constant B, is the same
for Hy and D, (with respect to free H, and D;), being mass
independent.?'8

The most surprising result is for HD@Cg, where in order
to match the experimental results, the potential terms "V(l)(l)l
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FIG. 22. Diagrammatic scheme showing the transitions and the cor-
responding energy levels that are relevant for IR spectroscopy on
H, @Cg at temperatures near 4 K: para-Hj is on the left and ortho-
H, is on the right. The dotted lines stand for formally forbidden tran-
sitions in the isolated Hy @Cg. The effect of confinement in Cg is to
split the vibrational-rotational energy manifold of free H; in transla-
tional sublevels labelled by the set of quantum numbers n,/, A. In the
ground v = 0 state the j =2 and j = 3 energy levels are not shown.
Reprinted from (ref. 150) Mamone et al., Coord. Chem. Rev., 255,
938-948 (2011), Copyright (2011), with permission from Elsevier.

and "V(l)(l)3 were invoked. Such terms mix different rota-
tional and translational states of the endohedral HD, effec-
tively shifting the centre of rotation away from its centre of
mass.2'8 This does not apply to Hy @Cg or D, @Cg, because
the centre of mass and geometric centre coincide for homonu-
clear diatomics (centrosymmetric molecules). Encapsulation
in the cage forces the HD to rotate about an axis much closer
to its geometric centre than its centre of mass, which intu-
itively makes sense. The distances of H and D from the rota-
tion centre are 0.3854 A and 0.3560 A, respectively. In con-
trast, the distances of H and D from the centre of mass are
0.49428 A and 0.24714 A, respectively.2's

For Hy @Cg and D, @Cg the rotational quantum number
J is still a good quantum number, however, for HD@Cg this
is not the case. As the centre of rotation is shifted signifi-
cantly from the gas phase HD, this strongly mixes different J
rotational states.”'8
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Another striking feature of HD@Cgy is the large centrifu-
gal distortion term D,. The reason is most likely because the
Deuterium atom is farther away from the centre of rotation,
causing a larger centrifugal force (larger deformation) when
HD rotates faster in the cage.>'®

For heteronuclear diatomics, since the inversion symme-
try is broken, the dipole moment expansion contains more
terms.?'® For HD@Cg the dipole moment A°'° correspond-
ing tothe v=0— 1, ] =0 — 1 transition is enhanced by
two orders of magnitude compared with the permanent dipole
moment of the free HD molecule.?'$

Small additional splittings are observed for some IR peaks
for all molecules studied, Hy @Cgp, HD@Cgy and D, @Cgy.
Icosahedral symmetry cannot generate such splittings, so the
symmetry must be lower. The splittings are independent of
the endohedral isotopomer and depend on the initial and/or
final states.”'® More about this symmetry breaking effect in
section IV C.

5. H,@Cqy Raman

Raman measurements on solid H, @Cg, did not show
much difference to empty Cgp measurements. The cage
signals (peak positions) for both agree within 0.4 cm™!,
and no signal was observed for the endohedral H, in the
measured range (200 — 1800 cm~').!3 So far, endohedral
species have not been detected by Raman spectroscopy in
Ceo endofullerenes, only cage vibrations (excluding metallo-
endofullerenes). However, a weak and broad Raman vibration
of H, was detected in open cage fullerenes H, @ ATOCF at
4135 cm~" (small red-shift compared with gas phase Hy).28

6. H,@C{, IR

H,@Cg has been investigated using IR spectroscopy in
the gas phase, in ionic form using Helium tagging (see sec-
tion VIII A), namely the H, @Cgr0 — He species. IR measure-
ments are performed at 3.7 K between 1100 — 1600 cm™~!.
The observed transitions belong to the encapsulating cage.'?

Electronic (near-IR) spectroscopy on Hy @Cy; is discussed
in section VIIIE 4.

The IR spectrum of Hy @Cg’o — He is slightly blue-shifted
and displays smaller spectral splittings compared to Cgo —He.
Hy @Cgr0 —He IR spectrum is more similar to Cf in a cryo-
genic Neon matrix than gas phase Cj, — He.'* The C, inter-
acts more strongly with the endoehdral H, than neutral Cg,
since there was no difference (within 0.4 cm~!) in the Ra-
man frequencies between Hy@Cgy and Cgp.!> Furthermore,
Cgro has Ds4 symmetry and not Ij, like Cgp, meaning the cage
is more anisotropic in cationic form.!?



AlIP
Publishing

£

Spectroscopy of non-metallic Cgo endofullerenes

a c
3,900
VNJ
— 110
T g
3 g 3,850 6
1 5
= &
101
5
3,800
100
E (om™)
b E (meV) 4
470 475 480 485 100 +
400 3 002
010
300
- 2
T 5 50
5 200 6
8 001
100
4 1
0 ; 0 000
3,800 3,850 3,900 £ (em-)
E (cm™)

FIG. 23. Molecular motion spectroscopy of HF@Cg. (a) INS at
1.6 K (red) and THz/far-infrared spectra at 5 K (black) of polycrys-
talline HF@Cgg. (b) Mid-infrared spectrum of HF@Cg at 5 K.
(a) and (b) have the same energy width across the horizontal scale
and (b) is aligned so that the fundamental vibrational transition at
3791.1 cm™! falls in line with the zero-energy position in (a). (c)
energy levels and the assignments of the transitions using the vi-
brational (v), translational (V) and rotational (J) quantum numbers.
Reproduced from (ref. 20) Krachmalnicoff et al., Nat. Chem., 8,
953-957 (2016), with permission from Springer Nature.

G. HF@Cgy molecular motion
1. HF@CGO THz

The THz spectrum of HF@Cg (5 K) can be seen in fig. 23
(a), black curve, and the energy level diagram in fig. 23 (c).
Two transitions are seen at 31.1 cm~! and 35.0 cm ™! (peak la-
bel 1) corresponding to the fundamental rotational excitation
of endohedral HF (J =0 — J = 1); compared with 41.11 cm ™!
for gas phase HF.? The splitting is due to a symmetry break-
ing effect that lifts the degeneracy of the J = 1 rotational state,
which is not possible in I, symmetry. This symmetry breaking
effect is also observed in other molecular Cg( endofullerenes,
see section IV C for more details. The presence of weakly
perturbed rotational peaks demonstrates that HF is essentially
rotating freely (small hindering potential) inside the Cgg cage,
even at cryogenic temperatures.

A sharp peak is seen at 78.6 cm~! (peak label 2) which
corresponds to a purely translational excitation (section 11 C)
of the endohedral HF centre of mass.2® For HF@Cg at cryo-
genic temperatures (5 K) only these two transitions can be ob-
served with THz spectroscopy, because only the ground state
is populated and the transitions must satisfy the selection rules
AJ==£1and AL ==1.
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2. HF@Cq INS

The INS spectrum of HF@Cg is seen in fig. 23 (a) red
curve; with the energy level diagram in fig. 23 (c). Three
peaks are observed: fundamental rotational excitation J = 0
— J =1 (peak 1), purely translational excitation (peak 2) and
overtone rotational excitation J = 0 — J = 2 (peak 3).2

The spectrum is similar to the THz spectrum (sec-
tion VIIG1 and fig. 23 a — black curve) with the addi-
tion of peak 3, assigned as overtone rotational excitation, at
88.72 cm™! (compared with 122.5 cm™! for gas phase HF).?
However, simulations of the INS spectrum using LJ (Lennard-
Jones) parameters'” for the interaction potential between the
endohedral HF and Cg assign this transition as (N,L,J,A)
=0,0,0,0 — 1,1,1,2; a final state with J =1 and L = 1 ro-
tational and translational (orbital) angular momentum respec-
tively.!”>228 The same simulations predict the overtone tran-
sition J =0 — J =2 to be at ~15 meV (~121 cm™!). This
is consistent with the HF@Cg( INS spectrum acquired with a
neutron wavelength of 1.6 A, which displays a strong peak at
~15 meV, see ref. 175. This interpretation does not explain
why peak 3 (fig. 23) is absent from the THz spectrum.

The INS selection rule for confined diatomic molecules, see
section IV B for details, is shown to hold for HF@Cg.!7>

3. HF@Cq IR

The IR spectrum of endohedral HF in HF@Cg at 5 K is
seen in fig. 23 (b), with energy level diagram in panel (c).
The pure vibrational excitation v =0 — v =1 is seen at
3791.1 cm™! (peak 4), and is red shifted by 170.5 cm™! com-
pared with the gas phase HF (3961.64 cm~").2% The rotational
excitation (peak 5) displays a spectral splitting due to the sym-
metry breaking effect (see section IV C for details), whereas
the translational excitation is very sharp (peak 6). The IR
spectrum is consistent with the THz spectrum in fig. 23 (a),
section VIIG 1.2° The observation of a mostly unperturbed
ro-vibrational transition (peak 5) demonstrates mostly free un-
hindered rotation of the endohedral HF inside Cgy.

H. H,;00Cg, molecular motion

Since H,O has two indistinguishable Hydrogen nuclei, it
displays nuclear spin isomerism: ortho-H,O and para-H,O
(more details in section ITH).

1. H,O0@Cgqy THz & spin isomer conversion

The THz spectrum of HyO@Cgy is seen in fig. 24, where
three peaks are observed below 60 cm™! — corresponding to
rotational transitions of the endohedral H,O.!87 The THz/far-
IR spectra are unambiguously assigned to the ortho or para
spin isomer through a temperature jump experiment, by mak-
ing use of the rather slow ortho-para conversion of endohedral
H,O, fig. 24. If the sample is cooled quickly, the ortho/para
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FIG. 24. THz (far-IR) absorption spectra of HyO@Cgg at 5 K. Spec-
trum (0) was measured after the temperature jump from 30 to 5 K
(black) and the difference spectrum (blue), At = a(0) — ¢t(Ar), with
At =44 hin (a) and Ar = S h in (b). The sample filling factors are
f=0.05in (a) and f = 0.18 in (b). Water rotational transitions cor-
responding to the absorption lines numbered 3 and 5 (ortho-water)
and 4 (para-water) are shown in the inset. The translational transi-
tions N =0 — N = 1 for para (Tp) and ortho (T, To2) HoO@Cg
are shown in the inset of panel (a). N is the quantum number of the
spherical harmonic oscillator, section II C. Open access reprint from
ref. 187.

fraction at high temperature is "locked in" at low temperature.
As time goes on, ortho<>para conversion occurs and the rel-
ative intensities of the peaks at low temperature will change.
Monitoring this change with time gives the ortho-para conver-
sion time constant,87-288

The ortho-para nuclear spin isomer conversion time of
H,O@Cgp, measured using continuous wave THz spec-
troscopy, is 12.0=+ 1.3 h at 3.5 K.??* Using pulsed THz spec-
troscopy the conversion time is ~12 hours at 4 K.?%

The rotational peaks of HoO are slightly red-shifted in-
side the Cgp cage compared with the gas phase H,O, by
<5 cm™!.187 Only these three rotational peaks are observed at
5K (fig. 24). As expected considering the populations of the
ortho and para H,O ground states and the selection rules for
electromagnetic excitation of an asymmetric top with a per-
manent electric dipole moment. From the intensities of the
rotational peaks, the permanent dipole moment of endohedral
H,0 is determined to be 0.504+0.05 D; compared with 1.85 D
for free Hy0.'8” The same value is obtained through dielec-
tric constant measurements of HyO@Cg, 0.51 £0.05 D, sec-
tion X D 2.2 This reduction of the dipole moment can be at-
tributed to the screening by the 7 electrons of the cage: an
endohedral electric dipole moment induces a rather strong po-
larisation of the 7 electrons inside the cage, which leads to
a significant cancellation of the endohedral water dipole mo-
ment.?%

Red-shifts of the rotational frequencies are due to changes
in the rotational constants of the H,O molecule upon encapsu-
lation. Comparing the rotational constants for endohedral and
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free HyO gives relative shifts of —13%, +5.5% and —8.7%
for Ay, Bo and Cy respectively (in the ground vibrational
state).!87 The change in the rotational constants for endohe-
dral H,O can be explained through the confinement inside
Ceo. Because H,O is a non-centrosymmetric molecule, when
confined inside a spherical cavity, H,O is forced to rotate
about the "centre of interaction" (geometric centre) and not
about the centre of mass — like in the gas phase.!®” The same
effect was observed in HD@Cgy but not H, @C¢ because
the latter endohedral molecule is centrosymmetric, see sec-
tions VIIF 1 and VIIF 3 (also section VIIG 1 for HF@Cgy).
Another reason for the change in rotational constants could be
geometric changes (changes in bond lengths and/or bond an-
gles) induced in H,O by the confinement. However, the latter
is likely not dominant, see ref. 187.

The peaks at 110 cm ™', fig. 24, correspond to pure transla-
tional excitations of the endohedral water, for both ortho and
para spin isomers.'8” The ortho translational excitation has a
splitting of 2.9 cm™! due to the translational-rotational (TR)
coupling. This coupling arises when non-spherical molecules
are rotating inside the almost spherical Cgp cage, see sec-
tion ITE for more on TR coupling. The para-H,O pure trans-
lational peak does not display a TR splitting because J = 0 in
both the initial and final states (i.e. para H,O ground state is
not rotating). '8’

From the translational transitions the confining potential of
H,0@Cg can be estimated, see section II C for background.
From current experimental data only the harmonic term (V3)
of the potential can be determined, with the an-harmonicity
being undefined.'8” The harmonic term in HyO@Cg is found
to be ~3.4 times larger than for Hy @Cg, which reflects the
larger size of HyO compared to Hy.'7

The THz spectrum of HyO@Cgy was also measured us-
ing pulsed THz techniques.?$32°! It provides similar informa-
tion to the continuous wave THz results (ref. 187), with the
addition of unassigned hot band transitions (thermally pop-
ulated initial state which # ground state) at ~75 cm~! and
~ 120 cm~!. 288291 Simulations of HyO@Cgy IR results (sec-
tion VII H 3), using the confined rotor model, provide possi-
ble assignments for these peaks.>> Simulations predict tran-
sitions at 77 em ™! for (|Jka ke N L)) |110 0 0) — |21 0 0)
and at 121.0cm™" & 121.1 cm™! for [139 0 0) — 119 1 1) &
|1]1 OO> — “1] 1 1>.292

2. H,0@Cq, INS

Neutron scattering measurements of HyO@Cg revealed
rich INS spectra composed of sharp peaks, with resolution
mostly limited by the instrument, which is unusual and spe-
cial. An INS spectrum of HO@Cg at 1.6 K is seen in
fig. 25.193

The INS spectrum shows peaks on both the neutron energy
gain (positive energy transfer) and the neutron energy loss side
(negative energy transfer). A peak is seen around —2.5 meV,
in the neutron energy gain, proving that there are populated
metastable states at 1.6 K.!> The energy matches the energy
difference between the J = 1 ortho and the J = 0 para H,O
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FIG. 25. INS spectrum of HyO@Cg recorded at 1.6 K on IN4C
A, =23 A): (a) spectrum recorded in the first hour (red) and 8th
hour (blue) after cooling; (b) the sum of all neutrons recorded during
a period of 8 hours after cooling. Labels identify the final states for
the transitions: transitions originating in 1 (red text) and transitions
originating in Opo (black text). Used with permission of Royal So-
ciety of Chemistry, from (ref. 193) Goh et al., Phys. Chem. Chem.
Phys., 16, 21330-21339 (2014); permission conveyed through Copy-
right Clearance Center, Inc.

states. A temperature jump experiment is seen in fig. 25 a,
where spectra are taken in the first hour and after 8 h follow-
ing fast cooling to 1.6 K. This experiment assigns the negative
energy peak to originate in the ortho-H,O J = 1 state and cor-
responds to the 1g; — Ogo transition. The temperature jump
also assigns the initial state of all neutron energy loss transi-
tions to be either para or ortho, depending on if they increase
or decrease in intensity with time. Thus, the peaks around
2.5 meV and 9 meV are para-H,O, while the peaks around
6 meV are ortho-H,0.'3 The energies of the transitions cor-
respond to H,O in the gas phase, with small modifications.
Additional higher energy peaks are observed and described in
ref. 193.

Higher resolution INS measurements have been performed
on H,0@Cyg (fig. 26).'?% This reveals the peak on the neu-
tron energy gain around —2.5 meV (1p; — 0Opo) to be com-
posed of three peaks: —3.09 meV, —2.61 meV and a shoul-

-3.5 -3.0 2.5 -2.0 -15
AE / meV

FIG. 26. INS spectrum of HyO@Cgq recorded at 1.5 K on IN5
(A, = 5 A): (a) spectrum recorded in the 1st hour (red) and 5th
hour (blue) after cooling; (b) the sum of all neutrons recorded dur-
ing a period of 5 hours after cooling. (c) the sum of scattered neu-
trons recorded during 3 hours after cooling to 3 K. The spectra re-
veal the splitting of the 1p; ortho-water state arising from a symme-
try breaking interaction. Used with permission of Royal Society of
Chemistry, from (ref. 193) Goh et al., Phys. Chem. Chem. Phys.,
16, 21330-21339 (2014); permission conveyed through Copyright
Clearance Center, Inc.

der at —2.46 meV, see fig. 26.!93 This additional splitting of
the ortho-H,O J=1 state must arise from a symmetry break-
ing mechanism which lowers the Icosahedral symmetry of the
Cep cage, see section IV C.

The peak at —3.09 meV (fig. 26) is absent at 1.5 K, but it
quickly increases as the temperature increases, becoming visi-
ble at just 3 K. This peak is ~40% broader than the instrument
resolution, whereas the other two have the linewidth equal to
the instrument resolution. This indicates that the —3.09 meV
peak displays an unresolved structure.!%3

From the temperature dependence of the neutron energy
gain peaks it becomes clear that the J = 1 ortho-H,O state is
split into a lower lying singly degenerate state (—2.61 meV)
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and a higher energy doubly degenerate state (—3.09 meV). In
ref. 193 there is a typo that switched the labels of the degen-
eracies. The nature of the —2.46 meV peak is a little unclear,
since it does not appear to change with temperature. However,
itis closely related to the other two peaks and it certainly orig-
inates in the J = 1 ortho-H,O state.!?3

Part of the H O@Cg INS peaks are assigned with some
uncertainty. It is unclear which is the pure translational exci-
tation for the centre of mass displacement of the endohedral
H,0.193:220 However, the THz measurements of HyO@Cg
(section VII H 1) unambiguously assign the pure translational
excitation energy to be around 110 cm™! (13.638 meV).

The HyO@Cg INS spectra can be simulated using inter-
atomic LJ (Lennard-Jones) potentials for the interaction po-
tential between the endohedral H,O and Cgo.!7® The com-
puted energy of the translational excited state for para-H,O
is 21.4 meV.!7® A symmetry breaking mechanism is included
in these INS simulations; assuming pure 100% P or 100%
H orientations of Cg to generate crystal fields at the cen-
tre of the fullerene, more details in section IV C. The rota-
tional INS spectrum of HyO@Cg is simulated, showing good
agreement with the experiment on the neutron energy loss
side (<10 meV). The simulated pattern for the 1¢; peak (see
ref. 193 for better resolution) shows a good match with the
experiment on the neutron energy loss side (fig. 25); the sym-
metry breaking on the neutron energy gain is not discussed
(fig. 26).7°

3. H,0@Cg IR

IR spectroscopy investigations have been performed on
H,0@Cq in the solid state.'87-290:293 Related computational
studies are found in ref. 187,292,294,295. The IR spectra
of HyO@Cg are similar to the gas phase H>O, with some
differences. Temperature jump experiments clearly identify
the IR peaks belonging either to the ortho or para water spin
isomer.'872%3 Since H,O has two indistinguishable Hydro-
gen nuclei it displays nuclear spin isomerism: ortho-H,O and
para-H,O (see section I1 H).

Around 3600 cm™! the symmetric (v;) and anti-symmetric
(v3) stretching modes of water in HyO@Cgy are ob-
served,'87290.293 see fig. 27. Pure vibrational excitation (Q-
band transition), nominally forbidden, is observed for v; at
~ 3573 cm™!, red-shifted compared with free isolated H,O
vy at 3657 cm ™~ 1.187:290.293 A gplitting of 0.5 —0.6 cm ™! is ob-
served between the para-H,O (peak 1) and ortho-H,O (peak
2) v; Q-band.'872%3 No Q-band is observed for v3, because
this requires changing the nuclear spin state from para to or-
tho H,0.!87293 On average the redshifts for the v; and v3
peaks (including rotational excitations) are 86.9 cm~! and
96.4 cm™! respectively.””> Translational transitions are ex-
pected as side peaks accompanying vibrations, but are ob-
scured by other peaks in the spectrum. '8’

The pure vibrational excitation (Q-band) of the v» bend-
ing mode is observed at ~ 1570 cm~!. Red-shifted, by
29.3 cm~!,2 compared with the free isolated H,O vy at
1595 cm~!.187290 Spectral splittings are observed between
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FIG. 27. IR absorption spectra of HyO@Cg, vibrational, rovi-
brational, and vibration-translational transitions of the symmetric
stretching, v;, and anti-symmetric stretching, v3, vibrations at 5 K.
The spectrum ¢¢(0) was measured after the temperature jump from
30 to 5 K (black), and the difference Aot = c¢(0) — ot(At) was mea-
sured A7 = 3 h later (blue dashed line multiplied by 4 and blue line).
The sample filling factor f = 0.1. Lines numbered 1 and 2 are pure
vibrational transitions and 3-5 are rovibrational transitions of mode
V1, and lines 6-8 are rovibrational transitions of vz [see Fig. 1(c)
of ref. 187]. (*) marks the v3 rovibrational transition at 3654 cm™!,
Vi, v2,v3)|Jkake) = [000)|119) — [001)|11;). The inset shows the
para, line 1, and ortho, line 2, components of the pure vibrational
transition of mode vy, of a f = 0.8 sample, as the difference spectrum
with time delay 1 h. Open access reprint from ref. 187

the para-H,O and ortho-H,O v, Q-band, of 1.8 cm~! in
ref. 187 and 0.1 —4.4cm™! in ref. 293. Approximately
110 cm™! higher than the pure v, bending mode, the trans-
lational excitations in the excited v, vibrational state are ob-
served.'$7:2%3 Tt displays a small 2.7 cm™! splitting for the
ortho-H,O due to the TR coupling.'$7?*3 The same is ob-
served for HyO@Cg in the ground vibrational state with THz
spectroscopy (section VIIH 1), but the splitting is slightly
larger, 2.9 cm 1187

Overtone transitions for the bending mode and fur-
ther combinations of vibrational modes are observed for
H,0@Cg.'8" Even a three-quantum transition is observed
around 6700 cm~!, from the combination of the bending
mode overtone with the anti-symmetric stretch.'8”

The vibrational frequencies for the endohedral H,O are red-
shifted compared with the free HyO: by ~2.4% for the stretch-
ing modes and by ~1.6% for the bending mode (and by 1.5%
for the bending mode overtone).'8’

From the translational transitions, the confining potential
of HO@Cgp can be estimated, see section IIC for back-
ground. From the current experimental data, only the har-
monic term (V) of the potential can be determined, with
the an-harmonicity being undefined.'” The harmonic term in
H,0@Cg is found to be ~3.4 times larger than for Hy @Cg,
reflecting the larger size of HyO compared to H,.'®7 Fit-



AIP
é Publishing

Spectroscopy of non-metallic Cgo endofullerenes

ting the experimental IR spectra®3, using the confined rotor

model (CRM)?*2, the force constant k (V, = %) is determined
k=11.86+£0.03Jm 2.

Rotational peaks of HyO@Cg that accompany vibrational
excitations have a similar pattern to the vibrational ground
state (see section VIIH 1 for THz results).!87-290:293

Shifts in the rotational frequencies are observed, due to
changes in the rotational constants of the HO molecule upon
encapsulation. The change in rotational constants for endo-
hedral H,O can be explained through the confinement inside
Cgo. Because H,O is not centrosymmetric, when confined
within a spherical cavity, H,O is forced to rotate about the
"centre of interaction” (geometric centre) and not about the
centre of mass like in the gas phase.'”->2 This interaction
leads to mixing of the rotational and translational states. Fit-
ting the experimental IR spectra®®3, using the confined rotor
model (CRM)?*2, determines the distance between the cen-
tre of mass and the centre of interaction in HyO@Cg to be
7.55+£0.07 pm. The same effect was observed in HD@Cg
but not in H, @Cg, because the latter endohedral molecule is
centrosymmetric, see sections VIIF 1 and VIIF 3.

Another reason for the change in rotational constants could
be geometric changes (different bond lengths and bond an-
gles) induced in H,O by the confinement. However, the latter
is likely not dominant according to ref. 187. The rotational
constants for the endohedral H,O in the excited vibrational
states are similar to the ground vibrational state; see ref. 187
for a detailed discussion. Assignments of the IR rotational and
translational peaks of HyO@Cg, based on simulations, for
most of the observed transitions are found in ref. 187,292,293.

Peaks 6 and 7 in fig. 27, |Jkake N L) = |0p0 0 0) «>
[1o1 0 0), display a multiplet of at least 4 sub-components,
seen more clearly in ref. 293 — where symmetric and asym-
metric doublets are observed. The large splitting between
the doublets is 4.2 cm™! and the small splitting is ~ 1 cm™!
(0.8cm™! & 1.45 cm™").23 This is a symmetry breaking ef-
fect that leads to a splitting of the J = 1 rotational state (sec-
tion IV C). Transitions to J = 2 states display much more con-
voluted splitting patterns.”®> Such symmetry breaking effects
are seen irrespective of the sample f.f. (filling factor = per-
centage of filled cages) or the spin isomer ratio; indicating
they originate from interactions of endohedral H,O with the
confinement medium.?*3

A quadrupolar interaction can lead to a splitting of the
J = 1 rotational state. The quadrupolar interaction arises from
an electric field gradient (EFG) at the centre of the Cgp —
which can couple to the molecular quadrupole moment of the
H,0.214224.225 The EFG likely originates from the merohedral
disorder, see section IV C for background. However, it is not
possible to determine the electric field gradient and the molec-
ular quadrupole moment of endohedral H,O separately.!$’

Four sub-components are seen, whereas the maximum
number should be 3 — from the degeneracy of J = 1. Thus,
there should be at least two sites with different electric
field gradients present, leading to different quadrupole split-
tings.'8” The quadrupole interaction splits J = 1 into My =0
lower and Ma = %1 upper states (A = J if L= 0).!87293 The P-
orientation of fullerene cages, 85% abundant (sections IV A2
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and IVC), is shown to give a ~4cm™! splitting — ex-

plaining quite well the large 4.2 cm™~! splitting of peaks 6 &
7.187.214.224.225.293 However, the small ~ 1 cm™! splitting, the
asymmetry of the doublet and the apparent absence of the 15%
H-orientation in the IR spectra cannot be explained.'37-23

A possible explanation for the small splitting could be given
by an electric dipolar interaction.'”-2%3 A finite electric field,
induced by the merohedral disorder, can be observed at the
centre of empty Cgp cages — which can couple to the elec-
tric dipole moment of endohedral Hy0.'$7 An electric dipole
interaction can split the M, = =£1 rotational states — which
could explain the small ~ 1 cm™! splitting.'87-293

Pure vibrational transitions, Q band, of the symmetric
modes v; and v, are forbidden if J is a good quantum number
(i.e. free gas phase H,0).!87:290.293 Ap electric field inside the
Cgp mixes rotational states of the endohedral molecule (within
a vibrational state). This mixing can transfer enough ampli-
tude to the pure vibrational transitions (Q-band) to make them
observable.'8” However, the translational-rotational coupling
can also relax the selection rules through the induced dipole
moment of the translational motion.'$” The former is more
likely according to ref. 187.

Another explanation for why Q-band transitions are ob-
served for HyO@Cg is electric dipole-dipole interactions
between HyO molecules in adjacent cages.””> Experimental
IR spectra show the absence of observable Q-band transi-
tions in HoO@Cgp samples with low filling factors: visi-
ble for 75% f.f. but invisible for 15% and 1.5% f.f.2* In-
creasing the nearest-neighbour contacts between endohedral
H,0 molecules in the H;O@Cg lattice leads to the observa-
tion of nominally forbidden Q-band transitions??> Intermolec-
ular electric dipole-dipole interactions between H,O@Cg
molecules in adjacent cages can allow ro-translational states
to couple — which could be the reason for relaxing the Q-band
selection rules.?*3

Furthermore, higher filling factors (f.f.) lead to significant
changes to the IR peak line-shape, see fig. 28. Broader asym-
metric features containing multiple sub-components are seen
for 75% £.f., whereas only sharp components are seen for 15%
and 1.5% £.£.2

The broad feature changes shape/evolves significantly with
temperature between 5 — 60 K, middle panel fig 28, which can
be expected. However, similar changes are seen during spin
isomer conversion at 5 K, bottom panel fig 28. Changes in the
intensity and frequency of the shape components during the
spin isomer conversion process indicate some interactions be-
tween neighbouring endohedral H,O molecules are present;
and perturbations must be associated with populations of the
para/ortho-H,O ground states.?”> Furthermore, the absence of
such effects at low filling factors further supports this obser-
vation, as the average distance between H,O’s is smaller for
larger filling factors.?%3

The line-shapes in fig. 28 a and b appear as mirror im-
ages of each other, which is still a mystery, as they originate
in the same para-H,O@Cg ground state and end up in the
same rotational state; only the vibrational excitation is differ-
ent between the two.?% Additionally, during the spin isomer
conversion process, the line-shapes develop a blue-shift for
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FIG. 28. Details of the |Jxq ke N L) = [0pp 0 0) — [11; 0 0) transi-
tion from para-H,O@Cg in the v; (a) and v, (b) ranges of solid
H,O0@Cgy. (Top) Normalized IR spectra from samples having a
fill ratio of 75% (blue), 15% (red), and 1.5% (black). They were
acquired at thermodynamic equilibrium at 5 K for para-H,O@Cg.
(Middle) Normalized IR spectra from solid HyO@Cg, samples hav-
ing a fill ratio of 75%, obtained at thermodynamic equilibrium for
temperatures of 5, 6, 7.5, 8, 9, 10, 12.5, 13.5, 15, 20, 25, 30, 35,
40, 45, and 60 K. IR spectra are normalized to the intensity maxi-
mum of each transition over the temperature range. They are colour-
coded from the coolest (blue) to the warmest (red). (Bottom) Nor-
malized IR spectra from solid H,O@Cg( samples having a fill ratio
of 75% acquired during nuclear spin isomer conversion at 5 K. IR
spectra are normalized to the intensity maximum of each transition
at thermodynamic equilibrium at 5 K. They are colour-coded from
their warmest (red) to their coolest (blue) nuclear spin isomer popu-
lations. Reprinted from (ref. 293) Chartrand et al., J. Chem. Phys.,
162, 144312 (2025), with the permission of AIP Publishing.

v; and a red-shift for v, (bottom panel fig. 28), currently un-
explained.?”> Additional research is required to elucidate and
characterise such collective dynamics in endofullerenes.

I. CH,0Cq INS

INS investigations have been performed on CH,@Cg.'%0

At 1.6 K on the neutron energy loss side, peaks are observed
at: 1.3 meV for/ =0 — 1 and 3.87 meV for / =0 — 2. These
transitions match very well with the free CH4 rotor model:
1.3 meV for J =0 — 1 and 3.9 meV for / = 0 — 2. How-
ever, the J = 0 — 3 transition displays two peaks at 7.05 meV
and 8.9 meV, and the free rotor model predicts only one peak
at 7.8 meV.'® This splitting is most likely caused by the I,
symmetry of the confining potential, caused by the enclosing
Cgo cage. In I, symmetry, the allowed values for A (which
describe the symmetry of the potential) are A = 0,6,10,...,
see section IIE1 for more information. The rank A = 6
term is capable of causing a splitting of the J = 3 rotational
state.!33150:155,180 A¢ 1.6 K on the neutron energy gain side,
only one peak is observed at —1.3 meV, corresponding to the
J =1 — 0 transition.'8" This peak originates in a metastable
state of the CHy (the ortho-CHy, see below), because signif-
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icant time has passed during cooling before the data acquisi-
tion began. Additional neutron energy loss peaks are observed
originating from this metastable state, completely analogous
to the J = 0 transitions above, see ref. 180.

1. CH4@Cgy INS: nuclear spin isomer conversion

CHy4 displays three nuclear spin isomers: meta (total nu-
clear spin I = 2), ortho (/ = 1) and para (I = 0).'%0 Tempera-
ture jump experiments measured the ortho-CHy <> meta-CHy
nuclear spin isomer conversion time. At 10 K the conver-
sion time is 723 £ 195min for the J = 1 — O transition and
662 =+ 122 min for J/ = 0 — 1; at 15 K the conversion time is
175479 min for the J = 1 — O transition and 121 £26 min for
J =0 — 1.'3% No metastable state was observed for para-CHy,
concluding that its lifetime must be too short to be detected on
the timescale of the INS experiments.

J.  CH,0@Cgq, molecular motion
1. CH,0@Cqy THz

The THz (far-IR) spectrum of CH,O@Cg consists of two
peaks (5 —80K), at 166.8 cm™! and 231.1 cm~!2! They
correspond to transitions between the quantised translational
modes of CH,O confined in Cg, see section IIC. The quali-
tative explanation for the two modes involves the anisotropic
shape of the CH,O molecule. Translation along the long axis
of the molecule (along the CO bond) experiences a tighter
fit in the cage compared with translation perpendicular to the
long axis. Thus, translation along the long axis is expected at
higher energy (231 cm~") and perpendicular to it at lower en-
ergy (167 cm™!). Quantum chemistry calculations are in good
agreement with the experiment for the translational modes.?!

2. CH,0@Cq IR: spin isomer conversion

Nuclear spin isomers of endohedral CH,O have been ob-
served in CH;O@Cgp.2! CH,0 has two identical Hydrogens,
which through the Pauli exclusion principle lead to two spin
isomers: Ortho and Para, same as H, and H,O (see sec-
tion II H). The nuclear spin isomer conversion of CH,O@Cg
was measured for the first time in the solid state, at cryo-
genic temperatures using the IR active CH,O vibration at
~1255 cm~!.2! The spin isomer conversion rate is measured
to be 13.3 & 0.4 min at 5 K. Observing the spin isomer con-
version in endohedral CH,O indicates that the rotation ex-
changing the two Hydrogen atoms (around the CO bond) is
mostly unhindered even at cryogenic temperatures.!

VIIl. ELECTRONIC STRUCTURE SPECTROSCOPIES

This section is about electronic structure spectroscopies, in-
volving higher energies than in the previous sections. They
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represent transitions involving rearrangements of electronic
structure (section IIG), i.e. electronic transitions, usually
falling in the visible range of light. At the lower end is the
near-IR range and at higher energy is the UV or near-UV.
Common is UV-vis spectroscopy, which measures the ab-
sorbance against frequency for visible and UV light — mostly
probing electronic transitions. Other techniques usually em-
ploy light excitation using a laser.

A. He@C/ electronic (near-IR) spectroscopy

Electronic (near-IR) spectroscopy has been performed on
the He@Cg endofullerene (*He isotope). On the cationic
species in the gas phase, and with helium tagging. The
He@Cgr0 —He, species have been investigated, where n =
1 — 4, between 9300 — 9700 A (10752.7 — 10309.3 cm™") at
3.9 K.!* The electronic spectra are obtained by photofragmen-
tation of the (endo)fullerene cage — Helium complex, upon
laser irradiation. The observed transitions belong to the en-
capsulating fullerene cage.'*

The effect of tagging (exohedral adsorption) the fullerene
cages with Helium is revealed. Upon tagging one Helium
atom, the absorption lines of the Cgp fullerene are redshifted
by 0.7 A. Furthermore, the effect is linear, redshifting by 0.7 A
with each adsorbed Helium atom.!'# Using this effect, the ab-
sorption frequencies of H‘:@Cgr0 can be determined by extrap-
olating the He@Cgr(J — He, experimental results to n = 0.1

Firstly, the electronic spectrum of He@Cz:(J —He is blue-
shifted by 2 —3 A compared to CgO—He. Thus, endohe-
dral He encapsulation leads to the opposite effect of exohe-
dral adsorption, blueshift vs. redshift.!* Secondly, there is no
significant difference in the absorption cross-section between
the filled and empty fullerene cages — so the endohedral He-
lium does not significantly affect the near-IR absorption of the
fullerene cage.'*

Implications for detecting the He@Cg0 molecule in space
are discussed in ref. 14. Furthermore, refs. 7-13 discuss more
about detecting (endo)fullerenes in space.

B. Ar@Cgy UV-vis

No observable differences are observed between the UV-
vis spectra of Ar@Cgy and Cgp (room temperature in
toluene), 101:233.296

C. Kr@Cg electronic spectroscopy
1. Kr@Cgy UV-vis

UV-vis measurements of Kr@Cg (dissolved in methylcy-
clohexane/isopentane glasses at 77 K), compared with Cgo,
reveal a red-shift of ~45 cm~! for the bands around 600 nm
('Tig <! A1p) and a blue-shift of 10— 15 cm™! for the bands

around 400 nm (1'Tjy <! Aj,).”> However, in toluene at
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room temperature the UV-vis spectrum of Kr@Cg is almost
identical to Cgp, with some uncertain small red-shifts around
600 nm. 102

2. Kr@Cq, photoexcited electronic triplet: lifetime

Cgp can be excited to an electronic triplet state by strong
laser irradiation, see section IV D. Transient absorbance de-
cay kinetics can measure the lifetime of the photoexcited elec-
tronic triplet state. The electronic triplet state lifetime of
Kr@Cg at 77 K is found to be 12% faster than that of empty
Ce0, 4760 s~ compared with 4240 s~! respectively.’?

D. NQ@Cg electronic spectroscopy
1. N@Cﬁo UV-vis

UV-vis measurements of dilute N@Cg (2 x 107> M) and
Cgo in hexane effectively show no difference between the
two.297 Also, in toluene there is no observable difference from
300 — 1000 nm.?*

2. NG@Cg, photoexcited electronic triplet: lifetime

Ceo can be excited to an electronic triplet state by strong
laser irradiation, see section IV D. Transient absorbance de-
cay kinetics can measure the lifetime of the photoexcited elec-
tronic triplet state. The photo excited electronic triplet lifetime
of N@Cg (in toluene at room temperature) is measured to be
mono-exponential with a lifetime of 2.3 us, whereas Cg is
51 us under the same conditions.?*> This 22-fold difference
in the lifetimes (decay constants 1.9 x 10* s7! for Cgy and
4.4 x 10° s7! for N@Cgp) indicates the Cgp electronic triplet
decay rate is drastically enhanced by the endohedral Nitrogen
atom; likely due to the unpaired electrons on N (S = 3/2).23?

E. H,QCg electronic spectroscopy
1. Hz@cso UV-vis

The UV-vis spectrum of Hy @Cg is the same as that of Cg
(cyclohexane, room temperature).”>*

2. H,@Cgy & D,@Cq, photoexcited electronic triplet:
lifetimes

Ceo can be excited to an electronic triplet state by strong
laser irradiation, see section IV D. Transient absorbance de-
cay kinetics can measure the lifetime of the photoexcited elec-
tronic triplet state. The triplet lifetimes of Cgo, Hy @Cgp and
D, @Cg¢p were measured in toluene at 285 K tobe 110 £ 8 us,
with no measurable difference between them.?’!
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3. H,@C¢, photoexcited electronic triplet state: spin isomer
conversion

Since H; has two indistinguishable Hydrogen nuclei, it dis-
plays nuclear spin isomerism: ortho-H, and para-H, (see sec-
tion Il H). Photo-exciting the Cgp cage leads to an electronic
triplet state on the fullerene (see section IV D).

As a result of photo-excitation, the "paramagnetic skin" of
the fullerene molecule could act as a spin catalyst for the
nuclear spin isomer conversion of endohedral H,.2*® Unfor-
tunately, this did not work for Hy @Cgy which displayed no
observable ortho-para conversion; but it was very efficient
for Hy@C7o (77 K in toluene-dg).2%® The reason is believed
to be the triplet lifetime of the fullerene cages, for H, @Cyo
the triplet lifetime is long, 49 + 2 ms, whereas for H, @Cgo
is much shorter, 0.21 +0.01 ms at 77 K in toluene-dg (simi-
lar values are seen for empty C7o and Cg).2%® Interestingly,
no significant spin isomer conversion occurred in Hy @Cyo
when generating the electronic triplet state at room tempera-
ture, most likely due to very short Cyg triplet lifetimes at room
temperature.?*®

4. H, @Cgo electronic (near-IR) spectroscopy

H,@Cg¢ has been investigated using electronic (near-IR)
spectroscopy in the gas phase, in ionic form using He-
lium tagging (more details in section VIIIA), namely the
H, @Cg0 — He species. Measurements are performed at 3.7 K
between 860 — 970 nm (11627.9 — 10309.3 cm™"). The ob-
served transitions belong to the encapsulating cage.'

IR spectroscopy on Hy @Cg0 is shown in section VIIF 6.

When comparing the Hz@Cg'O —He electronic spectra
with C{; —He some distinct differences are observed. The
H,@C{, — He signals are blue-shifted by about 1.5 nm and
exhibit additional splittings.'> The endohedral H, signifi-
cantly perturbs the electronic excited states of Cgro.

The electronic blue-shift caused by endohedral H, encap-
sulation is much larger than the shifts caused by exohedral
adsorption of Ne, Ar, No, Hy or D, onto Cg}). Furthermore,
exohedral adsorption generally causes red-shifts and not blue-
shifts like endohedral encapsulation.'32%

The upper limit for the interstellar Hy @C,/C; ratio is de-
termined to be ~ 0.1.13 Furthermore, refs. 7-12,14 discuss
more about detecting (endo)fullerenes in space.

F. HF@Cg, UV-vis

UV-vis measurements on HF@Cg, at room temperature in
toluene and hexane, show no detectable difference from the
empty Cgo measurement.?”
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G. H,00Cq electronic spectroscopy
1. H,0@Cgy UV-vis

The UV-vis spectrum of HyO@Cg is essentially indistin-
guishable from that of empty Cg in toluene. Indicating that
there is no detectable interaction between H>O and Cgp.®

2. H,0@C{, & D,0@C,, electronic (near-IR) spectroscopy

Electronic (near-IR) spectroscopy has been performed
on the cationic species C/y—He, H0@C{ —He and
D,0@C{, —He in the gas phase.’* Performed using He-
lium tagging (Helium atoms exohedrally adsorbed on the
fullerene), more details in section VIII A. The near-IR data
are obtained from photofragmentation of the complexes (ex-
pulsion of the adsorbed Helium) upon laser irradiation, in the
range 10400 — 10700 cm ™" at 4 K. Mostly transitions corre-
sponding to the cage are seen, but transitions of the endohedral
H,O are also observed.3®

Minor perturbations of the electronic transitions are
present due to the exohedrally adsorbed Helium atoms.
HzO@CgO —He, displays a red-shift of 0.77 cm~! per He-
lium, which scales linearly with n the number of He atoms.
The adsorbed He atom is ignored in the analysis and
H,0@C, — He is treated as HO@Cg; same for D,0@Cy;
and C{,.3%

Comparing the electronic transitions of C¢, and H0@C},
shows striking differences. Cg should be Jahn-Teller dis-
torted and it has two electronic transitions around 10400 cm ™!
(®Bg < X?A, and %A, + X?A,), whereas H,0@CY; shows
only one such transition. Besides the strong absorption peaks,
additional weaker signals are seen 9 —250 cm™! away from
the electronic transition of HZO@CZO, peaks a-f in fig. 29.300
These frequencies match the energies for rotations or trans-
lations of endohedral water in H;O@Cg, but are too low
for vibrations — see section VITH. Most of the weak tran-
sitions are assigned to rotations or translations of the endohe-
dral water, with some uncertainties. This demonstrates that it
is possible to have electronic transitions of the Cgro fullerene
cage accompanied by rotations/translations of the endohedral
water.*%? Other such examples are seen for H0@Cg, and
H,0@Cs9N™, in section IXE 3.

Electronic (near-IR) spectra of individual spin isomers of
H, @CY, and D,0@Cy, (see section ITH for spin isomerism)
are observed by employing a two colour hole burning method;
see fig. 29 for HZO@CZO.300 The assignment of the spin iso-
mers is done based on the proportion of leftover signal upon
hole burning. For H,O@CY, the leftover signal is 25% for
para and 75% for ortho; whereas for DZO@Cg{) it is 33.3%
for para and 66.6% for ortho. Thus, rotations/translations of
endohedral water (inside electronic excited state Cgro) are un-
ambiguously associated with each spin isomer.3%

For H20@C§0 it appears that if K, 4+ K. (rotational quan-
tum numbers of H,O) is even that corresponds to ortho water,
which is opposite to neutral HyO@Cg (or free Hy0).3% This
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FIG. 29. Electronic (near-IR) spectra of HZO@C:0 (top), para—HQO@CgrO (middle), and ortho—HzO@Cz0 (bottom). The lower two traces were
obtained in 2 colour experiments. The middle spectrum was recorded by fragmenting all complexes that absorb at 10429 cm~!. The bottom
spectrum was recorded after irradiation at 10438 cm™!. Open access reprint from ref. 300.

indicates that the electronic wavefunction of H20@CgrO is an-
tisymmetric with respect to the exchange of the Hydrogen nu-
clei, since all other wavefunctions (vibrational, rotational and
nuclear) are the same as for neutral HyO@Cg,.3%

The spectrum of DZO@C;rO differs significantly from
HgO@CgrO.mO First, the intensity pattern of the peaks is dif-
ferent. Second, the separation between the peaks is smaller
because of the isotope effect (as expected). Furthermore, the
isotope effect is used to confirm the assignments. Most of the
observed transitions are assigned, although some are uncer-
tain d}lég to the difficulty in modelling electronic transitions of
Coo-

H. CH20@C60 UV-vis

The UV-vis spectrum of CH;O@Cg (toluene, room tem-
perature) is red-shifted by —6 nm with respect to empty Cgo
(corresponds to —18 meV).2! This difference between the
electronic orbitals of Cg filled with CH,O and empty Cg is
the largest observed to date for non-metallic endofullerenes.?!

IX. IONISATION SPECTROSCOPIES AND TECHNIQUES

This section involves high energy spectroscopical methods,
performed with UV or X-ray radiation, that lead to ionisa-
tion of the endohedral species or the fullerene cage. For more

background information see section III D.

A. Ar@Cg ionisation spectroscopy
1. Ar@Cgy XPS

X-ray photoelectron spectroscopy (XPS), section III D, has
been performed on low filling factor (~ 0.1%) Ar@Cg.”° The
XPS spectrum displays a multiplet corresponding to the 2p
orbital of Ar: 2p;/ at ~ 245 eV and 2py; at ~ 243 V.7

A similar XPS spectrum is obtained for Ar inserted into
graphite by ion implantation; but redshifted by ~ 2 eV com-
pared with Ar@Cg.7°

2. Ar@C60 VB-XPS

Valence-band X-ray photoemission spectra (VB-XPS), sec-
tion IIID 1, show no difference between the cage molecular
orbitals of Ar@Cgy and Cgo.!% However, at 15 eV the Ar 3 P
orbital of Ar@Cg is observed. This ionisation potential is
higher for Ar in the gas phase, 15.76 eV, and it also displays
an observable 177 meV spin-orbit splitting — which is absent
in Ar@Cg.!'%

Through DFT calculations, the Ar 3p orbital is shown to
interact with the Cgo 677, orbital of the same symmetry and
similar energy. This leads to hybridisation of the Ar 3p and
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Cgo 6T, orbitals, resulting in bonding and anti-bonding or-
bitals, 1.6+0.2 eV apart in energy.'

3. Ar@Cq, EXAFS

EXAFS (extended X-ray absorption fine structure), sec-
tion IIID 2, experiments have been performed on Ar@Cg
at the Ar K-edge.3%! The EXAFS analysis gives the average
Ar—C distance of ~3.55 A; and this distance is shown to de-
crease by a small amount with increasing temperature. How-
ever, the Debye-Waller factor for the Ar—C distance increases
with increasing temperature.3°!

4. Ar@Cgq) NIXSW

Normal incidence X-ray standing wave (NIXSW), sec-
tion III D 3, measurements have been performed on Ar@Cg
adsorbed on a Ag(111) surface.’> Interpretation of the
NIXSW results estimates the position of the endohedral Ar
atom to be 5.54 + 0.04 A above the Ag(111) surface.3*2 For
NIXSW measurements of HF@Cgy and H;O@Cg see sec-
tion IXD and IXE2.

The position of the endohedral atom inside the cage dif-
fers between bulk endofullerenes and endofullerenes adsorbed
on a surface. When fullerenes are chemisorbed on a surface,
charge redistribution occurs, which produces an electric field
inside the cage. The distance of the Ar above the Ag(111)
surface is consistent with Ar@Cgy PAW-DFT calculations and
LEED measurements on empty Cgp.30?

5. Ar@Cg core hole clock measurements

The Auger-Meitner resonant Raman variant of the core
clock technique was used to measure the delocalisation (tun-
nelling) time of a photoexcited Ar electron in Ar@Cg.302304
This core clock technique is an energy domain variant of ul-
trafast pump-probe spectroscopy, capable of measuring the
rate of electron transfer from tens of attoseconds to hundreds
of femtoseconds.?*>3% The photoexcited electron can be a
spectator during an Auger-Meitner process or it can delo-
calise beforehand (i.e. the electron tunnelled away before the
core hole decay). The characteristic delocalisation (charge
transfer) time 7p is measured from the ratio of these two
processes, 02304

X-ray irradiation was used to excite an Ar electron (in
Ar@Cg) from a core 2p orbital to a 4s orbital. The core hole
clock technique then probes the characteristic delocalisation
time of the 4s electron. The full width at half-maximum of
the 2p3 /2= 4s absorption peak is 280 & 10 meV, compared
with ~ 120 meV for gas phase Ar.30? Furthermore, the Ar
2p3; — 4s resonance is found to be 4.80+0.15 eV above
the HOMO.3%

The characteristic delocalisation time 7p is 6.6 0.3 fs
for bulk Ar@Cg and < 500 attoseconds for a monolayer of
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Ar@Cg adsorbed on a Ag(111) surface.>*?> Compared with a
few fs for Ar directly adsorbed on a metal, 3 — 16 fs when a
graphene monolayer is present in between the Ar & the metal
surface and over 50 fs for Ar decoupled from the substrate
by an underlying layer of Ar/Xe.>*? The enclosing Cgo cage
seems to facilitate the electron transfer to the metal surface.
Furthermore, the delocalisation time Tp becomes shorter as a
function of increasing X-ray energy; which is entirely oppo-
site to Ar directly adsorbed on metal surfaces.”

Quantum chemistry calculations predict that the Ar 4s or-
bital extends beyond the Cgy cage for both the ground and
excited states.>*> More than 80% of the density lies beyond
the fullerene cage. The ground state unoccupied 4s orbital has
92% Ar character, whereas the excited state only has 13%.
The excited state Ar-Cg hybrid orbital appears to couple sub-
stantially with the Ag(111) electronic structure, shortening the
delocalisation time. This diffuse nature of the excited state
combined with the dominant Cg character is indicative of su-
peratomic molecular orbitals.>*?

B. Kr@Cgq EXAFS

EXAFS (extended X-ray absorption fine structure), sec-
tion III D 2, experiments were performed on Kr@Cg at the Kr
K—edge.196 Some differences are seen in the Kr@Cgy EXAFS
response between low and high temperature, indicating the
rotation of the fullerene cages at room temperature affects the
EXAFS response.'? Furthermore, the Kr—C path distance is
estimated to be 3.540(7) A and 3.537(10) A at 80 K and 300 K
respectively.! 96285

Such results, together with Kr@Cgy IR measurements
(section VIID 2), appear to be consistent with Cg fullerenes

exhibiting negative thermal expansion at low tempera-
tures, 196.285

285

C. Xe@Cgr0 Confinement resonances photoionisation

Confinement resonances, section IIID4, have been ob-
served in endofullerenes, specifically in the Xe@C{, molecu-
lar ion,199-201

Xe@C;r0 ions in the gas phase were irradiated with syn-
chrotron radiation (vacuum ultra-violet to soft X-rays). Per-
formed by counter-propagating a beam of Xe@Cg0 molecular
ions with a monochromatic synchrotron beam of 60 — 150 eV
(ionisation energy of the Xe 4d electrons). %201

A significant increase in the photoionisation cross section
is observed in the range 70 — 140 eV when Xe is present in-
side Cf, as compared with empty C{,.!%72%! Oscillations in
the energy dependence of the photoionisation cross section
for Xe@C{, prove the observation of confinement resonances
(multipath interference); since photoionisation of free Xe or
empty Cgo does not present such oscillations.'*® Fig. 30 dis-
plays such oscillations in the photoionisation cross section of
Xe@CY,, with the contribution from free Xe removed.?®® In-
terference is pronounced here because the de Broglie wave-
length of 5 —70 eV photoelectrons (ionised by 70 — 140 eV
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FIG. 30. Oscillatory structure of the encapsulated Xe photoioniza-
tion cross section made visible by displaying the ratio A(Xe)/o(Xe)
= [G(Xe@CgO)fo'(Xe)]/o(Xe) as a function of the photoelectron
energy and the photoelectron de Broglie wavelength, respectively.
More details about the experiment and theoretical analysis are found
in ref. 200. At a 4d photoelectron energy of 21 eV, about five de
Broglie half waves fit inside the inner diameter of the Cg cage.
Reprinted figure with permission from (ref. 200) Phaneuf et al., Phys.
Rev. A, 88, 053402 (2013). Copyright (2013) by the American Phys-
ical Society.

synchrotron radiation) is comparable with the ~0.7 nm diam-
eter of the Cg cage.??

Using a simplified model, treating the fullerene cage as a
hard sphere (which has limitations), and interpreting the con-
finement resonance data (fig. 30) gives reasonable results:
a 0.35 nm radius for C&) and a carbon shell thickness of
0.09 nm. 2%

Furthermore, analysing the different ion channels after
photoionisation indicates that the presence of Xe inside the
fullerene cage leads to enhanced fragmentation of the Cgo.
The endohedral Xe atom converts the photon energy to molec-
ular vibrational energy — displaying potential practical appli-
cations.?%

D. HFOCg Normal incidence X-ray standing wave (NIXSW)

Normal incidence X-ray standing wave (NIXSW), sec-
tion III D 3, measurements have been performed on HF@Cg
adsorbed on a Ag(111) surface.'® Interpretation of the
NIXSW results estimates the position of the Fluorine (in
HF@Cg) to be 5.7 4 0.1 A above the Ag(111) surface.'8 For
NIXSW measurements of Ar@Cgy and HO@Cg see sec-
tions IXA4 and IXE 2.

The position of the endohedral molecule inside the cage dif-
fers between bulk endofullerenes and endofullerenes adsorbed
on a surface. When fullerenes are chemisorbed on a surface,
charge redistribution occurs, which produces an electric field
inside the cage. Endohedral molecules are affected by this
intra-cage electric field and can have different positions inside
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the cage, compared with the bulk endofullerene material.'*®

E. H,0Q@Cg, ionisation spectroscopy
1. H,0@Cq, VB-XPS

Valence band X-ray photoemission spectroscopy (VB-
XPS), section III D 1, acquired with 110 eV photon energy, ef-
fectively shows no difference between Cgo and HyO@Cg.'"®
This further strengthens the argument that upon encapsula-
tion, endohedral species are electrostatically screened and de-
coupled from the environment.'*® However, there is evidence
that the endohedral H,O molecule "senses" the change in elec-
trostatic potential when HyO@Cg is adsorbed on a Ag(111)
surface. Adsorption leads to charge transfer into the LUMO of
the fullerene cage, changing the electrostatic potential inside
the cage, see section IXE 2198

2. H,0@Cq NIXSW

Normal incidence X-ray standing wave (NIXSW), sec-
tion III D 3, measurements have been performed on H O @Cg
adsorbed on a Ag(111) surface.'”® Interpretation of the
NIXSW results estimates the position of the Oxygen (in
H,0@Cgp) to be 5.57 + 0.03 A above the Ag(111) surface.!%8
For NIXSW measurements of Ar@Cgy and HF @Cg see sec-
tions IX A4 and IXD.

The position of the endohedral molecule inside the cage dif-
fers between bulk endofullerenes and endofullerenes adsorbed
on a surface. When fullerenes are chemisorbed on a surface,
charge redistribution occurs, which produces an electric field
inside the cage. Adsorption leads to charge transfer into the
LUMO of the Cgp cage, changing the electrostatic potential
inside the cage.!*® Endohedral molecules are affected by this
intra-cage electric field and can have different positions inside
the cage, compared with the bulk endofullerene material.'*®

3. Hy0@Cy, & H,0@CsyN~: Electron affinity (EA) and
ionisation potential

High resolution photoelectron (section III D) imaging stud-
ies have been performed on HO@Cg, and HO@Cs9N~
in the gas phase.'® In the photoelectron (PE) spectrum of
H,0@Cy, a sharp peak (08) is seen for the transition from
the anion H,O@Cy, to the neutral species HO@Cgp, corre-
sponding to the electron affinity (EA) energy. Above the EA
energy, multiple peaks are observed, corresponding to tran-
sitions from the ground vibrational state of the anion to the
excited vibrational states of the neutral species. Small dif-
ferences are seen between the empty and filled cages, most of
the peaks corresponding to the fullerene cage. However, a few
peaks are observed that are not present in the empty species
at: 35cm™! & 95cm™! (away from the EA energy) for
H,0@Cyg and at 74 cm™! & 128 cm™! for H,0@Cs5oN~.105
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Such transitions correspond to rotations of the water molecule
inside the cage, although the differences in energy are rather
large between H,O@Cy, and H;0@CsoN~.1% Very similar
energies are observed for the neutral species HyO@Cg, see
section VIT H. This shows that it is possible to have transitions
of the Cq, & CsoN™ fullerene cages accompanied by rota-
tions/translations of the endohedral H,0.!% Other such exam-
ples are seen for H;O0@Cy, and D,O@CY, in section VIII G 2.

Measuring the PE spectra and EA’s for all C;, H;,O@Cy,
CsoN™ and HO@Cs9N™, gives the difference in EA’s when
an endohedral species is present.'®> The EA for HyO@Cg
was measured to be 2.6923 4 0.0008 eV, which is 8.8 meV
higher than Cgp; and the EA for HO@CsoN is 3.0058 &
0.0007 eV, 9.2 meV lower than CsoN.103

The opposite shifts of the EA’s for HyO@Cgy and
H,O@Cs9N can be understood from a simple electrostatic
model between the HOMO of the fullerene anion and the par-
tial charges on H>0.!% For Cy, the electron is delocalised
over the whole cage, whereas CsoN™ has the electron mostly
localised around the Nitrogen atom. DFT calculations show
that for HO@CsoN~ the water molecule has the Oxygen
atom pointing towards the Nitrogen.!% This will destabilise
the complex because of electrostatic repulsion between the
electronegative Oxygen and the extra electron centred on the
Nitrogen atom. Whereas for H;O@C,, there is no preferred
orientation and the interaction between H>O and Cy, is attrac-
tive (the complex is stabilised). Thus, for HO@Cs9N one
expects the EA to be lower than Cs9N, and for HyO@Cg( and
Cg the opposite, as observed.'%

X. OTHER NON-SPECTROSCOPICAL TECHNIQUES
A. Crystallography

Performing crystallographic experiments on
(endo)fullerenes is notoriously challenging because of
the difficulty in making single crystals. Some powder
X-ray (PXRD) crystallographic measurements of pristine
endofullerenes are presented in the following sections.
Single crystal measurements performed on co-crystals of
(endo)fullerenes are briefly mentioned below.

1. Single crystal diffraction of endofullerene co-crystals

Single crystal measurements have been performed on co-
crystals of (endo)fullerenes, usually porphyrin complexes.3%
Single crystal diffraction measurements can be found for co-
crystals containing the following endofullerenes: He@Cygo?’,
Ne@Cgp'?, Kr@Cg'?23%, HF@Cg?’, H,0@Cg%,
CH,@Cg'%%, CH,0@Cy2!, (He-N)@Cqp?’, Hy0@C7%
and (HF - Hy0) @C7p>.
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2. Ar@Cq crystallography

Powder X-ray diffraction (PXRD) measurements per-
formed on Ar@Cgp show that the unit cell parameter of
Ar@Cg is 0.022 A larger than empty Cgp at room temper-
ature. However, at low temperature, they switch: at 100 K the
Ar@Cgp unit cell parameter is slightly smaller than Cgo, with
the crossover appearing around 200 K339

PXRD of Ar@Cg clearly shows the presence of the (200)
reflection, corresponding to the Ar atom in the centre of the
cage. Furthermore, the electronic density of Ar@Cg sim-
ulated using the maximum entropy method (MEM), clearly
shows significant electronic density for the carbon cage frame-
work and for the endohedral Ar atom at the centre of the Cg
cage.?®3

a. K3(Ar@Ce) crystallography

PXRD measurements show a slightly smaller unit cell pa-
rameter for K3(Ar@Cg) than K3Cg 233290

3. H,@Cq crystallography

Powder X-ray diffraction measurements have been per-
formed on H, @Cg.”2 Maximum Entropy Method (MEM)
Rietveld analysis gives the electron density of the Hy @Cgg
endofullerene. Such results determine the position of the en-
dohedral H; to be at the centre of the fullerene cage.”?

4. H,0@Cq crystallography

Powder X-ray diffraction measurements have been per-
formed on H,O@Cgy (20 — 300 K).3% The lattice constant
for HO@Cg at 300 K is slightly larger than empty Cgp, but
at 252 K they are almost equal. The Fm3m — Pa3 fullerene
phase transition (see section IV A 2) occurs at 257(1) K for
H,0@Cgp, same as for empty Cgp.300

At 20 K the mean square displacement of the Oxygen atom
is three times larger than the Carbon. This demonstrates the,
mostly unhindered, translational and rotational mobility of
H,0 inside the Cg) cage.’*

Maximum Entropy Method (MEM) Rietveld analysis gives
the electron density of the HyO@Cg( endofullerene. Such re-
sults determine the position of the endohedral H,O to be at
the centre of the fullerene cage.>*

B. Superconductivity

The fulleride materials M3Cgy (M = K, Rb, Cs, etc.) be-
come type 2 superconductors at low temperatures, displaying
superconducting transitions (T.) below 40 K.126233.296 Tpe
fulleride cage can contain endohedral species leading to endo-
fulleride materials. The superconducting transition T, can be
measured by bulk magnetisation measurements, usually em-
ployed using SQUID magnetometers.
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1. Rby(*He@Cy) superconductivity

Rb3;(CHe@Cg) with a filling factor of 22% displays a T,
of 30.7 +0.1 K.'?® This is comparable with the T, of Rb3Cg
which is between 25 — 30 K. The presence of endohedral >He
does not disturb the superconducting transition temperature
significantly.'?® The Rb3(*He@Cgp) displays interesting >He
NMR results, see section V B 4.

2. K3(Ar@Cg) & Rb3(Ar@Cy) superconductivity

The endofullerides K3(Ar@Cgy) and Rb3(Ar@Cgy) have
been obtained in small quantities (<1 mg).2*>>%® For the end-
ofulleride K3(Ar@Cgp) T, is 17.6 K and for K3Cqp T, is
19.2 K, displaying a ~ 1.6 K difference.?3>?°® For the end-
ofulleride Rb3(Ar@Cg) T, is 26.8 K and for Rb3Cgy T, is
29.3 K, displaying a ~ 2.5 K difference.?33-2%

However, impurities are detected in these samples. Thus, it
cannot be ruled out that the observed differences between the
T, values are due to impurities, non-stoichiometry or inhomo-
geneities.

C. Voltammetry

Cyclic Voltammetry (CV) and Differential Pulse Voltam-
metry (DPV) experiments measure the redox potentials of a
molecule, i.e. at which electrochemical potential the molecule
can accept/donate electrons. In all the cases discussed here,
small or no differences are observed between the empty Cep
and the endofullerene analogue. Indicating that the interac-
tions between the endohedral species and the cage are small,
and that charge transfer does not occur between them or is
very small.

1. H,@Cgqy Voltammetry

CV and DPV measurements on H, @Cg, at room temper-
ature in ODCB and in 1,1,2,2-tetrachloroethane, do not show
measurable differences from empty Cg.2>* However, when
performed in a mixture of toluene and acetonitrile at —10 °C,
the Hy@Cg reduction potentials increase in magnitude as
more electrons are added to the cage. The measured reduc-
tion potentials are —0.95V, —1.37V, —1.89V, —2.39V,
—2.95Vand ~ —3.5V for Hy@Cgp; and —0.95V, —1.37 V,
—1.88V, —2.35V, —2.88 V and —3.35 V for empty Cgo.23*

2. HF@Cgq, Voltammetry

CV and DPV measurements on HF@Cg, at room temper-
ature in toluene : acetonitrile = 4 : 1, do not show detectable
differences from the empty Cgo measurements.?
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3. H,0@Cq, Voltammetry

CV and DPV measurements of H,O@Cg, in ODCB, with
0.1 M BuyNPFg as supporting electrolyte, give the redox po-
tentials (vs. ferrocene) as: +1.32 V (irreversible), —1.08 V,
—1.46V, —1.91V and —2.38 V.”® These are almost the
same as determined for empty Cgp: +1.32 V (irreversible),
—1.08V, —1.47V, —1.92V and —2.39 V.*® Furthermore,
no difference was seen in the electrical conductance between
H,0@Cg and Cgp.>7

4. CH,0@Cgq, Voltammetry

Voltammetry measurements have been performed on
CH,0@Cg in toluene : acetonitrile =4 : 1, containing 0.1 M
BuyNPFg as the supporting electrolyte. CV and DPV mea-
surements reveal that the first 4 reduction potentials of
CH,0@Cgy are shifted by —30 mV relative to empty Cgo.2!
This difference between the electronic orbitals of Cgq filled
with CH,0 and empty Cg is the largest observed to date for
non-metallic endofullerenes.?!

D. Dielectric constant measurements

Measurements of the dielectric constants of HF@Cg, and
H,0@Cg) have been performed as a function of temperature.
From such results, electric dipole moments and molecular po-
larizabilities can be determined.

1. HF@Cq, Dielectric constant measurements

Temperature dependent dielectric constant measurements
of HF@Cg can estimate the dipole moment of the endohe-
dral HF molecule.?’ This is possible by using the gas phase
free HF model in the temperature range 0 — 100 K; because
above 100 K the free HF model cannot reproduce the exper-
imental data. The determined dipole moment for the endo-
hedral HF is 0.45 £ 0.05 D, which is approximately 4 times
smaller than for the gas phase HF.?® A similar reduction in
the dipole moment by a factor of four is seen for H;O@Cg
below (section X D 2).

2. H,0@Cq dielectric constant & spin isomer conversion

The bulk dielectric permittivities of HyO@Cgy and Cgo
have been measured as a function of temperature.>® For
Cgo the permittivity is temperature independent, but for
H,O@Cg it increases significantly as the temperature de-
creases (Curie—Weiss law). An upper limit for the dipole mo-
ment of the endohedral H,O is estimated to be p < 0.7 D.3%

Furthermore, for HyO@Cg the bulk dielectric constant is
shown to depend on the ortho/para ratio of endohedral H,O
(see section I H for spin isomerism).28° The capacitance (bulk
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dielectric constant) of HyO@Cg, follows the ortho/para ra-
tio and can be used to measure the ortho-para conversion
rate: of a few hours and following bi-molecular kinetics.?*
This ortho-para conversion rate is shown to be the same as
measured by NMR (section VF5).2% From such measure-
ments, the dipole moment of endohedral water in HO@Cg
is measured to be 0.51 £ 0.05 D, approximately four times
smaller than for free Hy0.2%% The same value is obtained
from THz spectroscopy of HoO@Cgp, 0.50 £ 0.05 D (sec-
tion VITH 1).'87 Furthermore, by combining the capacitance
and NMR measurements on HyO@Cyg, the polarizability vol-
umes for the two endohedral spin isomers can be estimated:
aotho’ = 43 + 4 A3 and oPa® =29 £ 3 A3.289

E. Heat capacity measurements

Measurements of the specific heat capacity of endo-
fullerene materials can detect significant contributions (to the
heat capacity) from endohedral species.

1. Ar@Cgy & Kr@Cy differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements
have been performed on Cgp, Ar@Cgp and Kr@Cg (0.9 mg,
0.205 mg and 0.05 mg respectively) between —50 °C and
110°C.2%3 The DSC measurements display a peak around
250—260 K, corresponding to the rotational disordered — ro-
tational ordered phase transition of the fullerene lattice Fm3m
—Pa3 (see section IV A 2). The phase transition of Ar@Cg
appears ~ 1.5 K lower than for Cgp; and for Kr@Cg the dif-
ference is larger, appearing ~ 5 K lower than for Cg.2>> How-
ever, the endofullerene samples do not appear to have been
sublimed in this case, which can lead to changes in the phase
transition temperature.

2. H,@Cq specific heat capacity

The specific heat capacity (or heat capacity) of Hy @Cgy is
measured to be larger than Cg at all temperatures, attributed
to additional contributions from endohedral Hy, see fig. 31.92

A peak is seen in the specific heat capacity against temper-
ature around 260 K for both H, @Cg( and empty Cg, fig. 31
(a). The peak appears due to the phase transition of the Cgo
or Hy @Cq lattice from a rotational disordered to a rotational
ordered phase, Fm3m — Pa3, more details in section IV A 2.

For Hy @Cgp an anomaly is seen at 0.6 K, where a peak is
observed in the specific heat against temperature (not present
for Cgp), fig. 31 (b). This is attributed to a small splitting of
the triply degenerate J = 1 rotational ortho-H, state, with an
energy separation of 0.1 — 0.2 meV.”? This splitting is due to
a symmetry breaking effect seen for Cgp endofullerenes, more
details in section IV C. Merohedral disorder of the Cg lattice
(section IV A 2) lowers the symmetry from Icosahedral to S,
which can lift the degeneracy of the H, J = 1 rotational state.92
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FIG. 31. Specific heat of Cgp and H, @Cg. Full temperature range
in (a) and low temperature range in (b). Open circles are measured
by a PPMS, and solid black circles are measured by a home-made
calorimeter. The solid line was obtained by extrapolation. Reprinted
figure with permission from (ref. 92) Kohama et al., Phys. Rev. Lett.,
103, 073001 (2009). Copyright (2009) by the American Physical
Society.

3. H,0@Cq specific heat capacity & spin isomer conversion

The specific heat capacity of H O@Cg is measured to be
larger than Cgp at all temperatures, attributed to additional
contributions from endohedral H,0.2%2

An anomaly is seen for HO@Cgp at ~ 2 K where a shoul-
der is visible in the heat capacity.??> The shoulder slowly dis-
appears if the sample is kept at low temperature for a long
time, during which the spin isomer conversion from ortho
to para HyO occurs. This proves the anomaly to be due
to the ortho-H,O spin isomer (see section IIH for spin iso-
merism).

The results are consistent with a split J = 1 ortho-H,O rota-
tional state (section IV C). However, the results suggest there
should be two distinct environments for the endohedral H,O,
with different energy level structures and different spin isomer
conversion rates.???

The spin isomer conversion rate can be measured from the
time dependence of the HyO@Cg( heat capacity at a given
temperature. The endohedral H,O spin isomer conversion rate
is temperature independent below 13 K and above 13 K it be-
comes faster with increasing temperature.??> Below 13 K the
spin isomer conversion rate is bi-exponential and the two con-
version times are estimated to be 1.5 h and 11 h. Above 13 K,
the spin isomer conversion is mono-exponential and follows
an Arrhenius type behaviour with temperature, yielding an ac-
tivation energy of ~ 3.2 meV. This is comparable to the en-
ergy difference between the para and ortho H>O ground states
of 2.2 —2.8 meV (section VII H).222

The spin isomer conversion appears to involve 2 processes:
one thermally active and one thermally inactive. The ther-
mally activated process above 13 K could be due to thermal
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excitations, and the thermally inactive process below 13 K
could be due to tunnelling.???

From the heat capacity measurements, the HyO@Cg spin
isomer conversion rate is shown to be bi-exponential below
13 K22 This conflicts with the bi-molecular kinetic process
identified through the NMR measurements (section V F 5).2%!
However, upon close inspection of the two models, see SI of
ref. 222, the two calculated decay curves are very similar and
it is difficult to distinguish between them. For the heat capac-
ity measurements, the bi-exponential model provides a more
satisfactory match with the experimental data.?

F. STM and ncAFM of H,00Cgq, & HFQCq,

The endofullerenes HyO @Cyg and HF@Cg, adsorbed on a
Cu(111) surface, have been probed using scanning tunnelling
microscopy (STM) and non-contact atomic force microscopy
(ncAFM).!8 STM and ncAFM did not detect any difference
between filled and empty fullerene cages, suggesting that the
frontier orbitals of the adsorbed Cg are unperturbed by the
presence of endohedral H>O or HF.!%8

G. Electron beam chemical modifications (ChemTEM):
endofullerene peapods

ChemTEM is a tunnelling electron microscopy (TEM)
technique in which the electrons are used to obtain TEM im-
ages but also to generate chemical modifications of the im-
aged sample. By providing the right kinetic energy to dissoci-
ate chemical bonds, the electron beam acts as both the pump
(kinetic energy transfer) and the probe (imaging).308-30°

1. HF@C60 & HzO@C60 peapads: ChemTEM

The endofullerenes HF@Cgy and H;O@Cg( have been in-
serted into single walled carbon nanotubes (SWCNT) to form
(HF@Cgp)@SWCNT and (H,0@Cgp) @SWCNT peapods,
filling the entire SWCNT without gaps.3*® Upon electron irra-
diation, the empty Cgp fullerene peapods (i.e. Ceo@SWCNT)
did not show observable damage, with electron beam energy
of up to 40 keV. However, (HF@Cgp) @SWCNT is less sta-
ble and (HoO@Cg)) @SWCNT even less, where damage is
observed at energies of 30 keV or below.>*® The "damage"
is observed as oligomerisation of the fullerene cages inside
the SWCNT. The presence of hydrogen atoms in the sam-
ple increases the effective energy transfer from the electron
beam to heavier atoms. The hydrogen acts as an interme-
diate in the momentum transfer process, effectively ampli-
fying the impact of electrons onto heavier atoms. This ex-
plains why (HyO@Cgp)@SWCNT is the least stable, since
it has double the number of hydrogen atoms compared with
(HF@Cgp) @ SWCNT.308
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2. Kr@Cq, peapods & Kr 1-dimensional gas: ChemTEM

Kr@Cg) has been inserted into single walled carbon nan-
otubes (SWCNT) to form (Kr@Cg)@SWCNT "peapod”
structures, confirmed by TEM.3% Using heat of ~1200 °C,
the endofullerene molecules, while inside the SWCNT, fuse
together to form almost perfect nanotubes containing Kr
atoms (the Kr atoms did not leave the parent fullerene cage
when fusing). Thus, generating (nKr@C,.49) @SWCNT,
nested carbon nanotubes, where the Kr atoms are delo-
calised and form a 1D gas.m9 Furthermore, fusion of the
(endo)fullerene "peas" into nanotubes (inside the SWCNT
"pods") is also observed under ChemTEM electron irradi-
ation of 80keV beam energy. This is shown to affect
(endo)fullerenes inside the SWCNT, causing them to fuse, but
leaving the SWCNT "pods" essentially unaffected.>*

H. Molecular junctions: electron transport measurements

Electron transport measurements can be performed on
molecular junctions containing endofullerene molecules.
Molecular junctions represent electric contacts between
molecular species and electrodes (usually made of noble met-
als). Electron transport measurements through a junction refer
to current — voltage (I — V) analysis, where a voltage is ap-
plied and the (tunnelling) current is measured. Such junctions
can be constructed to contain a single molecule, and transport
measurements can be performed on single molecules. Thus,
this section mainly involves single molecule junctions and sin-
gle molecule transistors (SMT),!15-307,310.311

Molecular junctions can be simple 2 terminal devices, with
a molecular species sandwiched between 2 electrodes. I —V
analysis of 2 terminal molecular junctions gives information
about conductivity (conductance), electronic structure of the
molecule & electrodes, the electronic coupling I" between the
molecule and the metal electrode and the energy difference
between the Fermi level of the electrode & the conduction
orbital on the molecule (AE).307-310:311

More complex junctions have 3 terminals, i.e. transistor
geometry, where the molecular species is connected to the
source and drain electrodes (both electrically connected to
provide a bias voltage) and to a gate electrode (which controls
the charge flow through the junction).>'® For SMT, the (tun-
nelling) current can flow through the device/single molecule
depending on the bias voltage Vp (or Vps) and the gate voltage
Vi. Current flow is possible if the molecule has energy lev-
els close to the Fermi energy, and it generates excitations of
such energy levels. Differential conductance d1/dVps spec-
tra (or tunnelling conductance spectra or Coulomb stability
diagrams) are obtained as a function of the bias and gate volt-
ages and contain spectroscopic information.3'? Furthermore,
differential conductance spectra can be obtained at different
magnetic fields.! 14115
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1. N@Cg single molecule transistor

Electron transport measurements have been performed on
N@Cg using a single molecule transistor (SMT) geometry.
Tunnelling conductance spectra (d1/9dVps) through N@Cg
have been acquired as a function of the bias and gate voltage
at mK temperatures,! 411>

By measuring spectra at different magnetic fields, the mag-
netic properties (spin dynamics) of the system can be inves-
tigated, and spin excitation energies can be measured. The
spin and charge states of N@Cgy have been detected, and
the tunnelling electrons are observed to generate spin ex-
citations of the three unpaired electrons on the endohedral
N @S = 3/2).“4'“5 Such investigations demonstrate that it
is possible to construct and control N@Cg single molecule
transistors for practical applications.!!*!!> Furthermore, co-
tunnelling processes have been observed in N@Cgo SMT.!!3

2. H,0@Cq single molecule junction

Molecular junctions constructed from a single H,O@Cg or
Cgo molecule bridging Au electrodes have been investigated
using the mechanically controllable break junction (MCBJ)
technique.3’

Both molecules show essentially the same molecular con-
ductance of 0.25 £ 0.05 Gy, which is close to a typical metal
atomic contact. The same conductance for HyO@Cg and Cg
suggests that the interaction between H,O and Cg is very
small, i.e. there is no electrostatic contact between H,O and
the carbon wall of Cg.307

I — V analysis performed on Cgy and H,O@Cg single
molecule junctions gives the electronic coupling between the
metal & the molecule (I') and the energy difference between
the Fermi level of the electrode & the conduction orbital on
the molecule (AE).3Y7 For HyO@Cgy and Cgp: I' = 0.2+
0.1 eV and AE = 0.5+0.1 eV. AE indicates that the LUMO
of HHO@Cg, and Cg is 0.5 eV above the Fermi level of the
gold electrodes. Furthermore, the I — V analysis shows that
the metal-molecule coupling is as large as 0.5 eV for both
H,0@Cgp and Cgp, which is much larger than conventional
single molecular junctions.>0”

3. H,0@Cg scanning tunnelling microscope break junction
(STM-BJ)

Charge transport measurements have been performed on
a scanning tunnelling microscope break junction (STM-
BJ) containing a single molecule of: Cgp or H O@Cg or
Lit @Cgy. An Au STM tip is brought into contact with the
fullerene junction and I — V measurements are performed.?'!

The conductivity of HyO@Cg is slightly decreased com-
pared with Cgo; whereas LiT @Cg sees a 2 — 4 fold increase
in conductivity.3!!

For all, Cgg, HoO@Cg and Li* @Cgp two states are ob-
served in the conductance measurements. Corresponding
to two metastable structures of the fullerene molecule with
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respect to the Au electrode separation: small separation =
high conductance state and large separation = low conduc-
tance state.>'! The measured high & low conductances are:
34 +£3 mGo & 3.1+0.4 mGy for Cgp, 26 £ 8 mGy & 2.7+
0.7 mGq for HO@Cg¢y and 81 &+ 10 mGy & 13 £ 3 mGy for
Lit@Cgp. 3!

For the high and low conductance states, encapsulation
does not have a significant effect on the electronic cou-
pling I.  For the energy difference AE, the low conduc-
tance states are not significantly affected by the encapsula-
tion. Whereas for the high conductance state, AE is signifi-
cantly perturbed by endohedral insertion: for H,O@Cgy AE
increases slightly (+0.01 eV) and for LiT @Cgy AE decreases
significantly (—0.16 eV).3!!

As aresult of the I — V analysis, the zero-bias conductances
for Cgp, HHO@Cgp and Lit @Cgq are 1.2 mGy, 2.6 mGy and
2.4 mGy respectively.3!!

4. H,0@Cg single molecule transistor

Single molecule transistors (SMT) containing a single
H,0@Cgp molecule have been constructed using the electri-
cal break-junction (EBJ) method.!'® Electron transport mea-
surements through a single HO@Cgp molecule, at 4.2 K and
~ 100 mK, obtain differential conductance d1/dVps maps
(Coulomb stability diagrams) which can reveal spectroscopic
information, see fig. 32.'1¢

Multiple excited states are observed in the tunnelling spec-
tra as conductance peaks, which are attributed to rotational &
translational excitations of the endohedral H,O and vibrations
of the Cgp. Such excitation spectra are most likely for the neu-
tral H,O@Cg or positively charged H;O@CY,, depending
on the positive or negative bias drain-source voltage Vps.'!®
Cep displays excited states at ~ 30 meV and ~ 60 meV in the
Coulomb stability diagram, corresponding to the Hg(1) and
A,(1) vibrations.!'®

Tunnelling peaks in the differential conductance are ob-
served at 2.0 meV & 7.2 meV for ortho-H,O and 4.4 meV
for para-H,O, see fig. 32.11% Corresponding to rotational ex-
citations of endohedral H,O, with excellent match to the
H,0@Cygy THz results (section VIIH 1).'87-288 Furthermore,
translational excitation of endohedral H,O is observed at
13.8 meV, 1 with excellent match to the HyO@Cgy THz re-
sults (section VIIH 1).187.288

The measurements in fig. 32 are performed on a single
molecule of HO@Cgg, and one scan takes ~ 1 min. Since
both ortho and para H,O transitions are visible, the spin iso-
mer conversion (section II H) in the endohedral H,O must be
fast (< 1min), most likely due to interactions with the con-
duction electrons.''®

a. H,O0@Cgqy SMT THz-induced photocurrent

THz type spectroscopy was performed on the HyO@Cg
SMT at 4.6 K. Performed by illuminating the molecule with
broadband blackbody radiation and then measuring the THz-
induced photocurrent Ipg. 116

‘When THz irradiation is turned on, it will excite molecular
vibrations/rotations/translations. An electron in the electrode
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FIG. 32. d1/9dVps spectrum of the HyO@Cyg single molecule tran-
sistor (black dots) measured at the Coulomb peak (Vg = —12.63 V).
The energy positions of the rotational modes of an isolated water
molecule are indicated by red lines. The rotational energies deter-
mined by continuous wave THz/far-infrared spectroscopy and time-
domain THz spectroscopy on ensembles of HyO@Cgy molecules
(section VIIH 1) are also plotted. Reprinted with permission from
(ref. 116) Du et al., Nano Lett., 21, 10346-10353 (2021). Copyright
2021 American Chemical Society.

will absorb the vibration/rotation/translation quantum, jump-
ing into the LUMO and generating a photocurrent (vibron-
assisted tunnelling).''®

The THz-induced photocurrent peaks seen in the THz mea-
surements appear at 5 meV and 7 meV, which are the same as
observed in the tunnelling spectra shown in fig. 32 — corre-
sponding to rotational excitations of ortho and para H,O.!1¢

XI. CONCLUDING REMARKS

The physico-chemical investigations of non-metallic Cgo
endofullerenes have been presented. A small introduction was
given for the different types of endofullerenes and how they
are produced, together with their natural occurrences. Theo-
retical background is provided for the quantum behaviour en-
countered in the presented studies and for the methods used
to probe them (mostly spectroscopic methods). All spectro-
scopic studies are reviewed, together with other experimental
techniques related to structure, voltammetry, electron trans-
port, heat capacity, etc. The spectroscopic methods include
nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR), inelastic neutron scattering (INS), Raman,
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THz & infrared (IR), electronic structure and ionisation tech-
niques. The sections are organised in order of ascending en-
ergy probed by, or required by, the experimental techniques.

The encapsulated species display quantisation of their
translational degrees of freedom. Such translational eigen-
states define the non-bonded (non-covalent) interaction be-
tween the host (Cgp fullerene) and the guest (endohedral
species). Molecules encapsulated in fullerenes behave as
quantum rotors, displaying essentially free rotation even at
cryogenic temperatures. This allows observation of nuclear
spin isomerisms for symmetric molecules. The translational
and rotational motion can interact rather strongly, leading to
translational-rotational coupling, which can also couple to the
vibrational degrees of freedom. Endofullerenes offer the ad-
vantage of investigating such degrees of freedom, and the cou-
pling between them, in the condensed phase. Endofullerenes
act as nano-laboratories that isolate the atoms/molecules of
interest from the environment, protecting the encapsulated
species from strong external interactions. This feature makes
endofullerenes ideal for spectroscopic investigations into the
quantum behaviour of the endohedral species, and its inter-
action with the enclosing cage and with other encapsulated
species.
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