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Spectroscopic investigations of Cgo fullerene and its endohedral derivatives

by George Razvan Bacanu

This study presents spectroscopic investigations of Cg fullerenes and endofullerenes.
The experimental techniques are: Nuclear Magnetic Resonance (NMR), Inelastic Neu-

tron Scattering (INS) and far-Infrared (far-IR or THz) spectroscopy.

The '3C solution NMR spectrum of Cg is found to display two small additional ”side
peaks”. They arise because of the secondary NMR isotope shift effect, present for iso-
topomers of Cgp with two adjacent *C nuclei. 13C enriched Cy displays a broad peak,
without the two side peaks seen for natural abundance, due to increased statistical
distribution of 1*C nuclei in the cage. The spectra of the natural abundance and *C en-
riched Cgg are simulated through a Monte-Carlo type technique, which approximates

the NMR spectrum of J-coupled '3C spin clusters by the second moment.

SHe@Cg displays a doublet in the solution 1*C NMR spectrum. This is caused by a
non-bonded J-coupling between *He nucleus and '*C. The notation “Jyc is adopted,
in which the superscript zero symbolises the absence of a covalent bond beween He
and 1BC. Jy,c increases in magnitude with increasing temperature; consistent with
the *He nucleus coming closer to 3C on average as temperature is increased. The *C
solution NMR spectrum of CH,@Cg displays a significant broadening of the 3C (Cg)
peak; which is consistent with a ¢ coupling between 'H from endohedral CH, and

13C from the confining cage.

The noble gas endofullerenes 3He@Cgy, *He@Cqp and Ne@Cy are investigated through
INS and THz spectroscopy. The atomic translational quantization is probed using these
techniques. Defying the odds, He@Cg¢) is shown to absorb THz light which transla-
tionally excites the Helium atom. The translational transitions are interpreted using a
3D spherical oscillator model for the endohedral species. The confining potentials for
He@Cgp and Ne@Cg are obtained by simulating the experimental results. This pro-
vides valuable parameters for the non-covalent interaction between the noble gas and

the confining Cgp fullerene cage.
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Chapter 1

Introduction

1.1 Introduction

In 1985, a third allotropic form of Carbon was discovered, the fullerene.3 The fullerene
discovery was made by performing mass spectrometry on carbon species vaporized
by a laser from the surface of a graphite disk. This produced very stable species with
masses corresponding to 60 and 70 carbon atoms, which proved to be the Cgp and Cyp

fullerene molecules.

The fullerene molecule is composed of carbon atoms covalently bonded into a closed
structure. It is like a graphene sheet which has been folded into a spherical shape. In
order for the fullerene to have curvature, it must have pentagonal as well as hexagonal
faces, unlike graphite which has only hexagonal faces. Smaller faces (rings) of carbons
are possible in principle but energetically unfavorable. For fullerenes, with only pen-
tagonal and hexagonal faces, to have a closed surface there can only be 12 pentagonal
faces and an arbitrary number of hexagonal faces, due to Euler’s polyhedral formula.*
Furthermore, for the carbon fullerene structure to be energetically stable, unstrained,
the pentagons must not share an edge. This gives a minimum number of 20 hexagonal
faces, which corresponds to the smallest stable fullerene, the Cgg molecule.*

Although initially the number of carbon atoms in Cgy was known, the exact structure
was not. Due to the approximately spherical shape, Cs9 molecules by themselves do
not form a long-range ordered single crystal. Thus, single crystal x-ray crystallography
measurements could not be used initially to find the exact structure. Solution state
NMR of Cg displayed a single peak in the spectrum.>® This was a key piece of evidence
for the structure, proving that all carbon nuclei are chemically equivalent; which was

surprising since the molecule has 60 carbon atoms.

Solid state NMR was one of the experiments which proved that C¢p has two types of
C-C bonds of unequal lengths: a longer HP (Hexagon-Pentagon edge) and a shorter
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HH (Hexagon-Hexagon edge). 7 Thus, the Cgp molecule is not a regular truncated icosa-
hedron, since to be regular all bonds should be of equal length. However, Cgy does
display icosahedral symmetry and all its carbon atoms are chemically equivalent. X-
ray crystallography deduced the full Cgg structure, after a single crystal was obtained
for a derivative of Cgg. It was done by chemically reacting Cgp with an Osmium com-

plex to break the spherical symmetry and allow for an ordered single crystal to form.®

Soon after the discovery of fullerenes, scientists realised there is an empty space inside
the molecule which can be filled up with atoms or molecules. This way the endohe-
dral atom/molecule is trapped in the cage mechanically and not covalently.’ The term
endohedral is used to describe an atom/molecule trapped inside a fullerene. Thus, the
concept of endofullerene arises, where the term refers to the whole “fullerene + endo-
hedral moeity” complex.

The first reported endofullerenes had a metallic atom inside. La@Cgy, La@C7y, La@Cy4
and La@Cg4 were obtained by laser vaporization of a lanthanum oxide/graphite com-
posite rod. ! Noble gas endofullerenes were obtained shortly after, in low quantities
through an arc discharge between graphite electrodes in an atmosphere of He or Ne
to give ‘He@Cgy and Ne@Cgy endofullerenes.'’ . Another method of obtaining them
is through a brute force approach, where fullerenes are kept together with noble gases
under high temperature and pressure.'? The He@Cg endofullerene was also obtained
through similar methods, and *He NMR was shown to be a useful tool in probing the
interior of the fullerene cage through the 3He chemical shift . 131

Rather than relying on extreme conditions to give poor yields of endofullerenes, -2 or-

ganic chemists developed a technique called “molecular surgery” for the synthesis of
endofullerenes. Molecular surgery consists of: firstly opening a fullerene cage through
a series of reactions, secondly filling the open cage fullerene with the desired atom/-
molecule through elevated temperature and pressure which should form a stable en-
dohedral moiety-open cage fullerene complex and the final step would be to close the
fullerene with the endohedral atom/molecule still inside. The first successful “molec-
ular surgery” synthesis was done by Y. Murata et al., where they enclosed a hydrogen
molecule inside a Cgg cage.16 The *He@Cy, and also HyO@Cg, were done initially by
the same group.'”!® The HF & CH, molecules and Argon were enclosed inside a Cg
cage through molecular surgery by R. J. Whitby et al. from the University of Southamp-
ton, 19-21

When a particle is enclosed in a small space, quantum mechanical effects come into
play. Thus, endofullerenes represent a classical quantum mechanics example of a par-
ticle in a box. This particle in a box type behaviour leads to quantization of the trans-
lational states that a particle can have inside a fullerene cage. If a molecule with rota-
tional and vibrational degrees of freedom is enclosed, it leads to splittings of these lev-

els by the translational quantisation; for rotations it leads to Translational-Rotational
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(TR) coupling.22‘27 This effect was observed and investigated for Hy@Cep, H,O@Cgy
and HF@Cg. 9?3 Such quantum systems are characterised by TR eigenstates and
eigenvalues, with transitions which fall in the THz range (roughly 0-500 cm ™).

Endofullerenes offer a very controlled environment to study confinement, since all
fullerene cages are the same. Unlike clathrates, zeolites, etc. 34 systems, which do offer a
similar confinement, but the control over each pore is not as good. One will always get
a distribution of pore sizes and shapes with clathrates, whereas fullerenes will always
be consistent. Furthermore, the endohedral species is always confined to the same re-
gion of space and cannot diffuse away, unless it breaks the C-C covalent bonds of the
fullerene cage.

Endofullerenes offer an ideal system to study non-covalent interactions between the
guest (endohedral species) and the host (fullerene cage), which can be investigated in
the solid state. Molecular endofullerenes are free rotors even at cryogenic conditions,
which results in sharp spectroscopic peaks even at low temperatures. !*?*=3 Studying
non-covalent interactions is not an easy task to perform experimentally. Generally,
experiments are done in the gas phase, where one needs specialised equipment like
molecular beams, ultra high vacuum, lasers etc.>>*" Control of temperature is difficult
to do accurately for these gas phase techniques, and temperature dependent measure-
ments are unlikely. Also, the information gained can be limited, since the analysed
compounds have to be ionised for detection.®>*** Another drawback of these gas phase
type experiments is the destructive nature of the measurements, since the compounds
are lost after detection. Furthermore, vibronic transitions are generally probed in these

measurements, which are not easily interpreted.

In this study, Ceo fullerenes and endofullerens are investigated through various spec-
troscopic methods. The techniques used are Nuclear Magnetic Resonance (NMR), In-
elastic Neutron Scattering (INS) and far-Infrared (far-IR or THz) spectroscopy.

1.2 Aims and objectives

The purpose of this study is to present recent findings regarding Cgo fullerene and its
endofullerenes, together with their interpretations.

The 13C solution NMR spectra of Cgp and its endofullerene derivatives has been found
to display additional side peaks, besides the well known 3C peak. The aim of chapter 2
is to describe the origin of the side peaks. The interpretation of the fine structure is
given using the secondary NMR isotope shift effect. Furthermore, 13C enriched Cg
fullerene is found to display a more complex spectrum than natural abundance Cgp. A
model will be presented which can accurately simulate the natural abundance and 3C

enriched solution NMR spectra of C¢ fullerene, in chapter 2.
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The 13C solution NMR spectrum of *He@Cg is found to present a small splitting. The
aim of chapter 3 is to assign the observed splitting to a non-bonded J-coupling between
3He and '3C nuclei. A similar, but less clear, effect is seen for CH,@Cg, which is inter-
preted as a non-bonded J-coupling between 'H and 3C.

The aim of chapter 4 is to present INS experiments on noble gas Cgy endofullerenes. The
purpose of this investigation is to test whether endofullerenes of noble gases display
translational quantization, if this can be detected using INS.

The purpose of chapter 5is to present far-IR experiments on Helium Cgy endofullerenes.
The adventurous aim of this investigation is to test whether Helium enclosed in Cgp
fullerene displays translational quantization which can be detected using THz light. In
other words if He@Cg) has a far-IR spectrum specific for the confined Helium atom.

The purpose of chapter 6 is to present a model for the confined noble gas atoms in
Ceo. This will use the experimental results from chapter 4 and chapter 5 to derive a
non-covalent interaction potential between the endohedral noble gas atom and the Cqg
carbon cage. The benefit of investigating translational quantization is to gain knowl-
edge about the non-covalent interactions at play. Such non-bonded interactions are
difficult to measure experimentally, and in general scientists have to rely on high level
quantum chemistry calculations. However, without having an experimental result to
compare with, the result of various quantum chemistry models have questionable va-
lidity. Thus, the main point of this chapter is to provide experimental non-covalent

interaction potentials, to be used as a benchmark for quantum chemistry models.

1.3 Methods

1.3.1 Neutron scattering

1
2
but no electric charge. As a result, it can interact with magnetic fields and with nuclei

The neutron is a composite particle, made up of three quarks. The neutron has spin

through the strong force.

When a neutron hits a target, it can pass through or be scattered from it. The neutron
can be scattered with the same energy (elastic scattering) or with a different energy
(inelastic scattering) than it had before impact. For inelastic scattering, the neutron
interacts with the target and losses or gains quanta of specific energy, which can give

important spectroscopic information about the target.
The generic quantity used in neutron scattering is the partial differential cross section:

b Lo

0QO0E’ (L1
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which gives the fraction of neutrons, with incident energy E, being scattered with an
energy between E’ and E’ + dE’ into an element of the solid angle dQ).*! Thus, the
scattering of a neutron by a target will depend on the neutron’s incident energy E, on
the energy of the neutron after scattering E’ (for inelastic scattering), on the scattering
angle dQ) with respect to the incidence direction and finally on the total cross section ¢.
Total scattering cross section ¢, for a given energy E’, has units of barn = 1072* cm? (in

general ¢ has units of area/energy).

Inelastic Neutron Scattering (INS) is used in this study to gain spectroscopic informa-
tion about noble gas endofullerenes. By plotting the scattered neutron count against
the energy lost or gained by the neutron, the INS spectrum is produced. In general the
energy lost/gained by the neutron is in the meV range. Combined with the ineastic na-
ture of these measurements it becomes clear why INS resembles Raman spectroscopy.
INS does not have strict selection rules like other techniques based on light, so more
information can be gained from it.*! For example, neutrons can promote transitions
between spin isomers of Hy and HyO, observed for Hy@Cgy and HoO@Cgy, whereas
this cannot be done electromagnetically.?*~*" Further details about the INS instruments

used are given in chapter 4.

1.3.2 Far-Infrared

Infrared (IR) spectroscopy is a technique used to measure electromagnetic transitions
though photon absorption. The light is absorbed in discrete quanta of energy depend-
ing on the type of matter it interacts with, through the electromagnetic quantum field.
When absorption occurs, the photon donates energy and angular momentum to the
system; since the photon can be treated as a spin 1 particle, which donates one unit of
angular momentum.*? From this qualitative statement the well known electromagnetic

selection rule of A/ = 0, &1 arises, more details in section 6.1.1.

In general, IR is used to measure transitions between vibrational eigenstates of molecules.
In the cases studied here, the energy levels arise due to translational quantization of an
endohedral atom /molecule when confined inside the Cg cage. If the endohedral moi-
ety is a molecule, it has additional rotational and vibrational degrees of freedom. The
quantization of the rotations and translations, for endohedral species, combine accord-
ing to Translational-Rotational (TR) coupling.?** These transitions for endofullerenes,
excluding vibrations, usually appear under 350 cm !, which corresponds to the far-IR

(or THz) regime. 192%26,30-33

Another condition for electromagnetic absorption to occur, is that the dipole moment
associated with the transition has to be non-zero.**** Higher order moments (quadrupole,
etc.) can also give absorption, but display different selection rules and absorption is

much reduced compared with dipole moments.****> Molecules with permanent electric
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dipole moments give strong absorption in IR spectroscopy. Molecules with no perma-
nent dipole, which posses induced dipole moments can also absorb light, but to a lesser
extent.%>43 For the cases studied here, the induced dipole moment is utilised, since the
Helium atom does not poses a permanent dipole moment.

The experimental procedure for far-IR is rather straightforward: the light intensity as it
passes through the sample is measured as a function of its wavelength. The light gets
absorbed at a given wavelength if an allowed transition is present. By plotting the light
absorption against wavelength, the far-IR spectrum is obtained. For the cases studied

here, a Fourier transform far-IR spectrometer is used.

More information is given in chapter 5 and chapter 6.

1.3.3 Nuclear Magnetic Resonance

The spin of a particle behaves as the intrinsic angular momentum of that particle. In
quantum mechanical terms, the spin angular momentum operators are defined on the
eigenstate |I, m) with total spin angular momentum I and projection of the angular
momentum along the z axis m: %
2|1,my) =011+ 1) |I,m;)
fz |I,71’l[> =h mj |I,71’l1>
§2 72 52 72
D=L+ L+

1.3.3.1 External magnetic interactions

Any particle with total spin angular momentum I, has (2] + 1) degenerate states for
the projection spin angular momentum () in zero magnetic field. The degeneracy is
broken into (2I + 1) states when a Bo magnetic field is applied. The energy splittings
between the levels are proportional to the applied field- this is the Zeeman interaction.
The Zeeman Hamiltonian is given in eq. 1.2, with usual notation of magnetic field

pointing along the z axis, By - i= (Bpey - i) = By [,.%
fzeeman — _q By .-f = —yByl, = wo I, (1.2)

Where 1 is the gyromagnetic ratio of the respective spin. 7y and By can be grouped
together to give wy which is the Larmor frequency of the spin. In classical terms it

describes the precession frequency a spin has when experiencing a By magnetic field.

In the case of spin 3, there are only 2 states, “up”and “down”or « and f that split in
energy by the amount given by eq. 1.2 when a magnetic field is applied. The spin
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angular momentum aligns with or against the applied static magnetic field (depending

on the sign of ), which will generate a magnetic moment fI, eq. 1.3.

p=1 (1.3)
This magnetic moment precesses around a magnetic field at its Larmor frequency.

Because of the Zeeman energy splitting, at finite temperature an equilibrium governed
by the Boltzman equation (eq. 6.25) is established, which gives a smaller population
for the higher energy state. Thus, in an ensemble of spins experiencing a magnetic
tield By, there is a net magnetization created by the population imbalance of the spin
states. A spinning magnetic moment generates current in a nearby coil. Thus, the pre-
cessing magnetization generated by the spin ensemble is used for detection in Fourier

Transform NMR spectrometers. 4°

A diagram of a typical Fourier Transform (FT) NMR spectrometer is shown in fig. 1.1.

The static magnetic field By points along the z axis, and is generated by the supercon-

NMR spectrometer diagram

T

L Probe coil,
generates
AC B, field

-Sample

- Superconducting
coil, generates
static B, field

\“ ---------------- : Liquid N

FIGURE 1.1: Diagram of a Fourier Transform NMR spectrometer. The superconduct-

ing coil is submerged liquid Helium (4 K), which itself is surrounded by liquid Nitro-

gen (77 K). The superdonducting coil produces the strong static By field, whereas the

probe coil produces an alternating B4 field perpendicular to By. The sample is placed
inside the probe coil and experiences both By and B fields.
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ducting coil placed in a liquid Helium bath (4 K), which itself is surrounded by liquid
Nitrogen (77 K). In the center of the superconducting coil the NMR probe is located,
containing the coil which produces the alternating B4 field perpendicular to By. The
sample is placed inside the probe coil and and experiences both By and By fields.

When the frequency of the By field matches the Larmor frequency of a given spin,
magnetic resonance occurs and induces transitions between the spin states. In terms of
nuclear magnetization of a sample present in the NMR spectrometer, the magnetization
tilts from the z axis towards the -z axis, into the xy plane. When the magnetization
has non-zero components in the xy plane, it precesses and induces a current in the
probe coil nearby. Thus, the probe coil is used for excitation and for detection in NMR

experiments.

1.3.3.2 Chemical shift

Matter is made up of charged particles, with spin, and their distribution around a nu-
clear spin change the effective magnetic field at the nucleus. This in turn changes the
effective Larmor frequency of the spin. This change in the Larmor frequency wy is re-
ported relative to a reference standard (TMS for hydrogen, carbon and silicon) and is
known as the chemical shift §. In order for the chemical shift not to change with the ap-

plied magnetic field By, the difference wy — wi™®

is divided by the Larmor frequency
of TMS, eq. 1.4. Since chemical shifts have very small values it is usual to scale them

by 10° and report them in ppm (parts per million) or even ppb.4°

wo — ngS

6= 14

In solution state NMR, due to fast tumbling of molecules the chemical shift is a scalar
quantity, however, that is only the isotropic chemical shift. Because the distribution
of particles (mainly electrons) around a nuclear spin is in general not spherically sym-
metric, the change in the Larmor frequency of the spin is dependent on the orientation
of the distribution (chemical bonds, for example) with respect to the applied magnetic
tield Bg. Thus, the chemical shift in the general case is a tensor quantity, see eq. 1.5
for the change in effective magnetic field Bi"duced rather than the change in Larmor
frequency. The tensorial character of the chemical shift is only apparent in the solid
state because the nearby atoms and chemical bonds are fixed. However, in liquid state,
the very fast chaotic motion averages the particle distribution (atoms, bonds etc.) to a
sphere on the Larmor frequency time scale. This averages the chemical shift to a scalar
quantity, which equals the average of the diagonal terms in the principal axis frame of

the chemical shift tensor. %
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& oY 6% Bj
Binduced =38Bo= | v sw sz |- Bg (15)
o* 0 o B§

NMR isotope shift
The NMR isotope shift is of two kinds:
- Primary, when the atom of interest is swapped with one of its isotopes (eg. replacing
hydrogen with deuterium).
- Secondary, when an atom neighbouring with the atom of interest is swapped with

one of its isotopes (eg. CHy compared with CDy4, where 13C is of interest).*”

The former induces a large change in the gyromagnetic ratio (Larmor frequency) of the
nucleus (\H NMR compared with 2H NMR) whereas the latter induces a small change
in the chemical shift (}3C chemical shift of CHy is slightly different compared with CDy).

The change in chemical shift owed to the secondary isotope shift effect is due to a
change in vibrational characteristics of the molecule.*#® The change in vibrational
properties of the molecule results from changing the mass of the nuclei involved, and

the nuclear spin does not contribute to it.

In a molecule (X-Y), the secondary NMR isotope shift effect changes the chemical shift
of a nucleus (X) when its neighbour (Y) is exchanged with a different isotope (Y’). The
chemical shift of nucleus (X) is shifted upfield when its neighbour (Y) is substituted
with one of its heavier isotopes (Y’).* Generally the heavier isotope (Y’) is NMR active
so this leads to a J-split doublet of the nucleus (X). However, the case studied here does
not present a splitting because X and Y are magnetically equivalent. More details are

given in chapter 2.

1.3.3.3 J-coupling

J-coupling or ”indirect dipole-dipole coupling” between 2 nuclear spins. This is termed
as indirect because the interaction is mediated by the electrons forming the chemical
bonds. Because electrons have spin ; they can be weakly polarised by a nuclear spin.
This generates a magnetic field at the location of a second nuclear spin, which depends
on the nuclear spin state of the first nucleus; which changes the precession frequency
(Larmor frequency) of the second nucleus. Thus, the electron mediated the interaction
between the two nuclear spins. Because the spin states are quantized, J-coupling leads
to discrete splitting of the energy levels, with equal splitting magnitudes for the two
interacting nuclear spins. The J-coupling is independent of the applied magnetic field
Bo.
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As with the chemical shift, in liquid state due to chaotic molecular motion, the J-
coupling becomes isotropic and averages out to a scalar quantity, eq. 1.6. However,
in solid state it is a tensor quantity, J** which describes the J-coupling Hamiltonian
between spin a and b, eq. 1.7.4¢

HiiZjOAB =27 1o - 1 (1.6)
. ) . i T Jip\ (I
Hib =27tly - Jop - Iy =271 (sz Iay Lzz) ’ ]g; ]Zg ]ZZ : Iby (1.7)

zZX zy zz i
ab ] ab ab IbZ

Equations shown above describe strong J-couplings between the spins, where the dif-
ference in chemical shifts of a and b is comparable to the J-coupling between them. This

represents a J-coupled AB spin system which occurs for homonuclear spins.

A further symplification can be done for J-couplings in high field NMR. For heteronu-
clear spins, or weakly coupled spins (where the chemical shift difference is much larger
than their J-coupling), a J-coupled AX spin system is a good approximation of eq. 1.6.
The AX J-coupling Hamiltonian is given in eq. 1.8.%

Aot o 271y Toa iy, (1.8)

The approximation is valid because off-diagonal terms are small (involving [, and fy
in the I, eigenbasis) and only [, terms make a significant contribution (i.e. secular
approximation“®). Interactions defined here are based on products of spin operators,
which also constitute the Zeeman product operator basis for multi-spin systems, all

done within the product operator formalism.*’

1.3.3.4 NMR propagators

In NMR, it is common to work with the ”“density matrix” (0) and not with wavefunc-
tions. The wavefunction represents the quantum state of a single spin system, whereas
the density matrix represents the quantum state of the ensemble of spin systems. The
density matrix p = [¢) (|, where the overbar symbolises an ensemble average. A
quantum system is described by the Schrodinger equation, left side of eq. 1.9. The
analogous equation can be easily written in terms of the density matrix: the Liouville

von Neumann equation on the right side of eq. 1.9.

L d N ) N
i 19(0) = A [p(t)) = in 2 = [, p) (19)
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Where [H, ] denotes the commutator between H and p, [H,p] = Hp — pH.* If the
Hamiltonian is time independent, then eq. 1.9 has a simple solution, eq. 1.10:

lp(t)) = exp(—iHt/h) |p(0)) = p(t) = exp(—iHt/h)p(0)exp(iHt/ 1) (1.10)

where exp(—iHt/h) represents the propagator of H. Thus, if the initial density matrix
0(0) and the propagator are known, the density matrix after the propagator has acted
on it, for time ¢, can be calculated (4(t)). This is how NMR simulations are performed.
Pulse sequences and interactions can be written in terms of their Hamiltonians, which
can be transformed into propagators acting on an initial density matrix. Thus, the fi-
nal density matrix is obtained, which gives rise to the observed NMR signal. This is
how NMR simulations have been done in this study, using Spin Dynamica: a NMR

simulation package for Mathematica.*

In the NMR community is common to work in Liuouville space rather than Hilbert
space, which uses superoperators acting on operators.’! In Liuouville space the hats
are dropped from operators and hats are only used to refer to superoperators. This
notation is used in section 2.4.4.1.
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Chapter 2

Fine structure in the solution state
13C.NMR spectrum of Cg

2.1 Introduction

Since its discovery, the Cg fullerene was believed to contain a single peak in its 1*C so-
lution NMR spectrum, which was rather unusual due to the large size of the molecule.
This observation, however, served as a piece of evidence for the icosahedral symmetry
that the molecule possesses.’>™ Since only one peak was observed and the molecule
was known to consist of 60 carbon atoms, it was concluded that all 60 sites in the
molecule are chemically equivalent. This is not the case for the next most common
tullerene C7y which displays 5 peaks at significantly different chemical shifts in the 3¢

solution NMR spectrum.°?

A molecule with icosahedral symmetry exhibits chemical equivalence at all its sites. It
was eventually proven that the mathematical shape which describes the structure of the

Cgo molecule is a truncated icosahedron,’>4-2°

see fig. 2.10 (a-c) for 3D structure of Cgp.
The carbon atoms in Cg, therefore are placed at the vertices of a truncated icosahedron,

with 20 hexagonal faces and 12 pentagonal faces giving a total of 90 C-C bonds.

A subtle fact about the structure is that not all 90 C-C bonds are equal. There are two
types of C-C bonds in Cgp: 60 HP bonds when the bond is shared between a Hexagon-
Pentagon edge and 30 HH bonds when the bond is shared between a Hexagon-Hexagon.
These two types of bonds are shown in fig. 2.10 (a-c), where the HP bonds are in thin
gray and the HH bonds are in thick black. It was experimentally proven that the
HP bonds are longer than the HH bonds.”*>¢ The bond lengths are measured to be:
run = 139.5 £ 0.5pm and rgp = 145.2 4+ 0.2 pm by X-ray diffraction.>* Similar results
are obtained through solid-state NMR,” gas-phase electron diffraction® and neutron
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diffraction.>® Hence the structure of the Cgp molecule, strictly speaking, is not a regular
truncated icosahedron, since all the bonds are not of equal length.*

This chapter is dedicated to understanding the novel fine structure observed in the 13C
solution NMR spectrum of Cgy. Besides the presence of this well-known single peak
(which will for the rest of this thesis be referred to as the “main Cgp peak”) in the NMR
spectrum of Cgp (which is used to prove the icosahedral symmetry), two extra side
peaks are observed on the shielded side of the main Cgy peak of weak intensity. These
side peaks are shown to arise due to minor isotopomers of Cgy, when two 13C’s are next
to each other in the cage. The side peaks are shifted from the main C¢p peak as a result
of the secondary NMR isotope shift effect, when two 13C’s are adjacent in the cage.

The solution NMR spectrum of 13C enriched Cyp is presented, which exhibits widely
different characteristics from that of natural abundance Cgy. The structure of the 13C
enriched Cgy spectrum is more difficult to explain, hence a model based on a Monte-
Carlo type approach and a second moment approximation is presented.

Most of the contents of this chapter have been already published in a scientific journal,
see ref.! for the publication.

2.1.1 Secondary isotope shift in NMR

In order to explain the experimental results, a description of the NMR isotope shift is re-
quired. The primary isotope shift in NMR refers to the change in the Larmor frequency
when a given nucleus is replaced by one of its isotopes, for example the difference in
the Larmor frequency between hydrogen and deuterium when performing NMR mea-
surements at the same magnetic field. The change in resonance for the primary isotope

shift is usually much larger than for the secondary isotope shift.

The secondary isotope shift is defined as the change in the NMR chemical shift of a
given nucleus, when a neighbouring atom is exchanged with one of its isotopes. 474875
The secondary NMR isotope shift effect stems from the vibrational dynamics of nuclei
in molecules. When one of the nuclei within a molecule is replaced by an isotope with
a different mass, this affects the vibrational modes (wavefunctions) of the molecule. A

small introduction of the secondary NMR isotope shift effect is given below. 47/4857-59

The shielding of a nuclear spin, and implicitly the chemical shift, depend on the elec-
tronic wavefunction of the given atom/molecule (molecule in our case). In turn the
electronic wavefunctions depend on the nuclear coordinates of all the nuclei in the
molecule. Within the Born-Oppenheimer approximation the motion of the electrons is
so fast that the electronic wavefunctions rapidly adjust to a change in the nuclear coor-
dinates, such as molecular vibrations. The NMR shielding or chemical shift depends on
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the average over the internuclear distances explored by the nuclear vibrational wave-
function, since as the molecule vibrates the electronic wavefunctions rapidly adjust and

the nuclear spins can only experience these very fast motions on average.

However, the vibrational wavefunction of the nuclei strongly depends on their mass.
Nuclei with larger mass have vibrational wavefunctions more strongly localised at the
minimum of the potential energy surface (PES); in other words vibrate less than lighter
nuclei. Assoon as the potential energy surface is asymmetric (anharmonic) with respect
to the potential minimum (e.g. Morse potential), the mean expectation value of the nu-
clear positions depend on the masses of the nuclei. Thus for anharmonic vibrations
(with asymmetric PES) the average distance between heavy nuclei is smaller compared
to lighter nuclei experiencing the same vibrational PES. Molecular vibrations generally
have such anharmonicity or asymmetry of the PES, since repulsion terms tend to dom-
inate. The anharmonicity and the force constant of the bond (i.e. the shape of the PES)
are expected to affect the secondary isotope shift.

In the case discussed in this study, one substitutes a 1?C atom with a 13C which through
the secondary NMR isotope shift deshields a nearby '*C nucleus. Since the nucleus
of interest and the one being exchanged into are both 3C, they will each generate a
secondary isotope shift to each other and both will have their chemical shifts changed
(deshielded). Furthermore, the one-bond isotope shift for the same atomic pair will de-
pend on the force constant and anharmonicity of the bond between the nuclei. Taking
the HP and HH bonds in Cgp discussed in the previous section into account, one would
expect two different one-bond secondary isotope shifts when a 3C pair is either along
a HP or a HH bond.

2.2 Experimental

All NMR measurements shown in this chapter have been performed in solution state.

Fullerene Cgy powder was purchased from Materials Technologies Research Ltd. (Cleve-
land, Ohio, USA) and then purified by sublimation. Natural abundance Cgy solution
was prepared by dissolving 23.4 mg of sublimed Cgy powder in ~1.1 mL of ortho-
dichlorobenzene-ds (ODCB-dy4, Sigma-Aldrich). The solution was filtered to remove
any undissolved impurities and degassed by bubbling O,-free N, gas through the so-
lution for 10 min.

The endofullerenes H,@Cgqyp and H,O@Cgy were prepared by the group of Richard

Whitby through molecular surgery techniques. 16:18-20:60

13-15 mg of HyO@Cg (79% filled) was dissolved in 0.75 mL ODCB-d,4 (Sigma-Aldrich).
The solution was filtered to remove any undissolved impurities and degassed by bub-
bling O,-free N, gas through the solution for 10 min.
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13-15 mg of Hy@Cgp (88% filled) was dissolved in 0.75 mL ODCB-d4 ( Sigma-Aldrich).
The solution was filtered to remove any undissolved impurities and degassed by bub-
bling O;-free N, gas through the solution for 10 min.

Cep fullerene isotopically enriched in '*C was purchased as 20-30% '3C-enriched pow-
der from MER Corporation (Tucson, Arizona, USA) and then purified by sublimation.
15.5 mg of sublimed powder was dissolved in 1 mL of ODCB-dy, then ~ 10 L of TMS
was added. The solution was filtered to remove undissolved impurities and degassed
by O;-free N, bubbling for 10 mins.

A mixture sample of natural abundance Cgp and 20-30% 13C-enriched Cg was made by
adding the samples made above (in ODCB-dy4) into a 5 mm NMR tube (and ~ 10 uL of
TMS). The mixture ended up having a 1:0.6 mass ratio of natural abundance to 1*C en-
riched Cgp and a volume of ~0.8 mL. The solution was filtered to remove undissolved
impurities and degassed by O,-free N, bubbling for 10 mins.

All NMR experiments were performed at a field of 16.45 T in a Bruker Ascend 700
NB magnet fitted with a Bruker TCI prodigy 5 mm liquids cryoprobe and a Bruker
AVANCE NEO console.

All NMR solution state measurements were done on 5 mm NMR tubes. In order to
improve the magnetic field homogeneity and implicitly the spectral resolution, Wilmad
precision NMR tubes rated for 900MHz (Sigma-Aldrich) were used in every case.

In all NMR measurements presented in this chapter, the widths of peaks at half-maximum
height are between 0.128 Hz and 0.272 Hz, the bulk of measurements having line widths
under 0.200 Hz.

Mass spectrometry measurements were done using a solariX (Bruker Daltonics, Bre-
men, Germany) FT-ICR mass spectrometer equipped with a 4.7 T superconducting
magnet. Sample was infused via a syringe driver at a flow rate of 5 uL/minute. Mass
spectra were recorded using positive ion atmospheric pressure photoionisation (APPI).

2.3 Results

The experimental results used to show the fine structure of the *C NMR spectrum of
natural abundance Cgg are given below. In addition, results regarding 13C enriched Cg

fullerene are also shown.

2.3.1 Cg4p Natural abundance NMR

The high resolution *C solution NMR spectrum of natural abundance Cg is given
in fig 2.1. The spectrum displays the usual Cgy peak at ~ 142.818 ppm, referenced



2.3. Results 17

with respect to the ODCB-d4 peak at 127.19 ppm,°®! labelled as “Main Cgy peak”.>*?
However, if the resolution is high enough, the spectrum reveals two small additional
side peaks at a slightly lower chemical shift with respect to the main peak. In fig.2.1
c they are labelled HP and HH; the naming convention will become apparent in the

following sections.

The two side peaks HP and HH have an intensity (peak area) ratio of 2:1 respectively.
The HP peak is at Ad; = —12.6 ppb relative to the main 3C peak and the HH is at
Ad; = —20.0 ppb (at 295 K). The integrated peak areas of the side peaks, relative to
the main 3C peak, are a;/ap = 1.63 £ 0.15% and ax/ag = 0.81 & 0.08 % respectively;
where 0 stands for the main Cg peak, 1 for the HP peak and 2 for HH. The ratio of the
integrated amplitudes for the two side peaks is given by a; /a, = 2.02 +0.01.

Since the side peak intensity is very low compared to the main C¢g peak, accurately ob-
taining these ratios is not so straight forward. Integration of the experimental peaks is
shown in the following section (2.3.1.1) and the resuting ratios are shown at the bottom
row of table 2.1.

2.3.1.1 Side peaks integration (Spectral fitting procedure)

The low intensity of the side peaks with respect to the main Cgp peak, means one needs
to be careful when stating relative ratios between them. This is being exemplified in
this section by using three different methods to estimate the ratios between the low
intensity side peaks and the intense main Cgy peak.

In table 2.1 the integrated area of HP (a;) and HH (a;) peaks from fig. 2.1 2.1 are given

with respect to the main Cego peak (ap). Three different methods were used to calculate

these ratios, labelled on the left side and with the average values shown on the bottom.
TABLE 2.1: Ratios relative to the main Cgp peak (ag/ap=100%) for HP (a; /ap) and HH

(ap/ap) (from fig. 2.1). Integration methods are defined in text. Reproduced from Ref. 1
with permission from the PCCP Owner Societies.

| Method | HP(a1/a0) | HH(ay/a0) | HP/HH (a1/a)) |
TopSpin 1.969% 0.981% 2.007
Lorentzian 1.5215% 0.754% 2.016
Interpolation 1.416% 0.688% 2.056

| Average [1.63+0.15%[081+£0.08% | 202+001 |

Firstly, the spectrum was fitted in TopSpin, where the side peaks (HP and HH) were fit-
ted with a single Lorentzian shape and the main Cgy peak was fitted with 45% Lorentzian
+ 55% Gaussian. This fitting procedure is shown in fig. 2.2 where the experimental
spectrum is in blue, the fitted spectrum in red and difference between the two is shown
in black. The spectrum showing the difference displays just noise where the side peaks
are, but it shows a significant remainder for the main Cgy peak; this remainder was
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FIGURE 2.1: 13C 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 tran-
sients). (a) - full spectrum, (b) - spectrum around the Cgp peak, (c) - focused spectrum
around the main Cg) peak showing the assignment of the side peaks to 1*C pairs shar-
ing either a HP (hexagon-pentagon) or a HH (hexagon-hexagon) bond. The main Cgp
peak is at 142.818 ppm relative to TMS. The side peak shifts from the main C¢g peak are
1A ~12.6 ppb for a HP 13C, pair and 'A ~ 20.0 ppb for a HH '3C; pair. Reproduced
from Ref.! with permission from the PCCP Owner Societies.

taken into account when calculating the ratios. These results are show in table 2.1, on

the “TopSPin” row.
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FIGURE 2.2: Blue: Experimental '>*C NMR spectrum from fig 2.1. Red is the fitted
spectrum using the “TopSpin” method, a single Lorentzian function was used for HP
and HH, and main Cgy peak was fitted with 45% Lorentzian and 55% Gaussian. Black
is the diferece between Blue and Red. The insert is the same spectra just scaled around
the side peaks for clarity. Peak integrals are found in table 2.1 on the TopSpin row.
Reproduced from Ref.! with permission from the PCCP Owner Societies.

In table 2.1, the Lorentzian row means the HP and HH peaks were fitted with a single
Lorentzian shape function and the main Cgp was fitted with a two Lorentzian functions;
each function having three free parameters. This method was carried out using the
Wolfram Mathematica software.

In table 2.1, the Interpolation row signified that the peaks were interpolated with a
spline function and then numerically integrated to give the area. The raised baseline
under the HP/HH peaks was corrected by a double Lorentzian fit for the main Cgp
peak (from the previously mentioned “Lorentzian” fitting). This method was carried

out using the Wolfram Mathematica software.

2.3.1.2 Influence of endohedral species

The same pattern of side peaks are found in the *C solution NMR spectrum of endo-
fullerenes, where the Cg cage fully encloses guest molecules such as H, and H,O, see
tig. 2.3.
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FIGURE 2.3: 13C NMR spectra of ~25 mM solutions of (a) Hy@Cgy (filling factor 87.7%,
sum of 416 transients) and b) HyO@Cg (filling factor 78.6%, sum of 272 transients) in
ODCB-d4 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. Reproduced from Ref.! with
permission from the PCCP Owner Societies.

In the case of endofullerenes, the 1*C chemical shifts of the main peak is perturbed by
the endohedral species inside of Cg. 1*182162 This leads to two main peaks in the spec-
trum since the endofullerenes have a filing factor of < 100 %; one main peak for empty

Ceo and one for the filled fullerene (at larger chemical shifts with respect to empty). The
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endofullerene main peak has the same side peaks situated at lower chemical shifts as
observed for empty Cgp. In fig. 2.3 the side peaks are seen to follow the main endo-
fullerene peak and in the same spectrum the pattern is seen to be the same as for the
empty Cep.

The endofullerene side peaks have the same amplitude ratio of 2:1. However, the shifts
from the main peak are slightly changed by the presence of the endohedral molecule.
The enclosed species seem to slightly decrease the shifts as compared to the empty Cgp.
Furthermore, the larger endohedral species seems to decrease the shifts more (fig. 2.3).
The observed shift for the HH peak also seems to be affected more by the presence
of the endohedral species than the HP peak. These side peak shifts are tabulated in
table 2.2 at 298 K.

2.3.1.3 HP & HH side peaks temperature dependence

The shifts of the HP & HH side peaks relative to the main peak present a rather weak
dependence on temperature. Both shifts decrease as temperature is increased, shown
in figure 2.4, where both Y-axis scales span the same range.

The change in the shifts with respect to temperature fit well to a linear equation over

the explored temperature range, with notation shown in eq. 2.1 below:

AS; = AS? + (dAS;/dT)T with i € {1,2} (2.1)

Where 1 and 2 stand for HP and HH respectively.
The data fitted with linear equations is shown in fig. 2.4 for Cep, Hy@Cgp and H,O@Cg.

The linear fit parameters for the temperature dependence of Cgp and two endofullerenes
(H2@Cgp and HoO@Cgy) are given in Table 2.2.

From fig. 2.4 and table 2.2 is seen that the shift pertaining to the HH side peak is more
sensitive to temperature than HP. HH is also slightly more affected by the presence of
an endohedral molecule than HP. In fig. 2.4 a, there is essentially no difference between
the HP shifts of Cgp and Ho@Cgy. However, a measurable difference is seen between the
HP shifts of Cgp and H,O@Cgp. In comparison the HH shift shows a systematic change
downwards when the size of the endohedral molecule is increased, which is consistent

at all temperatures.
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FIGURE 2.4: Temperature dependence of the side peaks shifts for Cg (black), Hy@Cg

(blue) and H,O@Cg (orange), for (a) HP the first side peak, and (b) HH the second

side peak. The solid lines are best linear fits of the form 'A(T) =! A® + (d'A/dT)T,

where the fit parameters are given in Table 2.2. The side peak shifts Ad; and Aé, are

related to the isotope shifts by a sign change (see equation 2.4). Both vertical scales

span the same ppb range. Reproduced from Ref.! with permission from the PCCP
Owner Societies.

2.3.1.4 Cgy Natural abundance, >C T; results

The 13C spin-lattice relaxation time constant T; was measured. The 13C Ty of natural
abundance Cgyp was measured using saturation recovery. The peak integral relaxation
curve is seen in fig. 2.5. The data fits well to a mono-exponential function, which gives
the natural abundance Cg spin-lattice 13C Ty =16.64+0.3 s, at a field of 1645 T.

2.3.2  Cgp 20-30% 13C enriched NMR

Since new side peaks were observed in the 1>C solution NMR spectrum of natural abun-
dance Cg; the next natural step was to measure the same NMR spectrum of 13C en-
riched Cgp and observe how the spectral features vary as a result of the enrichment. In
this section 13C solution NMR results are shown for 3C enriched Cgy.
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TABLE 2.2: Linear regression parameters for the temperature dependence of the

secondary '3C isotope shifts for Cgp and the endofullerenes Ho@Cgy and H,O@Cg

(Fig. 2.4). The side peak shifts Ad; and Ad, are related to the isotope shifts by a sign

change (see equation 2.4). Reproduced from Ref.! with permission from the PCCP
Owner Societies.

parameter Cego H,@Cgq, H,O@Cqy
LApp(298 K)/ppb 1256 £0.01 | 12.54+0.03 | 1246 +0.02
'AYp/ppb 1628 £0.05 | 1629 +£0.11 | 16.03£0.06
(d*'App/dT) /103 ppb K1 | -12474+0.15 | -12.56 +0.34 | -12.04 £ 0.20
"Ann(298 K) /ppb 19.98 £0.02 | 19.93+£0.05 | 19.84 £ 0.04
1A /PPD 2516 +£0.10 | 2496+0.18 | 24.9440.14
(d'Agu/dT) /103 ppb K1 | -17384+0.30 | -16.96 £ 058 | -17.17 £ 0.4
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FIGURE 2.5: Saturation Recovery relaxation curve for Cgp natural abundance 4.5 mM
at 16.45 T (Q'3C = 176 MHz) and 295 K with 80 transient; sample degassed by bub-
bling N for 10 mins. C T; = 16.6+0.3 s, fitted with Ip * (1 — exp(7')), where

Iy = 0.994 £ 0.005. Reproduced from Ref.! with permission from the PCCP Owner
Societies.

The 3C NMR spectrum of a solution of 20%-30% 13C enriched Cgp in ODCB-dy4 is shown
in fig. 2.6 at the top in blue. On the same figure the spectrum of the natural abundance
Ceo is shown at the bottom in black, where only the side peaks are scaled by x80 in
gray for clarity.

In the 13C solution NMR spectrum of 20%-30% 13C enriched Cg instead of three dis-
crete peaks (one main and two side peaks), a relatively broad lineshape is observed.
The total width of the feature is about 40 ppb. This broad peak is much closer to a Gaus-
sian lineshape than a Lorentzian one. Furthermore, it shows a rather distinct shoulder
on the deshielding ("downfield”) side of the peak.
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FIGURE 2.6: Blue: ~21 mM Cg 20-30% 3C enriched in ODCB-dy, at a magnetic field

of 16.45 T and 295 K (sum of 16 transients). Black: ~25 mM natural abundance Cg

in ODCB-dy, at a magnetic field of 16.45 T and 295 K (sum of 856 transients). Gray is

just the black spectrum scaled by 80 around the side peaks. Spectra were referenced

relative to each other as described in section 2.3.2.1. The vertical scale is arbitrary for
clarity.

The shoulder matches the chemical shift corresponding to the main 13C peak seen in
natural abundance Cgp and the centre of the broad feature matches the side peaks
much better than the main Cgy peak (fig. 2.6). Accurate relative chemical shift refer-
encing between 13C enriched and natural abundance Cgj is done in the next section

(section 2.3.2.1), where a mixture sample of the two was measured.

From these measurements it seems that isotopically enriching Cgp with 13C obscures

the side peak fine structure in the solution state *C NMR spectrum.

2.3.2.1 Cgp 20-30% 3C enriched chemical shift referencing

The 3C solution NMR spectrum of 20-30% 13C enriched Cgy was shown in tig. 2.6.
However, since the peaks involved are very narrow, referencing the chemical shifts of
the natural abundance and '3C enriched Cg in different samples did not give a satis-

factory result.

Thus, to accurately reference the chemical shift of the '3C enriched Cgy spectrum with
respect to natural abundance Cgp, both were added to a solution and the NMR spectrum
of the mixture was measured. The NMR spectrum of the mixture can be seen in blue in
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tig. 2.7 A. Here in green is shown the spectrum of only 20-30% 13C enriched Cg, scaled
to match the intensity of the mixture. And in black the difference between blue and

green is shown, which should contain signal only from natural abundance Cgy.
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FIGURE 2.7: Experimental 13C NMR spectrum of ~21 mM Cg dissolved in ODCB-dy
solvent acquired at 16.45 T (3C nuclear Larmor frequency = 176 MHz) and 295 K.
Green- Cgg 20-30% 13C enriched (16 scans, scaled to match Blue), Blue- mixture of
Cgo natural abundance + Cg 20-30% 3C enriched (1:0.6 mass ratio, 512 scans), Black-
is Blue minus Green. B: is the same as A just without Blue and with Black scaled up to
see the isotope shifted peaks match the mean chemical shift of the 20-30% '3C enriched
Cgo peak. In B some broader features appear due to shimming and possibly phasing
differences between the two samples. Reproduced from Ref.! with permission from
the PCCP Owner Societies.

The spectrum changes between green (20-30% 3C Cgo) and blue (mixture). The shoul-
der on the deshielded side seen in the enriched sample (green) increases when natural
abundance Cg is added to the solution. This experimentally proves that the shoulder
in the 20-30% 13C Cg is at the chemical shift of the main Cg peak in natural abundance.
Thus, it proves that the shoulder arises from isolated 13C’s in the cage, since that is the
origin of the main Cgp peak in natural abundance. This referencing can be seen more
clearly in the difference spectrum shown in black (blue - green), in fig. 2.7 A and B. The
main peak in the black spectrum matches exactly with the shoulder of the purely 3C
enriched sample shown in green. In B the black spectrum was scaled up to show the
overlap of the HP & HH discrete side peaks with the centre of the broad feature seen in
13C enriched Cg (green). In B, the black line has some minor broader features arising
due to shimming differences between the enriched Cgp and the mixture. The narrow-
ness of the peaks in the black spectrum exclude the possibility that the broad feature
arises due to magnetic field inhomogeneity.

This referencing procedure experimentally proves that the 13C enrichment washes away
the fine structure of the natural abundance sample. It also proves that increased 3C
content increases the intensity in the '3C spectrum where the chemical shift of the side

peaks are, a fact which is used in the analysis later on.
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2.3.2.2 Cgo 20-30% 13C enriched 13C T; results

The '3C spin-lattice relaxation time constant (T; ) was measured for the 20-30% 3C
enriched Cgo sample. The *C T; was measured using inversion recovery and the relax-
ation curve is seen in fig. 2.8. The data is fitted well by a mono-exponential function,
which gives the 20-30% 13C enriched Cgo 13C Ty = 14.840.2 s, at a field of 16.45 T.

1.0F . .
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Peak area / a.u.

FIGURE 2.8: Inversion Recovery relaxation curve for Cgy 20-30% 13C ~21 mM at
16.45 T (Q13C = 176 MHz) and 295 K with 32 transients; sample degassed by bub-
bling N, for 10 mins. ®C Ty = 14.8+0.2 s, fitted with Ip * (1 — A * exp(7!)), where

Iy = 0.999 +0.005 and A=1.431 + 0.004. Reproduced from Ref.! with permission from
the PCCP Owner Societies.

The 13C T; for 20-30% 13C Cg, at the same field of 16.45 T, is only a little by shorter than
the natural abundance Cgo. The 20-30% 3C enriched Cg 13C Ty = 14.840.2 s whereas
the natural abundance Cgo *C T} = 16.6+0.3 s (from section 2.3.1.4). The slightly shorter
T; for the enriched Cg is expected since it contains a lot more *C’s giving rise to dipolar

relaxation.

The small difference between the T; ’s of the enriched and natural abundance Cgy ex-
cludes the possibility that the broad feature seen in the 3C solution NMR spectrum
of 20-30% 3C Cg spectrum (fig. 2.6 and fig. 2.7 green) arises due to homogeneous
broadening (i.e. very fast relaxation). Thus in order to explain the observed spectrum
of 20-30% '3C enriched Cgy one needs a model for inhomogeneous broadening, most
likely involving distributions of chemical shifts and J-couplings.

2.3.3 Mass Spectrometry

The mass spectrum of 20-30% '3C enriched Cgp sample was acquired and it is seen in
fig. 2.9. This was done to more accurately probe the 13C isotopomers of the *C enriched
Cep sample, since the range of 20-30% 3C specified by MER Corporation is fairly large.
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FIGURE 2.9: Experimental FT-Mass Spectrometry spectrum of Cgy 20-30% 3C en-

riched. It serves to show the rather non-binomial distribution of >C’s substituted

in the cage for this sample. The centre of this distribution is at 18x!3C’s in the cage,

which matches fairly well with the theoretical statistical distribution of 30% (where

the distribution is predicted to be peaked at 19x!3C). Reproduced from Ref.! with
permission from the PCCP Owner Societies.

The mass spectrum shows a nearly binomial distribution of *C’s isotopomers of Cg
centred at 738 m/z, which corresponds to 18 x 13C’s present in the isotopically enriched

cage.

The distribution of the peaks seen in the mass spectrum of 20-30% 3C enriched Cqo
deviate from a binomial distribution. We do not know the reason why these variations
occur, they might be due to some details of the enrichment procedure implemented in
the synthesis of the enriched Cgp, of which we are not informed.

2.4 Discussion

This section is dedicated to the analysis and discussion of the experimental observa-
tions made in section 2.3. It encompasses assignment of the discrete side peaks seen
in the 13C solution NMR spectrum of natural abundance Cq through a purely statisti-
cal approach and a Monte-Carlo type simulation. The Monte-Carlo type model for the
simulation of the broad feature in the 20-30% 13C enriched Cgo NMR spectrum based on

the second moment®?

is presented. The prediction made by the model is in agreement
with the mass spectrometry results of the 1*C enriched Cg. It will be shown that the
same Monte-Carlo approach can be used to correctly simulate the natural abundance

Ceo spectrum as well.
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24.1 Cg natural abundance discussion

The 13C solution NMR spectrum of Cg fullerene is well known in literature to be com-
posed of a single peak, reflecting the high symmetry of this molecule.*>>> With 60 car-
bon atoms in its composition but a single NMR peak, it proved that all 60 sites in the
molecule are chemically equivalent. The mathematical shape that the Cgp molecule
classifies as is a truncated icosahedron, see fig. 2.10 (a-c). Since the natural abundance
of 13C is only 1.108% the majority of the cages that are NMR active have a single 13C
present and the other 59 are 12C. Thus, the well-known main Cg) peak from fig. 2.10
(d,e) arises (mainly as it is shown later) from cages with only one 13C, as sketched in
fig. 2.10 (a) where the black circle represents a 1*C atom.

Despite the fact that only one peak was known in the 13C solution NMR spectrum
of Cgo,”° the high resolution spectrum of natural abundance Cgy shown in fig. 2.1 and
tig. 2.10 (d,e) is clearly composed of three peaks, one major one (main Cgp peak) and two
weak side peaks (HP & HH). The main Cg peak is easily assigned to cages with only
one 13C, as mentioned above. However, the two side peaks need more investigation to

assign them.

The side peaks HP and HH have a relative amplitude area ratio of 2:1 respectively.
Their amplitude with respect to the main Cgp peak are a; /a9 = 1.63 £ 0.15 % for HP
and ay/ag = 0.81 = 0.08 % for HH (see table 2.1). In order to gain some insight into the
origin of these peaks, a closer look at the exact structure of Cg is needed.

The carbon atoms in Cgp are placed at the vertices of a truncated icosahedron, with 20
hexagonal faces and 12 pentagonal faces giving a total of 90 C-C bonds (fig. 2.10 (a-c)).
A rather subtle fact is that not all C-C bonds are equal, which was proved experimen-
tally by a variety of methods.”*°¢ Because of this fact, the structure of Cg¢ seen in

nature is not a regular truncated icosahedron.

As seen in fig. 2.10 (a-c) the two types of bonds in Cgg are called HP and HH depend-
ing if the bond is shared between a Hexagon-Pentagon (HP) or Hexagon-Hexagon
(HH).%*% The HP bonds are shown as thin gray lines and HH bonds as thick black
lines. Due to the nature of the Cgy structure there are 60 HP bonds and 30 HH bonds,
in abundance ratio 2:1.

It was experimentally proven that the HP C-C bonds are longer than the HH bonds.
The bond lengths for the two types are measured to be: ryy = 139.5 £ 0.5pm and
rap = 145.2 £ 0.2 pm by X-ray diffraction. 54 Similar results have been obtained through

solid-state NMR,” gas-phase electron diffraction®® and neutron diffraction.>

The relative abundance of HP bonds to HH bonds of 2:1 provides the first piece of
evidence for the assignment of the side peaks. One may suggest that the observed

side peaks in ratio 2:1 arise when two BC atoms are adjacent along a HP bond or
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FIGURE 2.10: (a) 3D structure of [13C1]—C60; (b) 3D structure of [HP—13C2]—C60; (c) 3D
structure of [HH-'2C,]-Cg. The 13C’s are represented by filled circles and the hexago-
nal faces (H) and pentagonal faces (P) are indicated. (d) :~25 mM natural abundance
Cgo in ODCB-dy, at a magnetic field of 16.45 T and 295 K (sum of 856 transients). (e) is
the spectrum in (d) scaled around the side peaks. Note: The C4y configurations from
(a-c) are not the only ones contributing to the discrete NMR peaks in (d,e), further de-
scription is given in section 2.4.1. Reproduced from Ref.! with permission from the
PCCP Owner Societies.

HH bond, since the probability of being along HP is twice that of being along HH.
Thus an interpretation of the natural abundance Cg *C spectrum is given, in terms of
the components with the majority of NMR intensity. The main Cgy peak arises from
[13C1]—C60 molecules where the 13C is isolated with no 3C’s as close neighbours. The
HP peak comes from [HP-'°C;]-Cy, molecules where two *C’s are adjacent along a HP
bond with no other 3C’s nearby and similarly the HH peak comes from [HH—13C2]—C60
molecules where two '3C’s are adjacent along a HP bond with no other *C’s nearby.
Now the naming of the side peaks from fig. 2.1 and fig. 2.10 (d,e) becomes apparent.
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As mentioned above, the assignment of the observed side peaks is due to isotopomers
of C¢0 when more than one 13C is present in the cage. Depending where the two *C’s
are present in the cage they give rise to different NMR peaks. In order to explain the
different resonances of the peaks one needs to use the NMR secondary isotope shift
effect. 4748575966 The secondary isotope shift arises when a neighbouring atom is sub-
stituted by one of its isotopes of a different mass and this causes a shift in the NMR
resonance of the nucleus in question. In our case, the resonance of [13C1]-Cyy is differ-
ent compared to [HP-3C,]-Cy, or [HH-12C;]-Cg since one of the 12C’s adjacent to the
13C (of [**C1]-Cyp) has been substituted by a heavier 1*C.

The NMR secondary isotope shift has origins in the vibrational properties of the given
molecule, general theory of the secondary isotope shift was shown in section 2.1.1. In
short: the vibrational wavefunction of the nucleus of interest is perturbed by the substi-
tution of a nearby nucleus by one of its isotopes with a different mass; causing a change
in the average bond lengths which affects the chemical shift (shielding) of the nucleus
in question. This leads to different chemical shifts when discussing isotopomers of a
given molecule. In our case, the Csp molecule possess two different types of C-C bonds,
HP & HH, with different bond lengths and different vibrational characteristics. Thus, it
is not surprising that in the 1*C NMR spectrum of Cs) two side peaks are observed since
the isotope shift is expected to be different for the two types of bonds. Generally, for
secondary isotope shifts, substituting a neighbouring atom for its heavier isotope will
result in a shielding of the chemical shift of the nucleus of interest. This is what is being
observed in the spectra; the side peaks are shifted to lower chemical shifts (shielded)
compared with the main Cg) peak, since an adjacent 12C is swapped for >C. The exper-
imental results suggest a larger secondary isotope shift for two '3C’s along a HH bond
(19.98 £ 0.02 ppb at 298 K) compared to a HP bond (12.56 £ 0.01 ppb at 298 K). This is
likely due to the HH bond being stronger than the HP bond, since it is shorter and has
a larger force constant. Thus, it seems the stronger bond is more affected by the change

in mass than the weaker bond.

As shown above, the 2:1 ratio of the HP & HH side peaks in the NMR spectrum is
due to the relative abundance of the two types of C-C bonds in Cgg. In each case,
[HP-1C,]-Cyy and [HH-2C,]-Cyy, the two!3C’s are related by a symmetry operation;
hence, they are magnetically equivalent. Due to the magnetic equivalence, the 1*C-13C
J-coupling between the spins has no direct effect on the NMR spectrum in an isotropic
solution.*® It must, therefore, be noted that the fine structure seen in the *C solution
NMR spectrum of natural abundance Cg is not caused by 3C-13C J-couplings, but
rather by the secondary isotope shift when substituting an adjacent 'C with a 13C and
the intensities are caused by the relative abundance of the HP & HH bonds. Similar 3C

side peaks have also observed for other symmetrical molecules, such as ferrocene.

A more complicated pattern of side peaks is seen for the natural abundance Cyg fullerene.
In this case many peaks are seen around the main Cy peaks, both on the shielded and
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deshielded side. For Cyy, there are cases of chemical non-equivalence between the car-
bon sites in the molecule.>? Similar isotope shifted peaks arising when two 13C’s along
a bond are chemically (and magnetically) equivalent overlap with peaks split by the
13C-13C J-coupling when the '3C’s are not equivalent. This arises since the *C-13C J-
coupling, when the 1*C’s are more than one bond away, has similar magnitude to the
one bond isotope shifts. This is not the case for Cgy since any two 13C’s in the cage
would be at least chemically equivalent. Further investigation is needed to understand
the Cyp spectrum, involving 2D NMR techniques.

The general definition of the secondary isotope shift*® has a rather counter-intuitive
sign convention. The secondary isotope shift of a 1*C site induced by swapping the
“lighter” isotope "A of a neighbouring atom A with a “heavier” isotope A is defined
as follows: *®

IABC(A) = 68 ("A) — s (TA) 2.2)

The condensed notation used here is introduced below for the one-bond secondary
isotope shifts in Ceo:

"Amp = 613C([°C1]-Cyp) — 6™ C([HP-"*Co]-Cy)

2.3)
"Apn = 0C([°C11-Cqp) — 6BC([HH-"Co]-Cyo)

The chemical shifts of the two side peaks, relative to the main 3C peak, are given by

A6y = —'App

(2.4)
A6 = —'App

The discussion so far gives an interpretation of the natural-abundance 3C spectrum
of Cgp. The main Cg peak is a result of 3¢, isotopomers of Cgg ([13C1]—C60), whereas
the side peaks come from the two different types of *C, isotopomers, [HP-">C,]-C
and [HH-C,]-C¢,. The 2:1 ratio of the side peaks matches the abundance of HP:HH
bonds in Cep, however the amplitude ratios of side peaks to the main Cgy peak (a3 /ag =
1.63 £ 0.15% and az/ag = 0.81 & 0.08 %) are not explained.

Considering a simplified approach of two sites in the Cgyp molecule, with 3C abun-
dance of x = 1.108 %, along an HH bond. The probability to have one 13C and one
12C is 2x(1 — x), since the two sites are indistinguishable. Now the probability to have
both 3C’s is x2, and the NMR signal is doubled since there are two BC’s. The ra-
tio of the NMR signal in this case of the HH bond to the main Cgy peak is ﬁ";) =
1= = 1.121 %. This prediction for the ratio is quite different to the experimental one of
0.81 £ 0.08 %. This simplified approach does not correctly account for the experimental
amplitude ratios of side peaks to the main Cgy peak. For a more accurate treatment
and a more substantial agreement with experiment see the statistical approach in sec-

tion 2.4.2.
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2.4.1.1 Endofullerene 3C; isotope shifts discussion

When the Cgy molecule is filled with an atom/molecule, it deshields the *C chemical
shift of the filled cage. It was shown in fig. 2.3 that the side peaks are present for
endofullerenes (H,@Cgp and H,O@Cg) as well as empty Cgp and that they follow the
change in chemical shift of the main endofullerene peak. The secondary isotope shifts
for endofullerenes are now measured with respected to the main peak of the filled cage.

It was found that the 1*C; isotope shifts of endofullerenes are slightly smaller in magni-
tude than for the empty Cgo. Furthermore, they get smaller in magnitude with increas-
ing size of the endohedral molecule, as shown in fig. 2.3 and table 2.2 for H@Cgp and
HyO@Cgp. The reason for this change in the isotope shifts with endohedral moiety is
currently unknown but is under investigation. A possible explanation is that the endo-
hedral molecule pushes on the cage forcing it to expand, similar to a pressure exerted
by a gas on its container. This explanation is appealing if one looks at the temperature
dependence of the isotope shifts for both the empty and filled Cgp, which decrease in
magnitude with an increase in temperature. Since increasing the temperature should
expand the empty Cgo cage (if one speaks in terms of average internuclear distances
at a given temperature), and this decreases the magnitude of the isotope shifts; then
inserting a molecule inside the cage might force it to expand and similarly decreases
the magnitude of the isotope shifts. This evidence is not strong enough to classify as
an experimental proof but it aids the analysis of this effect which is being investigated
further.

A related (possibly identical) explanation is that the endohedral molecule changes the
vibrational modes of the cage which in turn affects the 13¢c, isotope shifts. This effect of
changes in the vibrational modes of the cage has been detected in Raman spectroscopy
for noble gas endofullerenes. ®® However, to make such a connection and to understand

it in detail further in-depth investigation is essential.

Ideally, one would like to simulate the values of the isotope shifts from ab initio calcu-
lations and compare them with the experimental results. Unfortunately, these require
very difficult and time consuming calculations which may not be feasible with current

computing facilities.

2.4.1.2 Temperature dependence of the isotope shifts

The dependence on temperature of the isotope shifts IApp and Ay was measured for
Ce0, Ho@Cgqp and HoO@Cy) and it is shown in fig. 2.4. The magnitude of the isotope
shifts decrease with increasing temperature in a linear fashion over the studied tem-
perature range. Linear fit parameters are found in table 2.2. The Ay isotope shift has

a stronger change with temperature than 'App.
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Since the vibrational modes of Cgy are rather complicated, in this discussion the HP
and HH bonds will be treated analogous to diatomic molecules for clarity. The reason
why the isotope shifts decrease with temperature may be explained by increased popu-
lations of excited vibrational states with increased temperature. The mass of the vibrat-
ing particles has less of an effect on excited vibrational wavefunctions than it does on
the ground vibrational state.*” Thus, increasing the temperature makes the populated
vibrational eigenstates more immune to the 3C/!2C mass difference and the secondary

isotope shift is reduced.

The reason why the Ay hasa stronger temperature dependence than 1 App is not fully
understood yet. It might be because the HH bond is shorter and it has a stronger force
constant. A stronger force constant means the vibrational eigenstates are further apart
in energy and are less accessible at a given temperature than the HP bond with a weaker
force constant. At a given temperature the HH bond would have higher population of
the vibrational states close to the ground state than the HP bond would have. Thus,
a further change in temperature should affect the HH bond more, and implicitly the

! Ay isotope shift would be more sensitive to temperature.

2.4.2 Statistical analysis of the C¢y natural abundance side peaks

This section aims to give an explanation for the unusual ratio of the side peak ampli-
tudes relative to the main Cgp peak of 1.63 £ 0.15 % for HP and 0.81 4 0.08 % for HH, in
the natural abundance sample. The approach used here is purely based on the statistics

on how 13C is being substituted in Cgp when all 60 sites are indistinguishable.

2.4.2.1 Statistics for m x13C’s substituted in Cg

The probability for a number of m x 13C to be substituted anywhere in the Cgg cage needs
to be computed. For this a statistical equation implementing the total number of carbon
sites “n¢” = 60, the number of *C’s substituted in the cage “m” and the '3C (natural)
abundance “x = 0.01108” is needed, eq. 2.5.* The binomial coefficient (i) = (ncfi;l),m,
is needed to take into account equivalent configurations, since all >C’s and '3C’s are
indistinguishable amongst themselves. This probability is written as P, ,, and it its

shown in equation 2.5.4

Poy, ne = G )X (1 — x)"e™ (2.5)

m, ne

The probabilities for m x 13C’s to be substituted in the natural abundance Cg are shown
in table 2.3, up to m=5.
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TABLE 2.3: Probability for mx *C’s to be substituted anywhere in the Cg cage, PJ, ,,
where x= 0.01108 (natural abundance), nc = 60 and m = 0,1,2,3,4,5. The 13C NMR
signalisjust m x P} , and in brackets is shown the relative contribution to the total 1*C

NMR signal. Reproduced from Ref.! with permission from the PCCP Owner Societies.

m 0 1 2 3 4 5
nglé%og 0.512471 | 0.344508 | 0.113868 | 0.0246652 | 0.00393803 | 0.000494169
13¢C 0 0.344508 | 0.227735 | 0.0739957 | 0.0157521 | 0.00247085
NMR (0%) (51.8%) | (34.3%) | (11.1 %) (2.4 %) (0.4%)
signal

The probability for a number (m) of 13C’s to be substituted in the Cg cage can be cal-
culated using eq. 2.5 if the 13C abundance (x) is know (where nc=60). Thus eq. 2.5 is
plotted in fig. 2.11 for different 13C abundances (x): black- natural abundance (1.108%
13C), orange- 20% 13C, green- 25% 3C and blue- 30% 3C. These plots essentially rep-
resent the pattern an ideal mass spectrum would look like for Cgp with a given 13C
abundance (x).
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FIGURE 2.11: Probability for a number (m) of 13C’s to substituted anywhere in the Cgg

cage given the >C abundance (x). Essentially eq. 2.5 plotted against m for different

values of x. Black- natural abundance (x = 1.108% 3C), Orange- 20% '*C, Green- 25%

13C, Blue- 30% 13C. The centres of the distributions are found at: 13x3C for 20% 13C,

16 x13C for 25% 13C and 19x13C for 30% '3C. Reproduced from Ref.! with permission
from the PCCP Owner Societies.
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2.4.2.2 Cq isotope shift natural abundance statistical analysis, up to three 13C sub-

stitutions

From the HP and HH peak integral ratio of 2:1 it seems that they arise from the HP and
HH bonds. But the relative ratios with respect to the main Cgp peak are needed to fully
elucidate the origin of these peaks. For this the statistical substitutions of *C’s in the
Cep cage are required. In the section below, this was done statistically by considering
up to maximum three 13C’s being substituted in the cage at one time.

It must be noted that an approximation has been made, such that if two 3C’s are more
than 3 bonds apart, they are treated as fully decoupled. This is because if the *C’s
are more than 3 bonds apart the *C-13C J-couplings drop to under 1Hz ( ~ 6 ppb
for 13C at 16.45 T)%’ which is smaller than the observed isotope shifts, see section 2.4.4
for more details. Thus, if two 3C’s are more than 3 bonds apart we assume each one
contributes to the main Cgy peak and not the HP or HH peaks. This applies to three
13C’s such that if all three are connected by more than 3 bonds, each one contributes
to the main Cgy peak. When all three are connected together (by maximum 3 bonds)
we ignore this contribution because the chemical shift of the cluster would end up
somewhere else on the spectrum, not within the three discrete peaks (main Cgy, HP
or HH). The contribution is also so small that it does not make much of difference for
natural abundance Cgp. Importantly for the HP and HH peaks in the spectrum when
three °C’s are present, for a configuration to contribute to the isotope shifted peaks
firstly two 13C’s need to be adjacent (along a HP or HH bond) and the third one must
be more than 3 bonds away from any of the two adjacent 1*C’s.

However, when only two 13C’s are substituted in the cage, if they are not adjacent
we assume that both contribute to the main Cgy peak. This is because, even if they
were 2-3 bonds away and considered as coupled spins, they would still be magnetically
equivalent and with a negligible 2-3 bonds away isotope shift they contribute to the
main Cgp peak and not the isotope shifted peaks.

From table 2.3 it can be seen that the main contribution to the '*C NMR signal comes
from substitutions up to m=3 and it represents 97.2% of the total signal arising from
natural abundance C¢p. In the analytic prediction of the NMR peak intensities below,
only substitutions up to m=3 will be considered, accounting for most of the signal.

Mathematica has a feature called Chemical Data in which it has chemical information
about the Cgp, physico-chemical properties such as bond lengths, structure etc. Most
importantly it provides atom connectivities as a list of rules, showing which carbon
atom is directly bonded to another, for example, if atom 1 is directly bonded to atom 2
is shown as ”1 — 2”. It seems that the bond types corresponding to the connectivities
Mathematica provided were wrong, this has been corrected for in these calculations
and Wolfram has been informed about the error.
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To find out which Cgy configuration, with its 13C’s substituted, contributes to the main
Ceo or HP or HH NMR peak a Mathematica code has been implemented to count all
of the configurations. In order to achieve this, all inequivalent Cg configurations cor-

responding to m 3C’s randomly substituted were generated. The number of configu-

ne!
(ne—m)!m!

configuration is a list of “m” numbers, each number is between 1-60 and it represents

rations for a given m equals the binomial coefficient (i) = above. Now each
the location of the 13C’s, since the 2C’s are the rest and are not important for this anal-
ysis. Then the Mathematica code essentially goes through all of these configurations
checking the '3C’s connectivities by comparing with the list of rules provided for the
Ceo connectivities. Each time the configurations are read, a pattern check is done by
Mathematica. When the pattern check is true, that particular configuration is counted
and added to the total number of satisfactory configurations. Then the ratio between
satisfactory configurations and total configurations represents how much of the per-
centage given in the columns of table 2.3 contributes to the main Cg¢p or HP or HH peak

in the 1*C NMR spectrum. This has been done for all configurations up to m = 3 below.

m=0

The probability for all carbons to be 12C is P8;0610108 = 0.512471 but it does not con-
tribute to the 13C NMR spectrum. Its contribution to the 3C NMR spectrum is denoted
as {0} and:
{0} =0.

m=1

The probability for one carbon to be >C and the rest 1>C is P(l);oél(}os = 0.344508 and all
of it contributes to the main Cgy peak in the 3C NMR spectrum. Its contribution to the
13C NMR spectrum is denoted as {1} and:
{1} =0.344508.

m=2
The probability for two carbons to be *C and the rest 12C is Pg;0610108 = 0.113868
and it contributes to all peaks in the 1*C NMR spectrum. There are 1770 (= (§°)) total

configurations with m=3, but the configurations need to be classified as follows:

m=2, all 3C’s remote

When both 13C’s are not directly connected in a configuration, this will makes a con-
tribution to the main Cs peak. There are 1680 configurations (out of 1770 = (§°)) with
this property and to get the contribution to the main Cgy peak an additional factor of 2
is need (the number of 13C’s). Its contribution to the 13C NMR spectrum is denoted as

{2, remote}.

1680
oo PI%" = 0.216155

{2, remote} = 2 x
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m=2, HP

When both 13C’s are directly connected along a HP bond in a configuration, it will make
a contribution to the HP peak. There are 60 configurations (out of 1770 = (go)) with this
property and to get the contribution to the HP peak an additional factor of 2 is need
(the number of 13C’s). Its contribution to the 1*C NMR spectrum is denoted as {2, HP}.

{2,HP} =2 % 1?20 « Py % = 0.00771984

m=2, HH
When both 3C’s are directly connected along a HH bond in a configuration, this will
make a contribution to the HH peak. There are 30 configurations (out of 1770 = (5°))
with this property and to get the contribution to the HH peak an additional factor of 2
is need (the number of 3C’s). Its contribution to the *C NMR spectrum is denoted as
{2, HH}.

{2,HH} =2 % 1320 + Py % = 0.00385992

When adding all the cases together 1680 + 60 + 30 = 1770 the total number of m=2
configurations (i.e. (§)).

m=3

The probability for three carbons to be 3C and the rest 12C is PYO% = 0.0246652
and it contributes to all peaks in the *C NMR spectrum. There are 34220 (= (§*)) total
configurations with m=3, but the configurations need to be classified as follows:

m=3, all 13C’s in a cluster

When all three 13C’s are connected by 3 bonds or less in a configuration we consider
it will not make a contribution to the NMR signal. The spectrum of the cluster will
be broadened and will in most cases overlap with all peaks (main Cgo, HP and HH),
contributing to all equally. There are 5080 configurations (out of 34220 = (§°)) with
this property and to get the contribution to the NMR signal, an additional factor of
0 is needed (because of the approximation made). Its contribution to the *C NMR
spectrum is denoted as {3, cluster}.
5085 001108 _

m=3, all 13C’s remote

When all three 13C’s are more than 3 bonds apart from each other in a configuration,
this will make a contribution to the main Cgp peak. There are 11260 configurations (out
of 34220 = ({°)) with this property and to get the contribution to the main Cg peak an
additional factor of 3 is needed (the number of 3C’s). Its contribution to the 3C NMR
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spectrum is denoted as {3, all remote}.

112
,all remote; = 3 %« ——— x Px° =0.
3,all 3 3 4238 PJE" = 0.0243481

m=3, two 1¥C’s in a cluster and one remote

When two 3C’s are in a cluster (1-3 bonds away) and the third far away (more than
3 bonds away from both) in a configuration that will make a contribution to the main
Ceo peak (from the remote 13C) and some contribution to the HP or HH peak (when the
two 13C’s are adjacent in the cluster) or the main C60 peak (when the two 13C’s are not
adjacent in the cluster). There are 17880 configurations (from the Mathematica code),
out of 34220= (§°) with this property. When adding all three cases above (for m=3) we
get: 5080 + 11260 + 17880 = 34220 (i.e. (§°)). The 17880 cases in this section need to be
further divided into 3 classes:

- "HP + remote” when two 13C’s are adjacent along HP bond and the third *C is remote.
- "HH + remote” when two *C’s are adjacent along HH bond and the third 13C is
remote.

- ”cluster (not adj.) + remote” when two *C’s are 2-3 bonds away in a cluster and the

third 13C is remote from either of them.

-m=3, HP + remote

When two 13C’s are adjacent along a HP bond and the third is remote in a configura-
tion, this will make a contribution to the main Cgy peak (from the remote '3C) and a
double contribution to the HP peak (from the two adjacent ’s). There are 2280 config-
urations (from the Mathematica code), out of 34220 = (), with this property and their
contribution to the 13C NMR spectrum is denoted as {3, HP + remote}.

2280 0.01108 __
sioo0 P30 = 0.00164339

2280 001108 _
s * PR = 000328678

{3,HP + remote} — main C¢ peak =1 x

— HP peak = 2

-m=3, HH + remote

When two 3C’s are adjacent along a HH bond and the third is remote in a configura-
tion, this will make a contribution to the main Cg peak (from the remote 13C) and a
double contribution to the HH peak (from the two adjacent 3C’s). There are 1140 con-
figurations (from the Mathematica code), out of 34220 = (§), with this property and
their contribution to the 1C NMR spectrum is denoted as {3, HH + remote}.
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114
342200 « Pg;0610108 = 0.000821694

114
342200 « Pg;0610108 = 0.00164339

{3,HH + remote} — main Cgy peak = 1

— HH peak = 2 *

- m=3, cluster (not adj.) + remote

Two 13C’s are 2-3 bonds away from each other in a cluster and the third one is remote
in a configuration. The remote '3C will make a contribution to the main Cgy peak. The
two 13C’s 2-3 bonds away will also contribute to the main Cgp peak. Since the third 13C
is far enough to make the other two nearly equivalent and they are not adjacent, the
isotope shift is assumed to be negligible in this case. There are 14460 (17880 - (2280 +
1140)) configurations, out of 34220 = ({°), with this property. Their contribution to the
13C NMR spectrum is denoted as {3, cluster (not adj.) + remote} and a factor of 3 is

needed because all 3 spins contribute to the main Cg peak.

144
{3, cluster (not adj.) + remote} — main Cqy peak = 3 * ﬁ « P30 % = 0.0312676

2.4.2.3 Statistical 1>C NMR stick spectrum of natural abundance Cg, considering up

to m=3 13C substitutions

All the cases presented above are shown as a histogram in fig. 2.12 where all the con-
tributions to the NMR peaks (main Cgp, HP and HH) from the configurations above are

summarised.
A B {3, HH+remote}
0.6f M {3, HP+remote}
S 0.5 W {3, cluster(NOT ajd) + remote}
K] [1 {3, cluster}
cg 0.4 [ {3, all remote}
(o)) B {2, remote}
‘®» 0.3 m {2, HP}
021 B {2, HH}
0.2 m 1)
0.1 o
Main peak HP HH ' Main peak HP HH
Cso NMR peaks Ceso NMR peaks

FIGURE 2.12: Statistically predicted 13C NMR intensities of natural abundance Cgg

considering up to m=3 3C substitutions, A- full size and B- zoomed to see HP and HP.

All contributions discussed previously are presented in the legend and the histogram

shows how they build up the '3C NMR peaks.{0} and {3, cluster} are assumed to have

zero contribution. Reproduced from Ref.! with permission from the PCCP Owner
Societies.
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From these, the predicted ratios of the peaks were obtained and shown in table 2.4
together with the experimentally measured ratios; where the ratios are given as a per-
centage from the total NMR signal = main Cgg peak + HP peak + HH peak.

TABLE 2.4: Predicted (from fig. 2.12) and experimental '*C NMR peak ratios for natu-
ral abundance Cgp. Here main Cgp peak + HP + HH = 100%. Reproduced from Ref.!
with permission from the PCCP Owner Societies.

Peak Predicted ratios (up to m = 3) | Experimental ratios
Main Cgg 97.401 % 97.62 £ 0.21%
HP 1.733% 1.59 £ 0.14%
HH 0.866% 0.79 £ 0.07%

From the table it can be seen that the predicted ratios are close to the experimental ones
but not exactly the same. The reason for this could be that only substitutions up to m=3
were considered, these account for 97.2% of the total NMR signal and the mismatch
could be due to the leftover 2.8%. This 2.8% would have intensity distributed among
all three peaks and in between them due to the clustering effect on the isotope shift (see
section 2.4.4). Thus, final intensities when all 3C substitutions in natural abundance
Cep are considered would be close to the ones shown in table 2.4. Other possible rea-
sons for the discrepancies would be the assumptions and approximations made when
building up the arguments above. Furthermore, the leftover 2.8% and the {3, cluster}
configurations could contribute to inhomogeneous broadening of the main Cgy peak,

as seen in fig. 2.2 where the main Cgy peak is not a perfect Lorentzian/Gaussian shape.

2.4.3 13Cenriched Cg

This section discusses the NMR spectrum of 3C enriched Cgp, highlighting differences
with natural abundance Cgp. A Monte-Carlo type method is presented which under
suitable assumptions correctly predicts the NMR spectra of both 1*C enriched and nat-
ural abundance Cg.

The 13C solution NMR spectrum of 20-30% 13C enriched Cgg shown in tig. 2.6, displayed
a rather broad lineshape compared with the discrete peaks of natural abundance Cgp
shown at the bottom of the figure. The width of the enriched Cgy peak was ~40 ppb
and it covered the natural abundance Cgy sharp peaks entirely. The broad peak was
close to a Gaussian lineshape with a shoulder on the deshielded side; the shoulder
corresponded exactly with the chemical shift of the main peak in natural abundance Cgg
and the centre of the Gaussian was roughly corresponding with the discrete side peaks.
This increase in NMR intensity with '3C enrichment, where the chemical shifts of the
side peaks are, hints towards an explanation which involves clustering of the *C’s

within the Cgo cage. The exact chemical shift referencing was shown in section 2.3.2.1,
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where the possibility of the broad peak arising from magnetic field inhomogeneity was
also excluded.

Another possible explanation for the broadening of the 13C enriched spectrum is fast
relaxation rate. To check, the T; spin-lattice relaxation times were measured in both
cases: 16.6+0.3 s (295 K and 16.45 T) for natural abundance Cg in fig. 2.5 and 14.84-0.2
s (295 K and 16.45 T) for 20-30% '3C enriched Cg in fig. 2.9. This small difference in the
relaxation time constants is not enough to explain the significant increase in broaden-
ing seen for the enriched Cgp. The small decrease in T; of the enriched Cg is presum-
ably due to increased number of 1*C’s increasing the 3C-13C dipolar relaxation rates.
Thus, to explain the broad spectrum one needs an inhomogeneous broadening model,
which should include coherent interactions like secondary isotope shifts and *C-13C

J-couplings.

The mass spectrum of 20-30% 13C enriched Cgy was shown in fig. 2.9 to contain on aver-
age ~18 13C’s per cage. Accurate spin dynamics simulation of a spin system this large
is at the limit of current computations. For such a system one would need to simulate
an enormous number of Cg) configurations where the 18 1*C’s would be randomly dis-
tributed in the cage with widely different isotope shifts and J-couplings. However, the
lack of fine structure seen in the NMR spectrum of enriched Cgp suggests one may not
need such detailed and heavy computations and that under suitable approximations
one may be able to simulate the experimental spectrum more easily.

2.4.4 Monte-Carlo approach to simulate Cyy lineshape of arbitrary '3C en-
richement

In this section a model is presented which can simulated the solution *C spectrum
of Cgo with an arbitrary content of 13C. This model is based on a Monte-Carlo type
simulation where one computes the second moment® of a large number of different
Ceo configurations, with '3C’s are distributed randomly in the cage, and then sums

together all the spectra which were approximated by the second moment.

The technique is divided in the following steps: (1) Generation of an ensemble of 1*C
configurations (depending on the 13C abundance); (2) Identification of distinct 1*C clus-
ters (within each configuration); (3) Prediction of spin interaction parameters (chemical
shifts and J-couplings for each 3C cluster); (4) Calculation of the approximate spectral
lineshape for a 13C cluster (with the predicted interaction parameters); (5) Summation

of the simulated lineshapes (over all 13C clusters, leading to the total NMR spectrum).

The details of the individual steps are as follows:
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1. Generation of an ensemble of 3C configurations.

The bonding network for Cg are set up in the Mathematica symbolic software
platform70 based on the Cgp adjacency matrices. A 1BC or 12C nucleus is ran-
domly assigned to each of the 60 carbon sites using a stochastic function with
probability x for 1BC and 1 — x for 12C, to create a distinct Cgp configuration. Cal-
culations presented here involve 10000 random configurations (Neonfig = 10000).
This is by no means equal to the total number of possible configurations in Cg,
but is sufficient to simulate the main experimental features observed in the NMR

spectra.

. Identification of distinct 1*C clusters.

One needs to identify 13C clusters within each computer-generated Ce config-
uration. A cluster means a group of 3C’s spins which interact with sufficient
strength with each other to be treated as distinct spin systems; while interactions
between 13C’s spins from different clusters are weak enough to treat the two clus-
ters as completely separate spin systems. Quantum chemistry calculations have

been done on Cg to simulate all the *C-13C J-couplings, *”!

where they predict
that Jcc couplings between pairs of *C nuclei separated by more than 3 bonds
are smaller than 1Hz.%”! Since 1Hz at a magnetic field of 16.45 T corresponds
to ~ 6 ppb for 13C, which is smaller in magnitude than the one-bond secondary
isotope shifts, we define a 13C cluster as follows:

A group of 13C nuclei for which (i) each nucleus is connected to at least one other
member of the cluster by at most 3 bonds, and (ii) for which every nucleus is at
least 4 bonds away from any '3C which is part of a different cluster.

For example, all Cgo configurations shown in fig. 2.13 (a-c) contain a single cluster.
Additionally, the Cg configurations shown in fig. 2.14 (a,b) contain one 3C clus-
ter (containing 3 and 4 *C nuclei respectively), whereas the configuration from
fig. 2.14 (c) contains two clusters: one composed of 2 13C nuclei and a second clus-
ter of 4 1>C nuclei. One should take note of fig. 2.14 (b) which shows that a cluster
can contain *C atoms which are not directly bonded to each other. The number

of 3C nuclei in an individual cluster ¢ is denoted N..

. Spin interaction parameters for a 3C cluster.

Simulating the NMR spectrum of a 3C cluster requires the spin interaction pa-
rameters to be known, i.e chemical shifts and J-couplings for solution state NMR.
For the 13C-13C J-couplings, we made use of the results from published quantum

chemistry calculations. %’

For chemical shifts, we make use of the experimentally measured one-bond sec-
ondary isotope shifts shown previously, !Ayp and 'Ayy. If less than three 1*C’s
are present in a cluster the chemical shifts are zero or App or 'Ap. If one 13C is
in a cluster its chemical shift is zero since this corresponds to the main Cgy peak,
and we define everything with respect to it, see fig. 2.13 (a,d) for structure and
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simulated spectra. If two 13C’s are adjacent in a cluster, their chemical shift is just
LApp or 'App since they can be along an HP or HH bond, see fig. 2.13 (b,c,e,f)
for structure and simulated spectra. If two *C’s are further than one bond away
within a cluster, then we assume this generates a negligible isotope shift and the
two 13C’s have zero chemical shift. We make use of the fact that only two isotope
shifted peaks were observed in the NMR spectrum of natural abundance Cgp; and
if higher order isotope shifts were present, they are too small to be measured and

fall within the main Cgp peak.

b C

HP HH

.é.4l-.é.é.6.é.4l-.é.é.6.é.4l-.é.é
Frequency / Hz

FIGURE 2.13: Three isotopomers of Cgo, with the positions of 13C sites marked by a
filled circle: (a) ['*C1]-Cgp; (b) [HP-2C,]-Cyp; (c) [HH-13C,]-Cgg. The hexagonal and
pentagonal carbon rings are marked; HP bonds are in thin gray and HH bonds are
in thick black. (d-e) Simulations of the associated '3C spectra at a magnetic field of
16.45T: (d) [*C1]-Cep; (€) [HP-'2C2]-Cgp; (f) [HH-13C,]-Cyy. Artificial Lorentzian line-
shapes were used and secondary isotope shifts were taken from experiment (Fig. 2.1).
The spectral amplitudes contributed by each '3C, molecule is twice as large as for each

13

C; molecule. The '3C-'3C J-coupling does not influence the spectra of the 13C, iso-

topomers, since the '3C nuclei are in magnetically equivalent sites. Reproduced from

Ref.! with permission from the PCCP Owner Societies.

For more complicated clusters containing adjacent *C’s, an additive model is
assumed for the one-bond secondary isotope shifts. Suppose that a >C site i has
nyp (i) 1°C nearest neighbours separated by a HP bond, where nyp(i) € {0,1,2},
and nyy (i) 3C neighbours separated by a HH bond, where nyy (i) € {0,1}. The
total one-bond secondary isotope shift of the i 13C site is assumed to be given by:

YA ~ nyp (i)' Anp + nan (1) Aun (2.6)
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where the values 'Agp = 12.6 ppb and TAgg = 20.0 ppb are assumed in the calcu-
lations. Again, the higher order secondary isotope shifts are ignored. The isotope
shift has a maximum value of 2'Apgp +! Agy = 45.2 ppb, and a minimum value
of 0 ppb, these approximately bound the broad lineshape of the 1*C enriched Ceo
spectrum, shown in fig. 2.6.

The isotope shift of each i 3C may be converted into a frequency shift relative to
the main Cgp peak by using the relationship

O = —'A; x ° (2.7)

0

where the 13C Larmor frequency is w® = —-BY, 7y is the magnetogyric ratio of 1>C

and B is the magnetic field.*® Equation 2.7 takes into account the sign convention

for the secondary isotope shift (equation 2.4).%3

. Approximate lineshape for a 13C cluster.

After identifying a '3C cluster and estimating all spin interactions, the 3C spec-
trum can be simulated. In the case of small number of *C’s in the cluster (small
N,), it is possible to analytically simulate the spectrum, using software packages
like SpinDynamica.”® Some analytically simulated spectra are shown in the middle
row of fig. 2.14. Each of the simulations show a complicated spectrum composed

of many individual peaks.

Accurate simulations like these are not feasible for large values of N.. Further-
more, the fine structure seen in the simulations is washed away in the experi-
mental NMR spectrum of 13C enriched Cgp. Hence, the analytical spectrum S (w)

t63

for each individual cluster are replaced by the second moment® giving an ap-

proximated spectrum S’(w). This results from a moment analysis of the NMR
spectrum, as described in detail in section 2.4.4.1, where it is also shown that
J-couplings do not affect the second moment at all. The spectrum for each indi-
vidual cluster is approximated by the following S’ (w) Gaussian function:

— 0,2
S*(w) = N, (270, )~1/? exp{—(wc)} (2.8)
where the standard deviation o, of the Gaussian function is as follows:
Ne o
oe=N1Y (O —Qe)? (2.9)
i=1
and the mean resonance offset frequency of a cluster (). is given by

N
Qc=N1'Y o (2.10)
i=1
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FIGURE 2.14: Simulated NMR spectra for three selected Cyy configurations, at a mag-
netic field of 16.45 T. 13C nuclei are shown by filled circles. Cases (a) and (b) con-
tain a single 13C cluster. Case (c) contains two 3C clusters. (d-f) Stick spectra show-
ing the predicted 13C chemical shifts, perturbed by the one-bond secondary isotope
shifts from neighbouring '3C nuclei; (g-h) Accurate spin dynamical computations of
the NMR spectra, including the predicted chemical shifts and J-couplings from quan-
tum chemistry calculations.®””! (i-1) Approximate simulations of the NMR spectra for
each cluster using equation 2.8. All vertical scales are arbitrary. Reproduced from
Ref.! with permission from the PCCP Owner Societies.

Note that the standard deviation ¢, shown here is actually the normalised sec-

ond moment M

2)

[

from eq. 2.45 which was derived in section 2.4.4.1. Further-

more, eq. 2.8 above is the same as eq. 2.46 at the end of the derivation from sec-

tion 2.4.4.1, with the only addition being the mean resonance offset of the cluster

QCa

Therefore, rather than computing spectra for large spin systems, one can just use

eq. 2.8 which evaluates very rapidly even for large cluster dimension N..
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Different panels of fig 2.14 compare some simulated spectra of clusters using
eq. 2.8 in (j-1) (bottom row) with analytical spin-dynamical simulations in (g-i)
(middle row). The second moment approximation of the spectra omits the fine
structure of the spectra but reproduces the average centre frequency and width
of the cluster spectra accurately. The big advantage of using such approximated
spectra is the speed with which one can compute spectra for a large number of
distinct Cg configurations.

Equation 2.9 predicts a Gaussian function with zero width when all 1*C nuclei in
the cluster have identical chemical shifts (magnetic equivalence). A line-broadening
term is included when this is the case, which matches the experimental linewidth
of the natural-abundance Cg peak.

5. Summation of the simulated lineshapes.

The final NMR spectrum S(w) can be obtained after summing all the analytically
simulated spectra for each individual cluster S.(w):

M
S(w) = Ncgiﬁg; Se(w) (2.11)

Where M is the total number of clusters and the total number of configurations is
denoted by Neonfig-

As said before, this procedure would be extremely computationally demanding,
therefore, we use spectra approximated by the second moment S} (w) for each
cluster to give the approximated final NMR spectrum S*(w) :

M
§*(w) = Nogngig 2 St (w) (2.12)
c=1

where cluster spectral contributions S} (w) were defined in eq. 2.8.

Therefore, the 3C NMR spectrum of Cgp can be simulated using such a Monte-
Carlo type method by generating large number of random configurations and
summing the approximate spectra of each cluster.

The Monte-Carlo approach described above can be done for an arbitrary 13C content
x. Simulated spectra using this method with 10000 different configurations are shown
in fig. 2.15 (a) for natural abundance Cg (x = 1.108%) and fig. 2.15 (b) for 30% C
enriched Cgp, where they are compared with the experimental NMR spectra of natural
abundance and 20-30% !3C enriched Cgp, with good correspondence. For the natu-
ral abundance, it shows the two discrete side peaks HP & HH away from the main
Ceo peak with approximately correct amplitudes. Small variations are seen due to the

nature of the Monte-Carlo approach, more than 10000 configurations are expected to
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FIGURE 2.15: (a) 13C NMR spectrum of 25 mM solution of Cgp in ODCB-dy4 (sum of

856 transients); (b) 13C NMR spectrum of ~21 mM of 13C-enriched Cg (20-30% 13C)

in ODCB-dy4 (sum of 16 transients). Spectra are taken at 16.45 T and 295 K. Black lines

show experimental data. The grey lines show the results of Monte Carlo simulations

using a '3C abundance of (a) 1.1% and (b) 30%. The horizontal axes depict the *C

chemical shift relative to that of the main Cyy peak. Reproduced from Ref.! with per-
mission from the PCCP Owner Societies.

be needed to converge on the exact experimental result for natural abundance Cgp.
This is probably because the intensity of the side peaks comes from a very small num-
ber of configurations compared to the total and a very large number of configurations
(> 10000) seems to be needed for convergence.

For the 20-30% 3C enriched C¢o NMR spectrum, the simulation which best matched the
experimental result was that of 30% 13C content, see tig. 2.15 (b) for a good fit between
the shape of the simulated and experimental spectrum. This reproduced the broad
peak observed at the correct average chemical shift together with the shoulder on the
deshielded side which corresponds to isolated 3C; (i.e. the chemical shift of the main
Ceo peak). This is also in agreement with the mass spectrometry measurement done
on the same 20-30% 3C enriched Cg sample, fig. 2.9. From the mass spectrum the
binomial distribution was centred around 18x!3C, so on average the cages had 18 13C
present. The statistical prediction for how many '3C’s are present anywhere in a Cgg
cage with a given 13C abundance is given in fig. 2.11; these are shown for 1.108% *C,
20% 13C, 25% 13C and 30% '*C. From this purely statistical prediction the distributions
were centred around: 13x13C for 20% 13C, 16 x13C for 25% 13C and 19 x!3C for 30%
13C; hence the studied sample of 20-30% 3C enriched Cgo had a '3C content very close
to 30%. This is in agreement with the result of the Monte-Carlo type simulation, where
the 30% 13C abundance also matched best with the experimental spectra. A point worth
noting is that without identifying a 1>C cluster to be consisted of 3C’s within 1-3 bonds
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FIGURE 2.16: Monte Carlo simulations of the 13C NMR spectra of Cg with different
13C abundances. Considering spins to be coupled if they are within 3 bonds or less
away from each other. Simulations done by averaging the spectra of 10000 random
Cgo configurations. Spectra were normalised for clarity. Reproduced from Ref.! with

permission from the PCCP Owner Societies.

of each other, the Monte-Carlo type simulation would not give such a good match with
the experimental 3C NMR spectrum of the 20-30% 3C enriched Cg sample, nor would
the >C content from the simulation match the one obtained from the mass spectrum.

The Monte-Carlo type calculation was repeated for a series of different 1*C abundances,
being presented in fig. 2.16 with increasing '3C probability from 1.1% up to 100%. The
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simulations show that as the 13C probability is increased from natural abundance the
broad feature starts rising and shifting towards shielded chemical shifts. The discrete
side peaks seen for natural abundance are distinguishable up until about 20% '3C en-
richment, then the clustering of 1*C’s is too strong and the side peaks arising from iso-
lated adjacent *C, have lost their intensity. The sharp main Cg) peak is still visible in
the spectrum until about 30% 3C when it becomes clear that it turned into the shoulder
seen in the experimental spectrum of the enriched Cgo. Past 30% *C only the broad fea-
ture is observable and it moves towards more shielded chemical shifts. Interestingly the
width of the broad feature is somewhat constant until the '3C content is increased past
50-60%, then the width starts steadily decreasing until reaching the extreme of 100%
13C content; this is because the isotope shifts of the 13C sites become more uniform
when most carbon sites in Cgg are occupied by 13C. In the extreme case of x = 100%,
the simulated spectrum is very sharp, since all 13C sites have three 1*C neighbours and
experience the same secondary isotope shift of 2!Ayp +! Ay = 45.2 ppb. All sixty
13C nuclei are magnetically equivalent in this case and the spectrum is composed of a

single sharp peak.

2.4.41 Moments of NMR spectra containing chemical shifts & J-couplings

This section shows the derivation of equation 2.8, which approximates the NMR spec-
trum of a given spin system by the second moment MSZ). In the case discussed here for

solution state NMR, the spins experience chemical shifts and J-couplings interactions.

Consider a cluster ¢ containing N, J-coupled spins-1/2, with chemical shifts J; and J-
couplings J;;, where i,j € {1...N.}. The rotating-frame spin Hamiltonian in isotropic
solution is given by

H = Hcs + Hj (2.13)

where the chemical shift and J-coupling terms are given by

N, Ne
HCS = ZQZ Iiz ; H] = 227'[]1']‘ I,’ . I]' (214)
i=1 i<j

The resonance offset frequencies are given by

Q; = —yB%(8 — brer) (2.15)

Therefore, the Hamiltonian may be written as:

H=Hy+ H (2.16)
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where Hj is defined as follows:
Hy = Q.I, (2.17)

and the mean offset frequency for the cluster (). is shown below (also defined in equa-
tion 2.10).

N,
Qc=N"Y O (2.18)
i=1
The term H; is given by
N,
H, = H] + Z AOY; 1, (2.19)

where A(); are resonance offsets with respect to the mean cluster frequency:

AQ; = Q; — QO (2.20)

The NMR signal for the cluster (free-induction decay) is given by

se(t) = (Qobs|exp(—iH1)p(0)) (2.21)

where H is the commutation superoperator of the Hamiltonian H, and the Liouville
bracket is defined:>!
(A|B) = Tr{A'B} (2.22)

Since the Hamiltonian terms Hp and H; commute, the cluster NMR signal may be

written
se(t) = (Qobsexp(+iHot) |exp(—iH1t)p(0)) (2.23)

The spin density operator at the start of signal detection is denoted p(0) and the ob-

servable operator is denoted Q. In an ordinary single-pulse NMR experiment, using

quadrature detection, it is convenient to define these operators as follows: %0

0 . (2.24)
obs — —

With this choice of observable operator, the following commutation relationship holds:

Hy

Qobs) = _ﬁc ‘ Qobs) (2.25)

and hence
exp(_iﬂlt) } Qobs) = exp(+iﬁct) ‘ Qobs) (226)
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This leads to the following expression for the cluster NMR signal:
sc(t) = ge(t) exp(iQct) (2.27)
where the function g.(t) is defined as follows:

gc(t) = (Qobs|exp(_iHlt)p(0)) (2.28)

The NMR spectrum of the cluster is given by the one-sided Fourier transform of the
NMR signal:

Se(w) = /O " se(Dexp(—icwt)dt (2.29)

which may be written as follows:
Se(w) = Ge(w — Q) (2.30)

where the function G.(w) is the Fourier transform of g.(t):

Ge(w) = /Ooo gc(t)exp(—iwt)dt (2.31)

Equation 2.30 shows that the cluster spectrum S.(w) may be derived from the function
G¢(w) by a simple frequency shift. The function G.(w) is centred around w = 0, while

the spectrum S.(w) is centred around the mean resonance offset Q).

An approximate expression for G.(w) is developed by a moment analysis. The use
of spectral moments is a powerful technique in broad-line solid-state NMR, ® but has
rarely been used for solution NMR. The nth moment ME") of the real part of the function

Gc(w) is defined as follows:

M = / " Re{G.(w)}w" dw (2.32)

From the properties of the Fourier transform,”? the nth moment of the real part of the
spectrum is proportional to the nth derivative of the time-domain signal at the time

origin:
M(n) _ a9
¢ = (=) dtngc(t) (2.33)
t=0

Repeated differentiation of equation 2.28 leads to the expression

dr .
g 8e(t) = (=1)" (Qobs| Hip(t)) (2.34)
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and hence a compact form for the nth spectral moment of G.(w):
MM = —i(=1)" (1" |ALy) (2.35)

For example, the n = 0 moment, which is equal to the integral of the spectrum, evalu-
ates to:
MO = —i(4i)(I,|1,) = N, 2Ne2 (2.36)

using equation 2.28.
The expression for the first moment of G.(w) involves the following terms:
Hi|l,) = Hj|L,) + Y AQiI;;| 1) (2.37)
i=1

The first term vanishes since the J-coupling Hamiltonian commutes with the total an-

gular momentum operator along an arbitrary axis:
L1, Iy + Iy =0 (2.38)

The commutation properties of the angular momentum operators lead to the following

expression for the second term:

N, N
Hi|L,) = Y AT |1,) = =i ) AQy|Lx) (2.39)
i=1

i i=1

Hence the first spectral moment is given by

N¢
MY =Y AQ(T7|I,) =0 (2.40)
i=1

The first moment of G.(w) vanishes since each bracketed term is identical, and the
sum of the resonance offsets, relative to the mean frequency of the cluster, is zero by

definition:

N
Y AQ; =0 (2.41)
i=1

The second moment is conveniently evaluated by rearranging equation 2.35 for n = 2:
MP = —i(1I" Fy | Ay ,) (2.42)

All terms involving the J-coupling term H; vanish through the commutation relation-

ship in equation 2.38. This leads through equation 2.39 to the expression

N,
MP = ¥ AOAQ, (I | Iy (2.43)
iji=1
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Since the angular momentum operators of different spins are orthogonal, we get

Nc
MP) = 2N2 Y A2 (2.44)
i=1
The normalized second moment, defined as the ratio of the second and zeroth mo-
ments, is given by
o _ MY N
M = 0~ No zAQi (2.45)
C i=1

which is equal to the mean-sum-square of the resonance offsets for all spins in the

cluster, relative to the mean resonance offset.

Note that the J-couplings do not appear in the expression for the second moment. The
second moment of the NMR spectrum of a given J-coupled spin cluster may, there-
fore, be calculated extremely rapidly using only the chemical shift values for all spins
in the cluster and ignoring the J-couplings. The situation is different for the case of
dipole-dipole coupling in solids,®® since a commutation relationship of the type given
in equation 2.38 does not apply for the dipole-dipole Hamiltonian.

The algorithm used in this paper uses the following Gaussian function as an approxi-

mation to the function G.(w):

G (w) = Ne(2rMP) =172 exp{—zj\j(z)} (2.46)
Cc

where the normalized second moment is given by equation 2.45. This expression omits
the fine details of the NMR spectrum but has correct values for the zeroth, first, and
second moments. The approximate form of the spectral function S.(w) for a cluster
of 13C spins, given in equation 2.8, is derived from equation 2.46 by using the expres-
sion for the second moment in equation 2.45, and the frequency-shift relationship in
equation 2.30.

2.5 Conclusion

To conclude, this chapter was dedicated to the presentation and analysis of the fine
structure seen in the solution 3C NMR of Cg fullerene, with significant differences
seen between samples with different '3C content.

Natural abundance Cg displays two extra peaks in the >C solution NMR spectrum, of
weak intensity in relative ratio 2:1. These are labelled HP with amplitude 1.63 +0.15 %
of the main Cgp peak and HH with amplitude 0.81 = 0.08 % of the main C¢ peak. These
side peaks are on the deshielded side of the main Cg peak, shifted by 'App = 12.56 +
0.01 ppb and 'Agy = 19.98 4 0.02 ppb with respect to the main peak at 298 K. These
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shifts decrease linearly in magnitude as temperature is increased, with the HH peak
being more strongly influenced by a change in temperature. The side peaks are also
present for endofullerene samples with the same pattern. The only difference being the
shifts are slightly decreased in magnitude by the presence of an endohedral molecule
and this effect scales with the size of the endohedral molecule. The HH shift seems
to be more strongly affected by the presence of an endohedral molecule than the HP
shift. The origin of the shifts is shown to be due to the one-bond secondary NMR
isotope shift; these arise when C; isotopomers of Cg have the 1°C’s adjacent along
a HP bond ([HP-'C,]-C;) or a HH bond ([HH-"*C,]-C,). The fine structure seen in
the natural abundance Cg '*C NMR spectrum is not due to 3C-13C J-couplings. The
relative amplitudes of the two side peaks is 2:1, identical to the HP:HH bond ratio in
Ceo of 2:1. The amplitudes of the side peaks with respect to the main Cgy peak are

described through a purely statistical argument and a Monte-Carlo type simulation.

The solution *C NMR spectrum of 20-30% 13C enriched Cg is broader than that of
natural abundance Cgp, and the fine structure is lost. An algorithm was developed,
based on a Monte-Carlo type approach, to simulate Cgy spectra of arbitrary levels of
13C. Firstly the 13C spin systems in Cg are decoupled based on a cluster identification
method which uses the magnitudes of 3C-13C J-couplings relative to the experimen-
tally observed isotope shifts in Cgp. Then the spectra of each cluster are approximated
by their second moment and added up in a Monte-Carlo fashion to simulate the Cg
spectrum. The simulation using this method matches quite well with the experimen-
tal result, even for natural abundance Cgg. Multiple spectra of Cgy with various 13¢C

contents were shown after being computed using this method.

The broader feature of the 13C enriched Cg solution NMR spectrum can be connected
to that of NMR spectra of solid powders, where the spectrum is broadened by a statis-
tical distribution of orientations; in our case, the spectrum is broadened by a statistical
distribution of 3C’s relative to each other among the Cg sites, but in a solution and not
a solid. This method of approximating the spectrum evaluates rapidly for a large num-
ber of J-coupled spins and may be adapted to other problems in solution and solid-state
NMR.

2.5.1 Future work

One could perform a similar study on the Cyy molecule. It was attempted but the 3C
spectrum around each main Cy peak is composed of many overlapping peaks. This
arises because the 13C-13C J-coupling when the *C’s are more than one bond away
has similar magnitude to the one-bond isotope shifts, and gives rise to peaks split by
J-coupling overlapping with one-bond isotope shifted peaks (when the two 3C’s are
equivalent). Further investigation, using 2D NMR techniques, is needed to understand
the fine structure in the Cyo 13C spectrum.
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A computational study can be done to deeply understand and quantify why the iso-
tope shifts are different for the two types of bonds (HP & HH) in the Cgp molecule.
Maybe one could deduce the force constant and/or the anharmonicity of the HP & HH
bonds from the NMR isotope shifts (*App & 'Anpy). However, such simulations would
require large amounts of computational power, which may not be feasible on such a
large molecule like Cgp.

After the isotope shifts for the Cgg are more deeply understood, one can attempt to
explain why these shifts change slightly when an atom/molecule is encapsulated in
the cage. Further measurement of these isotope shifts for endofullerenes are ongoing.
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Chapter 3

0J-coupling induced by molecular

confinement

3.1 Introduction

Among the nuclear spin-spin interactions, the J-coupling is probably the most used
in high-resolution nuclear magnetic resonance (NMR). J-couplings make use of the
electrons present in chemical bonds to mediate the dipolar interaction between nuclei,
which represents the reason why sometimes is called indirect dipole-dipole coupling.*®
J-couplings tend to get weaker as the number of chemical bonds between the nuclei in-
creases. It is the only spin-spin NMR interaction which is not averaged out in isotropic
liquids (solutions). Because of this, J-couplings generate very characteristic splittings of
the NMR peaks, which are crucial for molecular structure elucidation.”? Furthermore,
the development of 2D NMR techniques in liquids make extensive use of J-couplings.”*
Through such 2D NMR techniques, finding the structure of large bio-molecules in so-
lution is now well established method.

J-couplings depend on how the electron wavefunctions (orbitals) overlap to make up
chemical bonds. For example, the three-bond J-coupling 3], where the superscript 3
marks the number of bonds between the participating nuclei, depends on torsional
angles between the chemical bonds, which can be used to determine molecular confor-

mations.”>70

Due to the dependence on the covalent bonds between interacting nuclei, J-couplings
are generally believed to be a signature of covalent chemical bonding. However, cases
are known in which J-couplings are induced by the electron overlap and are not a di-
rect consequence of covalent molecular bonding. Thus, J-couplings are known to be

77-80

transmitted through hydrogen bonds, a non-covalent type of chemical bonding.
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J-couplings are known to be quite strongly influenced by steric constraints, which in-
duce electronic overlap. Such interactions are called “through-space” or “non-bonded”
J-couplings.®1-#3 Since steric effects can influence J-couplings, this can be used for struc-
ture determination of constrained molecules.®>%* Generally such “non-bonded” J-couplings

are disentangled by quantum chemistry calculations. -

Some experimental evidence exists for really small J-couplings between species in van
der Waals complexes. This was shown indirectly from noble gas magnetometry (*He
and '?Xe) for atoms and molecules associated by van der Waals forces, with support

from computational studies. %2

Confining atoms/molecules to the same region of space generates electronic overlap,
since repulsive surface interactions force electrons to overlap. In principle, this should
induce internuclear J-couplings between spatially confined, but not chemically bonded,
nuclei. Usually, such an interaction would be strongly attenuated by the rapid spa-
tial diffusion of the two species. Thus, it seems necessary to keep the species in close
proximity for extended periods of time for such confinement induced J-coupling to be
observed. To our knowledge only one example is known for confinement induced J-
couplings, from 12Xe adsorbed in microporous solids.”®> Where double-quantum 2Xe
NMR data”® was interpreted in terms of anisotropic '*’Xe-12Xe J-couplings through

quantum chemistry calculations.®’

A suitable confined system is provided by endofullerenes, in which small molecules
or atoms are completely encapsulated in the interior space of a closed carbon cage.’*
In this case the carbon cage completely restricts the endohedral moiety to a well de-
fined region of space. Direct spectroscopic evidence will be provided in this chapter
for a “confinement-induced” J-coupling between *He and *C nuclei in the noble gas
endofullerene *He@Cg. The naming convention ’Jy;.c will be used, where the super-
script zero represents the absence of a chemical bond between *He and 13C atoms. The
3He nucleus is a good candidate for such a J-coupling, since it has spin I = 1/2 and
a rather large magnetogyric ratio ( ~ 3/4 of 'H). Also, the *He spin lattice relaxation
time is long, which allows the observation of a weak J-coupling. This *Jy;.c-coupling is

supported by quantum chemistry calculations.

Furthermore, a similar type of 0]—coupling is observed between 'H and 3C in CH,@Cg.
However, this system is not as well suited as >He@Cg for observing weak J-couplings.

Experimental evidence is shown which infers the presence of e in CH4@Cgp.

Most of the contents of this chapter have been already published in a scientific journal,

see ref. 95 for the publication.
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3.2 Experimental

The endofullerenes *He@Cgy and “He@Cgy were prepared by the group of Richard
Whitby through molecular surgery, as described in reference 96.

~15 mg of *He@Cy (43% filled) was dissolved in 0.75 mL ODCB-d4 (Sigma-Aldrich).
The solution was filtered to remove any undissolved impurities and degassed by bub-
bling O,-free N, gas through the solution for 10 min.

~15mg of 4“He@Cg¢) (41% filled) was dissolved in 0.8 mL ODCB-dy4 (Sigma-Aldrich).
The solution was filtered to remove any undissolved impurities and degassed by bub-

bling O,-free N, gas through the solution for 10 min.

8-9 mg of CH4@Cq) (41% filled) was dissolved in 0.6 mL ODCB-d4 (Sigma-Aldrich).
The solution was filtered to remove any undissolved impurities and degassed by bub-
bling O,-free N, gas through the solution for 10 min. A similar sample of 4.5 mM
CH4@Cgp (100% filled) in degassed ODCB-d4 (Sigma-Aldrich) was also prepared.

All 3C and 'H NMR experiments were performed at a field of 16.45 T on a Bruker
Ascend 700 NB magnet fitted with a Bruker TCI prodigy 5 mm liquids cryoprobe and
a Bruker AVANCE NEO console.

The >He NMR measurements were performed at a field of 11.7 T on a Bruker Ascend
500 magnet fitted with a Bruker 5 mm liquids SmartProbe and a Bruker AVIIIHD500

console.

All NMR solution state measurements were done on 5 mm NMR tubes. In order to
improve the magnetic field homogeneity and implicitly the spectral resolution, Wilmad
precision NMR tubes rated for 900MHz (Sigma-Aldrich) were used in every case.

3.3 Results

The experimental solution NMR results which show the new splitting of the '3C peak
of He@Cg are given below. The splitting is shown to be present for the HP & HH side
peaks of 3He@Cg; HP & HH side peaks are described in chapter 2.

Some CH,@Cy 13C solution NMR results are presented. A broadening is observed for
the solution NMR 3C (Cq) peak of CH4@Cgp, which disappears when H decoupling
is applied on endohedral CHy.
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3.3.1 S3He@Cy results
3.3.1.1 Main '°C peak splitting

The 13C solution NMR spectrum of SHe@Cy (filling factor f = 0.43) ~27 mM in ortho-
dichlorobenzene-d, (ODCB-d4) was measured at 16.45 T and 340 K and it is shown in
tig. 3.1 (a, b), together with a 3D sketch of the 3He@Cg structure which is observable by
13C NMR. The same measurement was repeated for *He@Cy (filling factor f = 0.41)
~25mM in ODCB-d4, under the same conditions, and it is shown in fig. 3.1 (c, d),
together with a 3D sketch of the *He@Cg structure which is observable by 1*C NMR.

a Ceo
C Ceo d
4He@Ceo
| I PR 1 PR T T T T | PR IS T W AT T S N ST SN SN N NN
142.97 142.96 142.95 142.94 142.93 142.968 142.966 142.964 142.962
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FIGURE 3.1: (a) 13C solution NMR spectra of a ~27 mM solution of SHe@Cg (43%
filling factor) in ODCB-dy4 at 340 K and 16.45 T (average of 40 transients); (b) Blue line:
expansion of the 13C peak of 3He@Cg; Dashed grey line: Best fit to two shifted spec-
tral components, each with a shape matching the 13C peak of Cgo; Solid gray lines:
individual spectral components. (c) *C solution NMR spectra of a ~25 mM solu-
tion of *He@Cg (41% filling factor) in ODCB-d4 (average of 32 transients). All other
conditions are the same as in (a). (d) Expansion of the 13¢C peak of 4He@Cqy. 3D
sketches show the structures of endofullerenes giving rise to the '3C peaks; non-zero
nuclear spins are represented as arrows. Reprinted (adapted) with permission from (
95). Copyright (2020) American Chemical Society.

Both 13C spectra show discrete peaks for Cgp, SHe@Cq and *He@Cg. The Cq cages
with an encapsulated *He or *He atom have a change of +0.027 ppm in their chemical
shift, consistent with previous measurements. 17 The 3He@Cg) chemical shift difference
with respect to C¢ seems to be 0.2 ppb larger than for *He@Cgj, but this could be due to
experimental error since the measurements were done separately on different samples.
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A clear splitting is observed for the 13C peak of *He@Cg). The splitting is absent for
“He@Cg as seen by comparing panels a-c and b-d from fig. 3.1. The splitting is absent
for Cgp in both samples, which indicates that the magnetic field inhomogeneity is not
the cause of the He@Cg splitting.

The spectra from fig. 3.1 were obtained after extensive optimization of the magnetic
field homogeneity, giving sharp 'C peaks with a rather non-Lorentzian shape as seen
by the small shoulders at the base of the peaks. The linewidth-at-half-height of the Cq
peak from the 3He@Cgy sample was 96 mHz (fig. 3.1 (a)).

Since the observed splitting is really small, the following procedure was used to esti-
mate the splitting between the doublet components of the *He@Cy peak. The lineshape
of the unsplit 13C peak of empty Cg) present in the same spectrum (fig. 3.1 (a)) was in-
terpolated by a spline type function in the region +6 ppb (or +1 Hz) with respect to the
centre of the peak. This interpolated lineshape represents the reference spectrum which
was used to match the doublet structure in the spectrum by fitting a superposition of
two mutually shifted reference lineshapes. The result of such fitting of the 3He@Cq
doublet with an interpolated reference Cg peak is shown in fig. 3.1 (b), where the two
components are in a ratio of 1:1 exactly. From this fitting the splitting is estimated to
be 77.5 £ 0.2mHz at 340 K. The same estimate of the splitting is obtained through

reference deconvolution methods®” by using the same Cg) peak as reference.

3.3.1.2 HP & HH side peaks splitting

Both Cg fullerene and endofullerenes of Cy in their 1*C solution NMR spectrum show
two additional side peaks shifted towards deshielded chemical shifts. They are labelled
HP & HH based on the C-C bonds present in Cg9, HP = Hexagon-Pentagon bond and
HH = Hexagon-Hexagon bond. The origin of these side peaks is described in detail in
chapter 2.

The high resolution 13C solution NMR spectra of 3SHe@Cgy ~27 mM and *He@Cgy ~25 mM
in ODCB-dy4 are shown in fig. 3.2 (a,d). In the spectra discrete peaks are seen for Cg,
SHe@Cyy and *He@Cgy. Besides the main 3C peaks, additional side peaks HP & HH
are observed for each of them, when scaling the region around them by a factor of 40.

The 3D structures of the endofullerenes giving rise to the 13C side peaks are shown in
fig. 3.2 (b,c) for *He@Cg and (e,f) for 4He@Cg.

The side peak structure for C¢p and 4He@Cq is the same as seen in chapter 2. However,
the structure of the side peaks is different for *He@Cgp, both the HP and HH peaks
have a small visible splitting associated with them. Due to the difficulty associated
with keeping a high enough homogeneity of the magnetic field for a long period of
time to enable the acquisition of such long measurements, the spectrum in fig. 3.2 (a)

is the finest one obtained so far, in which the splitting of the side peaks is rather clear
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FIGURE 3.2: (a) '3C solution NMR spectrum of ~27 mM 3He@Cg (f=0.43) in ODCB-d,
at 340 K and 16.45 T (average of 512 transients). The HP & HH side peaks are scaled
by 40 for clarity; showing only the 3He@Cg side peaks split due to “Jy.c. Fullerene
3D structures are shown for HP *He@Cg (b) and HH 3He@Cy (c), with: HP bond in
thin gray, HH bond in thick black and Ji;c shown in red dashed. (d) '3C solution
NMR spectrum of ~25 mM “He@Cg (f=0.41) in ODCB-d, (average of 888 transients),
all other conditions are the same as in (a). The HP & HH side peaks are scaled by 40 for
clarity; showing no peak splitting. Fullerene 3D structures are shown for HP *He@Cgj
(e) and HH *He@Cg (f), with: HP bond in thin gray, HH bond in thick black and
with no ¢ present. Non-zero nuclear spins are represented as arrows. Reprinted
(adapted) with permission from ( 95). Copyright (2020) American Chemical Society.

but not ideal. Adding transients with ever so slightly different homogeneities washes
away the small splitting, as seen in the difference between the main 13C peak splitting
of *He@Cg from fig. 3.1 (a) and fig 3.2 (a), the former has a much clear doublet acquired
with 40 transients, whereas the latter was acquired with 512 transients and the doublet
is less clear. Unfortunately, due to the weak intensity of the *He@Cg side peaks and the
not so well defined doublets, an estimate of the splitting using the interpolation method
from section 3.3.1.1 was not possible. However, the spitting of the side peaks can be
seen to be of the same magnitude as for the main peak, in fig 3.2 (a) and previously in
fig. 3.1 (a)

There is a negligible difference (within experimental error) between the side peak shifts,
with respect to the main, of empty Cgyp compared with 3He@Cy or *He@Cg.

3.3.1.3 Temperature dependence

The 13C solution NMR spectra of SHe@Cgy was measured at a range of temperatures.
The splitting observed for the He@Cgy peak depends slightly on temperature. The
SHe@Cg *C doublet at each temperature was fitted with a superposition of two iden-
tical spline functions, which originate from the interpolation of the Cqy peak lineshape



3.3. Results 63

from within the same NMR spectrum (as in section 3.3.1.1). The resulting estimates of
the splitting at each temperature are plotted in fig. 3.3.

78}

~
(@)

~
LN

°dhecl / mHz

260 280 300 320 340
T/K

FIGURE 3.3: Temperature dependence of the 3He-!3C spin-spin coupling “Jjjec, for

a ~27 mM solution of 3He@Cg (filling factor f = 0.43) in ortho-dichlorobenzene-dy.

The solid blue line shows the best linear fit, |°Jyec| = mT + ¢, with ¢ = 51.4 mHz and

m = 76.7 x 107> mHz K. Reprinted (adapted) with permission from ( 95). Copy-
right (2020) American Chemical Society.

From fig. 3.3 the splitting of the He@Cgy *C peak is seen to slightly increase with
increasing temperature. The splitting has an approximately linear dependence on tem-
perature, over the measured temperatures (262 K - 340 K). The data fits well to a linear

function of the form:

Thec| = mT + ¢ (3.1)

Where the observed *He@Cg splitting is labelled as |"Jyec|-

The result of the linear fit are:
- The intercept is ¢ = 51.4 + 0.7 mHz.
- The slope is m = (76.7 +2.3) x 1073 mHz K~ 1.

3.3.1.4 S5He@Cg) °He Ty

The 3He NMR measurments were done by Dr. N. Wells from the School of Chemistry
NMR facility, since our equipment at the time did not allow *He NMR experiments.
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The 3He Ty spin lattice relaxation time for a solution of ~25 mM 3He@Cg in ODCB-dy4
has been measured at a field of 11.7 T by saturation recovery. The saturation recovery
relaxation curve is shown in fig. 3.4. The data fits well to a monoexponential function,
of the form Iy x (1 — exp(}—f)), with the decay constant:

e SHe@Cq He T; = 365 + 41 s.
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Normalised integrals /au.
o
(&)

o

0 100 200 300 400

Tev /s
FIGURE 3.4: Saturation Recovery relaxation curve for SHe T; of He@Cg ~25 mM in
ODCB-d4 (f = 0.05) at 11.7 T (Larmor frequency 3He = 380.99 MHz) and 298 K with 16
transients and degassed by bubbling N, for 10 mins. Data fits well to a monoexpo-
nential function, of the form Iy * (1 — exp(}—lt)), with the decay constant 3He T; = 365

=+ 41 s. Reprinted (adapted) with permission from ( 95). Copyright (2020) American
Chemical Society.

3.3.1.5 3He@C6() 13C T1

The ¥C Ty spin lattice relaxation times have been measured for a solution of SHe@Cy
and Cgp in ODCB-dy, by inversion recovery at a field of 16.45 T. The inversion recovery
relaxation curves are shown in fig. 3.5. The measurement was done on both com-
pounds at the same time, since Cg is already present in the 3He@Cq sample because
of the 43% filling factor.

Both data sets are well fitted by a monoexponential function, of the form I * (1 — A *
exp(7)), with A = 2. The inversion recovery fittings give the following decay con-
stants:

¢ *He@Cq PC Ty = 16.83 £ 0.04 s.

e Coo PC T1 = 16.87 £ 0.04 s.

These results for the 3C T; ’s of *He@Cyy and Cgy show there is no measurable dif-
ference between the two. The presence of the *He inside the Cq) cage appears to not
affect the Ty of a 13C within the cage. This is valid at the field of 16.45 T at which the

measurement was done.
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FIGURE 3.5: 13C T; Inversion Recovery relaxation curves for: (a) 3He@Cg and (b) Cp.
Both within the same sample, ~27 mM 3He@Cg (f = 0.43) in ODCB-d, at 298 K and
16.45 T, average of 16 transients. Data sets fit to a monoexponential function, of the
form Ip * (1 — A x exp(}—lt)). The decay constants are: 3He@Cy '3C Ty = 16.83 +-0.04 5

and the Cgo ®C Ty = 16.87 4= 0.04 s. Reprinted (adapted) with permission from ( 95).
Copyright (2020) American Chemical Society.

3.3.2 CH4@Cgj results

13C solution NMR measurements have been performed on CH4@Cgp. The full 13C{lH}
spectrum of a 4.5 mM solution of CH,@Cg (f=1.0), acquired with 'H WALTZ16 decou-
pling (nutation frequency = 14.2 kHz) is shown in fig. 3.6. In the 3C{'H} spectrum,

a b C
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FIGURE 3.6: (a) Full 3C{'H} NMR spectrum of CH;@Cg (f=1.0) with 'H WALTZ16

decoupling (nutation frequency = 14.2 kHz) of CH4@Cqy (4.5 mM in degassed

ODCB-dy4) acquired at 16.45 T, 295 K with 4928 transients (with 10 s delay between

scans). The three solvent peaks are found around 130 ppm. The CH;@Cgg 13C (Cgp)

peak is found at 143.34 ppm and the CH;@Cgg 13C (CHy) peak at-13.63 ppm (marked

with an asterisk). Expansions of the (a) spectrum are shown for the '3C (Cgo) peak in
(b) and for the 3C (CHy) peak in (c). Reprinted with permission from Ref. 20.
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there are two peaks for CH,@Ce:

- 13C (Cgp) peak is at 143.3 ppm, also shown in fig. 3.6 (b).

- 13C (CHy) peak at -13.6 ppm marked with an asterisk, also shown in fig. 3.6 (c).

The ODCB-d, solvent peaks are seen around 130 ppm. No *C (Cg) peak is seen for
empty Cgo here since the CH,@Cy filling factor was 100% (f=1.0) for this sample.

3.3.2.1 CH4;@Cg 3C (CHy)

The solution 3C (CHy) peak of CH4@Cqy was shown for the BC{H} spectrum in
fig. 3.6 (a) and (c). The peak is a singlet since 'H WALTZ16 decoupling was applied.
The solution 3C NMR spectrum (with no 'H decoupling) is shown in fig. 3.7 (b) for the
13C (CHy) resonance of CH4@Cg. The spectrum displays a quintetinal:4:6:4:1

WWW
: mEae

-10 -12 -14 -16 -18
13C chemical shift (ppm)

FIGURE 3.7: 13C solution NMR resonances for endohedral CH, in CH,@Cg (f=1.0)
4.5 mM in degassed ODCB-d4 acquired at 16.45 T, 295 K. (a) INEPT?® spectrum ac-
quired with 35840 transients and with T = 71— with 'Jyc = 1243Hz. (b) 13C

e
spectrum acquired with 35840 transients. (c) Spectral simulation of (b) using Spin-
Dynamica 50 with Jyc = 124.3Hz. Reprinted with permission from Ref. 20.

ratio, with a splitting of 124.3 - 0.2 Hz. The outer peaks of the quintet are barely visi-
ble, but are confirmed by the INEPT”® spectrum from fig. 3.7 (a) acquired on the same
sample. The interpulse delay, specific for INEPT,”® T was set to 2.012 ms since T = ﬁ
where !Jyc = 124.3 Hz from above.

A simulation is shown for the 3C (CHy) quintet, performed with a 5 spin system for
BCH,, using SpinDynamica.50 In the simulation a J-coupling between 1BC and 'H of
e = 124.3 Hz was used.
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3.3.2.2 CH,@Cg B3C (Cgp)

The 13C solution NMR spectra of CH3@Cg (f=0.41) have been measured with and with-
out 'H decoupling. This was done below, where the focus is only on the (endo)fullerene
cage 13C peak. A different sample from above was used in these measurements, since a
filling factor of < 100% is needed to compare the 13C peaks of empty Cgqp and CH,@Cq
in the same sample.

The 13C spectrum of CH4;@Cg at 298 K and 16.45 T is shown in fig 3.8 (a) in red. The
BC{1H} spectrum of CH;@Cg at 298 K and 16.45 T is shown in fig 3.8 (b) in blue.
The 'H carrier frequency was set to the centre of the 'H peak of CHs@Cg (at about
-5.7 ppm?’), to be used for 3 C{'H} Waltz16 decoupling with a 'H nutation frequency
of 1.15 kHz (low pulse power of 0.02 W was used due to the long acquisition time of 13
s). Fig 3.8 (c, d) has the two spectra show in (a) and (b) overlaid and on the same vertical
scale. The spectra were acquired one after the other to ensure the peak lineshapes were
as similar as possible, i.e. the magnetic field homogeneity did not change substantially

in between the scans.

The 13C (Cgo) peak of CH4@Cgy is significantly broader than the 13C (Cgo) peak of empty
Cgo when no 'H decoupling is applied; the full-width-at-half-maximum (FWHM) are
212.9 4+ 0.6 mHz and 144.0 £ 0.3 mHz respectively, found in table 3.1. There is a consid-
erable narrowing of the 13C (Cq0) peak of CH4@Cgy down to 142.6 £ 0.4 mHz FWHM
once 'H decoupling is applied, whereas the 13C (Cgo) peak of empty Cg is not affected
at all, see table 3.1 and fig. 3.8 (c, d).

TABLE 3.1: Lorentzian full-width-at-half-maximum (FWHM) of the 3C (Cy) peaks
of empty Cgp and CH4@Cg spectra, from fig. 3.8. FWHM of the 13C (Cgp) peaks are
shown for the 13C and '3C{'H} spectra, together with the difference between them (in

mHz).
species | 3C FWHM | BC{'H} FWHM | A FWHM = BC — BC{H}
(/ mHz) (/ mHz) (/ mHz)
Ceo 144.0 £ 0.3 144.3 £ 0.3 -03+04
CH;@Cqgp | 2129 £ 0.6 142.6 + 04 703+ 0.8

Applying 'H waltz16 decoupling on the CHs@Cg protons, produced a narrowing of
the 13C (Ce0) peak of CH4@Cgp. The difference in the FWHM of the peaks was of 70.3 =
0.8 mHz between the 13C and 3C{!H} spectra, all linewidths are tabulated in table 3.1.
This experiment shows a clear change in the solution 13C (Cyo) peak of CH4@Cgp when
decoupling the 'H of the endohedral CHy.
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FIGURE 3.8: 13C solution NMR spectra of ~20 mM CH4@Cg (f=0.41) in ODCB-dy at

298 K and 16.45 T; HO@Cg traces are annotated. (a) 1°C spectrum with 8 transients.

(b) BC{'H} spectrum using waltz16 decoupling ('H nutation frequency 1.15 kHz)

with 8 transients. (c) has both (a) and (b) overlaid around the CH4@Cg cage peak.

(d) has both (a) and (b) overlaid around the C¢ peak. (a) and (b) share the same verti-
cal axis; same for (c) and (d).
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A similar narrowing is observed for the 13C (Cgo) peaks of Hy@Cgp and HyO@Cgp when
decoupling the 'H of the endohedral species. However, in these cases the peak nar-
rowing was much less pronounced, being at the limit of detection, hence spectra are

not shown. More experimental investigation will be done on these systems.

3.3.2.3 CH,;@Cq 'HTy

The 'H T, spin lattice relaxation time for a solution of ~20 mM CH4@Cgp in ODCB-d4
has been measured at a field of 16.45 T by inversion recovery. The inversion recovery
relaxation curve is shown in fig. 3.9. The data fits well to a monoexponential function,
of the form I * (1 — A x exp(}—lt)), with A ~ 2. The inversion recovery fitting gives the
following decay constant:

o CH4@Cy “He Ty = 1.465 £ 0.001 s.

1.0f B ———
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FIGURE 3.9: 'H Ty Inversion Recovery relaxation curve for ~20 mM CH;,@Cg (f =
0.41) in ODCB-d4 at 298 K and 16.45 T, average of 8 transients. Data is fitted with
a monoexponential function, of the form Iy x (1 — A * exp(}—lt)). The decay constant

CH,@Cg 'H Ty = 1.465 + 0.001 s.

3.3.24 CH;@Cq 3C (Cg) Ty

The BC Ty spin lattice relaxation times have been measured for a solution of CH,@Cg
and Cgp in ODCB-dy, by inversion recovery at a field of 16.45 T. The inversion recovery
relaxation curves are shown in fig. 3.10. The measurement was done on both com-
pounds at the same time, since C¢ is already present in the CH,@Cgp sample because
of the 41% filling factor.

Both data sets are well fitted by a monoexponential function, of the form Iy * (1 — A
exp(}—lt)), with A ~ 2. The inversion recovery fittings give the following decay con-
stants:

e CH4@Cg¢ (cage) 3C T; =17.12 £ 0.05 .

e Cgo BC Ty =17.64 + 0.04 s.
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FIGURE 3.10: 13C T; Inversion Recovery relaxation curves for: (a) CH4@Cg (cage 13Q)
and (b) Cgp. Both within the same sample, ~20 mM CH;4@Cg (f = 0.41) in ODCB-d4
at 298 K and 16.45 T, average of 24 transients. Data sets fit to a monoexponential func-
tion, of the form Ip x (1 — A exp(}—lt)). The decay constants are: CH;@Cg cage >C

T; = 17.64 £ 0.04 s and the Cgp 13C Ty =17.12 £ 0.05 s.

These results show a slightly shorter T; for the 13C in the cage of CH4@Cg as compared
with the empty Cgo present in the same sample. The presence of CHy inside the Cg
slightly affects the relaxation time of a 1>C within the cage.

3.4 Discussion

This section is dedicated to the discussion and analysis of the NMR experimental re-
sults shown in section 3.3. It assigns the splitting seen in the 13C solution NMR spectra
of *He@Cg to an internuclear J-coupling between the He and *C nuclei, named “Jyc-
A similar “J-coupling is shown to produce a broadening for 1*C the peak of the cage in
CH4@Cg, interpreted as a “Jyc-coupling between the 'H and 3C nuclei.

3.4.1 S3He@Cg, discussion

The main 3C solution NMR peak of SHe@Cgy was shown in tig. 3.1 (a) to be a dou-
blet split by 77.5 £ 0.2mHz at 340 K. The splitting is absent for Cgyp within the same
spectrum and the peak is sharp with a linewidth-at-half-height of 96 mHz. Thus, prov-
ing that the splitting is not due to magnetic field inhomogeneity. The splitting is also
absent in the *He@Cy 3C solution NMR spectrum, where both 4He@Cyp and Cg dis-
play sharp singlets of similar linewidth to the C¢ peak from the >He@Cg) sample, see
tig. 3.1.

The 13C peak of 4‘He@Cy is a singlet, whereas 3He@Cy is a doublet which strongly
suggest that an internuclear spin-spin coupling is responsible for the observed split-
ting; since measurements were done on a solution and *He has nuclear spin I = 1/2,
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whereas “He has zero nuclear spin I = 0. There is no conceivable type of NMR inter-
action, like chemical shift for example, which would differentiate between the 3He and
*He nuclei in this way, other than a spin-spin interaction (since there are no quadrupo-
lar nuclei present). The very unlikely possibility that there are two distinct compounds
each giving a singlet separated by an isotropic chemical shift which equals the splitting
is eliminated because the two doublet components are in 1:1 ratio exactly. Also, the 1:1
splitting is observed in another distinct sample of He@Cg.

The splitting being observed in solution and arising due to a spin-spin interaction, the
only explanation for it is the presence of an internuclear J-coupling; since it is not aver-
aged out in isotropic liquids.*® The only non-zero nuclear spins present in *He@Cg are
13C and ®He; therefore, we assign the splitting seen in the 13C solution NMR spectrum
of He@Cg to a J-coupling between *He and 3C.

We ascribe the observed splitting in the 13C NMR spectrum of SHe@Cg (fig. 3.1 (a)) to
a "through-space” or "non-covalent” or “"non-bonded” J-coupling between the endohedral
3He nucleus (I = 1/2) and a *C nucleus (I = 1/2) present in the cage. We adopt
the nomenclature ;¢ for the spin-spin interaction. The superscript “0” indicates that
no formal chemical bond is present between 3He and '3C, since the Helium atom is
mechanically confined to the interior of the Cgp cage and it is not bonded to the enclosing
carbon surface.”” The Jy ¢ interaction is depicted in fig. 3.1 (a) by the red dashed line
on the *He@Cg structure. After accounting for the gyromagnetic ratios, the observed
e Of 77.5 & 0.2mHz is roughly consistent with reported values for “non-bonded”
J-couplings in proteins.*

J-couplings in NMR are generally perceived as intramolecular spin-spin interactions,
emerging as a consequence of chemical bonding, which are transmitted through the
molecular bonds. However, it has been known that J-couplings can be induced (or in-
creased) by the overlap of electron wavefunctions even when the participating nuclei
are separated by a large number chemical bonds (1), so large that the corresponding
"J-couplings would be essentially negligible. Spin-spin couplings of these types are
referred to as “through-space” or “non-bonded” J-couplings.®'=%* The electronic over-
lap is in general forced by some constraints (e.g. steric constraints) and the resulting
“through-space” J-couplings can provide useful information about the molecular ge-

82,84

ometry. Such J-couplings are commonly disentangled by quantum chemistry cal-

culations. 8590

Following the same idea, J-couplings across molecular surfaces seem possible, since
surface interactions, even when mainly repulsive, involve the overlap of electron wave-
functions. Thus, confining atoms or molecules to a well defined region of space, might
induce internuclear °J-couplings simply due to the overlap of electron clouds; even
when no formal type of chemical bonding is present. In the absence of confinement,
an interaction of this type would be attenuated by the rapid spatial diffusion of the
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given species. In order to detect such a coupling, it seems necessary to confine the in-
teracting species in close proximity for a significant amount of time. The endofullerene
compounds are ideal for observing such °J-couplings, due to their increased stability
even over geological timescales.'" To our knowledge, there is only one experimental
evidence for J-couplings induced by confinement, from double-quantum NMR mea-
surement on %Xe in microporous solids.” These have been interpreted in terms of

anisotropic 12?Xe-12Xe J-couplings through quantum chemistry calculations.®

This is, to our knowledge, the first direct spectroscopic observation of a J-coupling in-
volving the *He nucleus. However, there is indirect experimental evidence for very
small internuclear J-couplings between species in van der Waals complexes.”*~? For
3He they were observed as scalar *He-'?’Xe collisional frequency shifts from low-field
magnetometry measurements on noble gases (*He and #’Xe), supported by computa-
tional studies, in ref. 90,92.

Another noble gas endofullerene which in principle may present the same type of °J-
coupling is 12 Xe@Cg. Detecting such a “J-coupling was attempted in the '3C and 1?Xe
solution NMR of 12Xe@Cy, in ref. 62. However, no splitting was observed in the
spectra and an upper bound was set for it of < 2 Hz.%?

From the presented spectrum (fig. 3.1 (a)) only the magnitude of °Jj;c can be mea-
sured experimentally. Although, quantum chemistry calculations predict *Jyec to be
negative, see section 3.4.1.3. Experiments have been planned to use cross-correlated

relaxation effects to experimentally determine the sign of “Jyec. 17!

SHe@Cq spin lattice relaxation times
To observe %J-couplings, the nuclei have to be confined to the same region of space for
a long period of time. Besides this requirement, the spin lattice relaxation times of the

two nuclei need to be long enough to allow such a weak ’J-coupling to be detectable.

Fortunately for the *He@Cg) system the spin lattice relaxation times are long enough.
The 3He T; of 3He@Cy in solution was measured to be 365 + 41 s at a field of 11.7 T,
see fig. 3.4. The 13C Ty of 3He@Cy in solution was measured to be 16.83 + 0.04 s at a
field of 16.45 T, see fig. 3.5. These T; parameters allow the small °J;;c to be detectable
as a splitting in the NMR spectrum. The long '3C T; allows for high resolution spectra
and the long *He T; ensures the splitting is observable and not decoupled from the

spectrum by relaxation.

The presence of the *He inside the cage seems to not affect the spin lattice relaxation
time of the 13C for 3He@Cgy. As seen by the negligible difference in the T; ’s of Cg
and 3He@Cy from fig. 3.5. However, these were measured only at 16.45 T, and this
might not be the case at different magnetic fields. The influence of the *He on the 13C
T; should increase as the field is decreased: since the CSA contribution to relaxation
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should decrease with the field (found to be dominant for Cgj '°?) and the *He-13C dipo-
lar contribution should be field invariant.

3.4.1.1 3He@Cg HP & HH peak splitting

Ceo fullerene in natural abundance displays in its 13C solution NMR spectrum, besides
the main peak, two additional side peaks shifted towards deshielded chemical shifts
(with respect to the main). They are called HP & HH based on the C-C bonds present
in Cgp, HP = Hexagon-Pentagon bond and HH = Hexagon-Hexagon bond. There are
60 HP bonds and 30 HH bonds in the structure of Cgy, so the HP:HH abundance ratio
is 2:1; the same as the relative ratio of the two side peaks. They are shifted from the
main Cgo peak by the secondary isotope shift that arises when two 13C’s are adjacent
along a HP or HH bond. The side peaks are also present for endofullerene samples
and they are shifted with respect to the main peak of the filled C¢ cage, which is itself
shifted from the main peak of empty C¢ (see fig. 3.2). The side peaks and their origin

are discussed in detail in chapter 2.

The side peaks of He@Cgy and *He@Cg¢ have their shifts from the main 3C peak es-
sentially the same as the side peaks of empty Cgo (within experimental error). This is
probably because the enclosed Helium atom does not affect the Cgp cage that much.
This is in contrast with the side peaks shifts of Hy@Cgqy and H,O@Cgy, which were
shown in chapter 2 to be smaller in magnitude (within experimental error) than for the

empty Cgo; and the effect was scaling with the size of the endohedral molecule.

Fig. 3.2 shows the main *C and side peaks of *He@Cg, *He@Cg and the corresponding
Ceo from the ~ 40% filling factors. A small splitting is observed only for the peaks
corresponding to He@Cg. Since the main *C peak was split by “Jj;.c, the side peaks
are also split into doublets by *Jy;.c. The He@Cgy HP & HH peaks are only split into
doublets since the *He does not break the magnetic equivalence of the two adjacent
13C’s contributing to the side peaks. The . coupling for the 3He@Cg side peaks is
shown as dashed red lines on the molecular structures in fig. 3.2 (b,c); the same is shown

for *He@Cy in fig. 3.2 (e,f), but here OJHeC is absent because *He has zero nuclear spin.

The splitting of the *He@Cg 13C side peaks provide further evidence to the existence of
the ¢ coupling, between the endohedral >He and a '3C part of the enclosing surface,
even in the absence of a chemical bond. Furthermore, fig. 3.2 (a) now shows that the
13C solution NMR spectrum of *He@Cg, previously thought to contain a single peak,
is actually made up of 6 peaks: 3 peaks (main *C, HP and HH) each split into a doublet

by 0] HeC-
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3.4.1.2 % temperature dependence

The magnitude of the °Jy;.c coupling in *He@Cg has been measured at a range of tem-
peratures (262 K- 340 K) and the result is shown in fig. 3.3. This shows an increase of
the “Jec coupling with temperature, well fitted by a linear equation: |"Jyec| = mT + ¢,
with ¢ = 51.4 4 0.7mHz and m = (76.7 +2.3) x 1073 mHz K~!. An interpretation of
this behaviour is given below in terms of the 3He - 13C distance, since a shorter dis-
tance is expected to give a larger magnitude of °Jy;.c due to the increased overlap of the
electron clouds.

Using a classical mechanics approach, one speaks about kinetic energies of the atoms
involved. Increasing the temperature makes the average kinetic energy of the enclosed
Helium atom to increase, making the Helium bounce more often and more strongly
inside the Cgp cage. This means the Helium will penetrate more into the cage,103 in-
creasing the overlap of the electron clouds; which in turn will make the magnitude of

T 11ec increase.

A quantum mechanical approach involves the translational quantization of the en-

closed Helium atom, see other endofullerene examples in literature '%2%2330

or chap-
ter 6 which is dedicated to this. One can think of the confined He atom as a “particle-
in-a-box” or more accurately as a quantum an-Harmonic oscillator with a symmetric
potential (see chapter 6), yet both predict very similar wavefunctions.*? The transla-
tional ground state is strongly localised at the centre of the box (Cgg cage), whereas the
excited states have increasingly more probability amplitude towards the edge of the
box (inner surface of the Cgp cage). As temperature is increased, the population of ex-
cited translational states increases. This will make the mean expectation value for the
position of the Helium atom be closer to the edge of the box at elevated temperatures.
Thus, this argument also predicts a shorter >He - 1*C distance on average as temper-
ature is increased, which in turn would increase the magnitude of the %Jy.c coupling

due to the increased overlap of the electron clouds.

To our knowledge only one other study presented temperature dependencies of “non-
bonded” J-couplings, those mediated by hydrogen bonds in proteins. They have shown
in general a decrease in magnitude of the J-couplings with increasing temperature; '**
opposite trend to J.c. This example serves to show the diverse behaviour of “non-

bonded” J-couplings with temperature.

3.4.1.3 . simulation by quantum chemistry

An attempt was made to simulate the observed %Jj;.c coupling though quantum chem-
istry techniques. !> The simulations were done by Jyrki Rantaharju from University of
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Southamton, more details in reference 95. The calculations were done by treating the
13C and 3He nuclei as localised points, with no delocalisation.

Calculating the *He@Cg system by ab initio methods is computationally very demand-
ing. Thus, test computations were done on the simpler system of a *He atom positioned

on the six-fold symmetry axis of a C¢Hg molecule, 19

O_'"""""""'

see fig.3.11 for structure.
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FIGURE 3.11: 3He-13C J-couplings calculated by quantum chemistry techniques.
Green circles: Results of the ab initio CCSD calculations on the *He...C¢Hg model sys-
tem. The solid green line is a guide for the eye. Black circle: DFT benchmark cal-
culation of the 3He...C4Hg model system. Red square: DFT-calculated J-coupling of
the 3He@Cg) endofullerene. The horizontal gray band shows the confidence limits of
the zero-Kelvin intercept of the linear temperature-dependence of |Jijec|, as shown in
figure 3.3. The vertical dashed line shows the internuclear distance of 3.547A between
the 3He and '3C nuclei in 3He@Cg. Reprinted (adapted) with permission from ( 95).
Copyright (2020) American Chemical Society.

Computations of the J-coupling were done at different positions of the >He nucleus
away from the C¢Hp ring and are shown as green circles in fig. 3.11. Each point was
calculated using Coupled-Cluster (CC) theory at the CCSD level, using the cc]-pVDZ
basis.!?” The calculated J-coupling is predicted to be negative, with an increasing mag-
nitude as the *He ...13C distance decreases. The trend is as expected since the overlap
of the electron clouds would increase as the *He ... 13C distance decreases.

The CCSD calculations done on the 3He ... C¢Hg system were used to benchmark DFT-

functionals with the pcJ-X (X=0-4) basis sets. !’ The DFT calculation of the 3He ... CsHg

109,110

system when using the PBEO functional with 75% of exact exchange were similar

to the CCSD ones, as seen by the black circle in fig. 3.11.
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Using the pcJ-3 basis and the functional which was benchmarked by the CCSD calcu-
lations of the *He ... CgHg system, the *Jy;.c coupling in *He@Cg was simulated using
DFT. This is shown in fig. 3.11 by the red square, where the ¢ is predicted to be
negative and to = -68.3 mHz. This value is compared with the magnitude of the experi-
mental *Jy;.c coupling extrapolated at zero Kelvin, |"Jyec|(0 K) ~ 51.4 mHz, shown by
the gray band in fig. 3.11. The simulated °Jj;.c is in rather good agreement with the

experimental result.

34.2 CHy@Cgy discussion

Discussion below is dedicated to the broadening observed for the 13C (Cgp) peak of
CH,@Cgy. The '3C (CH,) resonance of CH,@Cg was presented in section 3.3.2.1 for

completion and are not discussed further.

Solution 3C NMR spectra of CH;@Cgo were shown in fig 3.8, in the region around the
fullerene cage peaks. The *C measurements were done with and without 'H waltz16
decoupling, fig 3.8 (b) and (a) respectively. For the 3C{'H} spectrum, the 'H carrier
frequency was set to the 'H resonance of the CH;@Cg (at about -5.7 ppm?’) and the
protons were decoupled using waltz16 with a 'H nutation frequency of 1.15 kHz.

In the 13C spectrum (no H decoupling) the 13C (Cgp) peak of CH4@Cg4y was consid-
erably broader than the 13C (Cgp) peak of empty Cg, Lorentzian FWHM of 2129 £+
0.6mHz and 144.0 + 0.3 mHz respectively. When 'H decoupling was applied on the
CH4@Cg protons, the 13C (Cg) peak of CH4@Cgy got narrower by 70.3 = 0.8 mHz
(33%), whereas the 13C (Cgp) peak of empty Cqp was not affected. This is best seen in
tig 3.8 (c, d); all peak linewidths are tabulated in table 3.1.

The solution NMR result demonstrates how the 3C (Cgp) peak linewidth of CH,@Cg is
appreciably narrowed down by decoupling the protons present on the endohedral CHy
molecule. This suggests that an internuclear spin-spin *J;c-coupling exist in CHy@Cg,
between 'H and a cage 13C. As for the *Jy.c-coupling there is no formal chemical bond
between the endohedral CHy4 and the Cg cage.

Unfortunately, there is no visible splitting in the *C spectrum of CH,@Cg to allow
further verification and measurement of such ’Jy;c-coupling. However, this can be ex-
plained by the short H T of CH4@Cgy; which was shown to be 1.465 + 0.001 s in
ODCB-d4 at 298 K in fig. 3.9. Comparing it with the CH;@Cgg 13C (Cgo) Ty of 17.12 +
0.05 s (fig. 3.10) and the SHe@Cg 3He Tj of ~365 s (tig. 3.4), one sees at least an order
of magnitude difference with the 'H Ty of CH4@Cg. One would expect a e of sim-
ilar magnitude to “Jy.c (~ 75mHz), and 1/ ~13.5 s at room temperature. Thus,
the fast spin-lattice relaxation of the CH4@Cg protons of 1.465 £ 0.001 s explains why
the %Jc-coupling is not observable as a splitting in the >C spectrum of CH,@Cg, as
opposed to “Jyec in *He@Cgo. Nonetheless, there is a measurable effect of the protons
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in CH4@Cg on the enclosing cage 13C peak, which can be understood in terms of a

OJc-coupling.

The broadening of the 13C (Cgp) peak of CH4@Cg¢g could also be due to faster relaxation
caused by the presence of CH, inside the cage. Since the 4 protons could give rise to
IH-13C dipolar relaxation. Faster spin lattice relaxation of the 13C (Cgp) of CH,@Cyp
as compared with empty Cg is actually observed in fig. 3.10. However, the difference
is small: 13C (Cgo) Th of CH @Cyp is 17.12 4+ 0.05 s and 1BC (Ce0) T1 of empty Cep is
17.64 £ 0.04 s. This small difference in the relaxation rates is not enough to explain the
rather significant broadening seen in fig. 3.8 for the BC (Ce0) peak of CH4@Cgp. Thus,
the presence of a “Jyc-coupling is postulated. The small difference in the spin lattice
relaxation times indicates a relaxation mechanism is generated by the endohedral CHy,

probably 'H-13C dipolar relaxation with the carbon nuclei in the cage.

The '3C spin lattice relaxation times for empty Cgp were measured at the same time
as for SHe@Cgy and CH4@Cy, since they were present in the same solution due to the
filling factors of ~40% . However, the two empty Cg 13C Ty ’s obtained from tig. 3.5
and fig. 3.10 are rather different: 16.87 4+ 0.04 s and 17.64 £ 0.04 s respectively. The
difference is not large and it arises because two different samples were used, which
were prepared separately. Concentrations were different, exact O, content could differ
and the fullerene powders themselves might have had different amounts of impuri-
ties in them slightly affecting the T7 measurements. Thus, one should quantitatively
compare the relaxation parameters obtained from compounds within the same sample

tube; empty and filled Cy cages, with *He and CH, separately.

A similar narrowing of the >C (Cg) peak is observed when decoupling the 'H of the
endohedral species for Hy@Cgy and HoO@Cgy. The FWHM difference was much less
pronounced in these cases, being at the limit of detection, hence spectra are not shown.
This is probably due to the number of 'H’s in the endohedral species available for the
¢ interaction; CHy having double the number of protons, it is expected to generate
a stronger effect in the spectrum. More investigation will be done on these systems to

further understand °J-couplings in endofullerenes.

3.5 Conclusion

To conclude, this chapter was dedicated to the newly observed °J-couplings in Cgo end-
ofullerenes, between a 13>C within the cage and the endohedral moiety. The confinement
seems to induce an overlap of the electron clouds between the endohedral species and
the Cq cage, which is strong enough to lead to a detectable °J-coupling even when no

chemical bonds connect the participating nuclei.
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The 13C solution NMR spectrum of *He@Cg presents a small peak splitting into a 1:1
doublet, of 77.5 & 0.2 mHz at 340 K. The HP & HH side peaks, described in chapter 2,
of *He@Cgp show the same splitting as the main '>C peak. This splitting is used as
direct evidence for a J-coupling type of spin-spin interaction, in which there are “zero”
formal chemical bonds between the participating nuclei. This leads to the notation
OJtec, Where the superscript zero indicates the number of bonds between *He and 13C.
The %Jec-coupling displays an increase in magnitude as temperature is increased. This
is consistent with the He nucleus coming closer to 1>C on average at elevated tempera-
tures, which can be understood from a quantum “particle-in-a-box” or classical mechan-
ics perspective. Quantum chemistry DFT calculations predict a negative i c, with a

magnitude close to the experimental *Jy;.c extrapolated at 0 K.

This is, to our knowledge, the first direct experimental evidence for a J-coupling of the
*He nucleus. The simple confinement of nuclear spins to a region of space is enough
to induce such °J-couplings across molecular surfaces. Since the coupling strength is
really small, directly observing the splitting is only possible if the NMR relaxation times
are long enough; in order to allow high spectra resolution and to ensure the interaction
lives long enough to be observable. This applies to *He@Cg for both *He and *C,
which have long spin lattice relaxation times of tens of seconds.

A similar type of °J-coupling is observed between 'H and a 'C (Cg) in the cage of
CH4@Cgy. Unfortunately, the H spin lattice relaxation time is short (~1.5 s), so direct
observation of the ¢ splitting was not possible. However, °Jy;c leads to a significant
broadening of the 13C (Cgp) peak of CH4@Cgp, as compared with empty Cgo. This is
not due to faster relaxation of the 13C spin in the cage induced by the endohedral CHy
(e.g. 'H — 13C dipolar relaxation), since there is too little difference between the *C
(Ce0) T1 's of empty Cgp cages and cages filled with CHy. The broadening was shown
to disappear when applying 'H decoupling. For CH4@Cg all is consistent with a -
coupling between endohedral 'H and a *C within the enclosing Cg cage.

Such YJ-couplings across molecular surfaces might help investigating mechanically in-
terlocked molecules.” °J-couplings also might enable the transfer of hyperpolarization

from optically-pumped noble gases, as in biosensor applications.!!!

Further work is under way to estimate the sign and accurate magnitude of the ;.
coupling using double-resonance techniques, and to detect similar internuclear cou-

plings in other spatially confined systems, such as molecular endofullerenes. 161820

3.5.1 Future work

A new solution state NMR probe was ordered from Bruker, capable of doing >He NMR
experiments. This will enable a more accurate measurement of the %Jy c-coupling,

though double resonance *He-1*C NMR experiments.!? Experiments have also been
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planned to use cross-correlated relaxation effects to experimentally determine the sign
of T pgec. 101

Further measurements are planned to gain a better understanding of the Jyc-coupling
in molecular endofullerenes: CH,@Cqo, Ho@Cgp, HoO@Cg etc.
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Chapter 4

Inelastic neutron scattering on noble
gas Cgp endofullerenes

4.1 Introduction

Inelastic Neutron Scattering (INS) makes use of the energy lost or gained by a scat-
tered neutron, in order to obtain spectroscopic information. This produces an INS spec-
trum, which is similar to the electromagnetic spectroscopic techniques (IR, Raman, etc.)

where one uses light rather than neutrons.

INS has been used to study molecular endofullerenes such as Hy@Cgp, HoO@Cgy, HF@Cyg,
and isotopomers. 12330 Confining the small molecules in fullerene cages slightly changes
the ro-vibrational properties, yet they are essentially free rotors even at cryogenic con-

ditions. 192233

Besides the perturbation of the ro-vibrational states, translational quan-
tization was observed for the endohedral molecule, caused by the confinement. This
amounts to rotational levels being split into multiple states due to the Translational-
Rotational (TR) coupling.?’”” Furthermore, pure translational transitions have been
observed for the endohedral molecules, in which the translational quantum number
changes but the rotational quantum number does not.'%??>-3 Making the same obser-

vations for noble gas endofullerenes is the aim of this chapter.

There are almost no selection rules for INS, so in principle any transitions can be ob-
served. This is very useful at the lowest temperatures, since only the ground state
is populated and all transitions originate from it. This can give an overview of the
whole landscape of energy levels. The INS experiments were done at the Institut Laue-

Langevin (ILL) in Grenoble France, which has a nuclear reactor as a neutron source.

The noble gas endofullerenes SHe@Cy, *He@Cyy and Ne@Cy, were measured using
inelastic neutron scattering. These experiments were performed on the solid pure sam-

ples at cryogenic temperatures. The confinement gives rise to peaks specific for the
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noble gas atom in the INS spectra. The INS transitions correspond to the confined He-
lium atom, since the energy of the observed peaks are rather strongly dependent on the
mass of the He isotope.

The INS instruments used in this study probe relatively low energies, 0-200 meV, which
correspond to lattice phonon modes and molecular vibrations. We are interested in the
dynamics of the Helium and Neon atoms inside the Cgy cage, and the corresponding
energies are in this energy range, as discussed below.

The INS instruments used are IN4c and IN1 LAGRANGE, both located at the ILL. IN4c
is a time of flight (TOF) type spectrometer, which uses the time when neutrons arrive at
the detectors to generate an INS spectrum. IN4c uses a single incident neutron energy;,
from which energy is lost or gained, and the scattered neutrons of different energies are
detected in a TOF fashion. IN1 LAGRANGE uses multiple incident neutron energies
(Ei) and detects scattered neutrons of a single energy (4.5 meV). By scanning the energy
of the incident beam and only detecting 4.5 meV neutrons, the INS spectrum of the
difference Ei — 4.5 meV is generated. An advantage of IN4c is that the INS spectrum is
generated all at once, whereas for IN1 LAGRANGE each data point has to be measured
separately.

There were two sets of INS measurements: (1) on IN4c and (2) on IN1 LAGRANGE.
The first set of measurements was made on IN4c, where the sample preparation was
not ideal and the second set was made on IN1 LAGRANGE, where sample preparation

was improved.

4.2 INS measurements of He@Cy using IN4c

All INS experiments in this section were performed at the ILL (Institut Laue-Langevin)
in Grenoble France, on the IN4c instrument together with the instrument chief Stéphane
Rolls and Anthony Horsewill from University of Nottingham. The ILL proposal num-
ber is 7-04-156 with d0i:10.5291 /ILL-DATA.7-04-156.

The data presented here represent our first attempts to perform INS measurements
on the Helium Cgy endofullerenes. As shown below, much of the data is of rather
poor quality, in part due to instrumental problems, and in part because of interference
from contamination of the sample with traces of the water Cg endofullerene H,O@Cg,
incorporated as a by-product of the sample synthesis.

4.2.1 Experimental

The IN4c is a time of flight type of spectrometer working in a pulsed fashion, fig. 4.1
shows a diagram of the IN4c detector at the ILL.
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FIGURE 4.1: Diagram of the time-of-flight (TOF) neutron scattering spectrometer IN4c
at the ILL. Description of how it works found in text.

The diaphragms act as a beam stop which can be turned on or off, the background
choppers chop a continuous beam of neutrons into broad pulses in the time domain.
The monochromator then (Bragg) diffracts neutrons of the desired wavelength towards
the Fermi chopper which makes the pulse of neutrons very narrow in the time domain.
The monitor is an ”inefficient detector” to give an estimate for the total number of
neutrons in the pulsed beam. The beam enters the orange cryostat which keeps the
sample at a constant temperature using liquid helium and then is scattered radially
from the sample point to be detected by the circular (*He) detectors as shown, the
radial collimator ensures that no double scattered neutrons reach the detectors. The
green circular detectors give the angle at which the neutrons scatter and, implicitly, the
momentum transfer(Q). Because IN4c is a time of flight spectrometer, the time at which
the neutrons arrive is recorded to give a 3D plot with time and angle (Q) on the X and
Y axes and neutron count on the Z axis. By integrating over all angles, a plot of neutron
count against time is obtained and by transforming the time axis into energy transfer,
with respect to the elastically scattered beam, the inelastic neutron scattering spectrum
is obtained.
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4.2.1.1 Sample preparation

Both *He@Cyy and *He@Cg( were synthesised by the group of Prof. R. Whitby through
"molecular surgery”.”® The solid He@Cgy powder is the same as the one used in the
NMR experimental, section 4.2.3.1.

224 mg of SHe@Cyp (4.4% filling factor) was transferred to a thin rectangular (~ lcm x

lcm) aluminium foil cell and then put in the orange cryostat for measuring.

175 mg of *He@Cg (26.1% filling factor) was transferred to a thin rectangular (~ lcm x

lcm) aluminium foil cell and then put in the orange cryostat for measuring.
The same procedure was done for 739 mg of empty Cgp.

As discussed below, the He@Cgp samples contained traces of H,O@Cgy: 0.2% for 3He@Cq
and 0.1% for *He@Cg. The traces were generated as a by-product of the endofullerene
synthesis. The HyO@Cgy impurity caused additional features in the INS spectra, which
complicated the analysis.

4.2.1.2 Data processing

The baseline subtraction was performed using LAMP, a dedicated software for neu-
tron scattering at the ILL and it was carried out in the following way: first an empty
cell (Ecell) made of aluminium foil was subtracted from both He@Cgy and Cg, then
the new Cg spectrum was scaled (due to sample mass differences) by a factor a and
subtracted from the new He@Cgy (He@Cg - empty aluminium cell). The scaling factor
was chosen based on best resulting pure He@Cg spectrum. Example of notation for a
scaling factor “a” for the 2.2 A 3He@Cg) spectrum: Incident neutron wavelength 2.2 A,
1.6 K, (He@Cg - Ecell) - ax(Cgo- Ecell)). The scaling factor helps in generating the best
spectrum, because some features scale up or down with the scaling factor applied to
the Cgg. The peaks shown in this section were quite invariant to the scaling factor so

we are confident they are real and not random noise.

4.2.2 Results

For the INS spectra, 3 different wavelengths were chosen for the incident neutron to
see different regions of the energy transfer spectra, the wavelengths were: 1.6 A, 2.2 A
and 3.2 A. The faster neutrons (smaller wavelength) give a broader range for the en-
ergy transfer (up to about 26 meV), however the resolution gets worse because the
interval between data points gets larger. Unfortunately, the ball bearings of the back-
ground choppers on IN4 crashed when we were acquiring the empty cell background
for 1.6 A and 3.2 A so the background subtraction for these wavelengths was faulty.
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3.2 A empty cell measurement was completely unusable; 1.6 A was acceptable in the
lower energy part of the spectrum but quite poor in the high energy transfer regime.
However, it seemed to work rather well for *He@Cy) even in the high energy part but
not for 3He@Cg (due to neutron absorption by the 3He nucleus). Thus, for 1.6 A the
focus should be in the lower energy regime up to about 20 meV.
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FIGURE 4.2: Raw INS spectra of SHe@Cy (red) and *He@Cg (blue dashed), with

no subtraction of the Cg or empty cell. Incident neutron wavelength 3.2 A at 1.6 K

acquiring for 16 h 3He@Cg) and 22 h *He@Cy. *He@Cq spectrum was scaled by 1.1 to

reach the same intensity level as 3He@Cg (due to sample mass differences). The insert

is the scaled up version of the main spectra showing the similarity of the *He@Cg and
4He@Cy spectra.

The 3.2 A wavelength measurements make visible the low energy part of the spectrum,
~0-7 meV. Because a good background subtraction was not possible, the pure *He@Cg
and “He@Cg) INS spectra are shown in fig. 4.2, where it can be seen that there is almost
no difference between the two spectra. The 3.2 A measurements conclude that there
are no peaks from either *He@Cg) or “He@Cg in this energy range (0-7 meV).

4.2.2.1 SHe@Cg results

Fig. 4.3 contains the INS spectrum of 3He@Cg) recorded with a wavelength for the
incident neutron of 2.2 A at 1.6 K acquiring for 41 h. There are a number of peaks in the
spectrum, most of which could not be assigned to *He@Cg. At this point the presence
of HyO@Cg traces in the sample was postulated, which was later on verified by NMR

measurements.
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The peak at 3.3 meV has a stable shape but its intensity is very sensitive to the back-
ground subtraction (specifically sensitive to the scaling factor given to empty Ceo before
subtracting from He@C60) so its intensity and width should not be taken seriously, only
the peak position should be considered. The rest of the peaks in the spectrum seem to
be invariant to the scaling factor of empty Cgo, except the higher energy part which is
quite unusable in all cases due to some malfunctioning detectors and in this case due
to the absorption by the *He nucleus.

- N

Counts/ 107° a.u.

0 5 10 15
Neutron energy loss / meV

FIGURE 4.3: Relevant INS spectrum of 3He@Cg, scattered intensity against neutron

energy loss. Incident neutron wavelength 2.2 A at 1.6 K acquiring for 41h, ((He@Cg

- Ecell) - 1*(Cgo- Ecell)). Fitted with 5 gaussian peaks: green dashed peaks come from

H,O0@Cgp and the green solid peak comes from 3He@Cg. The black dashed line is the
sum of the gaussian peaks. Fitting parameters found in table 4.1.

The spectrum was fitted with 5 Gaussian peaks, 4 of them come from H,O@Cg (green
dashed peaks) and one comes from the *He@Cg at 11.77 meV (green solid peak), pa-
rameters for the fit are found in table 4.1.

The HoO@Cg) peak at 9.03 £ 0.03 meV can be seen from fig. 4.3 that the experimental
data points have the peak slightly shifted to a higher energy, which would probably
match well with the 9.20 + 0.05 meV value from ref.?’ The fits from our measure-
ments are not within experimental error with the values from ref.?’ but in our case
the HyO@Cg filling is 0.2% whereas in ref.? the HO@Cy filling is about 90%. The
Ceo cages filled with H,O are expected to be different than empty Cg and to display
different lattice dynamics, since the geometry of the cages is slightly different. Changes
in the lattice is expected to affect the energies of the transitions for endohedral H,O,
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TABLE 4.1: SHe@Cg INS 2.2 A fitting parameters for the 5 gaussian peaks from fig. 4.3.

Species | Energy transfer /meV | Energy transfer / meV (ref.?”’) | FWHM / meV
H,O@Cy 3.3+£0.07 3.02 £ 0.05 0.45 £+ 0.17
5.5+ 0.06 5.68 £ 0.05 09 +0.13
6.88 £+ 0.06 6.51 + 0.05 1.38 £ 0.2
9.03 £ 0.03 9.20 £ 0.05 1.74 £+ 0.08
SHe@Ceo 11.77 £ 0.02 0.63 £ 0.04

depending if the nearest neighbours of a Hy@Cg cage are Cgp or HO@Cgp, which de-
pends on the filling factor.

The same experiment was repeated using a neutron wavelength of 1.6 A in order to
explore the higher energy transfer regions of the spectrum, see fig. 4.4; temperature
was 1.6 K and acquisition time 8h. The figure has the 2.2 A spectrum underneath it
to confirm the peaks seen around 10 meV, and fitted gaussian peaks are shown, with

parameters in table 4.2.

TABLE 4.2: He@Cg INS 1.6 A fitting parameters for the 2 gaussian peaks from fig.
4.4.

Species | Energy transfer / meV | Energy transfer / meV (ref.?’) | FWHM /meV

H,O@Cyq 8.7 £0.14 9.20 + 0.05 1.3 £0.19
SHe@Cy 11.8 £ 0.08 0.7 £0.08

On the figure there is another very broad feature centred around 20 meV but no ob-
vious structure can be seen here and a fit with gaussian peaks was unsuccessful, we
expect this feature to arise from a combination of HyO@Cgy and SHe@Cq peaks. The
broadness comes from overlap with other HyO@Cg peaks in this region and the very
small ratio of it in the sample buries the peaks under the noise. The big drop in inten-
sity after 25 meV occurs because of the fault in the empty cell measurement when the
background choppers crashed which made the background subtraction problematic.
The absorption of *He is expected to affect the background subtraction as well.

4.2.2.2 “*He@Cg results

The INS spectrum was measured for 4He@Cg) on the IN4c instrument at the ILL, using
incident neutrons of 2.2 A, at 1.6 K and acquiring for 40h. The spectrum is shown in
tig. 4.5, where the empty cell and Cgg contributions were subtracted, (*He@Cg - Ecell)
- 1.3%(Cgo- Ecell)).




88 Chapter 4. Inelastic neutron scattering on noble gas C¢p endofullerenes

L

£y o |
WD N fl'! 113

s M:::: ko 7 L% I ' ‘I, .'-l.'.';;h" [ |

I

1y i\ ’ "Il Il ||I[J|I T "Ill
b1 130 | " |..F||nv' e [ lj LB
J |I_‘ |r| \I‘I" I” H
I 4 i

."‘

Ly

,‘"m( I] i,
MAITHL]

5 10 15 20 25
Neutron energy loss / meV

FIGURE 4.4: Relevant INS spectra of 3He@Cg, scattered intensity against neutron en-
ergy loss. Top spectrum: Incident neutron wavelength 1.6 A at 1.6 K acquiring for 8 h,
(CHe@Cg - Ecell) - 0.97*(Cgo- Ecell)). Bottom spectrum: Incident neutron wavelength
2.2 A at 1.6 K acquiring for 41h, (CHe@Cg - Ecell) - 1*(Cgo- Ecell)), from tig 4.3. The
black dashed lines are the sum of the fitted gaussian peaks underneath. Green dashed
curves are fits for HyO@Cg and green solid are for SHe@Cg. Fitting parameters for
the 1.6 A spectrum are found in table 4.2. Straight horizontal lines represents the zero
line for the respective spectrum.
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Only the region with the most intense peaks was possible to be fitted with 2 gaussian
peaks, one for HyO@Cg (blue dashed line) and one for 3He@Cy (blue solid line), see
tig. 4.5. A straight line was fitted for the region around the peaks to account for the
raised and tilted baseline with a line equation of : 0.00003244 — 1.926 x 10~ 6x. Fitting
parameters for the gaussian peaks are found in table 4.3.

TABLE 4.3: He@Cgy INS 2.2 A fitting parameters for the 2 gaussian peaks from fig.
4.5.

Species | Energy transfer / meV | Energy transfer / meV (ref?’) | FWHM / meV

H,O@Cy 8.94 £ 0.05 9.20 £ 0.05 0.68 £0.11

‘He@Cg 9.85 + 0.02 0.71 + 0.05

The same experiment was repeated using a neutron wavelength of 1.6 A in order to
explore the higher energy transfer regions of the spectrum, see fig. 4.6, temperature

was 1.6 K and acquisition time 8 h.
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FIGURE 4.5: Relevant INS spectrum of 4He@Cg, scattered intensity against neutron

energy loss. Incident neutron wavelength 2.2 A at 1.6 K acquiring for 40 h, (*He@Cy

- Ecell) - 1.3*(Cgo- Ecell)). Fitted with 2 gaussian peaks: blue dashed peak comes from

H,O0@Cg and the blue solid peak comes from 4He@Cy. The black dashed line is the
sum of the gaussian peaks. Fitting parameters found in table 4.3.
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Fig. 4.6 has the 1.6 A neutrons spectrum at the top with the 2.2 A spectrum underneath
it to confirm the peaks seen around 10 meV. The fairly broad feature seen at 10 meV
with 1.6 A neutrons matched very well with the 10 meV peak seen with 2.2 A neutrons.
Unfortunately, due to the low signal to noise ratio the peak from the 1.6 A spectrum
could not be fitted. On the figure there is another very broad feature centred around
20 meV but no obvious structure can be seen here and a fit with gaussian peaks was
unsuccessful. The broadness comes from overlap with other HyO@Cgyy peaks in this
region and the very small ratio of it in the sample buries the peaks in the noise.

4.2.3 Discussion
4.2.3.1 Quantification of the H,O@Cgy impurity by 13C NMR

In the INS spectra of both SHe@Cy and *He@Cyy some extra peaks were observed.
They were around the energies for HO@Cgy known from previous INS studies.?’ In
order to check the H O@Cg content in the samples, solution state 13C NMR was done
on the *He@Cyy and *He@Cy samples, used in the INS measurements.
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FIGURE 4.6: Relevant INS spectra of He@Cg, scattered intensity against neutron en-

ergy loss. Top spectrum: Incident neutron wavelength 1.6 A at 1.6 K acquiring for 8 h,

((*He@Cg - Ecell) - 1.15*(Cgp- Ecell)). Bottom spectrum: Incident neutron wavelength

2.2 A at 1.6 K acquiring for 40 h, (*He@Cg - Ecell) - 1.3*(Cgo- Ecell)), from fig 4.5. The

black dashed line is the sum of the gaussian peaks underneath. Straight horizontal

lines represents the zero line for the respective spectrum. H,O@Cgy peaks are blue
dashed and *He@Cg peaks are blue solid.

Sample preparation For the 3He@Cg solution state sample 18.4 mg of 3He@Cq pow-
der was dissolved in 0.86 mL of 0-DCB-d4 to give a 29.67 mM solution. The sample was
then degassed by bubbling N, through the sample for 5 mins.

For the *He@Cg liquid state sample 16.6 mg of *He@Cg powder was dissolved in
0.775 mL of ODCB-d, to give a 29.7 mM solution. The sample was then degassed by
bubbling N through the sample for 6 mins

3He@Cy, 1*C NMR results

The 3C NMR spectrum of SHe@Cyy around the Cgp peak is shown in fig. 4.7. The
smaller downfield peak is the 13C peak of a C¢o cage which has *He enclosed inside and
the other one comes from empty Cg. At 142.93 ppm another small peak can be seen
for HyO@Cg. The 3C chemical shifts and tilling percentages are given in table 4.4.

Besides the main 13C peaks of Cqgp, SHe@Cgy and H,O@Cy), some small side peaks are
observed in the NMR spectrum in fig. 4.7, annotated by blue and red arrows. These are
due to 1°C, isotopomers of Cgg and SHe@Cy, see chapter 2 for more details. Figure 4.7

is one of the spectra where the Cg fullerene side peaks were first observed.
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FIGURE 4.7: Relevant part of the experimental 13C NMR spectrum of 29.67mM
SHe@Cq (4.4% filling factor) dissolved in 4 solvent acquired at 16.45 T (13C nuclear
Larmor frequency = 176 MHz) and 21.85°C with 2560 transients. The spectrum was
processed using Lorentzian line broadening (full width at half maximum = 0.1 Hz).
The main peak is empty Cgo and on the left is the 3He@Cgg one. The insert is a zoomed
version of the shown spectrum and the asterisk marks the HyO@Cg peak. The arrows
mark the HP & HH side peaks, blue for C4g and red for 3He@Cy (see chapter 2).

TABLE 4.4: *He@Cgq) sample 13C chemical shifts and filling percentage, from fig. 4.7.

Species | chemical shift /ppm | ratio
H,0@Cq 142.93 0.2 %
3He@Cg 142.84 4.4 %

Ceo 142.82 95.4 %

4He@Cg), 13C NMR Results

The 3C NMR spectrum of 4He@Cy around the Cg peak is shown in fig. 4.8, the
smaller downfield peak is the 13C peak of a Cgy cage which has *He enclosed inside
and the other one comes from empty Cgp. At 142.93 ppm another small peak can be
seen for HoO@Cg. The 3C chemical shifts and filling percentages are given in table
4.5.
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FIGURE 4.8: Relevant part of the experimental 3C NMR spectrum of 29.7 mM
“He@Cg (26.1% filling factor) dissolved in 4 solvent acquired at 16.45 T (**C nuclear
Larmor frequency = 176 MHz) and 21.85°C with 2048 transients. The spectrum was
processed using Lorentzian line broadening (full width at half maximum = 0.1 Hz).
The main peak is empty Cgo and on the left is the *He@Cy, one. The insert is a zoomed
version of the shown spectrum and the asterisk marks the HyO@Cg peak. The arrows
mark the HP & HH side peaks, blue for C4g and red for 4He@Cy (see chapter 2).

TABLE 4.5: *He@Cg sample '3C chemical shifts and filling percentage, from fig. 4.8.

Species | chemical shift /ppm | ratio
H,0@Cq 142.93 0.1%
3He@Cg 142.84 26.1 %

Ceo 142.82 73.8 %

H,0@Cgy neutron scattering quantification

This section aims to prove that most of the peaks observed in the INS spectra actu-
ally arise from small traces of HyO@Cg leftover from the synthesis of SHe@Cg and
*He@Cg. Even small traces of hydrogen containing compounds are undesirable for
INS measurements, since the neutron scattering cross section for 1H is one of the largest
amongst all elements in the periodic table.*!

We used neutrons of wavelengths 3.2-1.6 A which translates into energy 8-32 meV. In
ref. 113 the H,O total neutron cross-section starts to level off at temperatures under

0°C, at any neutron energies. For neutron energies of 32 meV and 2.7 meV the total
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scattering cross sections are around 100barn and 175barn (at temperatures between
-100 to 0°C). For 32 meV neutron energies, the scattering stays rather constant with
temperature and for 2.7 meV the total scattering cross section does not go beyond 220
barn (this maximum reached at 100°C).

From ref. 41 the total scattering cross sections for “thermal” neutrons (10-100 meV) are:
oy = 81.7 barn, o3y, = 5.6 barn, 0uy, = 1.2 barn and cisg = 4.2 barn. With those
values the total scattering cross section for H,O would be 01,0 = 167.6 barn, which is
close to the values from ref. 113 above. With these values in mind and the relative ratios
of SHe@Cp:H,O@Cyy and *He@Cgp:H,O@Cy above, the following ratios of scattering
power were obtained:

Oippe - Tatiosye  5.6-44% 2464 1
0m,0 - ratiog,o  167.6-02% 3352 136
Oipge - Tatiose  1.2-26.1%  31.32 1

Oh,0 - Tatiop,o  167.6-0.1%  16.76 ~ 0.53

We see that the 3He@Cy should scatter almost as much as HyO@Cg, whereas *He@Cg
should scatter about twice as much as HyO@Cgy. This is what is observed in the INS
spectra in section 4.2.2.

4.2.3.2 He@Cgy INS discussion

The INS spectra of *He@Cgp and “He@Cg displayed a number of peaks (section 4.2.2).
However, as shown above, most of the peaks were due to traces of HyO@Cgy being
present in the samples. Nonetheless, for each endofullerene (®*He@Cyy and *He@Cgp)
one peak was identified with high degree of certainty.

For He@Cy a peak at 11.77 £ 0.02 meV and for 4He@Cq a peak at 9.85 + 0.02 meV
were identified. These peaks were found in the INS spectra acquired with 2.2 A neu-
trons. The same features were also present at the same energies in the INS spectra
acquired with 1.6 A neutrons; this reassures us of the validity of the 2.2 A results. All
measurements were performed at really low temperature (of 1.6 K), which indicates
that the observed transitions originated in the ground state of the confined Helium
atom (since transitions are on the order of ~ 10 meV). Thus, the observed peaks are
assigned to the fundamental translational transitions of the confined Helium atom in
3SHe@Cyy and *He@Cyy. The mass of the confined Helium atom influences the energy
of the observed peak, the lighter >He atom having a larger transition energy.

Endofullerenes translationally confine atoms/molecules to the inside of fullerene cages.
This is reminiscent of the well known quantum mechanics example of a “particle in a
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box” or the quantum harmonic oscillator, where the potential confines a quantum par-
ticle to a region of space. These models should at least partially describe the confined
Helium isotopes in fullerene cages.

To support the above argument, we need to take into account the isotope effect be-
tween *He and “He and consider the 2 extreme models which can represent our sys-
tem. From INS measurements the ratio between the *He and *He transition energy is
W7ZE00e ey — 1,195 £ 0.003. An isotropic harmonic oscillator would have this ratio
equal to the inverse square root of the masses = % = 1.155; whereas a particle in a box
model, which has no interaction with the boundaries until the particle reaches them
(and then potential energy becomes infinite), would have the ratio equal to the inverse
of the masses = § = 1.333.%> We can see from this very simple argument that our system
is closer to a harmonic oscillator model than a particle in a box model; ergo, Helium
has some degree of interaction with the cage carbons and cannot be described just by a
"particle in abox” model. A detailed theoretical description and analysis of the He@Cg
system is given in section 6.2 where the potential is more realistically described by even

power polynomials.

4.2.4 Final remarks and future work

The INS measurements done on *He@Cyy and *He@Cy at the ILL using the IN4c in-
strument successfully detected one transition, the fundamental, of the translationally
confined Helium atom. The energy for the transition was dependent on the isotopic
mass, with >He@Cg) having a higher energy for the transition. Unfortunately, no other
transitions were detected and the traces of HyO@Cg in the samples leftover from the
synthesis obscured the spectra quite a lot making the analysis rather difficult.

By learning that any trace of HyO@Cg in the samples are problematic and that the
amount of sample used in these measurements was on the low limit of detection, new
INS measurements were planned on 3He@Cq and *He@Cg. The instrument used was
different, IN1 LAGRANGE as compared to IN4c, and the sample amount was increased
with effectively no traces of HyO@Cg, this is presented in section 4.3.

4.3 INS measurements of He@Cy using IN1 LAGRANGE

All INS experiments were performed at the ILL (Institut Laue-Langevin) in Grenoble
France, on the IN1 LAGRANGE instrument with the help of Stéphane Rolls and the
instrument chief Moénica Jiménez-Ruiz. The measured endofullerenes are SHe@Cy,
4He@Cqy and Ne@Cgy. The *He@Cgyy INS experiments were affected by the COVID-

19 pandemic, so users could not participate in the measurements; these were done
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by Stéphane Rolls, Mohamed Aouane and Moénica Jiménez-Ruiz from the ILL. For

the *He@Cy4 and Ne@Cgy measurements the ILL proposal number is 7-04-169 with

doi:10.5291/ILL-DATA.7-04-169. For the *He@Cg) measurements the ILL proposal num-
ber is 7-04-176 with doi:10.5291 /ILL-DATA.7-04-176.

4.3.1 Experimental

LAGRANGE stands for: LArge GRaphite ANalyser for Genuine Excitations.

IN1 is an instrument with a high flux neutron beam, since the neutrons are provided by
the “hot source” moderator of the reactor. The moderator slows down the fast neutrons
produced by the nuclear reaction, to be used for spectroscopic measurements.

A main difference between IN4c and IN1 is that IN4c produces the spectrum all at
once and IN1 does it one data point at a time. Therefore, when statistics are improved
in IN4c the number or runs (transients) was increased, whereas for IN1 one needs to

make sure they measure all the data points in the same way:.

Each data point in IN1 measurements is normalised with respect to the incoming neu-
tron flux as measured by the monitor. The measurement is done in such a way to ensure

the same total neutron flux was used for each data point.
Fig. 4.9 contains a diagram of IN1 Lagrange spectrometer.

The nuclear reactor produces a beam of hot neutrons which is directed onto one of the
three monochromators, Silll, Si311 or Cu220. The monochromators diffract (reflect)
neutrons of a given energy (wavelength) based on the 26 Bragg angle from fig. 4.9. The
monochromators reflect neutrons within a certain energy range as follows: Si111 5.5-
20 meV, Si311 16.5-31.5 meV and Cu220 26-500 meV. By rotating the whole setup with
respect to the monochromators and synchronising their rotation as well to change the

26 angle, a different energy (wavelength) can be selected for the incident neutron beam.

Once the energy of the neutron beam has been selected based on the Bragg diffraction
angle, the beam passes through the spectrometer: firstly passing through the Monitor,
secondly through the Diaphragm, thirdly it enters the spectrometer passing through
the sample and finally it is stopped by the beam stop. The Monitor is an “inefficient
detector” to give an estimate for the total number of neutrons in the beam and the
diaphragm just completely stops the neutron beam. The Displex cryostat keeps the

sample at the desired temperature.

When the beam hits the sample it scatters neutrons, elastically and inelastically, in all
directions. The neutrons scattered downwards, between 33.73° and 69.36°, from the
main beam direction are refocused by the highly oriented pyrolytic graphite (PG) crys-

tals into the neutron detector (*He gas). The PG crystals are arranged in a parabola
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FIGURE 4.9: Diagram of the IN1 Lagrange spectrometer at the ILL. (a) Viewed from

the top and (b) viewed from the side. See text for details.
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(similar to a wooden barrel) to focus all incoming neutrons from the sample into the
3He detector. The PG crystals also conform to a geometry which only reflects 4.5 meV
neutrons towards the detector, thus the >He detector can only detect 4.5 meV neutrons.
In principle the *He detector can detect neutrons of any energy, however, the PG crys-
tals only select the 4.5 meV ones. To avoid any neutrons scattered off the sample at
an angle >69.36° reaching the detector, a 1°Boron screen is present in the middle to ab-
sorb such neutrons. Also to avoid higher order reflections from reaching the detector,
the Beryllium filter only lets through neutrons of <5 meV, further ensuring that only

4.5 meV neutrons reach the detector.

Thus, the Y-axis of the INS spectrum is constructed by measuring the neutron count
from the *He detector, normalised by the monitor flux, at a given incident energy.
The X-axis is made up from the neutron’s incident energy minus 4.5 meV, since only
4.5 meV neutrons scattered inelastically by the sample are being detected. This way the
INS spectrum using the IN1 LAGRANGE instrument is constructed point by point, by

scanning the incident energy.

4.3.1.1 Sample preparation

The *He@Cg, “He@Cgy and Ne@Cg) samples were synthesised by the group of Richard
Whitby at the University of Southampton, through molecular surgery as described in
ref 96. All endofullerene samples were purified by HPLC to eliminate any HoO@Cgp
traces; proven to be problematic, in section 4.2, for low scattering samples such as these.
Afterwards, samples (empty Ceqp included) were sublimed and then transported to the

ILL for the experiments.

294 mg of *He@Cg (~ 40% filling factor) was transferred to a thin cylindrical annulus
made up of aluminium foil cell and then put in the dysplex cryostat for measuring. The
same procedure was applied to a mass matched (293 mg) sample of C¢ to be used for

background subtraction.

174 mg of Ne@Cg) (~ 70% filling factor) was transferred to a thin cylindrical annulus
made up of aluminium foil cell and then put in the dysplex cryostat for measuring.
The same procedure was applied to 293 mg sample of Cg to be used for background
subtraction, which was mass matched with the *He@Cg sample above.

1067 mg of 3He@Cg (~ 45% filling factor) was transferred to a thin cylindrical annulus
made up of aluminium foil cell and then put in the dysplex cryostat for measuring.
The same procedure was applied to a mass matched (1067 mg) sample of Cgo to be
used for background subtraction. For the 3He@Cyo sample, the Cadmium shield was
also measured to account for the neutron absorption by the *He nucleus. The Cd shield
is always present on the sample holder, its use is to restrict the neutron beam within

the sample space.
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An empty aluminium cell, thin cylindrical annulus with no sample inside, was also

measured to improve the background subtraction procedure for all compounds.

4.3.2 Results

This section presents the INS experimental results from the IN1 LAGRANGE instru-
ment at the ILL. Samples measured were *He@Cyg, “He@Cgy and Ne@Cg.

SHe@Cg INS spectra were recorded in the energy transfer range [5, 200] meV. 4He@Cgy
spectra were recorded in the energy range [5, 60] meV

4.3.2.1 SHe@Cg results

The INS measurements of 3He@Cgy were done using the IN1 LAGRANGE instrument
at the ILL, with proposal number 7-04-176 with doi:10.5291/ILL-DATA.7-04-176. Un-
fortunately, due to the COVID19 pandemic I could not take part in these measurements,
they were performed by Stéphane Roll, Mohamed Aouane and Ménica Jiménez-Ruiz
from the ILL.

The INS spectrum of 1067 mg of *He@Cg (f = 0.45) was measured at cryogenic temper-
atures (2.7 K) using the IN1 LAGRANGE instrument. The same spectrum was acquired
for 1067 mg of Cgp, the empty Aluminium sample holder (Ecell) and the Cadmium
shield which restricts the neutron beam to the sample space. The Cadmium shield is
always present on the sample holder, even for the empty Aluminium sample holder
(Ecell).

Since the 3He nucleus absorbs neutrons rather strongly, this needs to be corrected in the
INS spectrum:

- Firstly, the Cd shield was subtracted from all measurements, resulting in Cd free spec-
tra denoted *He@Cg, Ceso and Ecell.

- Secondly, the Cd free empty Aluminium cell (Ecell) is subtracted from the fullerene
spectra. Before subtraction, the Ecell needs to be scaled for the neutron absorption.

This scaling « is « +/E (where E is the neutron incident energy), because the absorp-
tion cross section is & %_41 Now a = t * /E, where f is the transmission through the
sample. For Cq) the transmission was assumed to be 95% (t = 0.95). For *He@Cg
the transmission was deduced by comparing with the Cgy spectrum at 11 meV, which
was found to be ~4 times more intense than 3He@Cg. Thus, the >He@Cg transmission
was chosen to be ~0.25; spectra shown actually used t = 0.275 for *He@Cgo which gave
the best subtraction. The transmission corrected spectra are found in fig. 4.10 (a) red
for *He@Cyy and black for Cgy, where t = 0.275 and t = 0.95 respectively; these are
denoted *He@Cgy' and Cgo’. The overall intensity of the *He@Cqy' spectrum was still

weaker than the Cg/, so an extra scaling was done to the Cgo’ spectrum: axCqy’ where
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FIGURE 4.10: (a) IN1 LAGRANGE INS (transmission corrected) spectra of: 1067 mg
SHe@Cq' (f=0.45) in red and 1067 mg a+Ceo! (2 = £z) in black, at 2.7 K. (b) in blue the
difference red—black from (a) is shown.

a = 1/6.5 in the black spectrum from fig 4.10 (a). This extra scaling with a2 was done
in order to match the intensities of the 33 meV peak in both *He@Cq' and Cey' spectra;
this is shown in fig 4.10 (a) in red and black respectively.

Finally to isolate the spectrum of the confined Helium atom, the difference between the



100 Chapter 4. Inelastic neutron scattering on noble gas C¢p endofullerenes

pure contributions is needed, 3He@Cg! - a*%t, and it is shown in fig. 4.10 (b) in blue
fora=1/6.5.

Some extra peaks are seen for 3He@Cq compared with the Cgp spectra, as seen in the
difference spectrum in fig. 4.10 (b), where some peaks are observed in the lower energy
part of the spectrum. The cage vibrations peaks of He@Cg are cancelled to some
extent in the mid energy region, by subtracting the empty Cqp peaks, but still a raised
baseline is present continuing up to higher energies.

These extra peaks of *He@Cgy are shown more clearly in fig. 4.11 (a) where only the
lower energy part of the difference spectrum is shown. The spectrum was fitted in this
region with Gaussian lineshapes to extract information about the peaks position, area
and width. The baseline was fitted with a rank 5 polynomial function to account for
imperfect background subtraction. Peak fitting parameters are found in table 4.6.

There seem to be 5 peaks in the spectrum in fig. 4.11 (a) which could be fitted with
Gaussian lineshapes. The most prominent peak is at 11.90 & 0.01 meV which we assign
as being the fundamental transition of the confined *He atom, from the ground state
to the first excited state. The other observed peaks should also be originating in the
translational ground state, since the spectra were measured at really low temperature
(2.7 K).

TABLE 4.6: Parameters for the peak fitting of the 3He@Cgy INS difference spectrum
from fig. 4.11 (a)

Peak | Energy transfer / meV | Area / a.u. | FWHM / meV
a 11.90 £ 0.01 2.81 0.85 £ 0.03
b 24.87 £0.04 1.87 0.92 + 0.09
C 26.98 £+ 0.08 0.97 0.96 £0.18
d 39.07 £ 0.14 0.52 0.75 £ 0.27
e 4193 £0.11 1.29 1.44 £0.26

For the spectra in fig. 4.10, the scalling factor a = 1/6.5 because this ensured the inten-
sities of the 33 meV peak in the 3He@Cg and Cgp spectra matched. This gave the best
subtraction *He@Cg' - axCqy') in the low energy region seen in fig. 4.10 (b) and more
clearly in fig. 4.11 (a). However, when a = 1/6.5 the other vibrational peaks of the Cq'
did not match with 3He@Cg', as seen in fig. 4.11 (b) where only the 33 meV peak is
matched between the two spectra. This gave a non-ideal subtraction (in blue) for the
cage peaks, with a raised baseline continuing up to high energies.

In order to better compare the cage vibrational peaks of 3He@Cg and Cg, a different
scaling was used (2 = 1/5) for the Ceo’ spectrum and this is shown in fig. 4.11 (c), where
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FIGURE 4.11: (a) IN1 LAGRANGE INS spectrum, 4-48 meV, of the difference

3He@C6Ot —ax %t (a = 1/6.5), from fig. 4.10 (b). Spectrum fitted with Gaussian
lineshapes, with parameters in table 4.6. (b) INS spectra, 30-74 meV of: 3He@Cyq' in

red, a %t (a = 1/6.5) in black and their difference in blue, from fig. 4.10. (c) is the
same as (b) just witha = 1/5.
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the peaks match much better (except for the 33 meV peak). Now the difference spec-
trum (in blue) is almost zero, with some small variations. Some very weak dispersion
peak shapes are seen in the blue difference spectrum from fig. 4.11 (c), where the vi-
brational peaks for the cage should be present. The dispersion shape arises because the
vibrational peaks of the cage filled with *He have a frequency very slightly shifted from
that of the empty Cep; the endohedral noble gas atom slightly changes the vibrational
frequency of the cage peaks. Thus, subtracting the empty Cgy peaks with a slightly
different frequency results in a dispersion shape for the cage peaks in the difference

spectrum. However, the dispersion peak shapes are rather weak for 3He@Cgy.

4.3.2.2 “*He@Cg results

The INS measurements of *“He@Cg, were done using the IN1 LAGRANGE instrument
at the ILL, with proposal number 7-04-169 with doi:10.5291/ILL-DATA.7-04-169.

The INS spectrum of 294 mg of “He@Cg (f = 0.4) was measured at cryogenic tempera-
tures (2.7 K) using the IN1 LAGRANGE instrument. The same spectrum was acquired
for 293 mg of C¢p and for an empty sample holder made of aluminium foil (Ecell). The
empty sample holder contribution was subtracted from 4He@Cg and Cg, and the re-
sulting spectra containing the pure contributions from *He@Cgy and Cg are shown in
fig. 4.12 (a) in green and black respectively.

To isolate the spectrum of the confined Helium atom, the difference between the pure
contributions is needed, denoted ((*He@Cg - Ecell)-a*(Cgo- Ecell)), and it is shown in
tig. 412 (b) for a = 0.92 in dark green. The factor a is an extra parameter needed to
perform the best possible subtraction of the C¢y background.

Some extra peaks are seen for 4He@Cyp compared with the Cgy spectra, as seen in the
difference spectrum in fig. 4.12 (b), where some peaks are observed in the lower energy
part of the spectrum. Furthermore, some dispersion type peaks are observed in the
higher energy part of the difference spectrum at 30-55 meV, where the Cgy cage peaks
should be (fig. 4.12 (a) black). At ~26 meV an experimental artifact is marked with an
asterisk in fig. 4.12 (a) and (b), since this feature was present in both the *He@Cgy and
Ceo spectra. This artifact is also seen in the Ne@Cgy spectrum from fig 4.14, which was

acquired in the same experimental run as *He@Cgy.

These extra peaks of “He@Cg) are shown more clearly in fig. 4.13 (a), where only the
lower energy part of the difference spectrum is shown. The spectrum was fitted in this
region with Gaussian lineshapes to extract information about the peaks position, area
and width. The baseline was fitted with a rank 5 polynomial function to account for
imperfect background subtraction. Peak fitting parameters are found in table 4.7.
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FIGURE 4.12: (a) IN1 LAGRANGE INS spectra of: 294 mg 4He@Cg (f=0.40) in green

and 293 mg axCgp (2 = 0.92) in black, at 2.7 K after empty cell (Ecell) subtraction. (b)

in dark green the difference green—black from (a) is shown. At ~26 meV an experi-
mental artifact is marked with an asterisk.

There seem to be 4 peaks in the spectrum in fig. 4.13 (a) which could be fitted with
Gaussian lineshapes. The most prominent peak is at 9.86 + 0.01 meV which we assign
as being the fundamental transition of the confined *He atom, from the ground state
to the first excited state. The other observed peaks should also be originating in the
translational ground state, since the spectra were measured at really low temperature
(2.7 K). The peaks at 6.601+0.07 meV and 13.14+0.06 meV are most likely experimental
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FIGURE 4.13: (a) IN1 LAGRANGE INS spectrum, 3-25meV, of the difference

4He@Cgy — a * Cgo (2 = 0.92), from fig. 412 (b). Spectrum fitted with Gaussian line-

shapes, with parameters in table 4.7. (b) INS spectra, 30-55 meV of: *He@Cg in green,
axCgp (a = 0.92) in black and their difference in dark green, from fig. 4.12.

artifacts from, since they could not be assigned to the confined “He transitions (see
section 6.2).

The origin of the dispersion peaks at high energies in the difference spectrum is shown
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TABLE 4.7: Parameters for the peak fitting of the “He@Cgy INS difference spectrum
from fig. 4.13 (a)

Peak | Energy transfer / meV | Area / 1072 a.u. | FWHM / meV
* 6.60=x 0.07 0.19 0.82 £ 0.15
a 9.86+ 0.01 0.92 0.92 +0.03
koK 13.14 £ 0.06 0.18 0.73 £0.15
b 20.89 = 0.04 0.17 0.60 = 0.10
c 22.82+0.13 0.14 122 4+0.32

more clearly in fig. 4.13 (b), where the spectra are shown for 4He@Cyy, Ceo and the
difference between them on the same Y-axis scale. The dispersion shape arises because
the vibrational peaks of the cage filled with *He have a frequency slightly shifted from
that of the empty Cgp; the endohedral noble gas atom slightly changes the vibrational
frequency of the cage peaks. Thus, subtracting the empty Cqy peaks with a slightly
different frequency results in a dispersion shape for the cage peaks in the difference

spectrum.

4.3.2.3 Ne@Cgy results

The INS measurements of Ne@Cgy were done using the IN1 LAGRANGE instrument
at the ILL, with proposal number 7-04-169 with doi:10.5291/ILL-DATA.7-04-169.

The INS spectrum of 174 mg of Ne@Cg (f = 0.7) was measured at cryogenic tempera-
tures (2.7 K) using the IN1 LAGRANGE instrument. The same spectrum was acquired
for 293 mg of C¢p and for an empty sample holder made of aluminium foil (Ecell). The
empty sample holder contribution was subtracted from Ne@Cgy and Cgp, and the re-
sulting spectra containing the pure contributions from Ne@Cgy and Cgp are shown in

tig. 4.14 (a) in orange and black respectively.

To isolate the spectrum of the confined Helium atom, the difference between the pure
contributions is needed, denoted ((Ne@Cgo- Ecell)-ax(Cgo- Ecell)), and it is shown in
tig. 4.14 (b) for a = 0.56 in brown. The factor a is an extra parameter needed to perform

the best possible subtraction of the Cgy background.

Some extra peaks are seen for Ne@Cgy compared with the Cgp spectra, as seen in the
difference spectrum in fig. 4.14 (b), where some peaks are observed in the lower energy
part of the spectrum. Furthermore, some dispersion type peaks are observed in the
higher energy part of the difference spectrum at 30-55 meV, where the Cgy cage peaks
should be (fig. 4.14 (a) black). At ~26 meV an experimental artifact is marked with an
asterisk in fig. 4.14 (a) and (b), since this feature was present in both the Ne@Cgy and
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FIGURE 4.14: (a) IN1 LAGRANGE INS spectra of: 174 mg Ne@Cgq (f=0.70) in orange

and 293 mg axCep (2 = 0.56) in black, at 2.7 K after empty cell (Ecell) subtraction.

(b) in dark orange the difference orange—black from (a) is shown. At ~26 meV an
experimental artifact is marked with an asterisk.

Ceo spectra. This artifact also is seen in the ‘He@Cq spectrum from fig 4.12, which was

acquired in the same experimental run as Ne@Cgy.

These extra peaks of Ne@Cg are shown more clearly in fig. 4.15 (a), where only the
lower energy part of the difference spectrum is shown. The spectrum was fitted in this
region with Gaussian lineshapes to extract information about position, area and width
of the peak. The baseline was fitted with a rank 5 polynomial function to account for
imperfect background subtraction. Peak fitting parameters are found in table 4.8.



4.3. INS measurements of He@C¢ using IN1 LAGRANGE 107

Wavenumber / cm™
50 1?0

| 1 5|O 290

1 1 1 1 1 1 1 L

- — Ne@Cq - Cqo

—
o
—

Counts / 107 a.u.
o
(&)}

0.0
L L R (L L L R E L [ B R R
5 10 15 20 25
Energy transfer / meV
Wavenumber / cm™’
250 300 350 400
| L L L 1 | L L L L | L L L L | L L 1 L
6_
1b
] — Ceo
5 - — Ne@Ceq, - Cqo
(54— =
5] /
C
S ]/ P
L L e IR

30 35 40 45 50 55
Energy transfer / meV

FIGURE 4.15: (a) IN1 LAGRANGE INS spectrum, 3-25meV, of the difference

Ne@Cgp — a x Cgg (@ = 0.56), from fig. 4.14 (b). Spectrum fitted with Gaussian line-

shapes, with parameters in table 4.8. (b) INS spectra, 30-55 meV of: Ne@Cg in orange,
axCg (2 = 0.56) in black and their difference in dark orange, from fig. 4.14.

There seem to be 3 peaks in the spectrum in fig. 4.15 (a) which could be fitted with
Gaussian lineshapes. The most prominent peak is at 7.01 & 0.01 meV which we assign

as being the fundamental transition of the confined atom, from the ground state to the
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first excited state.

TABLE 4.8: Parameters for the peak fitting of the Ne@Cgy INS difference spectrum
from fig. 4.15 (a)

Peak | Energy transfer / meV | Area / 1072 a.u. | FWHM / meV

a 7.01 £ 0.01 0.92 0.73 £ 0.02
* 13.13 £ 0.07 0.18 0.77 £0.16
*k 16.18 += 0.07 0.07 0.57£0.16

The origin of the dispersion peaks at high energies in the difference spectrum is shown
more clearly in fig. 4.15 (b). Where the spectra are shown for Ne@Cgp, Cgp and the
differecen between them on the same Y-axis scale. The dispersion shape arises because
the vibrational peaks of the cage filled with Ne have a frequency slightly shifted from
that of the empty Cep; the endohedral noble gas atom slightly changes the vibrational
frequency of the cage peaks. Thus, subtracting the empty Cgp peaks with a slightly
different frequency results in a dispersion shape for the cage peaks in the difference
spectrum.

4.3.3 Discussion

INS measurements were done on *He@Cgj, *He@Cgy and Ne@Cg using the IN1 LA-
GRANGE instrument at the ILL. Some discussion of the results is shown below. In
each sample two set of observations are made: 1) for the endohedral atom and 2) for
the fullerene cage. In other words, peaks corresponding to the endohedral noble gas

atom and changes to the vibrational peaks of the cages are observed.

Further theoretical description of the He@Cg system is given in section 6.2.

4.3.3.1 3He@Cy discussion

The *He@Cg INS results using the INT LAGRANGE instrument were shown in sec-
tion 4.3.2.1. It shows the *He@Cgy INS spectra, HyO@Cg free due to the HLPC purifi-
cation step in the sample preparation.

In the lower energy part of the spectrum (<50 meV) clear peaks are seen for the en-
dohedral noble gas atom, see fig. 4.10 (b) and fig. 4.11 (a). The peaks were fitted with
Gaussian lineshapes and the parameters are given in table 4.6. The measurement was
done at 2.7 K so all transitions should be originating in the ground state (since transi-
tions are on the order of ~ 10 meV). The most intense peak is at 11.90£0.01 meV and

this is assigned as the fundamental *He transition. This value is essentially the same
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as the one obtained in section 4.2.2.1, where a different instrument (IN4c) was used to
acquire the INS spectra of a different sample of *He@Cg with lower filling factor.

The other observed peaks are also assigned to be originating in the translational ground
state. The other peaks (besides the 11.904+-0.01 meV fundamental) are overtone transi-
tions, originating in the ground state and ending up in excited states (274, 3, etc.).
The overtones appear at roughly double and triple the energy of the 11.904+0.01 meV
fundamental. The only peak which is ambiguous is the one at ~42 meV, because this
is found at the same energy as a cage vibration (fig. 4.11 (b) and (c)), so it could be aris-
ing due to imperfect subtraction of the Cgp background. Further interpretation of these
peaks is given in section 6.2.

Subtracting the Cgo contribution from the 3He@Cq spectrum generated very small dis-
persion type lineshapes at the energies where the vibrational peaks of the cage are,
tig. 4.10 (a) and fig. 4.11 (b) & (c)). The dispersion shape arises because the vibrational
peaks of the cage filled with He have an energy very slightly shifted from that of the
empty cage. This is seen by looking at the >He@Cg) peaks in green from fig. 4.13 (b),
which are shifted very slightly compared with the spectrum of Cgg in black. This is
different from what is being observed for 4He@Cg in section 4.3.2.2 and for Ne@Cg
in section 4.3.2.3; where the cage vibrational peaks for the endofullerene were shifted
more significantly, generating more obvious dispersion peak shapes. However, the ex-
perimental resolution was worse for the He@Cg measurements in the high energy

regime, which makes the accurate detection of such shifts more difficult.

These kind of shifts have been previously reported in the Raman spectra of noble gas
endofullerenes; % where they generally observe an increase in the cage vibrational shift
when the size of the noble gas atom is increased. A possible explanation for why the
dispersion lineshape is much weaker for *He@Cg is that the mass of *He is too small
compared with *He and Ne to change the vibrational frequencies of the cage enough to
be detectable by INS.

4.3.3.2 “*He@Cgqj discussion

The “He@Cg INS results using the IN1 LAGRANGE instrument were shown in sec-
tion 4.3.2.2. It shows the *He@Cgy INS spectra, HyO@Cg free due to the HLPC purifi-
cation step in the sample preparation.

In the lower energy part of the spectrum (<25 meV) clear peaks are seen for the en-
dohedral noble gas atom, see fig. 4.12 (b) and fig. 4.13 (a). The peaks were fitted with
Gaussian lineshapes and the parameters are given in table 4.7. The measurement was
done at 2.7 K so all transitions should be originating in the ground state. The most
intense peak is at 9.86+0.01 meV and this is assigned as the fundamental *He transi-

tion. This value is essentially the same as the one obtained in section 4.2.2.2, where a
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different instrument (IN4c) was used to acquire the INS spectra of a different sample of
4He@Cgy with lower filling factor.

The other observed peaks are also assigned to be originating in the translational ground
state. However, as shown later on in section 6.2, only the peaks at 20.89+0.04 meV and
22.82+0.13 meV could be assigned to the *He transitions. The others probably are just
experimental artifacts from the data treatment, marked with asterisk in fig. 4.13 (a).
The peaks at 20.8940.04 meV and 22.82+0.13 meV are roughly at double the energy of
the fundamental transition. Thus, they are assigned as overtone transitions from the
ground state to the second and third excited states respectively.

Subtracting the Cgy contribution from the ‘He@Cg) spectrum generated dispersion type
lineshapes at the energies where the vibrational peaks of the cage are (fig. 4.12). The
dispersion shape arises because the vibrational peaks of the cage filled with *He have
an energy slightly shifted from that of the empty cage. This is seen by looking at the
shifted *He@C¢ peaks in green from fig. 4.13 (b), comparing with the spectrum of Cgg
in black. These kinds of shifts have been previously reported in the Raman spectra of
noble gas endofullerenes.%® Note the shift in the cage vibrations (the dip of the disper-
sion shape) seems to be smaller for 4He@C¢ than for, Ne@Cg) seen in section 4.3.2.3.
This is in agreement with ref 68, where they generally observe an increase in the cage
vibrational shift when the size of the noble gas atom is increased. Furthermore, almost
no detectable dispersion shapes were seen for the cage peaks of the *He@Cg - Cg dif-
ference in section 4.3.2.1. A possible explanation is that the mass of *He is too small
compared with *He and Ne to change the vibrational frequencies of the cage enough to
be detectable by INS.

4.3.3.3 Ne@Cgy discussion

The Ne@Cgp INS results using the IN1 LAGRANGE instrument were shown in sec-
tion 4.3.2.3. It shows the Ne@Cg¢ INS spectra, HyO@Cg free due to the HLPC purifica-

tion step in the sample preparation.

In the lower energy part of the spectrum (<25 meV), clear peaks are seen for the en-
dohedral noble gas atom, see fig. 4.14 (b) and fig. 4.15 (a). The peaks were fitted with
Gaussian lineshapes and the parameters are given in table 4.7. The measurement was
done at 2.7 K so all transitions should be originating in the ground state. The most in-
tense peak is at 7.01£0.01 meV and this is assigned as the fundamental Ne transition.
The peak at 13.13£0.07 meV seems to be at roughly double the energy of the funda-
mental peak, so it could be the overtone transition from the ground state to the second
excited state. However, without having another experimental result to compare with
the confidence in this assignment is limited. The peak at 16.184+0.07 meV could be just

an experimental artifact or coming from the data treatment.
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Subtracting the Cgg contribution from the Ne@Cgy spectrum generated dispersion type
lineshapes at the energies where the vibrational peaks of the cage are (fig. 4.14). The
dispersion shape arises because the vibrational peaks of the cage filled with Ne have
an energy slightly shifted from that of the empty cage. This is seen by looking at the
shifted Ne@Cg) peaks in orange from fig. 4.15 (b), comparing with the spectrum of Cgg
in black. These kinds of shifts have been previously reported in the Raman spectra of
noble gas endofullerenes.®® Note the shift in the cage vibrations (the dip of the disper-
sion shape) seems to be larger for Ne@Cg than for 4He@Cy, seen in section 4.3.2.2.
This is in agreement with ref 68, where they generally observe an increase in the cage
vibrational shift when the size of the noble gas atom is increased. Furthermore, almost
no detectable dispersion shapes were seen for the cage peaks of the He@Cg - Cg dif-
ference in section 4.3.2.1. A possible explanation is that the mass of >He is too small
compared with *He and Ne to change the vibrational frequencies of the cage enough to
be detectable by INS.

4.4 Conclusion

INS measurements of He@Cgy and *He@Cg revealed some peaks in the spectra due to
the confined Helium atoms. The transitions are sensitive to the mass of the He isotope,
the lighter 3He has a higher energy for the transitions than 4He. Two different INS in-
struments were used to measure He@Cg, endofullernes, IN4c and IN1 LAGRANGE,
both at the Institut Laue-Langevin (ILL) in Grenoble France. Both instruments suc-
cessfully detected the same fundamental peaks of SHe@Cyy and *He@Cgy. The INS
spectra acquired with the IN1 instrument revealed some extra overtone transitions, not
observed with IN4c. This was possible since the sample preparation was vastly im-
proved from the initial IN4c measurements: the sample amounts and filling factors
were increased, and traces of HyO@Cgy were removed by HPLC prior to the INS mea-

surements.

The most intense INS peaks at 11.90 + 0.01 meV for 3SHe@Cyy and 9.86 + 0.01 meV for
4‘He@Cy, were assigned to fundamental translational transitions of the confined He
isotopes. Furthermore, overtone transitions were observed for the two isotopes. This
offers an outline of the energy level structure, which is used to accurately define the
potential energy surface (PES) that the Helium atom experiences when enclosed inside

Cgp fullerenes, in section 6.2.2.

INS measurements of Ne@Cg revealed three peaks in the spectrum. However, due to
the lack of extra experimental data, only the fundamental transition at 7.01 £ 0.01 meV
was identified. This is used to estimate the harmonic confining potential of Ne@Cg, in

section 6.2.1.
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The vibrational peaks of the cages filled with the noble gases are shifted compared
with empty Cg, as seen from the dispersion lineshapes in the difference spectra. The
effect seems to scale with the mass and the size of the endohedral noble gas atom. The
smallest shifts detected were for 3 He@Cg, and the largest ones for Ne@Cg. This agreed
with ref 68, where the increase in the cage vibrational shift scaled with the size of the
endohedral noble gas atom.

44.1 Future work

For the Ne@Cg) only the fundamental translational transition could be accurately iden-
tified. In order to assign other transitions, further INS experiments are being planned.
This will attempt to complete the story of noble gas Cgy endofullerenes, where other
compounds such as Ar@Cgp, Kr@Cg, etc. might be studied using INS.

The origin of the shift seen for the vibrational modes of the C¢ cage, when a noble gasis
encapsulated, was not investigated in this study. This has been investigated in reference
68 for Ar@Cgy and Kr@Cg), where shifts of the cage vibrational modes were observed
in the Raman spectra. Future analysis will be done to understand the cage vibrational
shifts for 3He@Cgp, *He@Cgy and Ne@Cgp; similar to the work from reference 68.
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Chapter 5

THz spectroscopy of “He@Cg, and
4He@C60

5.1 Introduction

Far-Infrared (far-IR) is an electromagnetic type of spectroscopy, which uses low energy
light, 0-500 cm~!, to probe matter. Since the technique uses light with frequencies in
the THz range, is also called THz spectroscopy. Far-IR and THz is used interchangeably
throughout the chapter. Far-IR spectroscopy has well-known selection rules associated
with electromagnetic radiation, A¢ = 0,£+1 and Am = 0,+1, where ¢ and m are the
usual angular momentum quantum numbers.*** These experiments were performed
on the solid pure endofullerene samples at cryogenic temperatures. The far-IR mea-
surements were done with the group of Toomas R60m, at the National Institute of
Chemical Physics and Biophysics (KFBI) in Tallinn Estonia.

Molecular endofullerenes, HyO@Cqy, HF@Cg, etc., have been studied using far-IR
spectroscopy, since they absorb electromagnetic radiation quite strongly due to their
permanent electric dipole moments. The peaks in the THz spectra were shown to be
rotations and translations of the endohedral molecule; with the added Translational-
Rotational (TR) coupling.?>-?!1* Since molecular endofullerenes display observable
pure translational peaks in the THz spectrum,19'22'26'30‘33 detecting such analogous
transitions was attempted for atomic endofullerenes of noble gases. There are only
translational degrees of freedom for noble gases, which should generate clean exper-
imental spectra; compared with molecular endofullerenes in which the TR coupling
complicates the spectrum. The information gained from such spectra provides valu-
able insight into the non-covalent interaction between the endohedral noble gas and
the Cgp carbon cage. This chapter is dedicated to the study of atomic translational quan-
tization of noble gases trapped inside Cgg fullerenes, where 3He@Cyy and *He@Cy are
investigated using far-IR spectroscopy.
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The He@Cgy THz measurements were a gamble, because inherently the Helium atom
does not possesses a dipole moment and an induced dipole moment could easily be too
small to be detectable. Fortunately, this was not the case, and the first far-IR spectrum
of confined Helium inside Cgp was measured. It really is astounding that the first noble
gas atom from the periodic table, Helium, acquires an induced dipole moment when
encapsulated in the cavity of a Cgy molecule. Beyond all expectations, the He@Cgp

molecule absorbs THz light which translationally excites the confined Helium atom.

There were two sets of far-IR measurements performed on He@Cgp. An initial series
of far-IR experiments, which gave rise to the THz spectrum of ‘He@Cy. *He@Cyy was
also measured, but nothing was detected since the filling factor was too low. Magnetic
tield dependent measurements were performed as well, yet there was no observable
effect on the THz spectrum of 4He@Cgy. A second series of far-IR measurements were
performed, where the sample preparation was vastly improved. This time the filling
factors of both 3He@Cyy and *He@Cyy were increased, and this resulted in observing a

THz spectrum for both compounds.

5.1.1 IR transmission and differential absorbance

For IR spectroscopy two notions are important, the transmission T(w) and the differ-
ential absorbance A(w) defined in eq. 5.1 and eq. 5.2.

T(w) = 110((2)) (5.1)
Alw) = —%ln ((iT_(C;))Z) (5.2)

I(w) represents the IR signal being transmitted through the sample at frequency w,

Reference cross section
Sample cross section /

)? accounts for the

and Ip(w) the transmitted signal for the reference. The term s =
1=y
T+
double reflection at the interfaces of the sample pellet. 7 is the refractive index of Cg

yet in our cases they are the same so s = 1. The factor R = (

(for Ceo 7 = 2''°) and d is the thickness of the sample pellet in cm. In eq. 5.2 there
is a minus sign because the transmission T(w) shows how much light passes through,
so absorption peaks would be negative, the minus sign ensured absorption peaks are
positive in the THz spectrum. Absorption and absorbance are used interchangeably in
the chapter.
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5.2 THz experiments on He@Cy (first series)

THz (or far-Infrared) spectroscopy was attempted, in the lab of Toomas R6dm and
coworkers at KFBI in Tallinn, Estonia. Against all odds, a far-IR signal was observed
for *He@Cy.

5.2.1 Experimental
5.2.1.1 Sample preparation

The He@Cyy and *He@Cyy were synthesised by the group of Richard Whitby and
coworkers, at the University of Southampton, through molecular surgery as described
in ref. 96. Before the far-IR measurements were attempted, the 3He@Cyy and *He@Cg
samples were purified by HPLC to try and remove the H,O@Cg traces. Then the sam-

ples were sublimed in Southampton and transported to Tallinn Estonia for measuring.

The sublimed endofullerene (or C¢g fullerene reference) powders were put into a brass
cylindrical sample holder, with a round hole in the centre along its height, of 3 mm
inner diameter. The powder was put under vacuum (~ 1.5 * 102 mBar), then pressed
into a cylindrical pellet of 3 mm diameter and a sample dependent thickness (height).
The THz radiation passes through the hollow part of the sample holder and the (endo)fullerene
pellet before reaching the detector. If the sample absorbs any radiation the spectrometer

signal drops at that frequency.
For Cgp, 25.4 mg were pressed into a pellet 2.106 mm thick.
For 3He@Cy, 24.6 mg (4.4% filling factor) were pressed into a pellet 2.33 mm thick.

For *He@Cy, 25.1 mg (26.1% filling factor) were pressed into a pellet 2.39 mm thick.

5.2.1.2 Far-IR experimental setup

A diagram of the far-IR FT spectrometer in Tallinn is shown in fig. 5.1. It contains a
Fourier-Transform interferometer (SPS-300 FTIR) and a home-built cryostat with a su-
perconducting magnet. The FT interferometer modulates the light intensity (at specific
frequencies) passing through the sample based on the distances “d1” and “d2”, similar

to a Michelson interferometer. 11©

Firstly, a Hg lamp at 5000 K produces black-body radiation in all directions. Some of
this light is directed through an initial linear polariser (A), which polarises the light as
shown in fig. 5.1 by the blue (magnetic field polarisation) and green (electric field polar-
isation) double headed arrows. The light then goes through a polarising beam splitter
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FIGURE 5.1: Diagram of the far-IR FT spectrometer in Tallinn. SPS-300 FTIR is the FT
interferometer and the cryostat with the superconducting magnet are home buit. See
text for further details.

which splits the incident light in two. The polarising beam splitter transmits light po-
larised in only one direction and it reflects the light with polarisation perpendicular
to the transmitted one. The beam splitter is positioned such that it splits the incident
beam in two equal parts with perpendicular polarisations, both resulting polarisations
are shifted by £ 45°with respect to the incident beam. The double reflection with the
rooftop mirrors then induce a 90°phase shift of the polarisation for the two beams
which are then transmitted (reflected) with unchanged polarisation through (by) the
polarising beam splitter. The beams then overlap and pass through a second polariser
(B) which combines the two perpendicular polarisations into a singular linear one as
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shown in fig. 5.1. The light is then introduced in the cryostat and passes through a vari-
able linear polariser, which can be used to do polarisation dependent measurements.
Afterwards, it passes through the sample, getting absorbed at some wavelengths, and
then through the filters- which stop light passing through if it is beyond a given en-
ergy (e.g. a 100 cm™! filter only lets through light under 100 cm™! as seen in fig. 5.2).
The light is then focused by the cones and it reaches the detectors (bolometers). The
bolometer is made up of a silicon crystal which absorbs incoming far-IR radiation and
heats up. The silicon is in thermal contact with a gold wire which changes its resis-
tance with temperature, based on how much radiation the silicon crystal has absorbed.
If one then plots the resistance of the bolometer against the variable distance "d1”, an
interferogram is obtained and its Fourier transformation gives the raw far-IR spectrum,

seen in fig. 5.2.

Measurements using this procedure have been done on Cgp, SHe@Cg and *He@Cy
at different temperatures. There are two options for acquiring signal averaged data:
averaging spectra or averaging interferograms. For these measurements, the interfer-
ograms have been averaged, which improves the signal-to-noise but leads to a loss of

the statistical errors from the spectrum.

Measurements were done with static magnetic fields as well, from 0-14 T. This was
done hoping that the magnetic field would split the degeneracies of the first excited
state (1 = 1 and ¢ = 1), similar to the Zeeman splitting seen for the hydrogen atom.
No detectable splitting was seen for ‘He@Cg between 0-14 T and these spectra are not

shown.

5.2.2 Results

Firstly, the raw far-IR transmission spectra of the samples at 4 K were measured and
are seen in fig. 5.2. In the figure C¢p and *He@Cg show interference fringes arising due
to reflections at the pellet’s surface. >He@Cgy does not show fringes and it is believed
that the pellet’s surface was too rough to have clean reflections. Initially from this raw

spectrum it can be seen that 4He@Cyy absorbs some radiation around 80 cm 1.

1

Signals above 100 cm ™! were attenuated by the 100 cm ™! filter used for this measure-

ment.

5.2.2.1 Differential absorbance far-IR spectra for Cq, 3He@Cyy and *He@Cy

For IR spectroscopy the transmission T(w) and the differential absorbance A(w) were
defined in eq. 5.1 and eq. 5.2. In eq. 5.2 there is a minus sign to ensure absorption peaks

are positive, since transmission peaks are negative.
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FIGURE 5.2: Far-IR spectrometer raw signal (transmission) response at 4 K with a

100 cm ! filter for Cgp, *He@Cygp and *He@Cy. In the *He@Cy spectrum some nega-

tive peaks are seen around 80 cm ! where the THz intensity drops, due to the quan-
tised translational transitions of the confined *He atom.

After the raw far-IR spectra were obtained for all samples at 4 K, the differential ab-
sorbance was done for *He@Cy and *He@Cg by taking Cg as the reference. However,
this did not help much since each sample has different interference fringes, fig. 5.2,
when taking the ratio (difference of logarithms) it produces beats in the spectrum due
to differences in the fringe spacing (the ”fringe wavelength”). Thus, the same sample
at a different temperature was used as its own reference when plotting the differential
absorbance. This was done in fig. 5.3 for Cg, 3SHe@Cyy and *He@Cy, where the raw
far-IR signal at 4 K was taken as the sample and the raw far-IR signal at 100 K was the

reference. In the figure they are all plotted for comparison.

Quite a lot of peaks are seen below 60 cm ™!, however they are present in all samples,
even Cgp, thus they cannot be from the confined helium atom. For 3SHe@Cgy some ex-
tra peaks are seen at 33 cm~! and 51 cm™! but these turn out to be from H,O@Cg

30,31

traces, since the *He@Cg) sample had most traces present (section 4.2.3.1) and HPLC

probably did not get rid of it all.

L marked

Finally in the *He@Cg) spectrum some clear peaks are seen between 75-100 cm ™~
with a dashed semicircle in fig. 5.3 and they turn out to arise from the confined *He

atom.
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FIGURE 5.3: Far-IR differential absorbance spectra for Cg, 3He@Cyy and *He@Cg.

Obtained from the difference (differential absorbance) between the signal at 4 K and

at 100 K, using the same sample as reference (i.e. Cgp at 4K is the sample and Cgp

at 100 K is the reference). An asterisk marks the signals arising fromH,O@Cg. The
dashed semicircle marks the *He@Cg translational peaks.

5.2.2.2 Differential absorbance spectra for *‘He@Cq at different temperatures

After the peaks for *He@Cy in fig. 5.3 were confirmed, the far-IR spectra were acquired
at multiple temperatures. These are plotted as differential absorbance in fig. 5.4 by
using the spectrum at 100 K as reference. The raw spectrum at 4 K only shows the
81 cm~! peak (and the 79 cm ™! impurity marked with an asterisk in fig. 5.4) and no

peaks at 88 cm~! or 95 cm 1.

A preliminary assignment of the transitions is shown in fig. 5.4. The peaks were fitted
with Gaussian lineshapes and the parameters are given in table. 5.1.

TABLE 5.1: *He@Cg 4 K- 100 K far-IR peaks from fig. 5.4

Wavenumber 787cm~! | 81.2cm™! | 81.8cm™! | 88.5cm™! | 95cm™!
Area 026cm2| 1lcm2 | 02cm™2 _ _
Transition n=i — f ? 0—1 0—1 1—2 2—3
The peaks beyond 85 cm~! were not fitted because they are suspected to be composed

of overlapping peaks and the presence of the peak at 95 cm ™! is not 100% certain since
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FIGURE 5.4: Far-IR differential absorbance spectra for *He@Cg at different tempera-
tures using the 100 K signal as reference. Peak positions and area for the 4 K spectra
are found in table 5.1. The n stands for the translational quantum number for a har-

monic oscillator. The asterisk marks an unknown impurity peak which disappeared
in future measurements.

its intensity is quite low. To confirm this last peak, the same measurements were re-
peated with higher filling factor to improve the signal to noise ratio and detect a similar
spectrum but shifted to higher energies for >He@Cq (see section 5.3).

5.2.3 Discussion

The first THz spectrum of 4He@Cgy was shown to contain some peaks from the con-
fined *He atom in the range 80-100 cm~! (fig. 5.3). Unfortunately, the *He@Cg sample
did not display any observable peaks in the THz spectrum. This was due to the low
filling factor of SHe@Cyp (4.4%), compared with the 26.1% filling factor of 4He@Cy.

The variable temperature THz measurements of ‘He@Cy from fig. 5.4 shows the peaks
more clearly. From the figure, all peaks are seen to increase in magnitude with decreas-
ing temperature but some peaks are positive and some are negative. This happens
because of the initial state for the transition: if the initial eigenstate of a *He@Cg peak
is the ground state then the peak decreases in intensity as temperature is increased
because the population of ground state decreases. Since fig. 5.4 essentially shows the
difference between the spectrum at A K (A < 100) and at 100 K as A increases, this pre-
dicts that peaks originating in the ground state are positive and decrease in intensity
as temperature is increased. This is because the difference between a peak’s intensity
at 4 K and 100 K is larger than the difference between 50 K and 100 K. Now if a transi-

tion has its initial eigenstate as an excited state of *He@Cgj, the peak intensity increases
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as the temperature is increased, because the population of this excited state increases
with temperature. Thus, a peak at 100 K would always be more intense than at lower
temperatures, so the peaks originating in excited states would appear as negative in
the differential absorbance plot from fig. 5.4 and would increase in magnitude as tem-
perature is lowered. Thus, the doublet peak at 81 cm ™! is assigned as the fundamental
transition for the confined *He atom and the two peaks at 88 cm~! and 95 cm™! are

assigned as hot-band transitions originating in excited states.

The peak at 79 cm™! is assigned to an impurity, or experimental artifact, since after
repeating the measurements with higher filling factors the peak disappeared, see sec-
tion 5.3. These measurements were repeated, to ensure validity of the observed peaks,

shown in section 5.3.

A detailed theoretical description and analysis of the He@Cg system is given in sec-
tion 6.2.

5.2.4 Final remarks and future work

The measurements presented here show the first THz (far-IR) spectrum of “He@Cg.
As surprising as this may sound, the Helium atom with no permanent dipole moment

once confined inside Cgy can absorb electromagnetic radiation in the THz regime.

Some peaks were observed for 4He@C¢) and these were assigned to the confined ‘He
atom. The fundamental transition was seen at 81 cm~! and two hot-band transitions
were seen at 88 cm ™! and 95 cm~!. Measurements were also done in the presence of a
magnetic field, 0-14 T; however, this did not have any effect on the 4‘He@Cyp spectra.
The fundamental and hot-band transitions were unaffected, within the accuracy of the

experiment.

The hot-band peaks had weak intensity and their validity is questionable. To en-
sure these peaks are real and not experimental artifacts, new far-IR experiments were
planned. The THz measurements were repeated on samples of SHe@Cg and *He@Cg
with higher filling factors, these results are shown in section 5.3

5.3 THz experiments *He@Cyy and *He@Cy, (second series)

Further THz experiments were planned on these samples to detect the far-IR spectrum
of 3He@Cg) and get better quallity data on “He@Cg). The experiments were done in the
same lab of Toomas R60m and coworkers at KFBI in Tallinn, Estonia. Unfortunately,
due to the COVID-19 pandemic I could not participate in the acquisition of these mea-
surements. The samples were shipped and the measurements were done by Tanzeeha
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Jafari et al. from the group of Toomas R66m. Data processing and analysis was done in

collaboration with the group of Toomas R6dm.

5.3.1 Experimental

The THz (far-IR) experiments shown in this section (5.3) were performed on a similar
spectrometer to the one shown in fig. 5.1. The main difference is that the previous setup
enabled static magnetic fields to be applied on the sample.

The working principle of this spectrometer is essentially the same as described in sec-
tion 5.2.1.2. A Michelson interferometer (Bruker Vertex 80v) modulates the THz light,
which passes through the sample holder placed in a cryostat (Konti cold finger cryo-
stat 5-400 K), after which it reaches the detector (4 K bolometer). Spectral resolution
was < 0.3 cm ™! in all THz measurements.

5.3.1.1 Sample preparation

The *He@Cyy and *He@Cyy were synthesised by the group of Richard Whitby, at the

University of Southampton, as described in ref 96.

After synthesis the filling factors of SHe@Cyy and *He@Cg endofullerenes were en-
riched to ~90% through recycling HPLC. The HPLC purification was also used to re-
move any H,O@Cg traces. Then the endofullerenes were sublimed to obtain high

purity material.

The sublimed endofullerene powders were put under vacuum, then pressed into a
cylindrical pellet of 3 mm diameter and a sample dependent thickness (height). The
brass sample holder has a cylindrical shape, with a round hole in the centre along its
height, of 3 mm inner diameter.

SHe@Cy) (95.140.7% filled) was pressed into a pellet 2.16 mm thick with a 3 mm diam-

eter.

“He@Cy (84.340.6% filled) was pressed into a pellet 1.72 mm thick with a 3 mm diam-

eter.

5.3.2 Results

The experimental results of THz (far-IR) measurements on 3He@Cy4y and *He@Cg are

presented below.
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5.3.2.1 *He@Cy results

The THz (far-IR) spectra at cryogenic temperatures were measured on *He@Cg (84.34-0.6%

filled) sublimed powder. In fig. 5.5 (a) the wide THz spectrum of *He@Cg is shown at
5K and 100 K (with 0.1 cm ™! resolution).
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FIGURE 5.5: THz absorption spectra of 4He@Cq (f=0.843) at 5K and 100 K. (a) dis-

plays the full spectra: green for 5 K and dark orange for 100 K. (b) shows the funda-

mental peak at 5 Kin green (from (a)), with Gaussian lineshape fitting in black and the

two fitted components in gray (fitting parameters in table 5.2). (c) shows the spectrum

from (a) in the 280-320 cm~! region; a, B, <y peaks fitted with Gaussian lineshapes

and the parameters are found in table 5.3. Baseline corrected (c) spectra are found in
fig. 6.4. Background peaks are marked with an asterisk.
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The spectra present discrete peaks for the endohedral “He and for the Cgy cage, anno-
tated in fig. 5.5 (a). Cgo cage modes are seen at ~265 cm ™! and past 330 cm 1.

At 140 cm ™! and 240 cm™! there are broad background features, marked with an as-
terisk, which are rather unaffected by temperature (this is used later for background
subtraction). Transitions corresponding to *He are seen between 80-150 cm ! and be-
tween 280-320 cm L.

e *He transitions between 80-150 cm 1

At 5K the fundamental transition of “He is observed at ~81 cm~! (fig. 5.5 (a)). A
closer look actually reveals two peaks corresponding to this transition, split apart by
0.727 4 0.011 cm ™!, in intensity ratio of approximately 8:2; this fine structure is seen
in fig. 5.5 (b) together with fitted Gaussian lineshapes and the peak fitting parame-
ters are found in table 5.2. At high temperature (100 K) the ~81 cm~! transition de-
creases in intensity and many hot-band transitions appear at 100-150 cm ! (fig. 5.5 (a)
and fig. 5.6). The decrease in intensity with increase in temperature indicates that the
~81 cm™! transition originates in the ground state. The opposite behaviour for the
other peaks indicate they are hot-band transitions, originating in excited states only

populated at elevated temperatures.

TABLE 5.2: Parameters for the observed splitting (0.727 4- 0.011 cm™!) of the funda-
mental *He@Cg transition ~81 cm~!, at 5 K from fig. 5.5 (b). Fitting done using Gaus-
sian lineshapes.

1

Peak | Wavenumber / cm ! | Area / cm 2 Ratio FWHM / ecm™ !

la 81.160 £ 0.004 5.984 83.872% | 0.758 £ 0.011
1b 81.887 £ 0.011 1.151 16.128% | 0.474+ 0.022

e *He transitions between 280-320 cm 1

For*He at5 K in the region 280-320 cm 1 a relatively weak transition is seen at 283.9 cm™

(fig. 5.5 (c)). This peak decreases in intensity at 100 K, indicating it originates in the
ground state; peak fitting parameters are found in table 5.3, where the background has
been accounted for. At 100 K another two peaks appears at 308.6 cm~! and 319.6 cm ™!
which were not present at 5 K, indicating they are hot-band transitions originating in
an excited state; peak fitting parameters are found in table 5.3, where the background
has been accounted for. Fig. 5.5 (c) presents significant background signal other than
the identified peak, however it remains quite unaffected by a change in temperature so

it is assumed no other *He peaks are present in this range.

The rich peak structure seen at 80-150 cm ™! for *He at 100 K (tig. 5.5 (a)) needs a closer
look. He peaks are shown in the range 80-150 cm ™! at 5 K with 0.1 cm ! resolution in
tig. 5.6 (a) and at 100 K with 0.1 cm ™! resolution in tig. 5.6 (b).

A processed version of the *He spectrum at 100 K with 0.1 cm ! resolution from fig. 5.6
(b) is shown in fig. 5.6 (c). Where in the range 100-150 cm ! the 5 K spectrum from

1
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TABLE 5.3: Parameters peak fittings for 4He@Cq at 5K and 100 K, from fig. 5.5 (c).
Fitting done using Gaussian lineshapes and completely subtracting the background.

1

Peak | Temperature | Wavenumber / cm~! | Area / cm™2 | FWHM / cm™!
o 5K 283.859 4+ 0.019 0.933 2.090 + 0.051
b 100 K 284.060 + 0.039 0.453 2.276 +0.153
B 5K . . -

B 100 K 308.602 £ 0.022 0.219 1.218 £ 0.049
0% 5K _ _ _
¥ 100 K 319.645 + 0.079 0.064 0.991 £ 0.187

tig. 5.6 (a) was subtracted, in order to eliminate the broad background signal at ~140 cm™".
Afterwards, Savitzky-Golay smoothing (35 points) was applied to improve the spec-

trum.

TABLE 5.4: Parameters for peak fittings of SHe@C¢ at 100 K, from fig. 5.6 (c). Fitting
done using Gaussian lineshapes.

The *He peaks at 5 K from fig. 5.6 (a) were fitted with Gaussian lineshapes (fig. 5.5 (b))
and the parameters were given in table 5.2. The *He peaks at 100 K from fig. 5.6 (c)

were fitted with Gaussian lineshapes and the parameters are given in table 5.4.

Peak | Wavenumber / cm™' | Area / cm™2 | FWHM / cm™!
1 81.315 £ 0.006 2.187 1.124 + 0.015
2 88.438 + 0.007 2.487 1.318 4+ 0.017
3 94.791 + 0.010 1.526 1.222 + 0.025
4 100.802 £ 0.003 1.637 1.533 £ 0.009
5 105.878 4+ 0.012 0.471 1.466 + 0.029
6 110.382 + 0.037 0.089 1.044 £ 0.093
7 113.953 £+ 0.014 0.395 1.4494 0.037
8a 125.340 4+ 0.004 0.161 1.149 £+ 0.134
8b 126.544 + 0.004 0.209 2497 4+ 0.354
9a 132.461 4+ 0.005 0.131 1.799 + 0.195
9b 135.063 £+ 0.010 0.223 2.340 + 0.189

1
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FIGURE 5.6: THz absorption spectra of *He@Cg (f=0.843) at 5K and 100K in the

77-150 cm~! region. (a) shows the 5 K raw spectrum in green. (b) shows the 100 K

raw spectrum in dark orange. Broad background peak at ~ 140 cm ™! is marked with

an asterisk. (c) shows the 100 K processed spectrum in orange, after subtracting the

~ 140 cm~! broad background peak using the 5 K spectrum (from (a)) and applying

Savitzky-Golay smoothing. Peaks fitted with Gaussian lineshapes are shown in black,
with fitting parameters in table 5.4.

Absorption / cm™’
= O =2 N W A O

5.3.2.2 S3He@Cgy results

The THz (far-IR) spectra at cryogenic temperatures were measured on *He@Cg (95.140.7%
filled) sublimed powder. In fig. 5.7 (a) the wide THz spectrum of SHe@Cg is shown at
5K and 100 K (with 0.1 cm ™! resolution).
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FIGURE 5.7: THz absorption spectra of He@Cg (f=0.951) at 5 K and 100 K. (a) dis-

plays the full spectra: blue for 5 K and red for 100 K. (b) shows the fundamental peak

at 5 K in blue (from (a)), with Gaussian lineshape fitting in black and the two fitted

components in gray (fitting parameters in table 5.5). (c) shows the spectra from (a) in

the 280-320 cm ! region; & peak fitted with Gaussian lineshape and the parameters are
found in table 5.6. Background peaks are marked with an asterisk.

The spectra present discrete peaks for the endohedral *He and for the Cq cage, an-
notated in fig. 5.7 (a). Cgp cage modes are seen at ~265 cm~! and past 330 cm 1. At
140 cm ™! there is a broad background feature, marked with an asterisk, which is rather
unaffected by temperature (this is used later for background subtraction). Transitions
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corresponding to >He are seen between 80-150 cm~! and between 280-320 cm .

¢ 3He transitions between 80-150 cm 1

At 5 K the fundamental transition of 3He is observed at ~97 cm™! (tig. 5.7 (a)). A closer
look actually reveals two peaks corresponding to this transition, split apart by 0.839 =
0.008 cm ™}, in intensity ratio of approximately 8:2; this fine structure is seen in fig. 5.7
(b) together with two fitted Gaussian lineshapes and the peak fitting parameters are
found in table 5.5. The more intense component (la) seems to have a splitting itself
and a fitting using 3 Gaussian lineshapes was attempted but with no success. At high
temperature (100 K) the ~97 cm ! transition decreases in intensity and many hot-band
transitions appear at 100-150 cm ™! (fig. 5.7 (a) and fig. 5.8). The decrease in intensity
with increase in temperature indicates that the ~97 cm™! transition originates in the
ground state. The opposite behaviour for the other peaks indicate they are hot-band

transitions, originating in excited states only populated at elevated temperatures.

TABLE 5.5: Parameters for the observed splitting (0.839 4- 0.008 cm~!) of the funda-
mental He@Cg transition ~97 cm~!, at 5 K from fig. 5.7 (b). Fitting done using Gaus-
sian lineshapes.

1

Peak | Wavenumber / cm ! | Area / cm 2 Ratio FWHM / cm™!

la 96.596 £ 0.004 8.514 79.451% | 0.926 £ 0.010
1b 97.435 £ 0.006 2.202 20.549% | 0.537 £ 0.014

e 3He transitions between 280-320 cm 1

For3He at5 K in the region 280-320 cm~ !, a rather weak transition is seen at 316.6 cm !
(tig. 5.7 (c)). This peak decreases in intensity at 100 K, indicating it originates in the
ground state; peak fitting parameters found in table 5.6, where the background has
been accounted for. Fig. 5.7 (c) presents significant background signal other than the
identified peak. However, it remains quite unaffected by a change in temperature so
it is assumed no other >He peaks are present in this range; the slight increase in inten-
sity around 308 cm~! at 100 K is not understood yet, assumed to be just background
contribution.

TABLE 5.6: Parameters peak fittings for *He@Cg at 5 K and 100 K, from fig. 5.7 (c).
Fitting done using Gaussian lineshapes and completely subtracting the background.

1

Peak | Temperature | Wavenumber / cm™! | Area / cm™2 | FWHM / cm™!

0 5K 316.601 £ 0.015 0.165 1.442 £+ 0.035
0 100 K 316.698 £ 0.021 0.027 0.579 £ 0.050

The rich peak structure seen at 80-150 cm ™! for 3He at 100 K (tig. 5.7 (a)) needs a closer
look. *He peaks are shown in the range 80-150 cm~! at 5 K with 0.1 cm ™! resolution in
tig. 5.8 (a) and at 125 K with 0.2 cm ™! resolution in tig. 5.8 (b).
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FIGURE 5.8: THz absorption spectra of 3He@Cy (f=0.951) at 5 K and 125 K in the 77-

150 cm ™! region. (a) shows the 5 K raw spectrum in blue. (b) shows the 100 K raw

spectrum in red. Broad background peak at ~ 140 cm~! is marked with an asterisk.

(c) shows the 125 K processed spectrum in dark red, after subtracting the ~ 140 cm !

broad background peak using the 5K spectrum (from (a)) and applying Savitzky-

Golay smoothing. Peaks fitted with Gaussian lineshapes are shown in black, with
fitting parameters in table 5.7.

A processed version of the *He spectrum at 125 K with 0.2 cm ™! resolution from fig. 5.8
(b) is shown in fig. 5.8 (c). Where in the range 100-150 cm~! the 5 K spectrum from
fig. 5.8 (a) was subtracted, in order to eliminate the broad background signal at ~140 cm 1.
Afterwards, Savitzky-Golay smoothing (20 points) was applied to improve the spec-

trum.

The 3He peaks at 5 K from fig. 5.8 (a) were fitted with Gaussian lineshapes (fig. 5.7 (b))
and the parameters were given in table 5.5. The *He peaks at 125 K from fig. 5.8 (c)
were fitted with Gaussian lineshapes and the parameters are given in table 5.7.
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TABLE 5.7: Parameters for peak fittings of *He@Cq at 125 K, from fig. 5.8 (c). Fitting
done using Gaussian lineshapes.

Peak | Wavenumber / cm™' | Area / cm™2 | FWHM / cm™!
1 96.855 + 0.005 2.659 1.374 £ 0.013
2 105.709 £ 0.005 3.289 1.562 £ 0.013
3 113.617 £ 0.007 2.311 1.452 + 0.017
4a 119.752 £ 0.020 0.561 1.177 £ 0.043
4b 121.636 £ 0.016 1.756 2.008 £ 0.0378
5 128.126 + 0.036 0.342 1.652 + 0.075
7 137.719 £ 0.044 0.797 2.496 + 0.097

5.3.3 Discussion
5.3.3.1 *He@Cy, discussion

The THz spectra of *“He@Cg were shown in section 5.3.2.1, where two regions were
found to contain peaks corresponding to *He: 80-150 cm ! and 280-320 cm !

The fundamental “He peak appears at ~81 cm™! and it displays a splitting of 0.727
+ 0.011 cm ™! (fig. 5.5 (b)). The energy of this transition corresponds well to the ones
obtained by INS, using the IN4c instrument in section 4.2.2.2 and the IN1 instrument in
section 4.3.2.2. Upon an increase in temperature the fundamental transition decreases
in intensity and other hot-band transitions appear between 80-150 cm~L; these are used
to determine the potential that the Helium atom experiences when present inside the

Cep cavity, in section 6.2.

In the high energy region, a ‘He peak is found at ~284 cm ™!, which originates in the
ground state. The hot-band equivalents of this transition are the peaks at 308.602 +
0.022 cm ™! and 319.645 4 0.079 cm ™. These are found in fig. 5.5 (c) and their interpre-

tation is given in section 6.2.

5.3.3.2 3He@Cy, discussion

The THz spectra of *He@Cg were shown in section 5.3.2.2, where two regions were
found to contain peaks corresponding to *He: 80-150 cm ! and 280-320 cm L.

The fundamental >He peak appears at ~97 cm~! and it displays a splitting of 0.839
+ 0.008 cm ! (fig. 5.7 (b)). The energy of this transition corresponds well to the ones
obtained by INS, using the IN4c instrument in section 4.2.2.1 and the IN1 instrument in

section 4.3.2.1. The energy is also the same as in the first THz measurements, performed
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on a different *tHe@Cg) sample with lower filling factor (section 5.2.2). Upon an increase
in temperature the fundamental transition decreases in intensity and other hot-band
transitions appear between 80-150 cm~!; these are used to determine the potential that

the Helium atom experiences when present inside the Cg cavity, in section 6.2.

In the high energy region, a *He peak is found at 316.601 & 0.015 cm ™!, which origi-
nates in the ground state (fig. 5.7 (c)). The energy of this transition corresponds to the
INS peak at 39.07 & 0.14 meV (315.12 £ 1.13 cm™ 1) from tig. 4.11 (a). This peak is at
roughly three times the frequency of the fundamental peak and it is assigned as an
overtone transition, see section 6.2 for more details. It is unclear why such a transition

is allowed in THz spectroscopy.

5.3.3.3 He@Cgy fundamental peak splitting

Both fundamental THz transitions of *He@Cgy and *He@Cg displayed a small split-
ting, of 0.839 + 0.008 cm~! and 0.727 + 0.011 cm ™! respectively. The two components
have unequal intensities (peak areas), of ratio 79.5 : 20.5 for *He@Cgy and 83.9 : 16.1
for *He@Cgp. One can see roughly the same 8 : 2 ratio of the peak areas for both com-
pounds, but the splitting is larger for *He@Cg) than for *He@Cg. This splitting was
not observed in the INS measurements. This is because the experimental resolution is

significantly reduced in INS compared with THz spectroscopy.

This type of splitting is rather common for endohedral species and it has been seen
in other Cgp molecular endofullerenes. 1922202 The endofullerenes Hy@Cgp, HyO@Cg
and HF@Cy present a splitting between 1-4 cm ! of the J=1 rotational state. This sym-
metry breaking has been studied computationally by Zlatko Bati¢!!” where he showed
that this splitting can be explained by considering the nearest neighbours of the end-
ofullerene cage. Essentially the electron-rich HH bonds of the central endofullerene
cage can point towards the electron-poor pentagonal faces (P-orientation) or the hexag-
onal faces (H-orientation) of the nearest neighbours.>*!!® The P-orientation was shown
to be lower in energy and more populated at low temperatures (< 90 K) and ambi-
ent pressure.!!® It was shown that these orientations lead to a quadrupolar potential
which interacts with the quadrupolar moment of the endohedral molecule leading to
a splitting of the rotational energy levels. The P-orientation was shown to be mainly
responsible for the splitting, whereas the H-orientation would lead to a splitting 30
times smaller. Also, the magnitude of the splitting was shown to scale with the molec-
ular quadrupole moment.!'!” In another computational study on the same molecular
endofullerenes, the pure translational levels were shown to have a splitting one order
of magnitude smaller than the J=1 rotational state.!'” All of these arguments seem to
not relate with our He@Cgy THz results. The helium atom should not have an electric
quadrupole moment given that both electrons are paired in a s-orbital. Also, the split-
tings of the *He@Cgy and “He@Cg) fundamental transitions (0.727-0.839 cm 1) are a bit
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smaller than the J=1 rotational splitting and a bit larger than the predicted splittings of
the pure translational states, for H@Cgy, HoO@Cgp & HF@Cg. 2226-29,120

The observed He@Cg fundamental splittings (0.727-0.839 cm ') and the component
ratios (~ 8 : 2) are consistent with the merohedral disorder of the P and H orientations
mentioned above. Most likely each type of orientation does not split the fundamen-
tal transition, but actually generates two distinct P and H populations in the sample.
Each population generates a transition with a slightly different frequency; and this fre-
quency difference corresponds to the experimental splitting. This seems like a valid
argument, since at low temperatures (< 90 K) and ambient pressure the P : H ratio of
the populations in Cg is 83.5 : 16.5, from reference 118. The peak ratio for ‘He@Cg
of 83.9 : 16.1 matches almost exactly with the P : H ratio for C¢y above, whereas for
3He@Cg the ratio of 79.5 : 20.5 is close enough. However, the larger splitting seen for
the 3He isotope is not fully understood yet.

5.4 Conclusion

To conclude, far-IR measurements of He@Cg and *He@Cg have been presented. In an
initial set of experiments, the THz spectrum of 4He@Cy¢y was detected, where the fun-
damental transition and a couple of hot-band transitions were identified. The *He fun-
damental transition was in agreement with the INS results from chapter 4 (section 4.2
and section 4.3). Magnetic field dependent far-IR measurements were performed, at
0-14 T, on the *He@Cgy sample, yet no observable change was detected in the spec-
trum. The *He@Cgy THz spectrum was not observed due to the low filling factor of this

sample.

A second set of measurements successfully acquired the THz spectra of both SHe@Cy
and “He@Cg. This was possible since the filling factors were greatly increased through
recycling-HPLC. The new *He@Cg THz data was in agreement with previous results
from section 5.2. The fundamental *He@Cgy THz transition was identified, which is in

agreement with the INS measurements from chapter 4 (section 4.2 and section 4.3)

Besides the fundamental peaks of 4He@Cgy and *He@Cg, at ~81 cm ™! and ~97 cm ™},
THz hot-band transitions have been identified for both *He@Cgy and *He@Cgy. Fur-
thermore, another set of THz peaks were identified at higher energies, in the 280-
320 cm ! range for both 3He@Cg and *He@Cg. The interpretation of these transitions

is given in section 6.2.

A splitting of the fundamental transition is observed for both 3SHe@Cyy and *“He@Cy, of
0.839 & 0.008 cm™! and 0.727 + 0.011 cm ™! respectively. The relative intensities of the
components of ~ 8 : 2 seems to be consistent with the P-orientation and H-orientation

merohedral disorder of Cgp. '8
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The most impressive fact of this chapter is that a noble gas atom such as Helium, with
no electric charge or permanent dipole moment, which does not interact with low en-
ergy electromagnetic radiation, when enclosed in the Cg cage it absorbs THz radiation
generating a rich spectrum of peaks in the far-IR.

5.4.1 Future work

The small splitting seen for the fundamental THz transition of 3SHe@Cyy and *He@Cg
will be investigated further. The larger splitting seen for *He@Cgj is not understood yet.
Further investigation will be done on the He@Cgp system, to completely understand
this symmetry breaking behaviour of the endohedral Helium atom. The explanation of
the symmetry breaking will be attempted using the known merohedral disorder of the

Cgo molecules in the lattice.

After seeing the astonishing THz results of He@Cg¢, plans have been made to try and
complete the story of noble gas endofullerenes. Far-IR measurements will be attempted
on Ne@Cg), Ar@Cgy, Kr@Cq, etc..
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Chapter 6

Translational quantization of noble
gas Cgo endofullerenes

6.1 Introduction

INS and THz experiments on noble gas endofullerenes were shown in chapter 4 and
chapter 5. The measurements demonstrated that when noble gas atoms are transla-
tionally confined, they exist in well-defined quantum states, which have transitions
between eigenstates observable by INS and THz.

The two techniques INS and THz are ideal to use because of their complementarity,
which stems from the selection rules associated with each. INS has almost no selection
rules so in principle any transitions can be observed. This is very useful at the lowest
temperatures, since only the ground state is populated and all transitions originate
from it; which can give an overview of the whole landscape of energy levels. Due to the
difficulty associated with using neutrons for spectroscopy, usually INS has an inherent
lower spectral resolution than THz. However, THz spectroscopy suffers from the usual
selection rules associated with electromagnetic radiation, A/ = 0, +1 and Am = 0, +1,

where ¢ and m are the usual angular momentum quantum numbers. =

The benefit of investigating translational quantization is to gain knowledge about the
non-covalent interactions at play. Such non-bonded interactions are difficult to measure
experimentally, and in general scientists have to rely on high level quantum chemistry
calculations. However, without having an experimental result to compare with, the

result of various quantum chemistry simulations have questionable validity.

The INS and THz experimental results, from chapter 4 and chapter 5, are theoretically
analysed in this chapter. A model is assumed which describes dynamics of the endo-
hedral noble gas atom, and the experimental observations are explained based on this

model.
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6.1.1 Theory

6.1.1.1 Quantum mechanics for spherically symmetric potentials

Central to quantum mechanics is the time independent Schrédinger equa’cion:42

H(rl,rz o )Pq(r,ra...) = Eqpq(r1,12...) (6.1)

where the vectors 1y, 17... are the coordinates of the particles, the quantum state is
described by the eigenfunction ¢4 (ry, 12 .. .), q represents any set of quantum numbers
(@ = {q1,92...}) and Eq is the eigenvalue (energy) of the eigenfunction ¢g. When
applying the Hamiltonian operator H (eq. 6.2) to the eigenfunction §g, one obtains the
eigenfunction back and the eigenvalue Eq4 associated with it. The Hamiltonian operator
H is given by:

N
I:I(rl,rz...) = —Z%—kV(rl,rz...) (6.2)
1

where p; and M; are the momentum operator and mass for particle i. In the absence of a
potential V, eq. 6.2 is the Hamiltonian for a free particle. For the cases studied here the
potential is not zero, and for endofullerenes V is the confining potential which keeps
the endohedral moiety enclosed. The meaning of V is such that a quantum particle i at

coordinates r; has potential energy given by V(ry).

In the cases of noble gas endofullerenes studied here, there is only one confined par-
ticle so the eigenfunction depends only on three spatial variables, so q(r1,12...) =
Pq(r,0,¢) in spherical polar coordinates. Usually done in quantum mechanics, in or-
der to solve the Schrodinger equation, we separate the variables of the wavefunction

into a radial part and angular part:

¥q(r,6,¢) = Rq(r)Yq(6,9) (63)

Then we separate the Schrodinger equation into a radial (eq. 6.4) equation and an an-

gular equation (eq. 6.6)*? , where M is the mass of the particle:
h %ug n 00 +1)
VT [ (1) MR uq = Equq (6.4)
uq(r) = rRq(r) (6.5)
. 2 [ . Yy 7Yy 5
szn(@)% (sm(f))ae> + R —L(£+1)sin“(0)Yq (6.6)
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The wavefunctions which solve the angular equation are called spherical harmonics*?

and are given below:

Youl0,9) = \/ ) e em B (cos(6) ©7)
P(x) = (~1)"(1— 22 Ry () 68)
1 ,d

Py(x) = 2671(%)%2 —1)* (6.9)

Where P/ (x) are the associated Legendre functions and P;(x) are the Legendre polyno-
mials. Thus, for the angular part of the Schrodinger equation the solutions are known.

For the radial part of the Schrodinger equation the solutions are not known in the gen-

eral case because the wavefunctions strongly depend on the potential V (r).

6.1.1.2 3D quantum harmonic oscillator

The spherically symmetric case of eq. 6.2, where V(1) = Vor? = %krz, is well known as
the 3D quantum Harmonic Oscillator (HO), where k = Mw?. The Hamiltonian (Hy) for

the spherically symmetric 3D harmonic oscillator is:

A2 ~2
NPT o _ P ko
Hy = 2M+V2r = 2M+2r (6.10)

To find the wavefunctions of the 3D harmonic oscillator (HO), we have to separate

them into radial and angular parts: 121122

Wrytm (1,0, ) = R (1) Yo (6, P) (6.11)

The angular part of the wavefunction are the spherical harmonics Y}" given in eq. 6.7.

The radial part of the wavefunction for the 3D HO is given below: 121122

Ny™ 1o gy (4 1
Ruo(r) = 155(3)" L, *(55) (6.12)
IMp+l+24; 1
N = - 6.13
! \/\/%(an—i—ZEle)!! (6.13)
h h
b=\vi= =1\ 7= 6.14
Mo~ \[ Vi (6.14)
w= /% (6.15)
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1
Where N," is a normalisation constant and L%Jr 2) (x) are the generalised Laguerre poly-

nomials. The quantum number 7, represents the number of radial nodes that the wave-
function Ry, ,(r) posses.

The eigenvalues E,, ; of the 3D HO are given by:

E,¢=hw(l+2n, + %)

¢=0,1,2,3...and n, =0,1,2,3... (6.16)
n=~{+2n,

Since the potential is spherically symmetric, the 2¢ + 1 degeneracy of m substates of
each / state is not broken. The usual n quantum number of a harmonic oscillator is
given by n = ¢ + 2n,, from which the more well-known equation for 3D HO eigenval-
ues follows; where E, = hiw(n + 3).

6.1.1.3 3D polynomial oscillator

The 3D HO quadratic potential (V(r) = %rz) is too simple to realistically describe the
confining potential of a noble gas atom inside Cgg. Thus, we use a more general poly-
nomial type potential:

V(r) = Var? + Vyr* 4 Ver® (6.17)

where {V;, V4, Vs} are polynomial coefficients, assuming spherical symmetry for the
angular part. Unfortunately, there are no analytic solutions of the radial Schrodinger
equation (eq. 6.4) for such a polynomial potential. However, we can use numerical
linear algebra computations to calculate the result, which converge when given a large
enough basis set. In order to use such linear algebra techniques, we need the matrix

representation of the corresponding Hamiltonian operators.

A matrix element from the matrix representation of a given Hamiltonian A is defined
4
as:

o pmm 27
(¥ A0|¥)) = / / WA, 2 sin(6) dr do dg (6.18)
o Jo Jo
The cases discussed here have spherical symmetry so the potential has no angular com-
ponent. Thus, we can use the ortho-normality of the spherical harmonics below to

simplify eq. 6.18 above.*?

T o271
/ Y/, Yoy sin(0) d0 dg = Spp Sy (6.19)
0o Jo
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From eq. 6.19 it can be seen that the final Hamiltonian will be block diagonal, with each
different ¢ subspace making up the blocks. Also, the spherically symmetric potential
does not break the m degeneracy within each ¢ (of 2¢ + 1).

When using the 3D harmonic oscillator as a basis, with the wavefunctions from eq. 6.11
as basis states, the matrix representation of its Hamiltonian Hy from eq. 6.10 is diagonal

(see fig. 6.1) with eigenvalues E, 4 (eq. 6.16) on its entries.

(Wi, 0m| Ho W erm) = Enyo S S00r S (6.20)

Where the Kronecker delta d,, = 1 if a=b and = 0 if a#b.

ne ne ne
18 16 14 12 10 8 6 4 2 0 18 16 14 12 10 8 6 4 2 0 18 16 14 12 10 8 6 4 2 0
e i SR SR e e SR SR e SR G
18 18- 18
|
164 W 16 16
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14 [ | 14 | 14
|| | H
124 || 124 124 ||
||
10 10 10 | W
IS < < H n
8 8+ 8 ||
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2 2+ 2
0 0+ 0
Matrix representation of H® Matrix representation of H® Matrix representation of H®

FIGURE 6.1: Matrix plot representations for HO, H (4), A®) from eq. 6.22, with n, =

0,1,..,18 and ¢ = 0. Similar plots are obtained for the other ¢ values. The color

intensity scales with the magnitude of the matrix element. Orange represents positive
matrix elements and blue negative

To obtain the general 3D polynomial oscillator one must compute the matrix represen-
tation of the leftover terms in the potential (eq. 6.17), namely Var* + Vir®, so we write:

AY = vyt and A®) = Vgr® (6.21)

By computing the integral of eq. 6.18 for H*) and H(®) analytically, one can calculate
all matrix elements of their matrix representation. However, now these matrix repre-
sentations are not be in diagonal form because we are working in the H, basis (see
tig. 6.1).

Thus, the Hamiltonian for the 3D polynomial oscillator discussed here is made up of:

A=H+A%+A® (6.22)

Writing the matrix representation of H, in the Hj basis, gives a non-diagonal ma-

trix. Performing numerical diagonalisation of this matrix representation gives the final
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eigenvalues and eigenfunctions which best describe the He@Cgy system. And subse-
quently it best describes the interaction between the Helium atom and the inner carbon
surface. Transitions between these eigenstates are what is being observed in the THz
and INS measurements.

If one could use an infinite basis set to perform the diagonalisation described above
the obtained result would be exact for all eigenvalues and eigenfunctions. However,
since working with an infinite basis set is currently impossible, we have to truncate the
basis at some point. In the computations done here we used ¢ quantum numbers = 0,
1,..., 10 and n, quantum numbers = 0, 1,..., 18 (see fig. 6.1 for / = 0 matrix representa-
tions). In other words, we used 11 £ blocks, each of 19 x 19 dimension (1, X n,), since
the m degeneracy was ignored. Thus, we ensured convergence for all lower energy
eigenvalues (and eigenfunctions), the ones being probed in our measurements. To sim-
plify the calculations only one m value was used, m = 0, due to the assumed spherical
symmetry.

6.1.1.4 THz Oscillator line strengths

The frequency of the peaks in the THz and INS spectra depend on the difference be-
tween the 3D polynomial oscillator eigenvalues. However, it does not say anything
about the intensities of these peaks; for this we need to make use of the Fermi golden
rule*? and assume some type of dipole moment operator. The dipole moment associ-
ated with the translational motion of the noble gas inside the Cgy cage is assumed to
be linear in the displacement from the cage centre r for simplicity. Written in spherical
harmonics it reads:

47T
Qi = | % A 1 Yim (6,
1 3 A Yin(0,9) (6.23)

where m = —1,0,+1

where Ay, is the coefficient for the dipole moment operator. The He@Cg cages are
randomly oriented, so are the dipoles, and averaging over all orientations gives |d|> =
(d2 + dﬁ + d?)/3.12 Spherical symmetry is assumed, therefore the induced dipole mo-
ment does not depend on the direction of displacement. Thus, all three components of
the induced dipole moment are the same.
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The THz absorption line area is written using the Fermi golden rule, 2242114 for linearly
polarised light in the z direction (d, = d1):

4

272 242\? 2
/wf. (xfl(w)dw = th€0C077 <;7 3 > Wi (pz _pf> 2 ‘<Tlrf/lf,mf‘d10 ’nr,-lli/mi>

mi,mf
(6.24)

each / state is (2¢ + 1) is degenerate in m, so summation is done over all m; and m.
The integral is taken over the whole frequency range wy; spanning the THz spectrum.
N = 1.48 x 10¥m~2 is the number density of molecules in solid Cg, f is the filling
factor of the endofullerene, cj is the speed of light in vacuum, € is the permittivity of

vacuum, 7 is the index of refraction (for Ceg 77 = 211°)

In spherical symmetry d, = d, = d,, so eq. (6.24) is valid for randomly polarised

radiation as well.

The factor (17% +2) /3 is the electric field felt by the oscillator being present in a dielectric
medium.'?* 1 is the Planck constant. w i o= (E = E;)/hco, where E; and E r are the
energies of the initial and final state.

pi and py are the thermal Boltzmann populations of the initial and final states:

e—Ei/kBT
o Y (20 4 1)e B/ksT (6:25)
where kp is the Boltzmann constant and T is the temperature in Kelvin.
The sum over m in Eq. (6.24) equals to: 1%
y ‘<nrf,£f,mf) o |, £, m) | = % ‘<nrf,ef‘ ] [, €| (6.26)

mi,mf

is the reduced ma-

where the m dependence has disappeared and ’ <n,f, 14 f’ |d1| |nr,, £i)
trix element of dy.

The angular part of the reduced matrix element is: 2>**

20, +1)(2k+1)(26,+1) [ & k 4
<ff\|Tk||&>:<—>-ff\/( CDEEDREED LY e
0 0 O

where T is a spherical tensor operator of rank k and the six symbols in the brackets
denote Wigner 3j-symbol.** The 3j-symbol is zero if [¢; — ¢;| < k < £y + {; is not
satisfied. Another property of the 3j-symbol from eq. (6.27), when m; = g = m; = 0
the 3j-symbol is non-zero only if £; + k + {; is even. For the dipole moment k = 1, ergo,
the selection rule A¢ = +1 for THz absorption arises.
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6.2 Translational quantization discussion

This section discusses the analysis and interpretation of the INS and THz results. Firstly,
a small interpretation of the Ne@Cgy INS results is shown and secondly an in-depth

analysis of the He@Cg results are presented.

6.2.1 Neon translational quantization in Ne@Cgg

The INS spectrum of Ne@Cg displayed some peaks, in fig. 4.15 (a). Only the most
intense peak at 7.01+£0.01 meV could be accurately assigned as the fundamental trans-
lational transition of the confined Neon atom. Since only one peak was observed in the
spectrum, the same type of analysis done on He@Cg in section 6.2.2 was not possible
on Ne@Cgy. However, the 3D harmonic oscillator model can be assumed for Ne@Cg
and the purely harmonic confining potential calculated, see section 6.1.1.2 for descrip-

tion of the 3D quantum harmonic oscillator.

Equation 6.16 gives the eigenvalues of the 3D harmonic oscillator. The fundamental

[ k
E01 — Eoo =hw=nh M (6.28)

Where M is the mass of the particle (Neon) and k is the harmonic constant (or force

constant). The purely harmonic confining potential V(r) = %er, so the force constant

k is needed to define the Ne@Cg potential.

transition is given by:

The isotopes of Neon are *’Ne : 2!Ne : 22Ne with natural abundances 90.5 : 0.27 : 9.22
and total neutron scattering cross sections 2.71 barn : 5.60 barn : 1.86 barn.*! From
these it can be seen that only the 2’Ne isotope can be observed in the INS spectrum.
Taking the mass of 2Ne with the fundamental transition of 7.01+0.01 meV gives a
harmonic term V, = %k = 11754+ 03 meVA 2 (= 1.883 £ 0.005 Jm~2). This is much
larger than the harmonic term for He@Cg confining potential, where V, =~ 25 meV (see
section 6.2.2). The steeper potential for Ne@Cg is expected since the Neon atom has a
larger van der Waals radius than Helium and a smaller free volume as a result. This

translates to a steeper confining potential for Ne@Cegy.

Further experiments are planned for Ne@Cg to hopefully detect more than one tran-
sition and describe the confining potential to the same level of accuracy as done for

He@Cg in the following section.

6.2.2 Helium translational quantization in He@Cgg

This section gives an interpretation of the He@Cgy INS and THz experiments. The

focus is on the second round of INS and THz measurements, section 4.3 and section 5.3
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respectively; since the new measurements match with the previous ones and bring new

information. The analysis was done in collaboration with the group of Toomas Rédm.

Firstly, a description of the quantum mechanics of the confined Helium atom is re-
quired. Two such models are the ”particle in a box” and the quantum harmonic os-
cillator. The eigenvalues of both models are dependent on the mass of the quantum
particle and this defines the ratio between the fundamental transitions.*? For the “par-
ticle in a box” the ratio equals the inverse of the masses, for the two Helium isotopes =

% = 1.333. For the quantum harmonic oscillator, the ratio equals the inverse square root

3

= L0001 meV — 7 207 4+ 0.002 from INS and ~208<m 1 — 1189 from THz. This simple

argument suggest a model based on the harmonic oscillator is better suited to describe

of the masses = % = 1.155. From our measurements the ratio of the two transitions is

the confined Helium atom.

However, for a harmonic oscillator all transitions between successive eigenvalues have
the same energy, so only one peak should be observed. This is different from the comb
of THz peaks observed in the spectra of both He@Cqy and *He@Cgy. The spacing
between the THz peaks probe the an-harmonicity of the potential. This suggest a
deviation from the quadratic potential of a harmonic oscillator. To account for this,
an-harmonic terms are added to the potential confining the Helium atom. The quan-
tum mechanics of the three-dimensional harmonic oscillator together with the 3D an-

harmonic (polynomial) oscillator are given in section 6.1.1.

The potential energy of a Helium atom inside Cg is in general given by V(r,6,¢),
where 7 is the distance of the Helium atom from the cage centre. We assume spherical
symmetry of the potential given the high degree of symmetry of the Cgp molecule. This
means the potential has no angular dependence and can be simplified V (r, 0, ¢) ~ V(r).
The 3D polynomial oscillator used here has the potential given by the superposition of
three terms:

V(r) = Var? + Vyr* + Ver® (6.29)

where {V,, V4, Vg } are the polynomial coefficients which set the dependence on even
powers of r. This produces a more realistic potential, which describes the dynamics of

confined Helium more accurately.

The eigenvalues of the polynomial oscillator depend quite strongly on the polynomial
coefficients and the mass of the confined particle. Transitions between such eigenvalues
are being probed in the INS and THz experiments. By matching the transitions probed
by our measurements, the coefficients of the confining potential can be found with great
precision. There are essentially no selection rules for INS,*! whereas THz has the usual

selection rule for electromagnetic radiation Al = 0, £1.434
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Since the experimental resolution is higher for THz and more peaks were identified
than in the INS measurements, the THz spectra were mainly used in the analysis. The
THz spectrum can be simulated using eq. 6.24, as described in section 6.1.1. A best fit
match of the simulation with the experimental spectrum determines the coefficients of
the potential and the dipole moment operator.

The peaks in the experimental THz spectra were fitted with Gaussian lineshapes in
section 5.3. A synthetic spectrum y(w) of resolution 0.25 cm ™! was generated by using
the frequencies and areas of the fitted peaks and using a constant FWHM of 1 cm ™!
for all synthetic peaks. For a given set of parameters x = {V5, Vi, V4, Aqo} of the po-
tential with the dipole moment coefficient, at a given temperature, the THz spectrum
was simulated (f (w, {x})) using eq. 6.24, in its analytic form using the Wolfram Math-
ematica software. The parameters were varied in order to minimise the sum of least
squares x> = Y[y(w) — f(w, {x})]?. The confidence limits for each parameter x; were

calculated using the second derivatives of x* as shown below: 12

92y2\ !

The THz spectra were fitted this way in the region 77-150 cm~! and the simulated spec-
tra together with experimental spectra are shown in fig. 6.2 (a) and (b) for *He@Cg and
*He@Cq¢ respectively. The potential and dipole moment parameters which resulted
from the fitting are given in table 6.1. The coefficients for the two isotopes are slightly
different, however, when plotting them there is no observable difference. The inter-
action potential is expected to be the same for the two isotopes since the electronic
structures of >He and “He are the same.

TABLE 6.1: Best fit coefficients, with confidence limits, for the radial potential function
V(r) = Var? + Vyr* + Vgr® and induced dipole moment dyg = /%A1 7 Yy (6, ¢) for

SHe@Cg and *He@Cg. Parameters obtained by fitting the experimental THz spectra,
125 K 3He@Cgp and 100 K *“He@Cgj from fig. 6.2, in the 77-150 cm ! range.

Parameter 3SHe@Cy ‘He@Cy

V,/ meVA ™ | 2580+0.11 24.998 + 0.016

Vi/ meVA ™| 33706 36.1+0.6

Ve / meVA | 27.86+£0.05 26.34 +0.21

Ao /D A-1 | (420+0.05) x 1072 | (4.44 +0.07) x 102

The experimental spectra shown are the processed ones from fig. 5.8 for >He@Cg and
from fig. 5.6 for *‘He@Cg. The black curves represent simulations done using eq. 6.24
with the best fit parameters of the potential and dipole moment from table 6.1. The ver-
tical bars on the spectrum indicate the frequencies and amplitudes for each individual
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FIGURE 6.2: (a) THz spectra of 3He@Cy at 5K in blue and 125K in dark red, from

fig 5.8 (a) and (c). (b) THz spectra of “He@Cgp at 5 Kin green and 100 Kin orange, from

fig 5.6 (a) and c. Underneath each experimental spectrum the result of the simulation

at the same temperature, using the potential parameters from table 6.1, is shown in

black. The vertical bars indicate the simulated frequencies and amplitudes of each

transition, which summed up give the black curve. Transitions are labelled according
to the assignment from the energy level diagram from figure 6.3 (b).

simulated transition, which also shows that some peaks are composed of more than
one transition. The annotation of the peaks is the same as shown in section 5.3, and it
is done according to the assignment of the transitions from the energy level diagram
shown in fig. 6.3, where some peaks are shown to correspond to more than one transi-
tion. On the energy diagram all levels with the same ¢ quantum number have the same
color: £ = Oinblack, ¢ = 1inred, / = 2 in orange, / = 3 in yellow, { = 4in green, { =5
in blue and ¢ = 6 in purple. The levels on the same column have the same n, quantum

number; and thin black lines crossing the levels span the horizontal length for clarity.
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nyr=0 T r=1 Ny=2 Ny=3

FIGURE 6.3: Energy level diagram of Helium confined in Cg. Levels with the same
¢ quantum number are (2¢ 4 1)-fold degenerate and have the same color. The states
with the same 1, quantum number are placed on the same column. The quantum
number n = (¢ + 2n,). Arrows represent observed transitions and the label depicts
which experimental peak it corresponds to. The label placed on the left of the arrow
stands for THz peaks and the label placed on the right stands for INS. THz transitions
in the range 77-150 cm ! are labelled as numbers (1-9) and the ones in the range 280-
320 cm~! are labelled as Greek letters (x, B, 7, 6). The INS transitions are labelled
with letters (a-e). Some experimental peaks correspond to more than one transition.

The label placed on the left of the arrow stands for THz peaks and the label placed
on the right stands for INS. THz transitions in the range 77-150 cm ! are labelled with
numbers 1-9 (for A/ = +1 & An, = 0) and the ones in the range 280-320 cm ™! are la-
belled with Greek letters a, B, 7y for A/ = £1 & An, = 41 and with ¢ for the SHe@Cyp
THz transition with A/ = +3 & An, = 0. The INS transitions are labelled with letters

(a-e).
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The parameter fitting was done only considering THz region 77-150 cm~!. However,
some Helium peaks were also observed at 280-320 cm~!. The simulation done using the
parameters from table 6.1 does predict absorption peaks in this range. The simulated
spectra of *He@Cg at 5K and 100 K in the 280-320 cm ! region are shown in fig. 6.4.
The experimental spectra in fig. 6.4 were taken from fig 5.5 (c) after subtracting the
broad baseline. There are three peaks in the spectrum, one from the ground state and
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FIGURE 6.4: Experimental THz spectra of *He@Cg at 5 K shown in green and 100 K
in dark orange, in the range 277-327 cm~!. Spectra are taken from fig 5.5 (c) after
subtracting the broad baseline. Underneath each experimental spectrum the result
of the simulation at the same temperature, using the parameters from table 6.1, is
shown in black. In gray, the simulated spectra are scaled by a factor of 15 for clarity.
The vertical bars indicate the simulated frequencies and amplitudes of each transition.
Transitions are labelled according to the assignment from the energy level diagram
from figure 6.3.

two from excited states, labelled according to the energy diagram from fig. 6.3. The fre-
quency and the initial state of the transitions are simulated correctly, yet the amplitudes
are not. The simulation predicts a much weaker intensity for these transitions than it is
actually observed. The experimental peaks are more than an order of magnitude more
intense than predicted, indicated by the extra x15 scaling of the simulated peaks. The
«, B, v transitions have the usual change in the ¢ quantum number A¢ = +1, together
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with a +1 change in the n, quantum number, An, = 41 which is allowed for THz
transitions. At moment it is still a mystery why these transitions are a lot more intense
than predicted. Using a different power for the radial displacement » when defining
the induced dipole moment operator (like 73, r°,.. in eq. 6.23) made these transitions
more intense relative to the fundamental. Suggesting the dipole moment for He@Cgy is
more complex and defining it accurately requires more than a linear term in r. Further

investigations will be done in this regard.

The corresponding «, B, v peaks for *He are shifted to higher frequencies due to
the mass difference and overlap with the strong vibrational peaks of the cage (at >
330 cm '), so they could not be identified in the spectrum. However, the *He@Cg THz
spectrum displayed one peak in the 280-320 cm ™! region (fig. 5.7 (c)) at 316.6 cm ™! la-
belled é. This originates in the ground state due to the temperature dependence and its
energy matches with the 3He@Cgy INS peak labelled d (fig. 6.5 (a) or fig. 4.11 (a)). This
transition corresponds to An, = 0 and A¢ = +3, which is allowed for INS but strictly
forbidden for THz. At the moment the reason why this transition is allowed in THz
spectroscopy is a mystery. A possible explanation might involve the non-zero nuclear
spin of 3He (I = 1/2), in a spin-orbit type coupling. However, this might relax the
selection rule to A/ = £2 and not A¢ = £3. The equivalent transition for *He would
be at 264.516 cm ™!, where it overlaps with C¢ cage peaks at ~ 265 cm™~!; yet there is
no clear sign of a *He peak in this range.

The eigenvalues obtained by fitting the THz data were used to calculate the energy of
the INS transitions. This is shown by the vertical bars in fig. 6.5 (a) and (b) for >He@Cg
and *He@Cg respectively, where the transitions are labelled (a-e) according to the en-
ergy level diagram from fig. 6.3. All INS measurements were done at low temperature
(2.7 K) so all transitions are from the ground state only. There is a good correspon-
dence between the energies of the simulated transitions and the experimental spectra.
Since INS has essentially no selection rules, the low temperature INS spectra shows
overtone peaks which give a nice overview of the energy level diagram. Peak a is the
fundamental transitions, peaks b & c are overtone transitions with A/ = £2 and peaks
d & e are overtones with A¢ = +3. For *He@Cg only the a-c peaks were observed,
where b and ¢ were weak and at the limit of detection, which is due to smaller sam-
ple amounts of 4He@Cg. Peaks d and e for ‘He@Cgy have energies overlapping with
the first Cyo vibration at 33 meV. Daggers (1) mark the positions of the Cqg vibrational
peaks, which in the difference spectra shown give rise to dispersion shapes because the
cage vibrational modes are slightly shifted by the presence of the endohedral atom.

The correspondence between simulations and all experimental results is good. Thus,
the confining potential for the 3He atom in *He@Cy is shown in fig. 6.6 (a); the ‘He@Cq
confining potential is extremely similar. The energy levels from the diagram in fig. 6.3

are shown for the 3He@Cg eigenvalues on the same plot as the confining potential.
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FIGURE 6.5: INS difference spectra of: (a) *He@Cg at 2.7 K in blue (from fig 4.10 (b))

and (b) *He@Cy at 2.7 K in green (from fig 4.12 (b)). The short vertical bars indicate

the energies of the predicted translational transitions from the ground state; defined

by the potential from table 6.1. Transitions are labelled according to the assignment

from the energy level diagram from figure 6.3. Positions of Cg) cage peaks are marked
with daggers (1).
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6.2.2.1 Comparison with empirical potentials

The confining potential of He@Cgy obtained experimentally above is compared with
ones obtained from He-C semi-empirical two-body potentials.?'?” The two-body po-

tentials shown here are: Lennard-Jones? (LJ) and modified Buckingham ' (mB).

To obtain the confining potential, first a 3D structure of C¢ is generated with a given
radius and HP:HH bond lengths ratio. An interaction potential between the carbon
atoms of the cage and the endohedral Helium atom is chosen (L] or mB in this case).
The confining potential at any one point is obtained by summing all the 60 two-body
interactions between the helium atom, at that point, and all 60 carbon atoms in the cage.
To get the confining potential along an axis, the position of the helium atom is moved
along that axis and then the potential is computed for each position.

For both computed He@Cg confining potentials, a radius of 3.586 A was used for the
Ceo cage, of computational origin, as specified in references 2,127. This radius was used
since currently there is no experimental value for the radius of He@Cgy endofullerenes.
The radius here means the distance from the centre of the cage to the centre of the
carbon atoms. The C-C HP & HH bond lengths were not specified in references 2,127,
but we chose the HP:HH bond ratio to match the experimentally known values.””° The
exact bond lengths used were: HP bond = 1.4688 A and HH bond = 1.4085 A.

The He-C two-body Lennard-Jones interaction potential? is defined in eq. 6.31 below,
with parameters given in table 6.2.

o 12 o\ 6
viy=4e|(5) - (5) 6.31
L] [ , p (6.31)
TABLE 6.2: Parameters for the Lennard-Jones potential (eq. 6.31) between carbon and
helium.?

Carbon-Atom | o (A) | € (kJ/mol)

Helium 2971 0.1554

This Lennard-Jones semi-empirical two-body potential between Helium and Carbon is
defined in references 2,128. These two-body parameters are given as an approxima-
tion of three-body LJ parameters between aromatic molecules and noble gas atoms;'?8
where they show that the three-body terms involving two carbon atoms and one no-
ble gas atom can be important. The relevance of the three-body terms for the disper-
sion interaction is seen when the noble gas atom is located in the plane of the aro-
matic molecule; because in this case the simpler two-body potential gives wrong pre-
dictions. !?® When the noble gas atom is located above the plane of carbon atoms in
aromatic molecules, there is almost no difference between using a two-body or a three-

body potential. Since inside a fullerene molecule the Helium atom can only be above a
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plane of carbon atoms and cannot sit in the plane, using a two-body potential is appro-

priate.

The other two-body He-C interaction potential is the modified Buckingham potential
(mB),'?” defined in eq. 6.32, with parameters given in table 6.3.

Viup =€’ [2.9 *10° * exp (_1;5> —2.25% pﬂ (if p < 3.311) (6.32)
=336.176 * €' * p* (if p > 3.311) (6.33)

Where p = @ and €’ = /€€ and the parameters for the modified Buckingham
potential are found in table 6.3

TABLE 6.3: Modified Buckingham potential (eq. 6.32) parameters.

Atom | 7; (A) | €; (k] /mol)

C 1.96 0.234
He 1.53 0.109

The He-C modified Buckingham potential used here is obtained from the MM3 molec-
ular mechanics program.!?’ The program defines the interaction parameters in order
to agree with thousands of known cases; which are well defined for common organic
molecules with numerous studied examples. Because there are not many examples of
noble gas atoms interacting with organic molecules, the parameters involving noble

gases might not be very accurate.

For both He@Cg) confining potentials obtained from L] or mB, rotating the cage to ob-
tain the confining potential along different orientations made a very small difference.
In the lower part there was essentially no difference between different Cgy orientations,
which is the region probed by the INS and THz measurements. Both He@Cg( confining
potentials computed here were done by moving the Helium atom along the centre of
a HH bond. The comparison between the He@C¢ confining potential obtained exper-
imentally in this study and the two computed from L] or mB two-body potentials is
shown in figure 6.6 (b). Where the experimental potential is shown in black, the L] one
in orange and the mB one in blue.

A really good match is seen between the L] potential and the experimental one, within
the probed energy range. There are some small variations compared with the exper-
imental potential but the agreement is good. We believe this is because the L] pa-

rameters %128

used here were optimised for the interaction of carbon atoms in aromatic
molecules with noble gas atoms. Furthermore, the He-C interatomic L] parameters can

be defined as a two-body potential if the noble gas is located above a plane of carbon
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FIGURE 6.6: (a) *He@Cg confining potential V(r) using the parameters from table 6.1.

The *He@Cyg eigenstates are also shown as horizontal lines, with the coloring scheme

from the energy level diagram in fig.6.3. (b) Experimental confining potential V (r)

from (a) is shown in black; the semi-empirical confining potentials obtained from two-

body interaction potentials are shown in orange for Lennard-Jones (LJ)? and in blue
for modified Buckingham (mB). 127

128 (which is always the case for noble gas endofullerenes).

atoms and not in the plane
The more empirical mB confining potential gives a worse fit with the experimental, it is
predicted to be steeper than actually observed. The reason for the poor fit is probably
because the interatomic He-C two-body mB potential comes from the MM3 molecu-
lar mechanics program, which has the noble gas parameters less accurately defined as
compared with usual intermolecular interactions in organic molecules. Point to note
is that at larger displacement from the cage centre (> 100 pm), at potential energies
> 800 cm~! which go above the plot shown in figure 6.6 (b), the L] confining potential
deviates from the experimental one, it gets steeper than observed. Furthermore, the
mB confining potential actually starts to match the experimental better than the L] one
as displacement & energy are increased. These high energies were not probed in our
measurements, so the confining potential is only extrapolated in this range, yet it serves
to support the need for further experimental intermolecular interaction potentials re-

quired to benchmark computational studies.

6.2.2.2 Comparison with Quantum chemistry potentials

The He@Cg confining potential has been simulated using quantum chemistry tech-
niques. The simulations were done by Jyrki Rantaharju from University of Southamp-
ton. The calculations were done by displacing the Helium atom away from the centre
of the cage and calculating the energy at every point. The Cgo radius used was 3.586 A,

the same as for the semi-empirical L] and mB above.

All quantum chemistry calculations were done using Psi4.'*" The confining poten-
tial was calculated with density-fitting (DF) second-order Meller-Plesset perturbation
theory (DF-MP2). Density functional theory (DFT) methods were also used to cal-

culate the confining potential. The hybrid DFT-functionals used are: wB97X-V,31/132
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LC-VV10,132133 B3LYP (20% exact exchange),'3*137 PBEO (25% exact exchange).!?%/110
wB97X-V and LC-VV10 have VV10 correlation functional contribution in order to better
deal with non-covalent interactions. For B3LYP and PBEO, the Grimme D3 empirical
dispersion correction with Beck-Johnson Damping'**1%° was added to better handle
dispersion interactions.

The simulations converged to a good approximation when using the correlation-consistent
cc-pVXZ (X=D, T, Q, 5) basis sets. 140141 The resulting simulated He@Cg) confining po-
tentials at the cc-pV5Z level are shown in figure 6.7 (a, b). The experimental potential
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FIGURE 6.7: (a) Experimentally determined He@Cg confining potential is shown as

a black curve. Confining potentials obtained through quantum chemistry calculations

are shown using DFT (triangles, square and diamond) and MP2 (circle). (b) Is a scaled

version of (a), to allow for better comparison, where the points have been joined by
straight dashed lines.

is shown in black and the ones obtained through quantum chemistry are shown as in-
dividual points, as specified in the legend. Panel (b) shows a scaled up version of (a),

with data points joined by straight lines, to display the different potentials more clearly.

The correspondence between the simulated and experimental potentials is good, some
matching better than others. If one has a close look at fig. 6.7 (b), small differences
can be seen between all algorithms used. Generally, the simulated potentials seem
to match the experimental one on a given range and then they diverge. There is not
one simulated confining potential which perfectly matches the experimental one. This
serves to further strengthen the need of accurate experimental non-covalent interaction
potentials, to be used for benchmarking computational chemistry algorithms.

6.3 Conclusion

To conclude, this chapter was dedicated to the analysis of atomic translational quanti-
zation, observed for the noble gas atoms enclosed in Cg fullerenes. SHe@Cy, *He@Cg

and Ne@Cgy endofullerenes have been studied using Inelastic Neutron Scattering (INS)
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and THz (far-IR) spectroscopy. The quantized translational states of He and Ne have
been shown to display observable transitions in the INS and THz spectra, in chapters 4
and 5. These experimental spectra provide valuable information about the interaction

potential between the noble gas atom and the carbon atoms constituting the Cg cage.

INS measurements were performed on Ne@Cgp, and a spectrum for the confined Neon
atom was observed. This was composed of the fundamental transition for 2’Ne at
7.01 £ 0.01 meV and a couple of peaks at higher energies with unclear assignment.
Assuming a purely Harmonic model for the Ne@Cgy confining potential, using the
fundamental transition, the harmonic potential term was calculated to be V, = %k =
1175+ 03 meVA 2 (1.883 £ 0.005 Jm~2). This term is much larger than the harmonic
term of He@Cg, expected since the larger size of Neon reduces the free volume avail-
able for translation, effectively making the confining potential steeper.

INS measurements of >He@Cyy and *He@Cy revealed some peaks in the spectra due
to the translational quantization of the Helium isotopes, in chapter 4. The transitions
are sensitive to the mass of the isotope, the lighter *He generating higher energy tran-
sitions than *He. The most intense INS peaks, at 11.90 & 0.01 meV for SHe@Cgp and
9.86 + 0.01 meV for *He@Cy, were assigned to fundamental translational transitions
of the confined He isotopes. Furthermore, overtone transitions were observed for the
two isotopes, which offered a nice outline of the energy level structure of the atomic

confinement.

THz measurements of *He@Cg and *He@Cg displayed a rich structure of peaks in the
spectrum, with some fundamental and hot-band peaks, in chapter 5. The fundamen-
tal transitions, at ~97 cm~! for *He@Cgy and ~81 cm ™! for *He@Cgy, matched with
the same ones detected by INS on these compounds, from chapter 4. Two regions
were found in the THz spectra to give rise to Helium peaks: at 77 — 150 cm~! and at
277 — 327 cm~ L. In the first region the fundamental peaks are found, together with
hot-band transitions with the usual selection rule A/ = +1. This region was used to
find the potential function which best describes the confinement of Helium inside Cgp.
The model used was the 3D an-Harmonic Oscillator, or 3D polynomial oscillator, and
the results of fitting the experimental peaks in order to define the confining potential
are found in table 6.1. Surprisingly, the peaks in the second region (277 — 327 cm™!)
were predicted by the model but with incorrect absorption amplitudes. These peaks
for *He@Cg, were found to correspond to A¢ = +1 and An, = %1 transitions, where
both quantum numbers change by 1 at the same time. These peaks seem to provide
useful insight into the induced dipole moment that He acquires when confined inside
Cgo. For 3He@Cyy a THz peak was found at 316.601 & 0.015 cm~! which corresponded
to the 39.07 £ 0.14 meV peak in the INS spectrum. This transition is assigned to an
overtone transition with A¢ = +3 (and An, = 0) which is allowed for INS but strictly
forbidden for THz. The reason why this transition is allowed in the THz is unclear,
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the nuclear spin 1/2 of >He might be responsible, yet it is too early to say this with
certainty.

6.3.1 Future work

In the Ne@Cgp INS measurements, only the fundamental translational transition was
observed. Further experiments are planned, in order to identify other overtone or hot-
band transitions to better describe the Ne@Cgy confining potential experimentally.

Plans are in motion to complete the study of noble gas C¢y endofullerenes. The aim will
be to investigate Ne@Cgp, Ar@Cep, Kr@Cgp, using INS and THz spectroscopy. This will
determine the confining potentials for the other noble gas endofullerenes, hopefully to
the same level of detail as accomplished for He@Cg.

A better description of the He@Cgy confining potential will be attempted; by using
higher order terms in the V(r) potential, such as Vgr® and/or Vyor'?, and fit the exper-
imental INS and THz spectra. This should give an even better match of the simulated

peaks with the experimental spectra, resulting in a more accurate confining potential.

A better simulation of the “He@Cgy THz peaks in the region 280-320 cm~! will be
attempted. This will involve adding higher order powers of the displacement r for
the dipole moment operator to better match the “He@Cgy THz spectrum in the 280-
320 cm ™! region. The results of such simulations should define more accurately the
induced dipole moment of a He atom when confined in Cgy.

The strictly forbidden (A¢ = +-3) THz transition at 316.601 - 0.015 meV of SHe@Cg) will
be further studied. The I = 1/2 nuclear spin of 3He will be added in the simulations,
by including a spin-orbit coupling term in the Hamiltonian. This might shed some light

on why such a forbidden transition is observed in the THz spectrum of *He@Cgy.
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Chapter 7

Conclusions

The purpose of this PhD thesis is to describe spectroscopic investigations of Cgg fullerenes
and endofullerenes. The techniques used are Nuclear Magnetic Resonance (NMR), In-
elastic Neutron Scattering (INS) and far-Infrared (far-IR or THz) spectroscopy. The
main conclusions of this study are given below.

The '3C solution NMR spectrum of Cg displays two extra peaks, of weak intensity
in relative ratio 2:1. These are labelled HP with amplitude 1.63 & 0.15 % of the main
Ceo peak and HH with amplitude 0.81 & 0.08 % of the main Cgy peak. The labelling
comes from the two types of C-C bonds present in C¢p: Hexagon-Pentagon bond (HP)
and Hexagon-Hexagon bond (HH). These side peaks are on the deshielded side of the
main Cgg peak, shifted by TApp = 12.56 + 0.01 ppb and TAgg = 19.98 £+ 0.02 ppb with
respect to it, at 298 K. These shifts decrease linearly in magnitude as temperature is
increased. The HH peak is more strongly influenced by a change in temperature than

the HP peak, having a steeper slope with respect to temperature.

Endofullerene samples also exhibit the HP & HH side peaks, with the same pattern
as for C¢p. The only difference being the shifts are slightly decreased in magnitude
by the presence of an endohedral molecule and this effect scales with the size of the
endohedral molecule. The HH shift seems to be more strongly affected by the presence
of an endohedral molecule than the HP shift.

The origin of the HP & HH shifts is shown to be due to the one-bond secondary NMR
isotope shift effect. These arise when 13¢C, isotopomers of Cg have the 13Crg adjacent
along a HP bond ([HP—13C2]—C6O) or a HH bond ([HH—13C2]-C60). The fine structure
seen in the natural abundance Cgo '3C NMR spectrum is not due to 13C-13C J-couplings.
The relative amplitudes of the two side peaks is 2:1, identical to the HP:HH bond ratio
in Cgp of 2:1. The amplitudes of the side peaks with respect to the main Cgy peak are

described through a purely statistical argument and a Monte-Carlo type simulation.
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The solution *C NMR spectrum of 20-30% 13C enriched Cg is broader than that of
natural abundance Cgp, and the fine structure is absent. An algorithm is developed,
based on a Monte-Carlo type approach, to simulate Cgy spectra of arbitrary levels of
13C. Firstly, the 13C spin systems in Cg) are decoupled based on a cluster identification
method which uses the magnitudes of 3C-13C J-couplings relative to the experimen-
tally observed isotope shifts in Cgp. Then the spectra of each cluster are approximated
by their second moment and added up in a Monte-Carlo fashion to simulate the Cqg
spectrum. The simulation using this method matches quite well with the experimen-
tal result, even for natural abundance Cgg. Multiple spectra of Cgp, with various 13¢C
contents, are shown after being computed using this method. This method of approxi-
mating the spectrum evaluates rapidly for large number of J-coupled spins and may be
adapted to other problems in solution and solid-state NMR.

The *C solution NMR spectrum of *He@Cg displays a small splitting of the main peak
into a 1:1 doublet, of 77.5 £+ 0.2mHz at 340 K. The HP & HH side peaks of SHe@Cy
show the same splitting as the main 3C peak. The splitting is assigned to an inter-
nuclear J-coupling between *He and '°C, in the absence of a formal covalent chemical
bond between them. This leads to the notation %J;.c, where the superscript zero indi-
cates the number of chemical bonds between *He and 3C. The *Jj.c-coupling displays
an increase in magnitude as temperature is increased. This is consistent with the *He
nucleus coming closer to '3C on average at elevated temperatures. Quantum chemistry
DFT calculations predict a negative °Jy.c, with a magnitude close to the experimental
OJec extrapolated at 0 K. The long spin lattice relaxation times of He and '3C enable

the direct observation of such a °J-coupling.

A similar type of 0]—coupling is observed in CH4@Cg, between 'H and a 3C (Cg)
within the cage. Unfortunately, the 'H spin lattice relaxation time is short (~1.5 s),
so direct observation of the %Jy¢ splitting was not possible. However, % leads to a
significant broadening of the 13C (Cqo) peak of CH4@Cg, as compared with empty Cep.
This is not caused by faster relaxation of the 1*C (Cgo) spin induced by the endohedral
CHy (e.g. 'H — 13C dipolar relaxation). The broadening was shown to disappear when
applying H decoupling on the endohedral CHy. For CH4@Cg all is consistent with a
Jc-coupling between endohedral 'H and a !3C within the enclosing Cg cage.

SHe@Cy), *He@Cqy and Ne@Cgyy endofullerenes are studied using Inelastic Neutron
Scattering (INS). The measurements of SHe@Cgy and *He@Cg reveal some peaks in the
spectra due to the translational quantization of the Helium isotopes. The transitions
are sensitive to the mass of the isotope, the lighter >He having higher energy transi-
tions than *He. Two different INS instruments detected the same fundamental peaks
of SHe@C¢ and *He@Cg. Some overtone transitions are also observed in a second set
of measurements, after the sample preparation was improved. The most intense INS
peaks at 11.90 £ 0.01 meV for SHe@Cg and 9.86 4 0.01 meV for *He@Cy are assigned
to fundamental translational transitions of the confined He isotopes. Furthermore, the
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overtone transitions observed for the two isotopes offer a nice outline of the energy
level structure due to the atomic confinement.

INS measurements of Ne@Cy reveal the fundamental translational transition for 2°Ne
at7.01 = 0.01 meV and a couple of peaks at higher energies with unclear assignment.

Far-IR (THz) measurements of He@Cgy and *He@Cg display a rich structure of peaks
in the spectrum, with some fundamental and hot-band peaks. Two regions were found
in the THz spectra to give rise to Helium peaks: at 77 — 150 cm ! and at 277 — 327 cm L.
The fundamental transitions, found in the 77 — 150 cm ! region, match with the same
ones detected by INS on these compounds. The THz fundamental transition is shown
to be composed of two peaks in ratio ~ 8 : 2 separated by: 0.727 + 0.011 cm~! for
‘He@Cyg and by 0.839 £ 0.008 cm ! for 3He@Cgy. The reason for this splitting is not
fully understood yet; it likely originates from merohedral disorder of the Cg lattice. A
SHe@Cyy THz peak, from the second region, at 316.601 £ 0.015 cm ! matches with an
overtone transition detected by INS.

The INS and THz results on translational quantization of noble gases inside C¢ are the-
oretically interpreted as a 3D spherical quantum oscillator, with a confining potential
function given by even power polynomials, up to 6! order.

A purely Harmonic model is assumed for the Ne@Cg confining potential, since only
the fundamental peak is observed. Using the fundamental transition, the harmonic po-
tential term is calculated to be 117.5 + 0.3 meV A~

For *He@Cgy and *He@Cg, the peaks in the region 77 — 150 cm ! are used to char-
acterise the confining potential (up to 6/ order) and the induced dipole moment the
Helium atom acquires inside the Cgp cage. The fundamental and hot-band peaks from
this region correspond to transitions with the usual selection rule A/ = £1. The peaks
in the second region (277 — 327 cm™~!) are predicted by the model but with incorrect
absorption amplitudes. These peaks for “He@Cg are found to correspond to A¢ = +1
and An, = =+1 transitions, where both quantum numbers change by 1. These peaks
appear to provide useful insight into the induced dipole moment that the He atom ac-
quires when confined inside Cgo. For SHe@Cy, the THz peak at 316.601 £ 0.015 cm ™!
corresponds to an overtone transition with A? = 43 and An, = 0, which is allowed
for INS but strictly forbidden for THz. The reason why this transition is allowed in the
THz spectrum is unclear; the nuclear spin 1/2 of *He might be responsible, yet at the
moment this is just a hypothesis.
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