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Abstract

The encapsulation of a small molecule inside a fullerene cage through ad-
vances in synthetic chemistry have created a new platform to study the
dynamics of a freely rotating and translating quantum rotors entrapped
inside a symmetric cage potential. These endohedral fullerene complexes
are of great interest because the fullerene cages are able to uniquely provide
the entrapped molecules a high level of isolation, homogeneity, symmetry
and stability. The endohedral fullerene complexes discussed in this thesis
are the Hy@QCgo, Hy@QC,y and HoOQCy.

Both variants of small molecules studied in this thesis, Hy and H5O,
possess two strongly coupled protons. This would result in spin isomerism
where the spins of both protons in the molecule are able to combine either
symmetrically with total spin I = 1 (ortho) or anti-symmetrically with
total spin [ = 0 (para). This property has significant consequences for the
quantum dynamics of the entrapped molecules. Due to the Pauli Exclusion
principle, ortho states can only have odd rotational quantum number, while
para states can only have even rotational quantum numbers.

This thesis features the inelastic neutron scattering (INS) study of the
three aforementioned endohedral fullerenes and the nuclear magnetic res-
onance (NMR) study of the HoO@QCg. INS spectroscopy probes the lower
energy states of the sample to study the quantum dynamics of the mo-
lecules, while NMR probes the spin dynamics of the protons to study the
magnetic interactions of the proton with its environment.

The H,@QCgy is the union between the simplest molecule and the most
symmetrical molecule in the universe. It is the first variant of small mo-
lecule endohedral fullerenes to be synthesised and is the most well studied
of the three variants. This thesis discusses the temperature dependence of
cold neutron scattering study in this complex to investigate the statistical
distribution of the energy states. The Ho@QCy is a less symmetric endo-
hedral fullerene which has a prolate ellipsoidal symmetry cage. This thesis
discusses the low temperature thermal neutron scattering and the temper-

ature dependence of cold neutron scattering investigations in the complex



to study the effect of the ellipsoidal cage on the quantum dynamics of the
molecules.

H,0@Cyq is different to the dihydrogen variant of the small molecule
endohedral fullerenes because HoO possess a permanent electric dipole mo-
ment and is less symmetric than Hy. The HyOQCgq is predicted by theory
to exhibit ferroelectricity at low temperatures. The ferroelectric alignment
of the electric dipole moments of H,O at low temperature is investigated us-
ing both INS and NMR. The quantum dynamics of the HyO@Cg is invest-
igated with low temperature thermal neutron scattering and temperature
dependence cold neutron scattering, while the spin dynamics of HoOQCyg,
is investigated with milli-Kelvin NMR. Furthermore, the HoOQCg, exhibits
slow nuclear spin-isomer conversion at low temperatures unlike the Hy@Cg.
This low temperature ortho-H,O to para-H,O conversion process is invest-
igated with both INS and NMR to study the conversion mechanism.
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Chapter 1

Introduction

1.1 Small molecule endohedral fullerenes

Figure 1.1.1: Variants of small molecule endohedral fullerenes: (from left
to rlght) HQ@CGO, HQ@C70 and HQO@CG().

The supramolecular complex of a small molecule encapsulated inside a
fullerene cage (small molecule endohedral fullerenes) has provided an al-
most unique platform to study many important and fundamental quantum
mechanical issues. This study is made possible after advancement in syn-
thetic chemistry by Komatsu et al to encapsulate a hydrogen molecule
inside a Cgo cage (Ho@Cg) in large quantities via the “molecular surgery”
technique [1, 2, 3]. The synthesis of small molecule endohedral fullerene
was later extended to other variants such as a Hy trapped in the rugby-ball
shaped Cry cage (Hy@Cy) and a water molecule trapped in a Cgo cage
(H,0@Cgp) using the “molecular surgery” technique [4, 5, 6].

The entrapped molecule inside a fullerene cage does not form chemical
bonding with the carbon atoms of the cage. The carbon atoms instead
act as a spring force recalling the entrapped molecule to the centre of

the cage, thus allowing it to translate and rotate freely within the cage



[7]. Furthermore, the entrapped molecule’s confinement in the fullerene
cage almost uniquely enables it to be studied in isolation, which results
in minimal interactions with molecules outside the cage. This enables the
study of small molecules in environments that cannot be achieved under
normal circumstances.

The entrapped molecules of the three aforementioned endohedral fullerenes
(Hy and H,0) are quantum rotors which have two strongly coupled pro-
tons. Therefore, these molecules exhibit nuclear spin isomerism with two
distinct spin combinations, the symmetric and anti-symmetric nuclear spin
combinations. Molecules with symmetric nuclear spin combinations are
known as the ortho species, while molecules with anti-symmetric nuclear
spin combinations are known as the para species. This has profound impact
on the quantum dynamics of both ortho and para spin species. Accord-
ing to the Pauli Exclusion principle, ortho molecules can only have odd
rotational quantum numbers, while para molecules can only have even ro-
tational quantum numbers.

As the HoO molecule possess a permanent electric dipole moment,
there are strong interactions between each entrapped HoO molecule in the
H,0@Cg4y sample. This leads to many intriguing questions regarding the
Ho0@Cgg, such as: Do the electric dipole moments line up to form ferro-
electricity? Does the electric dipole moment of an entrapped H,O induces
an electric dipole moment on its Cgy cage? How does the couplings with
neighbouring electric dipole moments affect the quantum dynamics of an
entrapped HoO? Furthermore, unlike the Hy@QCgy and Ho@Cry samples,
the HoO@Cg sample exhibits nuclear spin-isomer conversion at cryogenic
temperatures in the absence of catalysts, where the meta stable ortho-H,O
converts to para-H5O.

The investigation of the quantum dynamics of Ho@Cgy, Ho@QC7y and
H,O@Cg, are discussed in this thesis.

1.2 Properties and structure of fullerene cages

1.2.1 Cg

The Cgg fullerene is a highly symmetric molecule that contains 60 carbon
atoms arranged in a truncated icosahedron structure. This structure con-

tains 12 pentagonal faces and 20 hexagonal faces, with each pentagon sur-



rounded by 5 hexagons and each hexagon surrounded by alternating three
pentagons and three hexagons [8, 9]. There are three types of rotational
symmetry axes in the Cgo: 6 C5 symmetry axes connecting the centre of
two opposing pentagonal faces, 10 C3 symmetry axes connecting the centre
of two opposing hexagonal faces and 15 Cy symmetry axes connecting two
opposing hexagon edges (see Figure 1.2.1). There is a total of 120 rota-
tional symmetry operations with respect to the geometric centre of the Cgq
fullerene, thus making it the closest realisation of a spherical molecule with
a symmetry point group of I;. The diameter of the Cgy fullerene is 7.1
A, while the distance between two carbon atoms are 1.46 A for the single
bonds and the 1.40 A for doublet bonds [8].

Figure 1.2.1: Tllustration of the three symmetry axes of Cgy fullerenes:
(from left to right) C;, C3 and Cy symmetry axes [9].

At normal pressure, the Cgy molecules form a solid with a face centred
cubic (FCC) lattice configuration that has a lattice constant of 14.17 A
and a nearest neighbour centre-to-centre distance of 10 A 9, 10]. At T >
260 K, the Cgp lattice experiences molecular reorientation with the Cgg
molecules rotating freely about their positions while the lattice arrangement
remains the same [10, 11, 12]. At 7' < 260 K, the Cgy molecules experience
orientational order where the opposite faces orient in the same direction,
forming a simple cubic lattice Pa3 with four non equivalent Cgy per unit
cell [9, 12, 13]. At T' < 100 K, the rotation of the Cgy molecules freezes on
the NMR timescale [14].



Figure 1.2.2: The face centred cubic lattice configuration of Cgy molecules.



1.2.2 Cr

The Cyq is an ellipsoidal fullerene that resembles an elongated Cgg fullerene
along the C; symmetry axis (see Figure 1.2.3). The Cyy contains 12
pentagonal faces and 25 hexagonal faces. The C;y has a symmetry point
group of D5, and is less symmetric than the Cgy. The length of the bonds

between the carbon atoms of the C;q are identical to those of the Cgg.

Figure 1.2.3: The structure of the C;( fullerene. The highlighted red atoms
are the 10 carbon atoms which are in addition to the Cgg fullerene. These
additional carbon atoms partly form the additional 5 hexagonal faces loc-
ated along the equatorial belt of C7y [15]. The white line symbolises the
Cs; symmetry axis.

The C79 molecule is ellipsoidal unlike the Cgg, hence there is an ad-
ditional degree of freedom in its solid packing. Studies have shown that
the lattice configuration and orientational ordering of C;( varies with tem-
perature [16, 17, 18, 19, 20, 21]. Tt is shown that the lowest energy lattice
configuration is the solid packing of the C;( in a FCC-like monoclinic lattice
configuration with the long axis (Cj) of the Crq aligned along the c-axis (see
Figure 1.2.4) |20, 21|. The Cyg solid transforms into this monoclinic lattice
configuration at 7' < 275 K |19, 20, 21]. The monoclinic lattice parameters
are measured to be: @ = 10.04 A, b = 9.90 A, ¢ = 27.77 A and v = 120°
[19]. Furthermore, it is experimentally shown that the solid-packed Cz
molecules gradually align towards any applied magnetic field with lowering

of the temperature [74].



27.77 A

10.04 A

9.90 A

Figure 1.2.4: Schematic of the FCC-like monoclinic lattice configuration of
the Crq solid at T' < 275 K. The C;y molecules shown in green are molecules
that are located at the centre of the two be-planes of the unit cell. The
lattice parameters are measured to be: a = 10.04 A b=9.90 A c=27.7T7

A and ~ = 120° [19].



1.3 Synthesis of small molecule endohedral fullerenes

The first endohedral fullerene complexes were the metallo-endohedral fullerenes,
which were synthesised via condensation of the carbon vapour doped with
the respective metal |22, 23, 24]. This has since led to the synthesis of other
endohedral fullerene complexes that contain reactive materials such as ni-
trogen atoms and trimetalnitride complexes [25, 26, 31|. The successful
synthesis of these materials has allowed the direct study and application of
these reactive materials which otherwise cannot be done under normal cir-
cumstances |27, 28, 29, 30, 31]. However, such methods of synthesis result

in only a small fraction of the fullerene cages being filled.

A new method of synthesis known as the “molecular surgery” was de-
veloped by Komatsu et al to encapsulate a hydrogen molecule inside a Cgg
fullerene [1, 2, 3]. The “molecular surgery” technique is a multi-step pro-
cedure that involves: (1) Creating an orifice on the Cgo cage using three
step organic reaction to form the azacyclic-thiacyclic-open-cage-fullerene
(ATOCF). (2) Applying high temperature and high pressure to insert the
hydrogen molecule through the orifice [32]. (3) Closing the orifice using
a four step organic reaction while the hydrogen remains inside the Cgp.
The schematic of the molecular surgery procedure used for the produc-
tion of Ho@Cg is illustrated in Figure 1.3.1 [9]. High performance liquid
chromatography is subsequently used to remove all the residual empty Cg
cages from the endohedral fullerenes |1, 2|. The sample is also rigorously
sublimed to have the other impurities within the sample removed to en-
sure that only Hy@QCgy remained in the sample. The resulting endohedral
fullerene sample has a high level of purity and are in the form of a black
powder. This technique enables large amount of endohedral fullerenes to be
synthesised for various spectroscopic investigations such as infrared (IR),
nuclear magnetic resonance (NMR) and inelastic neutron scattering (INS).

Similar “molecular surgery” techniques were also used to insert up to
two Hy molecule inside a Cyg fullerene and one H,O molecule inside a
Cgo fullerene. The Ho@QCgy and Hy@Cry samples studied in this thesis
are synthesised by Komatsu et al at Kyoto University (Japan) and Turro
et al at Columbia University (USA), whereas the H,OQ@Cg4, samples are
synthesised by Murata et al at Kyoto University, Turro et al and Whitby
et al at the University of Southampton (UK).



Figure 1.3.1: Molecular surgery multi-step procedure to synthesise the
Ho@Cgo. An orifice is created on the Cgp cage to form the azacyclic-
thiacyclic-open-cage-fullerene (ATOCF) before inserting the Hy molecule
through the orifice. This is then followed up with the closing of the orifice
while the Hy molecule is in the Cg cage to form the Hy@Cygq [9)].
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Chapter 2

Spectroscopic techniques

2.1 Inelastic neutron scattering (INS)

Inelastic neutron scattering is a spectroscopic technique that is commonly
used in condensed matter research to investigate atomic and molecular
motion as well as magnetic and crystal field excitations. This technique
is particularly useful in the study of hydrogen based molecules as the in-
coherent scattering cross sections of protons is much larger than those of
other nuclei [33] (see Figure 2.1), therefore the INS signal from the protons
are usually much larger than those of other nuclei in the sample. This
technique has also proven to be invaluable in the investigation of hydrogen
based small molecule endohedral fullerenes where the strongly coupled pair
of protons are indistinguishable quantum particles [55, 34]. Furthermore,
INS has the ability to excite or de-excite a pair of proton to a different spin
species, whereas other spectroscopic techniques such as infrared could not
[34].

The INS spectra discussed in the thesis are recorded with one of the
following INS spectrometers: IN4AC, IN5, IN1-Lagrange and TOFTOF.

Nucleus O coherent Cincoherent
(10-24em?) (10-2%4em?)

1H 1.8 80.2

1 5.6

12c 5.6

160 4.2

Table 2.1: The neutron scattering cross sections of various nuclei [33].
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2.1.1 Theory

The mechanics of neutron scattering is described using quantum scattering

process. The state of the scattering system is represented by the differential

d?c
dQdE;’

second into a solid angle d? with final energy between Ey and E; + dEy.

cross-section which describes the number of neutron scattered per

The differential cross-section of a pair of strongly coupled protons can be
expressed as:

d*o

(dew

k
):k—onﬂ <i|V|f > |26(hw — E; + E), (2.1.1)
(3 th

where k; and k; are the respective initial and final wavenumber of the
neutron; n; is the statistical weight of the initial state; Aw is the difference
in energy between the final and initial state of the nuclei; F; and Ef are
the respective initial and scattered neutron energies; | < #|V|f > |? is the

matrix element, where

1 binco
V=Y e by + 5 "o, (2.1.2)

a=1,2

while b.,, and b;,.on are the coherent and incoherent scattering lengths of
the nucleus; kK = k; — ky is the momentum transfer, where k; and k; are the
respective initial and scattered neutron wavenumbers; o is the neutron spin;
I, and R, are the respective spin and the position vector of the nucleus «;
R, = Ry + ((—1)*p)/2. Ry is the vector defining the centre of mass of the
molecule and p is the vector connecting the two nuclei. The initial state
(< i]) is the product of the conjugated initial neutron spin wavefunction
(< o0y]) and the conjugated initial molecular wavefunction (< ¢;|) , while
the final state (|f >) is the product of |of > and ¢y >[34].

The sum of Equation 2.1.2 can then be expanded through the following
steps:
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; binca
Vo= Z emRabcoh =+ hU-Ia

2
a=1,2

_ Z eF(RoH(=1)0)/2p 4 bm;’ha.]a

a=1,2

= "oy, + bm;h oy + eRBote/2p 4 —bm;h oy

| | | b - -
_ GMRO [bcoh(e—m-p/2 + em~p/2) + %C()h(e—mﬁ/QO..ll 4 ezK'P/QO_.]z)]
. bi
= b (2cos(r - p/2)) + 5 ({cos(r - p/2) —isin(k - p/2)}oul,
+{cos(k - p/2) +isin(k - p/2)}0.15)]
. binco
—  eirRo [bcoh(Q COS(KV . p/2)) + h (COS(K . p/2)0.([1 + ]2)

+isin(k - p/2)ou (I — Io))]

i 1 binco 1
= "D, cos(§/<a - p) + Th COS(§I€ -p)o - (11 + 1)
binco . 1
—H'Th sm(§/<; -p)o - (I — I)]. (2.1.3)

The real terms with cosine function in Equation 2.1.3 represents pure
translational transition (ortho to ortho/para to para transition), while the
sine function in the third term represents transitions that involve simultan-
eous rotational and translational transitions, which allows for interchange
between ortho species and para species. It can be seen from the (I + Io)
part of the second term that only ortho species will give a non-zero term,
whereas para species will result in the term being zero. Only the first term
provides para species a possibility to undergo pure translational transition.
However, as the b;,.., of a proton is much larger than their b, pure trans-
lational transitions of para species are virtually absent in INS. Therefore,
it can be concluded from Equation 2.1.3 that ortho species can undergo
pure translational transitions as well as simultaneous rotational and trans-
lational transitions (inducing ortho-para conversion), whereas para species
can only undergo simultaneous rotational and translational transitions [34].

The scattering law of a transition can be derived from Equation 2.1.1
and 2.1.2 by approximating the molecular wavefunction as a product of
pure rotational and translational eigenfunctions, while the translational-
rotational coupling is negligible |34, 35]. For example, the scattering law of
the pure rotational transition from the ground state of para-H, to ground

state of ortho-H, is written as
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Z (2.1.4)

where j,(krgpy) is the spherical Bessel function of order n; rgy is the dis-

1
3
u? > is the Debye-Waller factor and < u? > is the mean squared displace-

tance between the centre of mass of the molecule and the nuclei; —:x% <
ment of the hydrogen molecule [34].

In addition to the energy transfer spectra, the momentum transfer spec-
trum S(x) can also be analysed to obtain information on the spatial confine-
ment and the physical dimension of the scattering object. The momentum
transfer is defined as hAx. The analysis of the momentum transfer spec-
trum of endohedral fullerenes will not be discussed in this thesis because
it is done by my supervisor, Anthony J. Horsewill. All of the INS energy
transfer spectra in this thesis are summed over all the scattering angles or
momentum transfer spectra. Nevertheless, the momentum transfer spec-

trum can be shown to have the following relation [35, 36]:

S() ox eap(— 37 < w2 =)o (s 2)] (2.1.5)

where —31? < u? > is the Debye-Waller factor, < u* > is the mean-squared
displacement of Hs, 0;,. is the incoherent neutron scattering cross section
and j1(kdgpg/2) is the nth order spherical Bessel function [43|. The Debye-
Waller factor is temperature dependent. Hence, it has to be considered in
our temperature dependence INS analysis. This factor can be removed by

normalising the spectral amplitudes with the elastic peak.
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2.1.2 INS spectra

The INS spectra is normally plotted with the energy transfer value along the
horizontal axis and the signal intensity along the vertical axis. An example
of an INS spectra is shown in Figure 2.1.1. The figure shows the INS spectra
of the Hy@QCg, sample recorded at 1.6 K using incident neutron wavelength
A, =1.2 A with the IN4C spectrometer. The energy transfer region of
AE > 0 is known as the neutron energy (NE) loss region, while energy
transfer region of AF < 0 is known as the NE gain region. Peaks in the NE
loss region corresponds to upward transitions, where neutrons transfer AF
energy to the scatterers to excite the scatterers to their respective higher
energy state. Conversely the peaks in the NE gain region corresponds
to downward transitions, where the neutrons absorb AFE energy from the
scatterers to de-excite the scatterers to their respective lower energy state.
The intense peak centred at 0 meV is the elastic peak which corresponds
to the elastic transitions, where there is no transfer of energy between the

neutrons and the scatterers.

1 ] | | 1 I |

Elastic peak '

)

|III‘I\IIII|I||||I\I||||‘I||||Jr

eI

Y | L1 | L i
-20 0 20 40
Energy Transfer (meV)

/
Neutron Neutron
energy gain energy loss

Figure 2.1.1: An example of an INS spectra. The spectra shown shown
in this figure is the spectra of the Hy@Cgp sample recorded at 1.6 K using
incident neutron wavelength A\, =1.2 A with the INAC spectrometer.
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2.1.3 1IN4C

The IN4C is a time-of-flight INS spectrometer located at the Institut Laue-
Langevin (ILL) in Grenoble, France. The IN4C operates on the high flux
thermal neutron beam line to obtain medium resolution spectra |37]. The
schematic of the IN4C spectrometer is shown Figure 2.1.2. The Fermi
chopper converts the neutron beam into neutron pulses, which then pass
through the monochromater to filter the unwanted neutrons to ensure that
only neutrons with a specific wavelength are Bragg reflected to the sample.
The time in which the Bragg reflected neutron pulse enters the flight cham-
ber is recorded before being scattered by the sample onto the *He detectors
that are situated across the 2 m flight chamber. The energy of the scattered
neutron is determined from the time-of-flight of the neutron.

The IN4C is optimised for the INS study of the energy transfer range
between (0-30 meV). However, NE gain peaks are still observable in the

IN4C spectra albeit a lower signal-to-noise ratio.

Background choppers Curved monochromator Defector
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Figure 2.1.2: The schematic of the IN4C spectrometer [37].
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2.1.4 IN5

The IN5 is a disk-chopper time-of-flight INS spectrometer located at the
ILL. The IN5 operates on the cold neutron beam line to obtain high res-
olution spectra [38]. The schematic of the IN5 spectrometer is shown in
Figure 2.1.3. The IN5 uses 6 pairs of counter-rotating disk choppers to
create neutron pulses with the selected neutron wavelength. The time in
which the Bragg reflected neutron pulse enters the flight chamber is re-
corded before being scattered by the sample onto the *He detectors that
are situated across the 4 m flight chamber. The energy of the scattered
neutron is determined from the time-of-flight of the neutron.

Only NE gain transitions can be observed in the IN5 spectra due to the
use of low energy incident neutrons which are unable to excite the scatterers
to a higher energy state. The schematic of TOFTOF spectrometer is similar
to the INS.

Focusing neutron guide Choppers| ~~ Nonitor! Sample -

(lmppars‘

Figure 2.1.3: The schematic of the IN5 spectrometer [38].
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2.1.5 IN1-Lagrange

The IN1-Lagrange spectrometer is a INS spectrometer which operates on
the “hot source” moderator of the ILL reactor. The IN1-Lagrange is de-
signed to study high energy excitations with high resolution [39]. The
schematic of the IN1-Lagrange spectrometer is shown in Figure 2.1.4. The
IN1-Lagrange uses a single crystal monochromater of either Si or Cu to
select the incident neutron wavelength. The selected incident neutrons are
then scattered by the sample onto the pyrolytic graphite analyser crystal
which reflects the scattered neutrons onto the detector. The geometry of
the graphite crystal is designed such that only neutrons of a fixed energy
(4.5 meV) are reflected from the crystal onto the detector. For example, if
the incident neutron energy is set to be 30 meV, then the detected neutrons
correspond to the energy transfer value of 25.5 meV. The spectra are ob-
tained by rotating the single crystal monochromater to alter the incident
neutron energy to sweep across the energy transfer axis. The beryllium
crystal is placed between the sample and the graphite crystal to filter out
the higher-order harmonics.

The type of monochromater crystal used is dependent on the desired
energy transfer value to obtain the optimal resolution. The Si(331) crystal
is used to measure the energy transfer values of 12.7 < AE < 22.5 meV,
while the Cu(220) crystal is used to measure the energy transfer values of
22.5 < AE < 80 meV. The NE gain transitions cannot be observed with
the IN1-Lagrange due to the use of high energy incident neutrons.

cryostat
Monochromator

higld!
g Polyethyiene

+Boron _\

Monoghromatic
nautron beam

on supports

; 3 PG erystals

™~ Dstector

[— Ajr pads
F . }7 ? 1

Figure 2.1.4: The schematic of the IN1-Lagrange spectrometer [39].
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2.2 Nuclear magnetic resonance (NMR)

2.2.1 Basics of NMR

In NMR, an applied magnetic field (along the z-axis) is applied to align the
magnetic moments of the nuclear spin within the sample along the direction
of the magnetic field. The magnitude of the magnetisation is dependent
on the strength of the applied field and the temperature of the sample, as
described by the Curie Law. In the presence of an applied magnetic field,
the magnetisation of the sample will precess around the magnetic field. The
frequency of this precession is known as the Larmor frequency. The Larmor
frequency w = —v - By is the product between the gyromagnetic ratio ~y
and the applied magnetic field By. A radio frequency (RF) pulse of the
same frequency as the Larmor frequency is then applied along the X-axis of
the rotating frame by applying a current through the solenoid surrounding
the sample, thus inducing a torque on the nuclear spins which rotates the
nuclear spins around the X-axis. The radio frequency pulse width and
amplitude is set such that it rotates the magnetisation of the sample by an
angle of 7. The magnetisation of the sample will then precess about the xy-
plane and induce an electric current via the solenoid to produce the NMR
signal. As the magnetic precession of the sample about the xy-plane is
not an equilibrium state, the magnetisation eventually relaxes to its lowest
energy state which is in the direction of the magnetic field (T; relaxation).
The recorded NMR signal will be the strongest right after the 7-pulse and
decays quickly as a result of the decoherence of the magnetisation along the
xy-plane (Ty relaxation). This decay is also known as the free induction
decay (FID). The NMR spectrum can then be extracted from the signal by

Fourier transforming the FID.

2.2.2 NMR spin dynamics

NMR spectroscopy is a powerful method of probing the molecular proper-
ties of a sample by studying its spin dynamics. In the case of solid-state
NMR, the spectrum is very broad because there is no random molecular
tumbling to average out effects of the orientation-dependent (anisotropic)
interactions. The lineshape of the broad NMR spectrum and the T re-
laxation rate can be analysed to obtain information regarding the spin
and molecular dynamics of a solid-state sample. The lineshape is sensitive
to various anisotropic spin interactions such as the dipole-dipole interac-

tion, chemical shift anisotropy (CSA) interaction and the interaction with
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the crystal field, while both lineshape and T relaxation are dependent on
the molecular dynamics of the molecule [9, 40]. In this thesis, only the
H,O@Cgg samples are investigated with NMR.

2.2.2.1 Dipole-dipole coupling

The direct dipole-dipole coupling involves the interaction of one nuclear
spin with the magnetic field generated by another nuclear spin and vice
versa. The nuclear spin dynamics of small molecules containing a pair of
strongly coupled protons such as Hy and HoO are dominated by the direct
dipole-dipole interaction of the proton spins [40]. There are two types
of dipole-dipole interactions, the homonuclear and heteronuclear dipole-
dipole interaction. For the purpose of this thesis only the homonuclear
dipole-dipole interaction will be discussed as only this is relevant to our
NMR study of the HyO@QCgy.

The dipole-dipole coupling Hamiltonian of a pair of protons can be
written as

~ A~

B 1 ~ .
H = jk§(3 cos” § — D(3(L - eji)(Ur - eji) — 1 - 1) (2.2.1)

A
the nuclear spins of j and k protons; e;, is the unit vector of the line

where b, = ’%fh is the dipolar constant of spins j and k; I; and I, are
ik

connecting the two protons j and k; € is the angle between the applied
magnetic field By and e;j, (molecular orientation). As the dipolar interac-
tion tensor is symmetric and traceless, both protons experience the same
dipolar interaction.

Solving Equation 2.2.1 then leads to

3
v=1y+ ijk(?) cos’ — 1) (2.2.2)

where v is the Larmor frequency of the proton, v is the effective Larmor
frequency of the proton as a result of the dipolar interaction and the + sign
is dependent on the orientation of the nuclear spin. The NMR spectrum
of proton pairs with molecular orientations 8 =0°, 30°, 53.74°, 60° and 90°
respectively are simulated using Equation 2.2.2 by assuming 1y = 0 and
3b;r = 10 kHz (see Figure 2.2.1). The line labelled as o corresponds to the
total spin I = 1, while the line labelled as 3 corresponds to I = —1. Tt can
be seen that the frequency separation between o and 8 (Av,p = vy — 1) is
largest when ej;, is parallel to By, is zero when ej;, is at a magic angle with

respect to By and has the greatest negative value when e, is perpendicular
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to By.

In the case of powder samples, all molecules in a crystallite have the
same molecular orientation. As the crystallites are randomly oriented with
respect to By, powder averaging has to be performed to take into account
all possible angles 6. Powder averaging requires appropriate weighting to be
applied for each orientation to take into account the fact that there are more
ways for a crystallite to orientate at 6 = 90° than at § = 0°. Performing
powder averaging on Equation 2.2.2 results in the powder spectrum shown
in Figure 2.2.1. This powder spectrum is also known as the Pake doublet.
As the peaks of the doublet correspond to signal from molecules which are
oriented at 6§ = 90°, the calculation for the frequency separation of the

peaks are:

Aveg = (v — %bjk(?) cosz(g) —1)— (v + %bjk(?) COSQ(g) - 1))

3
= ;oa(2)
3

= Sbj
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Figure 2.2.1: Simulated NMR spectra of Hy molecules which are oriented
at the respective angle § shown next to the spectra. The frequency values
are calculated using Equation 2.2.2 by assuming vy = 0 and %bjk = 10
kHz. The line labelled as « corresponds to the total spin I = 1, while the
line labelled as 8 corresponds to I = —1. The powder spectrum shown
at the bottom of the figure is obtained from the powder averaging of all
molecular orientations. The pattern of this spectrum is also known as the
Pake doublet [41].
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2.2.3 NMR instruments

Most of the NMR spectra discussed in the thesis are recorded using the
dilution refrigerator with built-in NMR spectrometer at the University of
Nottingham. The other NMR spectra discussed in the thesis are recorded
using the field-cycling NMR spectrometer at the University of Notting-
ham and the Bruker AVANCE-IT + NMR spectrometer during the joint
experiment performed at the University of Southampton.

The dilution refrigerator enables the cooling of the sample to temper-
atures as low as 2 mK. The dilution refrigerator with built-in NMR spec-
trometer is a top loading system which cools the sample via a three steps
cooling process. The initial cooling of the sample from room temperature
is done with the liquid helium bath (4.2 K) before cooling the sample fur-
ther to 1.5 K using the 1 K pot. The sample is then cooled to milli-Kelvin
temperatures using the mixing chamber containing *He/*He mixture. The
superconducting magnet in the dilution refrigerator is a variable field mag-
net with a maximum field of 15.5 T. The NMR probe has a fixed frequency
of 104.5 MHz, therefore the background magnetic field is set to 2.45 T to
achieve proton resonance.

The field-cycling NMR spectrometer has an in-built liquid helium cryo-
stat to cool the sample down to 4.2 K. The field-cycling superconducting
magnet in the instrument has a maximum field of 2.5 T. The spectra recor-
ded with the field-cycling NMR spectrometer are done using a fix frequency
probe of 36.6 MHz. Therefore, the background magnetic field is set to 0.86
T to achieve proton resonance. The NMR experiment performed using the
field-cycling NMR spectrometer is done with a fixed background magnetic
field of 0.86 T. Hence, the field-cycling ability of the instrument is not util-
ised. The Bruker AVANCE-IT + NMR spectrometer has a fixed background
magnetic field of 14.1 T. The NMR probe is mounted to a continuous-flow
cryostat to cool the sample with liquid helium [88].
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Chapter 3

Theory and properties of HyQCg

Figure 3.0.1: Schematic of Ho@QCg, supramolecular complex.

The union of the simplest molecule (Hy) and the most symmetric molecule
(Ceo) has enabled the observation of the most basic quantum mechanical
problem, the particle in a box problem, at a molecular level. This is because
the entrapped Hy does not form hydrogen bond with the carbon atoms of
the cage. Hence, the Hy is free to rotate and translate within the nearly
spherical cage.

Other similar but less symmetric variants of Hy@QCgy such as Hy trapped
in ice clathrate [42] and Hy trapped in open-caged fullerene [43] have been
studied with INS. These systems have shown a combination of ortho to
para scattering and molecular rattling energy levels which are similar to
Ho@Cygp.

The Hy@Cgy was the first of the small molecule endohedral fullerenes
to be successfully synthesised using the “molecular surgery” method (see
Section 1.3). Hence, it has been extensively studied over the years since it
has been successfully synthesised. The Hy@QCy is a very robust molecular

complex that shares many similar properties as those of the empty Cgg
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cages. The pure Hy@QCg samples are in a form of black powder and are
stable up to a temperature of 500 °C under vacuum [3].

Due to the high symmetry of the Hy@QCgy as well as it being the most
well understood small molecule endohedral fullerene, the molecular dynam-
ics of Hy@Cy, is used as the theoretical framework for the development

of other less symmetric small molecule endohedral fullerenes, such as the
Hg@c'yo and HQO@CG().

3.1 Spin isomerism of H,

The Hy molecule, which is composed of four fermions (two protons and two
electrons), is subjected to the Pauli exclusion principle. Therefore, its total
nuclear wavefunction has to be anti-symmetric in the exchange of the two
indistinguishable protons. The total nuclear wavefunction is expressed as
the product between the spatial-rotational (¢,,;) and nuclear spin wave-
functions (VYnuctear spin) (see Figure 3.1.1). There are two ways in which the
proton spins can combine, namely the symmetric and antisymmetric com-
binations. The symmetric spin combination (ortho-Hs) has a total spin of
1, while the antisymmetric spin combination (para-Hs,) have a total spin of
0. Therefore, in order to satisfy the Pauli exclusion principle, the para-H,
have to have a symmetric spatial-rotational wavefunction, while the ortho-
Hs have to have an antisymmetric spatial-rotational wavefunction. Hence,
para-H, can only have even rotational quantum numbers (J =0, 2, 4, 6,...),
while ortho-Hy can only have odd rotational quantum numbers (J =1, 3,
5, ...).

The rotational energy is expressed as £ = B(J(J + 1)), where B =
h? /21, is the rotational constant and I, is the moment of inertia. The
magnitude of the splitting between the ortho-Hy ground state (J = 1)
and the para-Hy ground state (J = 0) is determined to be AE = 2B =
14.7 meV, where B is calculated to be 7.37 meV. As the lowest rotational
quantum number for ortho-H, is J = 1, this means that the ortho-Hy have

a finite rotational energy even at the lowest temperature.

28



wmt (81(1)) X wnuc!earspf‘n (1 ,2)
i =180° 1 i S

G | GG
0 1121

9

Figure 3.1.1: The total wave-function of Hs, which is the product of
the spatial-rotational wavefunction v,.; and the nuclear spin wavefunction
Ynuclear spin, Nas to be antisymmetric as a results of the Pauli exclusion prin-
ciple. The Ynycicar spin Of para-Hy (I = 0) is antisymmetric, therefore, its
Yot has to be symmetric. Conversely, the Vyycicar spin 0f ortho-Hy (I = 1)
is symmetric, therefore, its 1, has to be antisymmetric.
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3.2 Molecular dynamics of H,@Cy,

The overall dynamics of the Hy entrapped in the Cgo cage can be described
in terms of 5 quantum numbers v, J, n, [ and \. v is the molecular-stretch
vibrational quantum number; J is the rotational quantum number; n is the
principle quantum number that describes the displacement of the centre
of mass of Hy from the centre of the cage; [ is the translational angular
momentum quantum number that describes the orbiting of the Hy molecule
about the centre of the cage, where | = n,n — 2, ..., 1 for odd n and
Il =n,n—2,..,0foreven nyand A\ = I+ J I +J—1, .., |l —J|is
the translational-rotational (TR) quantum number that describes the total
angular momentum of the Hy molecule within the cage [55]. In the case of
neutron scattering spectroscopy, only states within the ground vibrational
state are probed. Hence, the vibrational quantum number v is omitted
from the label of the energy states probed with INS. The energy states are
instead labelled with the (Jnl \) expression.

The total energy of the entrapped molecules is described using the fol-

lowing expression:
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E(v, j,n, I, \) = h((v + %)wl, + (n+ g)wn + B, J(J+1)+c(l, 4, \)Vr_g)

(3.2.1)
where w, is the molecular vibrational quantum of energy; w, is the mo-
lecular translational quantum of energy; B, = B, — a.(v + 1/2) is the
rotational constant at vibrational state v while a. is the vibration-rotation
correction; and Vr_g is the translation-rotation coupling term with coef-
ficient ¢(l, 7, A\). The translational rotational coupling term is responsible
for the pattern of the TR sublevels. The degeneracy of each energy levels
in Equation 3.2.1 is expressed as g = 2\ + 1.

Theoretical energy levels of Hy@Cgy have been computationally calcu-
lated by Xu et al by simulating the 5D potential energy surface (PES) for
H, inside the Cgq [44, 45, 46, 47]. The 5D PES is obtained by calculating
the Lennard-Jones interactions of each proton in H, with the individual
carbon atoms of the cage. The simulated 5D PES of Hy along the C5 axis
of the Cgp is illustrated in Figure 3.2.1 [46]. The solid and dashed lines are
PES of H, which are perpendicular and parallel to the C5 axis respectively.
It can be seen that both PES resembles the potential energy of a harmonic
oscillator. The calculated energy levels which are based on the 5D PES
in Figure 3.2.1 are compiled into an energy level diagram shown in Figure
3.2.2. This energy level diagram is used as a reference for the assignments
of the INS peaks in the next chapter.
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Figure 3.2.1: Simulated 5D PES of Hy@Cgyy for Hy perpendicular (solid
line) and parallel (dashed line) to the Cy axis of the Cgo [46].

E (meV)

[ 64.78 meV (120 1) 65.52meV (2111,

60 4 _— 61.1 meV (122 1)

50 S  4971mevV(0200)
 ssdemev(0222)

43.12meV (200 2)

40 -
38.08 meV

BBIMeY

111 0]
L

30

_— 22.24 meV (011 1)

20 —

_ 14.45 meV (100 1)

10

Tnl

04 JE— 0.00 meV (000 0)

0 1 2
J

Figure 3.2.2: Energy level diagram of Hy@QCg, as calculated by Xu et al
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3.3 Previous experiments

Collaborative experimental studies of the Hy@QCgy have been performed
by groups in Southampton, Tallinn and Nottingham using various spec-
troscopic techniques such as NMR [49, 50, 51, 55|, far infrared (FIR)
[52, 53, 54, 55| and INS [55, 34]. Each of the three spectroscopic tech-
niques used have their own unique advantage in studying the energy levels,
spin isomerism and quantum dynamics of Hy@QCy.

A perfectly isolated homonuclear diatomic molecule such as Hy gener-
ally does not display infrared activity [56]. However, this rule does not
apply when there are intermolecular interactions between the Hy and the
environment, such as in the case of solids and liquids [57, 58|. Hence, the
far-infrared (FIR) lines observed from the Hy@Cgy sample shows that there
exists a symmetry breaking potential from the environment of the system.
This potential could possibly arise from the deformation of the cages, crys-
tal field, or carbon isotopomers in the cage [52, 53, 54]. FIR experiments
involve the excitation of the vibrational states, however their transitions
are constrained by the selection rules. It transpires that no pure rotational
transition can be observed via FIR [52, 53, 54].

It has been shown by Xu et al through quantum calculations of the
INS transition probabilities of Hy@Cg, that certain neutron interactions
are subjected to selection rules |47, despite it being commonly stated that
INS spectra have no selection rules [48]. Hence, pure rotational, pure trans-
lational or combination of translational and rotational (TR) transitions are
allowed with neutrons (see Equation 2.1.3). INS also allow for the probing
of the entrapped Hy without exciting its vibrational state [34]. However,
unlike the ortho-ortho and para-ortho transitions, transitions between two
para states are only dependent on the coherent scattering cross section
of protons, which is 46 times smaller than the incoherent scattering cross
section (see Section 2.1.1). Hence, para to para transitions do not make
measurable contribution to the INS spectra.

NMR spectroscopy is useful for studying magnetic interactions between
the individual proton spins of the entrapped small molecules as well as
interactions with the environment. However, the technique is unable to
induce higher energy transitions to probe the translational, rotational and
vibrational states.

In all cases, the high level of isolation experienced by the entrapped
hydrogen molecules results in the observation of narrow and unambiguous

'H spectral features. This level of isolation is attributed to the highly
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symmetric and relatively isolated environment provided by the fullerene

cages. Nuclear spin-isomer conversion between ortho and para species is
not observed in any of the FIR, INS and NMR experiments of Hy@Cyg.

33



34



Chapter 4
INS spectral analysis of Ho@Cgq

All of the INS experiments on Hy@QCgq described in this chapter were per-
formed by A. J. Horsewill, S. Rols and M. R. Johnson at the ILL, Grenoble.
The analysis of the temperature dependence IN5 spectra of Ho@Cgyy were
undertaken by myself and are discussed in detail in this chapter. However,
it is necessary to discuss the earlier analysis of the low temperature IN4C
spectra, as these results form an important foundation for my analysis of
the IND spectra.

4.1 Low temperature thermal neutron scat-
tering

The initial INS study on the Hy@QCg, was done using the INAC spectrometer
(see Section 2.1.3), which uses high flux thermal neutrons, at 1.6 K sample
temperature (Figure 4.1.1) [34]. The IN4C spectra have been recorded
using incident neutron wavelengths of 1.1, 1.2 and 1.6 A respectively. The
shorter incident neutron wavelengths are used to probe the higher energy
states, albeit having a lower resolution. The aim of this experiment is
to obtain the overview of the energy level structure of the system. IN4C
provides a good overview of the system, as it probes both NE gain and loss
regions of the spectrum; whereas IN5 only probes the NE gain region but
provides significantly better resolution. The energy states of Hy@QCg, are
labelled with the expression (Jnl A), where J, n and [ are the rotational,
principle and translational quantum numbers respectively, while A is the
translation-rotation (TR) quantum number.

At 1.6 K, only the ground states of both spin species (ortho- and para-
H,) are populated. Hence, the peaks in the recorded spectra will have to

originate from either the ortho ground state (101 1) or the para ground
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state (000 0). The nature of the transitions associated with each peak can
also be determined by referring to the momentum transfer data of each peak
[34]. The momentum transfer analysis of the 1.1 A H,@Cgo spectrum has
previously been done [34] by my supervisor, Anthony J. Horsewill. All of
the energy transfer spectra discussed are summed over all scattering angles
or momentum transfer spectra. The theoretical energy level diagram calcu-
lated by Xu et al (see Figure 3.2.2) can be used as a reference to estimate
the energy value of each quantum state [46]. With the aforementioned
knowledge and knowing that transitions between two para states are not
observable, the energy level table (Table 4.2) can be constructed by fitting
and assigning the peaks to their respective transitions. The notable peaks
in the spectrum are those at -14.7 meV and 14.7 meV, as they represents
the transitions between the ground states of the two species. The 8.08 meV
and 29.2 meV peaks indicate TR transitions from the ortho ground state to
the (011 1) and (200 2) para states respectively. The resolved 22.17 meV,
22.88 meV and 24.3 meV peaks indicate pure translational transition from
the ortho ground state to the (111 \) states. The structure between 26
meV and 34 meV consists of transitions from the the ortho ground state
to the (200 2), (022 2) and (020 0) para states respectively. However, not
all of the TR fine structures could be resolved with IN4C. The unresolved
(122 A) band is indicated by the peak centred at 46.6 meV. The energy level
diagram of Hy@Cygo (Figure 4.1.2) can be constructed based on the energy
transfer values in Table 4.2. The magnitude of the splitting of the (122 \)
band shown in the energy level diagram are obtained from the theoretical
model calculated by Xu et al [46].

To explore the higher energy transitions, shorter incident neutron wavelength
(A\,) neutrons will have to be used. However, the structure of the higher en-
ergy states cannot be resolved due to the lower resolution limit of the higher
energy neutrons. Cold neutrons are used instead to resolve the structure

of the higher energy states by probing the NE gain region.
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Figure 4.1.1: Hy@QCgy INS spectra recorded with IN4C using A, = 1.2A
at 1.6 K sample temperature. See text for the assignment of the peaks in
the spectrum. The assigned initial and final states of the respective peaks
are compiled into Table 4.1. The signal contribution from the empty Cg
cages have been subtracted by performing a separate measurement on the

“blank” Cgy sample [34].
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H,@C, observed INS transitions.

Initial State Final state Energy Transfer
(Jnlk) (nlh) (meV)

0000 100 1 14.69 = 0.05
100 1 0111 8.08 +0.03
1001 2002 292+0.2
100 1 1111 22.17+0.05
100 1 1112 22.88 +0.05
1001 1110 243+0.1
100 1 2002 29.3+0.1
1001 0222 324+0.1
100 1 0200 34.8+0.1
0000 111 0,1,2 37.8+0.1 *
1001 1221.2.3 46.6 + 0.1 *
1001 0000 -14.69 £ 0.05

*Indicates band centre of an unresolved multiplet

Table 4.1: Compilation of the Hy@Cg, INS transitions observed in the 1.2A
IN4C spectra shown in Figure 4.1.1 |34]. The (111 \) triplet is resolved
clearly from the transition originating from the ortho ground state (100 1)
to the (111 ) states. This splitting is also observed from the broader than
resolution peak that represents the transition from the para ground state
(000 0) to the (111 A) states. The (122 \) states are unable to be resolved
from the spectrum.

~
T—
~

Energy (meV)

0 0.0

] 14.70 £ 0.03

| 22,78 £ 0.05
AW =10 36.87 £ 0.07
A® =22 37.58 £0.07
A =0 39.0 £+ 0.1
440+£0.1
47.14+0.2
49540.2
61.3 £0.1°

—_— O O R = = D =D
212 O = = = = O O
Mo DD == == O O

o O 1o 1o
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Table 4.2: Table showing the energy values of the respective states based
on the analysis of the IN4C spectrum (Figure 4.1.1). The states labelled
with a are resolved from the IN4C spectrum [46]. The energy value labelled
with b indicates the band centre of the (122 \) states, which are unresolved
in the spectrum [34|
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Figure 4.1.2: The energy level diagram of H,@Cgy based on the energy
values of Table 4.2. The illustrated TR fine structure of the (122) state in
the diagram is based on the theoretical calculations by Xu et al [46].
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4.2 Temperature dependence study using cold

neutron scattering

The cold neutron experiments were performed using the high resolution
IN5 spectrometer (see Section 2.1.4). IN5 is a disk-chopper time-of-flight
spectrometer operating on a cold neutron beam line. Cold neutron scat-
tering is mainly used to probe NE gain transitions as the incident neutrons
do not have enough energy to excite the sample. The experiments are
recorded using 8A incident neutron wavelength and with sample temper-
atures ranging between 1.5 K and 240 K. The aim of this experiment is
to obtain the temperature dependence of the amplitudes of the peaks to
study the statistical distribution of the TR states. The study of the stat-
istical distribution of a TR state allows us to extract information such as
the degeneracy and the energy of the state. The intensity of the peak is
dependent on the population of the initial state and the transition probab-
ility (as shown in Equation 4.2.1). Therefore, higher sample temperature is
required to populate the higher energy states to record the de-excitation of
the higher energy states to the lower energy states. As a result, new peaks
will appear as temperature is increased.

Some of the peaks in the NE gain part of the spectra are “mirror coun-
terparts” of the peaks in the NE loss side (as seen in the IN4AC spectrum in
Figure 4.1.1), with those NE gain peaks possessing identical but negative
energy transfer values as their NE loss counterparts. Hence, as temperat-
ure is increased, we would expect to see the appearance of peaks at energy
transfer values equal in magnitude but opposite in sign to the one seen
in Figure 4.1.1. In addition to the peaks observed in Figure 4.1.1, a few
other peaks are also expected to appear at the higher temperature INS
spectra (see Figure 4.2.1). Such peaks represent transitions from higher
energy states to the lower energy non-ground states, which is not observed
in the IN4C spectrum due to it being recorded at temperatures where only
ground states are populated. These new peaks may be used to refine our
knowledge of the energies of the Hy@Cg states [34].

One particularly striking feature that can be observed from the IN5
spectra (Figure 4.2.1) is that the peaks are remarkably clustered within
a small energy transfer region even when higher energy states are popu-
lated. This is partly attributed to the almost spherically symmetric cage
that results in an almost harmonic cage potential, where the translational
energy is almost linearly proportional to the translational quantum number

n, thus giving rise to a “translational cluster” of peaks. The difference in
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energy between the translational ground state and its immediate transla-
tionally excited state is 22.5 meV. However, the size of this “translational
energy step” increases gradually with n due to the slightly anharmonic cage
potential [46]. Hence, at temperatures where only first translationally ex-
cited states are occupied, peaks are expected to appear around the -22.5
meV region. As temperature is further increased, more peaks are expec-
ted to appear around a slightly lower energy transfer region (AE < —22.5
meV). Another prominent cluster of peaks is the “rotational cluster”, which
contains pure rotational transitions.

Hence, it is convenient that the analysis of the IN5 spectra of up to 280
K be divided into two regions, the “translational region” (-32 meV< AFE <-
18 meV) and the “rotational region” (-16 meV< AFE <-13 meV).
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Figure 4.2.1: INb5 spectra Hy@QCgy recorded at 240 K, 120 K and 1.5 K
respectively using \,= 8A. The peak centred at -14.7 meV is the pure
rotational transition between the ground state of ortho and para species.
As temperature is increased, it can be seen that peaks in the region of -35
meV to -20 meV begin to appear. These peaks represents pure translational
and translation-rotational (TR) transitions, as the translational excitation
energy between each translational quantum states are ~25meV (see Table
4.1). The peaks that are located in the region between -35 meV and -20
meV are elaborated in Figure 4.2.2. High resolution peaks (FWHM=~ 0.5
meV) can be observed in the region between -13 meV and 0 meV. These
peaks represent transitions between higher energy states. Details of the
analysis of the peaks in this region can be found in the paper by Horsewill
et al [34].
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4.2.1 Translational region (-32 meV< AFE <-18 meV)

In the analysis of the peaks within the -32 meV< AFE <-18 meV energy
transfer region, it is assumed that the highest occupied state is the (131
2) state. This assumption is valid for this analysis as our highest sample
temperature spectrum is recorded at 280 K, whereas the peak Boltzmann
population of the (131 2) state would be at 777 K. With this assumption,
we can identify 43 different transitions with energy transfer values between
-30 meV< AFE <-22 meV from the energy level diagram in Figure 4.1.2.
These 43 transition peaks are combined into 7 different Gaussians to reduce
the number of variables used for the fitting, as there are only 38 ohservable
points in this region of the spectra. The breakdown of these 7 “combined
Gaussians” are shown in Table 4.3. The combined Gaussian transition
energy values are the average values of the respective transitions that they
represent. The fitting and analysis of this region of the IN5 spectrum is
published in Philosophical Transaction of the Royal Society in 2013 [59].

In the fitting model, all of the 7 Gaussians are set to have a fixed
transition energy value and width. The width of each combined Gaussians
are determined from the two effects: the resolution function of IN5, which
increases systematically with increasing |[AF|; and the broadening due to
multiple transitions represented by a single combined Gaussian (Table 4.3)
covering a range of energy transfer. Taking the two effects into account: the
-22.17 meV and -22.88 meV Gaussians are modelled with 0.9 meV FWHM,;
the -24.3 meV Gaussian is modelled with a 1.5 meV FWHM; the -25.5 meV,
-26.4 meV and -27.5 meV Gaussians are modelled with widths of 1.0 meV;
and the -29.2 meV Gaussian with width of 1.7 meV. An additional linear
background is added accordingly to accompany the Gaussian fits. The
amplitude of the Gaussian curves obtained as a result of the fitting are then
recorded accordingly. This process is then repeated for spectra of different
temperatures (see Figure 4.2.2). The collective Gaussian amplitudes of
different temperatures are then plotted to form Figure 4.2.3.

It can be seen from the 65 K IN5 spectra in Figure 4.2.2 that only the
(111 \) state (first excited translational states) is occupied. This is evident
from the -22.17 and -22.88 meV Gaussians appearing in the spectrum. Both
peaks increases systematically with temperature until approximately 200
K, when they begin to slowly diminish. At 120 K, we begin to see the
emergence of the -24.3 and -29.2 meV Gaussians, which originates from the
(122 X) and (120 0) states (both are second excited translational states)
respectively. The -25.5, -26.4 and -27.5 meV Gaussians which originates
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from the (133 \) states (third excited translational state) begin to emerge
in the 140 K spectrum and are seen to systematically grow in intensity
with temperature up till 280 K. The growth in intensities of the -24.3 and
-29.2 meV Gaussians with temperature up till 280 K is attributed to the

contributions from the transitions originated from the (133 \) states.

JnlAd)Tnl i) (JniA)JTnll)
Combined Gaussian|Initial (Final |Energy Combined Gaussian|Initial |Final Energy
peak position (meV)|State State Transfer (meV)|peak position (meV)|State State Transfer (meV)
(0.66 meV, -14.7(100 1 0000 -14.69 (1.0 meV) -26.4|133 3 1222 -26.17
1112 0111 -14.8 (FWHM) 1334|1223 -26.5
(0.61 meV, 14.09]111 1 0111 -14.09 1334|1221 -26.31
(0.9 meV) 22171111 1001 -22.08 1332 1223 -26.78
(FWHM) 1222 1110 -2232 1332 1221 -26.59
(0.9 meV) 22.88|1112 1001 -22.88 1311 1200 -26.5
1201 2002 -22.82 1311 2112 -26.28
1332 2112 -22.88 (1.0 meV) -27.5|11200 [1110 -27.24
1334 2112 -22.6 1334|1222 -27.74
1332 1200 -23.1 1332 1222 -28.02
(1.5 meV) -24.3(1110 1001 -24.16 1312|2113 -27.07
1222 1111 244 1312 2111 -26.96
1223 1112 -24 84 2112 1110 -27.46
1222 1112 236 (1.7 meV) -29.211200 (1112 -28.52
1221 1110 -2375 1200 1111 -29.32
1223 1110 -23.56 1311 1221 -299
1333 1221 -2474 1312 1200 -28.57
1311 2111 -24.89 1312|2112 -28.35
(1.0 meV) -25.5(1223 1111 -25.64 2002 100 1 -29.51
1221 1111 -25.83 2112 1111 29.54
1221 1112 -25.03 2112 1112 -28.74
1333 1223 -24.93 2113 1110 -28.74
1311 2113 -25 2111 1110 -28.85

Table 4.3: The breakdown of the 7 “combined Gaussians” that are used to
fit the peaks in the -32 meV< AFE <-18 meV energy transfer region, as
well as the 2 Gaussians that are used to fit the -17 meV to -13 meV energy
transfer region. The breakdown of the 7 Gaussians show 43 different trans-
itions falling within the -32 meV< AFE <-18 meV energy transfer region,
assuming that highest occupied state being the (211) state. The energy
value in the brackets next to the peak positions signifies the respective full
width half maximum (FWHM) of the combined Gaussian.
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Figure 4.2.2: Fitting of the Hy@Cgy IN5 spectra recorded at sample tem-
peratures ranging between 65 K and 280 K in the -32 meV> AFE >-18 meV
region using the 7 Gaussians in Table 4.3. See text for information on the
fitting constraints and details of the spectra. [59].

Boltzmann equation: The temperature dependence plot of the com-
bined Gaussian amplitude (Figure 4.2.3) can be described using a segment

of Equation 2.1.1, with the exception that the range of the sum is limited to
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transitions represented by a combined Gaussian. This segment of Equation

2.1.1 can then be rewritten as:

Fo= > nl <ilVIf > = > nf"(T)py (4.2.1)

i,fE€Se i,f€Se

where p; is the transition probability of a transition from initial state ¢
to final state f, while S. is the subset that contains all the transitions
represented by the combined Gaussian, ¢. Equation 4.2.1 describes the

sum of the n; p;y product of all the transitions that are represented by the

o,p
(2

combined Gaussian. n;” is the Boltzmann equation of the initial state ¢,

which is described by the following equation:

(=L [k T)
Zor

where g7 and EJ” are the degeneracy and energy of state i respectively,

op _ _0p

ng? = g;" exp (4.2.2)

while k,, ZP and T are the Boltzmann constant, partition function and
sample temperature respectively. The superscript o, p signifies either ortho
or para species, which have their own separate statistical distributions due
to the absence of nuclear spin-isomer conversion between the ortho and
para species at low temperatures. The general equation for the partition

. op . .
function, Z78  is written as:

Zoh =" g exp(—E{7 [k, T) (4.2.3)
=0

Theoretically, the transition probability can be determined by fixing
the degeneracy and energy value of the initial state of the transition. How-
ever, due to the difficulty in separating the individual n;p;; term from
the temperature dependence of the combined Gaussian amplitude data,
the information on the transition probability of each individual transitions
cannot be accurately extracted. This difficulty arises from the small dif-
ference in energy between some of the transitions within the combined
Gaussian. Nevertheless, the magnitude of each transition probability can
still be compared to determine the dominance of each transition.

The fitting of the temperature dependence plot of the combined Gaus-
sian amplitudes in the -32 meV> AFE >-18 meV energy transfer region
is shown in Figure 4.2.3. Each fitting line is the the admixture of the
Boltzmann equation (Equation 4.2.1) of their respective transitions shown
in Table 4.3. Based on the temperatures in which the peaks appear, it can
be concluded that: the -22.17 meV and -22.88 meV peaks originate from

46



the low energy states; -24.3 meV and -29.2 meV peaks originate from in-
termediate states; -25.5 meV and -26.4 meV peaks originate from the high

energy states; and the -27.5 meV peak originates from even higher energy

states.
10 — -
| 02217 meV P
0 —22.88 meV .
~ 87 w-243q
k= - v —25.
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Figure 4.2.3: Temperature dependence plot of the amplitudes of the com-
bined Gaussians obtained from the fit in Figure 4.2.2. The solid and dotted
lines are the respective admixture of the Boltzmann equation (Equation
4.2.1) of the initial states shown in Table 4.3, using the general partition
function (Equation 4.2.3). It can be seen that the -22.17 meV, -22.88 meV
and -24.3 meV lines do not fit well to the data at higher temperatures.

However, it can be seen that the -22.88 meV, -22.17 meV and -24.3 meV
lines in Figure 4.2.3 fit well to the data at low temperatures, but fit less well
to the data at higher temperatures. This is attributed to the negligence
of the nuclear spin-isomer conversion occurring at higher temperatures.
The statistical contribution from the high temperature energy states of the
opposite spin species can be taken into account by rewriting the partition

function as:

207 =3 g0 exp(— B T) + 3 g7 exp(— BN/ T)  (4.2.4)

i=0 i=Gp.o

where ¢, , is the lowest energy state of the opposite spin species (either para

or ortho) in which nuclear spin-isomer conversion occurs. This modified
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partition function implies that the nuclear spin-isomer conversion occurs
only at temperatures high enough to occupy the g,, energy state. This
modified partition function assumes that there are no nuclear spin-isomer
conversions between energy states which are lower than g,,, even at high
temperatures. It also assumes instantaneous nuclear spin-isomer conversion
at high temperatures. In reality, the occurrence of the nuclear spin-isomer
conversion is dependent on temperature instead of the occupation of certain
energy state. However, this modified partition function remains valid, as
the occupation of the g, , state is also dependent on temperature, while the
population of the opposite spin-species states with energy lower than the
p,o State is relatively small at higher temperatures.

A similar fit is performed on the same set of temperature dependence
data, using the modified partition function (Equation 4.2.4) instead of the
general partition function (Figure 4.2.3). The ¢, and g, states are chosen to
be the (211 2) state (66.22 meV) and the (300 3) state (81.6 meV) respect-
ively, as both states begin to populate at around the same temperature (60
K). It can be seen that the use of the modified partition function provides
a better fit to the data at higher temperatures as compared to the use of
the general partition function. The result of the fittings show different level
of statistical weightings from each transition in each combined Gaussian.
In the case of the fittings of the -22.17 meV, -22.88 meV and -24.3 meV
plots, the statistical weightings of the (111 \) states dominate; whereas the
higher energy (131 \) states dominate in the fittings of the -25.5 meV, -26.4
meV and -27.5 meV plots. The fitting of the -29.2 meV plot shows almost
equally dominant weighting between the (120 0) and (131 \) states.
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Figure 4.2.4: The fitting of the identical temperature dependence plots as
the one seen in Figure 4.2.3 using the modified partition function (Equa-
tion 4.2.4) instead of the general partition function. These lines are the
computational fits of the respective dots of the same colour. It can be seen
that the use of the modified partition function provided a better fit to the
data at higher temperatures as compared to the fit using the general par-
tition function (Figure 4.2.3). The brown, cyan and green data points are
transitions that originates from the (133) states. Hence, we only see a rise
in the amplitude at higher energies.
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4.2.2 Rotational region (-16 meV< AF <-13 meV)

As for the -16 meV< AFE <-13 meV energy transfer region, three transitions
are identified from the aforementioned energy level diagram (Figure 4.1.2).
Two of the transitions, which includes the rotational ortho to para ground
state transitions (-14.7meV), is merged into a single Gaussian (Table 4.3).
A similar procedure as the one used for fitting the -32 meV< AFE <-18
meV region is applied, with the exception that the position of the -14.7
meV Gaussian is allowed to float due to the effect of the rotational fine
structure shifting the position of the principal rotational transition at lower
temperatures. Analysis of this rotational fine structure is discuss in the
later part of this section. Spectra with sample temperatures between 1.5
K to 280 K are used for this analysis (Figure 4.2.5). The width of the
-14.7 meV and the -14.09 meV Gaussians are set to 0.66 meV and 0.61
meV respectively due to the two aforementioned effects. At temperatures
below 65K, the -14.09 meV Gaussian is negligible as the (111 \) states are
not populated. At higher sample temperatures, the -14.09meV Gaussian
becomes more significant.

The temperature dependence plot of the two Gaussian amplitudes are
shown in Figure 4.2.6. A similar fitting procedure to the one used in Figure
4.2.4 is applied onto the temperature dependence plot of the -14.69 meV
and -14.09 meV combined Gaussian amplitude data (Figure 4.2.6). The
-14.69 meV fit shows almost equal weightings between the (100 1) and
(111 2) states; whereas there is only one transition within the -14.09 meV

Gaussian, which is the transition originating from the (111 1) state.
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Figure 4.2.5: Fitting of the Hy@Cgy IN5 spectra recorded at sample tem-
peratures of 1.5, 65, 100, 160, 200 and 240 K respectively in the -16
meV> AFE >-13 meV region. The positions of the two Gaussians used
to fit the spectra are -14.7 meV and -14.09 meV respectively.
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Figure 4.2.6: Temperature dependence plot of the amplitudes (blue dots)
of the two combined Gaussians (-14.7 meV and -14.09 meV) obtained from
the fit shown in Figure 4.2.5. The red line is the fit of the temperature
dependence Gaussian amplitudes data using Equation 4.2.1. (a) The -
14.69 meV fit shows almost equal weightings between the (100 1) and (111
2) states. (b) Fit of the Boltzmann equation of the (111 1) state to data.
Both figures show good fit to data.
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4.2.2.1 Splitting of the ortho-H; ground state

The shift in the position of the principal rotational peak with the lowering
of the temperature is attributed to the lifting in the degeneracy of the
ortho-Hy ground state. This splitting of the ortho-Hy ground state has
been observed via specific heat measurements on this sample by Kohama
et al to be in the order of 0.1-0.2 meV [60]. The shift in the principal
rotational peak position as a function of temperature is recorded using
high resolution (A, = 8A) IN5 spectrometer and is plotted in Figure 4.2.7.
It is shown that the position of the principal rotation peak begins to shift
significantly at T' < 20 K. The peak centres have been determined through
Gaussian fitting. The principle rotation peak is the super position of the
two peaks that originate from the split (100 1) states. The observed shift
is the result of an increase in the intensity of the lower energy peak and
a decrease in the intensity of the higher energy peak with lowering of the
temperature.

One possible explanation to this splitting is that there may be two types
of orientation of Cgg and that these orientations can lead to two different
crystal fields [60]. Analysis of the neutron diffraction data recorded with
the IN5 has shown that the sample has a crystal symmetry that is lower
than the cubic class adopted by pure forms of Cgy. This lower crystal
symmetry may be attributed to the impurities within the sample.

Another possible explanation to this symmetry breaking effect is the
coupling between the electric quadrupole moment of ortho-Hs and the crys-
tal field. Recent INS experiment on the Hy@Cgy at milli-Kelvin temperat-
ures have extended the data in Figure 4.2.7 to show that the size of the
shift plateaus at -0.14 meV at milli-Kelvin temperatures. This suggests
that the size of the splitting of the ortho-Hy ground state is 0.14 meV and
has a degeneracy distribution of 1:2 (lower:higher energy state) [61].

93



-0.02 —

-0.04 —

[-14.7 (meV)
o

1 —0.06 _E

IA

-0.08 =

_ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
010 0 10 20 30 40

T(K)

Figure 4.2.7: The temperature dependent shift in the position of the ortho
ground state to para ground state transition peak (|ALp_;[ —14.7 meV).
This data is recorded with IN5 using A, = 8A.
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4.3 Conclusions

The results from the temperature dependence study of the cold neutron
scattering spectra have reinforced the view that the temperature depend-
ence of the INS spectrum provides an effective tool for assigning spectral
lines. These results have provided further insight on the energy states of
Ho@Cygp, as well as confirming the existence of the rotational fine structure
which was previously observed by Komaha et al [60].

The study of the change in amplitude of the NE gain peak as a func-
tion of temperature allows for the “fine tuning” of the energy level diagram
constructed from the NE loss spectra, as well as facilitating the peak as-
signments by determining the origin of the transitions. The downward
transitions from different translational states can be identified by analys-
ing the temperature at which the peak appears in the spectra. Besides
determining the energy value of a state, information on its degeneracy can
also be extracted. The high resolution that comes with cold neutron scat-
tering allows for the study of the TR fine structure, as well as observing the
temperature dependence shift in the spectral position of the principal ro-
tation peak at low temperatures. This temperature dependent shift, which
is in the order of 0.1 meV to 0.2 meV, could not be observed by lower
resolution thermal neutron scattering.

The magnitude of this shift is consistent with the influence of the crystal
field generated by the lattice ordering of the Hy rotors onto the potential
energy surface experienced by the encapsulated Hy. Hence, to a good
approximation, the dynamics of the encapsulated hydrogen are dominated
by the Cgg cage potential. There is also a question on the impurity of
the sample, which is shown to exist in this sample from the magic angle
spectroscopy (MAS) NMR spectra recorded by S. Mamone in the University
of Southampton [9]. Therefore, systematic assessment of this shift can only
become viable once high volume of purified sample is available.

It is also shown that it is essential to take into account the nuclear spin-
isomer conversion between the two spin species at higher temperatures by
modifying the partition function to include the statistical contribution from
the higher energy states of the opposite spin species. This is evident from
the higher temperature fit (7" > 200 K) of the temperature dependence of
the combined Gaussian amplitude data using the modified partition func-
tion as compared to the non-modified version.

The overall study of the Hy@Cgy molecule has been essential in the study

of the other two variants of small molecule endohedral fullerenes (Hy@Cr

95



and HyOQCgg), which are discussed in the subsequent parts of the thesis.
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Chapter 5

Theory and properties of HyQC

(H)a@Cro (n = 1(97%), 2 (3%))

Figure 5.0.1: Schematic of the Hy@C7y and (Hz),@Cry supramolecular com-
plex.

The encapsulation of the Hy molecule inside a C7y cage allows the study of
the effect of having an elongated prolate ellipsoidal cage on the dynamics
of the entrapped molecule. Besides having a cage that has one axis (z-
axis) that is longer than the other two (z and y—axes), the properties of
H,@C,q are similar to those of Ho@QCgy. The lower cage symmetry results
in significant consequences on the molecular dynamics of the entrapped Hs.
One would expect that the ellipsoidal rotations and translations about the
larger zx— or zy-planes have lower energies than those about the smaller
xy-plane. Hence, one would expect twice the number of non-degenerate
states due to the lower symmetry cage.

The Hy@C,y molecule is synthesised using a similar molecular surgery
method [4] as the Hy@Cgo. The synthesis of the Ho@QCry results in approx-
imately 3% of the molecule having two Hy molecules encapsulated inside
a single cage. As the doubly occupied Crg cage ((H2)2@Crg) only forms

a small fraction of the sample, it is largely neglected in our study of the
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sample. The H,@C;y sample is in the form of black powder similar to the

H2 @CGO sample .

5.1 Molecular dynamics of H,@QCy,

H,@C;y has very similar properties to the Hy@QCgy. However, due the
change of cage symmetry, it is necessary to define the quantum numbers of
the entrapped Hs in a different way. The quantum numbers are the rota-
tional quantum number J; translational angular momentum quantum num-
ber along the xy-plane v,,; the vibrational angular momentum quantum
number along the zy-plane |I| = —v,, —v,,+2, ..., 0(1), for even (odd) v,,;
and the translational angular momentum quantum number along the long
axis of the Cyq cage (z-axis) v,. States with rotational wavefunctions which
are either wholly polarised along the z-axis or the circular zy-plane (ie:
ortho-(0,0,v,) states) are denoted with p = z or p = xy respectively, where
p is the direction of polarisation of the rotational wavefunction. States in
which the rotational wavefunction is neither wholly polarised along the z-
axis nor the xy-plane (ie: states other than the ortho-(0,0,v,) states) are
not denoted with p. The simulated rotational wavefunctions of the two
ortho-(0,0,0) states are illustrated in Figure 5.1.1 [74]. The degeneracy of
each (v, |l|,v,) state is described by g = 2(J + v,,) + 1. The Dj), sym-
metry of the Crg cage results in the degeneracy of the (v, |l],v,) states to
be lowered to g = 2 for the (0,0,v,,xy) states, and g = 1 for the (0,0,v,,2)
states.

Theoretical energy levels of Hy@Cyy have been calculated by Xu et al
[46] using a similar method to those used to calculate the energy levels of
Hy@Cgp. The simulated 5D PES along the z-, x- and y-axes of the C;q are
illustrated in Figures 5.1.2(a), (b) and (c) respectively [46]. It can be seen
that the PES along the z-axis resembles a square well potential, while the
PES along the x— and y-axes resembles the potential energy of a harmonic
oscillator. The calculated energy levels which are based on this 5D PES are
compiled into an energy level diagram shown in Figure 5.1.3. This energy
level diagram is used as a reference for the assignments of the INS peaks
in the next chapter.

Due to conservation of energy, the weighted mean energy of the ground
state rotational energy of Hs should be equal to the energy of ortho-H,@Cg
ground state (Ej—y,—0 = 2B,—¢ ~14.6 meV, see Section 3.2), as the rota-
tional constant B,_g is a property of Hy rather than Ho@QCgq. The 13.7 meV

weighted mean rotational ground state energy of ortho-H,@QCgzy in Xu’s en-

60



ergy level diagram (Figure 5.1.3) is calculated using the rotational constant
of the first vibrational excited state B,—; of Hy. Furthermore, the NMR
experiments performed by Mamone et al at the University of Southampton
[74] have suggested that the the ground ortho state should be the ortho-
(0,0,v,,zy) state, rather than the ortho-(0,0,v,,z) state as calculated by
Xu. Nevertheless, Xu’s calculated energy levels can still be used as a refer-
ence for the analysis of the INS spectra, albeit swapping the energy values
between the ortho-(0,0,v,,2z) and the ortho-(0,0,v,,xy) states.

E 4

Az

Figure 5.1.1: The wavefunctions of the two lowest ortho-(0,0,0) states as
simulated by S. Mamone [74]. The rotational wavefunction that is polarised
along the xy-plane is denoted by E}, whereas the rotational wavefunction
that is polarised along the z-axis is denoted by A”s.
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Figure 5.1.2: 5D PES of Hy@QCy, along the: (a) z-axis, (b) z-axis and
(c)y-axis, as simulated by Xu et al [46]. The solid lines are PES of Hj
oriented parallel to the axis, while the dashed and dotted lines are PES of
H, oriented perpendicular to the axis (as indicated in the legends).
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Figure 5.1.3: Energy level diagram of Hy@Cy, as described by Xu et al in
his paper. The (0,0,2,z) state is calculated to be coincidently degenerate
with the lowest (1,1,0) state. Only the ortho-(0,0,v,) states are denoted
with the additional label p as only the rotational wavefunctions of those
states are either wholly polarised along the z-axis or the xy-plane.
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Chapter 6
INS spectral analysis of Hoy@Cr

The aim of the INS study of the Hy@QCy is to study the quantum dynamics
of the entrapped H, in the ellipsoidal fullerene cage. The INS experiments
are performed with the INAC and IN) spectrometers at the ILL, Grenoble,
and TOFTOF spectrometer at the Heinz Maier-Leibnitz Zentrum, Munich.
TOFTOF is a direct geometry multi-chopper time-of-flight spectrometer
operated with incident neutrons from the under-moderated cold source of
the reactor, which is similar to the IN5 spectrometer [62]. The experiments
that were done with IN4C were conducted by my supervisor Anthony J.
Horsewill, our collaborator and instrument scientist Stéphane Rols and
myself. The experiments that were done with TOFTOF were conducted
by our collaborator, Stéphane Rols, on behalf of our group in Nottingham.
The IN4C spectrometer is mainly used for the low temperature study of
the NE loss transitions, whereas the IN5 and TOFTOF spectrometers are
used for the high resolution temperature dependence study of the NE gain
transitions. The assignment of the peaks in the H,@QCy, are informed by
the theoretical energy level diagram of H,@Cyy calculated by Xu et al as
shown in Figure 5.1.3 [46].
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6.1 Low temperature thermal neutron scat-
tering

The aim of the IN4C experiment was to obtain an overview of the energy
level structure of the Hy@Cr, as IN4C probes both NE gain and loss regions
of the spectrum. By comparison, IN5 only probes the NE gain region
but provides significantly better resolution. The IN4C spectra which were
recorded using incident neutron wavelengths of 1.4, 1.6, 2.2 and 2.8 A
respectively at 1.5 K are illustrated in Figure 6.1.1. The shorter incident
neutron wavelengths are used to probe the higher energy states, albeit
having a lower resolution.

Unlike the IN4C spectra of the Ho@QCgq sample, there are two peaks in
the NE gain part of the Hy@QC;y IN4C spectra. These two peaks, which
are centred at -12.97 and -7.73 meV spectrum respectively correspond to
the ortho-(0,0,0,zy) state de-exciting to the para-(0,0,0) and para-(0,0,1)
states respectively. The appearance of the -7.73 meV peak conclusively
establishes the translational energy associated with the long axis.

The 13.21 meV peak corresponds to the para-(0,0,0) exciting to the
ortho-(0,0,0,xy) state, while the 5.47 meV peak corresponds to the ortho-
(0,0,0,zy) state exciting to the ortho-(0,0,1,zy) state. The slight discrep-
ancy between the magnitude of the upward and downward transitions of
the main rotational line is due to the additional unresolved peak centred
at -11.9 meV, which is detected with the high resolution IN5 spectra (see
next section). The 5.47 meV peak is assigned to the ortho-(0,0,1,xy) state
instead of the ortho-(0,0,0,z) state because the magnitude of the trans-
ition is consistent with the energy difference between the para-(0,0,0) and
para-(0,0,1) states, which is 5.5 meV. Furthermore, if it were to be the
transition to the ortho-(0,0,0,z) state, then it would contradict the expect-
ation that the weighted mean energy of the ortho-(0,0,0) states is equal
to the rotational constant (=14.6 meV). Therefore, the 16.8 meV peak
is assigned to the para-(0,0,0) to ortho-(0,0,0,z) transition in order to be
consistent with this expectation. The 18.7 meV peak is assigned to the
para-(0,0,0) to ortho-(0,0,1,xy) transition as it is consistent with the as-
signment of the 5.47 meV peak, while the 21.82 meV peak is assigned to
the para-(0,0,0) to ortho-(0,0,1,2) as the magnitude of the splitting between
the ortho-(0,0,1,zy) and ortho-(0,0,1,z) states is consistent with those of
the ortho-(0,0,0) states. There is also a possibility that the 18.7 meV peak
is the ortho-(0,0,0,zy) to the ortho-(1,1,0) transition as the energy differ-

ence between the two states is close to 18.7 meV. Using the same Gaussian
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width as the 21.82 meV peak, three Gaussians (centred at 29.8 meV, 30.84
meV and 32.6 meV respectively) can be fitted to the broad peak that is
centred on 31.7 meV. The position of these three Gaussians are consistent
with the TR fine structure of the ortho-(1,1,0) states calculated by Xu [46].

The peaks at AE < 5 meV are concluded to be artefacts as they are
not present in the cold neutron scattering spectra recorded with IN5, while
the 12 meV peak is later shown in the IN5 analysis to be the transition of
the doubly occupied (Hg)2@Cry complexes. The assignment of the higher
energy peaks which are centred at 14.52 meV, 25.29 meV and 28 meV re-
spectively are not as straightforward as the lower energy transfer region,
because the use of Xu’s simulated energy levels as reference for peak assign-
ments does not yield consistent results with the temperature dependence
data obtained with IN5 and TOFTOF. As Xu’s simulated energy levels
do not have ortho states with energies between 21 meV and 29 meV, the
straightforward assignment of the 25.29 meV and 28 meV peaks are the
transitions from the ortho-(0,0,0,zy) to the higher energy states, as para-
(0,0,0) to para-(1,1,1) and para-(0,0,3) transitions are forbidden, while it
is possible that the 14.52 meV peak is the ortho-(0,0,0,2y) to para-(0,0,3)
transition. However, it is later shown in the temperature dependence cold
neutron scattering analysis that there are two ortho states with energies of
25.3 meV and 27.6 meV, which could be coincidentally degenerate with the
para-(1,1,1) and para-(0,0,3) states respectively. It is also shown that the
NE gain equivalent of the 14.52 meV peak originates from the 27.6 meV
ortho-(0,0,2,z) state instead of the para-(0,0,3) state. Therefore, the 14.52
meV, 25.29 meV and 27.6 meV peaks in the IN4C spectra are likely the
transitions to the ortho-(0,0,2,z) and ortho-(0,0,2,zy) states.
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Figure 6.1.1: The INS spectra of Hy@QCyy recorded with different incident
neutron wavelengths at 1.5 K using the IN4C spectrometer. The neutron
wavelengths of the respective spectra are shown in the legend. All of the
peak assignments apart from the two peaks centred on 25.3 meV and 27.6
meV respectively are solely based on Xu’s simulated energy levels. The
assignments of the 25.3 meV and 27.6 meV peaks are based on the temper-
ature dependence cold neutron scattering spectra.
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6.2 Temperature dependence study using cold

neutron scattering

6.2.1 Temperature dependence spectra

The aim of the INS temperature dependence analysis is to determine the
origin and degeneracy of the transition by studying the change of the peak
amplitude with temperature. The IN) spectra are recorded at temperatures
of up to 200 K, with primary focus on the lower temperature dependence
study (1.5 < T < 10 K). Therefore, the higher temperature spectra are
recorded with larger temperature steps. All of the IN5 spectra are recorded
using 5A incident neutron wavelength. The -12.97 meV peak observed in
the IN4C spectra can be observed with higher resolution in the 1.5 K IN5
spectrum shown in Figure 6.2.1. The -12.97 meV peak seen in the IN4C
spectra is shown to consist of two peaks, a major -13.36 meV peak and a
minor -11.9 meV peak. The amplitude of the -11.9 meV peak is measured
to be &~ 8.2% the size of the -13.36 meV peak and ~ 7.5% of the sum
of both peak amplitudes. As there are approximately 3% of the H,@QCy,
sample being the doubly occupied (Hs)o@C7y molecular complex [4], the
amplitude of the peak that corresponds to the (Hy)2@Crq complexes should
be ~ 6% of the sum of the peaks that originate from both variants. This
is because the doubly occupied molecule has twice the number of protons
than its singly occupied counterpart. Hence, it can be concluded that the
minor peak corresponds to the INS of the (Hy)2@Cry complexes. As the
sample is recorded at 1.5 K where all of the molecules are expected to be
in their ground state, it is likely that the minor peak corresponds to the
ground state of ortho-Hy or ortho-(Hs)s of the doubly occupied molecular
complex de-exciting to the lower energy para ground state.

The INb spectra which are recorded using 5A incident neutron wavelength
at temperatures of 1.5 K, 10 K, 50 K, 100 K, 150 K and 200 K are illustrated
in Figures 6.2.2. Unlike the Hy@Cg spectra, there are no definite rotational
or translational regions in the spectra due to having larger number of non-
degenerate states which results in lower transition energies between states.
This is evident from the cluster of peaks that appears in the —5 < AE <0
meV energy transfer region at higher temperatures which corresponds to
the low energy transitions to the immediate lower energy states. It can
be seen that the amplitude of the -5.5 meV peak increases rapidly as tem-
perature is increased from 1.5 K to 50 K, while there is a large number of

peaks that appear in the energy transfer region between the -5.5 meV peak
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and the -18.6 meV peak at higher temperatures.

The TOFTOF spectra are recorded using 8 A incident neutron wavelength
at temperatures ranging between 1.5 K and 200 K. Figure 6.2.3 illustrates
examples of a few TOFTOF spectra recorded at various temperatures. Be-
sides having identical peaks as those seen in Figure 6.2.2, it can be seen
that the TOFTOF spectra have lower signal-to-noise ratio (SNR) than the
IN5 spectra due to having lower neutron flux. Despite using longer incident
neutron wavelength, the resolution of the TOFTOF spectra isn’t any better
than the IN5 spectra. However, the background of the TOFTOF spectra
at higher temperatures are observed to be lower than the IN5 counterpart.
Furthermore, the TOFTOF spectra are recorded with smaller temperature
steps than the IN5 spectra. Therefore, the TOFTOF spectra are more
suitable for the temperature dependence analysis in the energy transfer re-
gion of —20 < AE < —5 meV despite having lower signal SNR, because
the IN5 spectra have high background gradient in this energy transfer re-
gion, which increases the ambiguity of the Gaussian fits. Additionally,
the smaller temperature steps employed by the TOFTOF experiment at
higher temperatures also result in better peak amplitudes as a function of
temperature data.

The peaks in the AE < —17.5 meV energy transfer region of the
TOFTOF spectra have SNR which are too low for analysis. Hence, the
temperature dependence analysis of the peaks in this energy transfer region
are done with the IN5 spectra, as the SNR of the IN5 spectra is relatively
high in this energy transfer region, while the background gradient in this
energy transfer region is low enough to obtain good Gaussian fits. Addi-
tionally, the temperature dependence analysis of the minor peak centred
at -11 meV is also done using the IN5 spectra, as the peak is unobservable
in the TOFTOF spectra due to its lower SNR.
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Figure 6.2.1: INS spectrum of the Hy@QC7, recorded with 5A incident neut-
ron wavelengths at temperatures of 1.5 K using the IN5 spectrometer. The
major -13.36 meV peak corresponds to the ortho ground state to para
ground state transition; minor -11.9 meV peak corresponds to INS of the
doubly occupied (Hg),@Cr molecular complex; and the -7.7 meV peak cor-
responds to the ortho ground state de-exciting to first excited para state.
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Figure 6.2.2: INS spectra of Hy@QCyy recorded with 5A incident neutron
wavelength using the IN5 spectrometer. The recorded temperatures are
displayed in the legend. Figure (b) is the blown-up version of Figure (a)
to illustrate the —35 < AFE < —17.5 meV energy transfer region of the
spectra, which is used for the temperature dependence analysis.
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Figure 6.2.3: INS spectra of Hy@QCyy recorded with 8A incident neutron
wavelength using the TOFTOF spectrometer. The recorded temperatures
are displayed in the legend. The peaks in these spectra are identical to
those seen in the IN5 spectra (see Figure 6.2.2). The SNR and background
of the TOFTOF spectra is lower than those of the IN5 spectra.
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6.2.2 Gaussian fit

The INS peaks within the energy transfer region of —35 < AF < —5 meV
are fitted with individual Guassian peaks to determine their respective
peak amplitudes. The fitting of this energy transfer region is divided into
a 4 smaller fitting regions so that the background can be approximated
as linear. The fitting regions are: —35 < AFE < —27 meV and —27 <
AFE < —17.5 meV of the IN5 spectra; —17.5 < AE < —10 meV and
—10 < AE < =5 meV of the TOFTOF spectra.

The fitting procedure is slightly different to the one used in the Hy@QCg
temperature dependence INS analysis because the peaks in the Hy@Cy
spectra are not as clustered as those in the Hy@QCg, spectra. Hence, there
is hardly a need to combine multiple peaks into a single combined Gaussian.
The position and width of the Gaussian peaks from the lower energy states
are determined from the fit of the lower temperature spectra where there are
lower number of peaks. The determined position and width of the Gaussian
peaks are then fixed in the fit of the next higher temperature spectrum. A
necessary number of Gaussians with widths which are consistent with the
fixed Gaussians is also added to obtain the best fit of the spectra within
the fitting region. If the position of the added Gaussians are too close
to the fixed Gaussians, the width of the respective fixed Gaussians are
widened instead to represent the additional transitions. The position and
width of all the Gaussian peaks that are used in the fit are then “carried
forward” to the fit of the next higher temperature spectrum to repeat the
fitting process. This process is repeated until all of the higher temperature
spectra are fitted. This fitting procedure is applied to the 4 aforementioned
fitting regions of all the spectra. An example of the fit in the the —27 <
AFE < —17.5 meV fitting region of the IN5 spectra is shown in Figure 6.2.4.

There is a total of 19 Gaussian peaks (excluding the doubly occupied
peak at 11.9 meV) that are used to fit the —35 < AFE < —5 meV energy
transfer region of the IN5 and TOFTOF spectra. The amplitude of the
Gaussian peaks are recorded and compiled into their respective amplitude
as a function of temperature plots shown in Figures 6.2.6 (TOFTOF) and
6.2.7 (IN5).
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Figure 6.2.4: Fitting of the —27 < AE < —17.5 meV energy transfer region
of the IN5 spectra recorded at temperatures of 35 K, 50 K, 100 K, 150 K
and 200 K. See text for details on the fitting procedure.
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6.2.3 Analysis of the amplitude as a function of tem-

perature plots

The fitting of the amplitude as a function of temperature plots are done
using the Boltzmann equation (Equation 4.2.1) with the modified partition
function (Equation 4.2.4). The ¢, and g, states are chosen to be the para-
(111) state and the ortho-(111) state respectively, as both states begin to
populate at around the same temperature (40 K). Starting with the energy
levels determined from the IN4C analysis to obtain the initial Boltzmann
equation and partition function, the following procedure is applied to de-
termine the energy levels: (1) The energy values of the initial states of
the transitions which are assigned to the peak is applied to the Boltzmann
equation. (2) If there are no possible transitions within the energy level
diagram that satisfies the energy transfer values or fits well to the temperat-
ure dependence plot of the unassigned peak, the energy values of the states
which are not determined from the IN4C analysis are then altered to satisfy
the energy transfer values or the fit of the temperature dependence plot of
the unassigned peak. (3) The energy values of the remaining undetermined
states are altered to obtain a better Boltzmann fit for the temperature de-
pendence data of the determined peaks. (4) Check the altered energy states
to see if they contradicts the INAC, IN5 or TOFTOF spectra. (5) Swap the
degeneracies of the states which have been split due to symmetry breaking
to see if it results in a better fit to the temperature dependence data.

In order to obtain the best fit to all the amplitude as a function of tem-
perature plots, the energy of the ortho-(0,0,2,xy) and ortho-(0,0,2,z) states
have to be lowered to 25.3 meV and 27.6 meV respectively. These changes
to the energy levels are also required to explain: (a) the temperature de-
pendence plot of the -9.05 meV and -9.76 meV Gaussian amplitudes, which
is assigned to the ortho-(0,0,2,zy) to ortho-(0,0,0,z) and ortho-(0,0,2,z) to
ortho-(0,0,0,z) transitions respectively. This is because the other possibil-
ity, which is the para-(1,1,1) to ortho-(0,0,0,zy) transition, requires higher
temperature to occur as the para-(1,1,1) state is not populated at T < 45
K, while the -9.05 meV Gaussian begins to populate at 20 K. (b) The -14.6
meV Gaussian emerges at too low of a temperature for it to be the para-
(0,0,3) to ortho-(0,0,0,z) transition. Therefore, this Gaussian is assigned
to the ortho-(0,0,2,2) to ortho-(0,0,0,z) transition instead.

The ortho-(1,1,1) band to para-(0,0,0) is observed as two separate bands
that are centred at 38.7 meV and 39.6 meV respectively. The 38.7 meV band
is observed from the -6.73 meV, -10.97 meV, -20.15 meV and -22.23 meV
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Gaussians, which represents the transitions from 38.7 meV ortho-(1,1,1) to
32.6 meV ortho-(1,1,0), 27.6 meV ortho-(0,0,2,z), 18.7 meV ortho-(0,0,1,zy)
and 16.8 meV ortho-(0,0,0,2z) respectively. Whereas the 39.6 meV band is
observed from the -11.09 meV and.-21.04 meV Gaussians, which represents
the transitions from the 39.6 meV ortho-(1,1,1) to ortho-(0,0,2,z) and ortho-
(0,0,1,zy) respectively. The -23.3 meV Gaussian is concluded to originate
from the state which has higher energy than the ortho-(1,1,1) and para-
(1,1,2) states. Besides the -23.3 meV Gaussian, all of the observed NE gain
Gaussians originate from states with £ < 40 meV.

The position of the NE gain Gaussians and the transitions they repres-
ent are compiled together with the those of the IN4AC spectra into Table
6.1. The energy levels shown in this table are then compiled into the energy
level diagram shown in Figure 6.2.5. The energy levels which are denoted
with asterisks are the unobserved energy levels that have energy values
which are based on Xu’s simulated energy levels. It is worth noting that
the energy levels which are denoted with asterisks are theoretical estimates
and are not conclusive. It can be seen that the (0,0,1,) states have larger
splitting than those in Xu’s energy level diagram (Figure 5.1.3). This sug-
gests that the rotational anisotropy is higher than those calculated by Xu
et al. The translations along the z-axis are observed to be smaller than
those calculated by Xu et al, while the translations along the xy- plane are
observed to be consistent with Xu’s calculation.

The Boltzmann fits of the temperature dependence data in Figures 6.2.6
and 6.2.7 are based on the energy of the initial state of the respective peaks
as shown in Table 6.1, while the modified partition function used for the

fits is based on the energy level diagram shown in Figure 6.2.5.

77



Gaussian peak |Initial Energy Final Energy Instrument
position (meV) |State (meV) State (meV)
-33.08/0-(1.1.0) 32.6}P-(0,0,0) 0[(INS)
-28|0-(0,0.2.z) 27.6]P-(0,0,0) O[(INS)
0-(1,1,0) 32.6}P-(0,0.1) 5.5
-258.96|0-(0.0.2.xy) 25.3]P-(0,0.0) 0[(INS)
-23.3|Higher energy state - (INS)
-22.23|0-(0,0.1,2) 21.82)P-(0.0,0) O[(INS)
O-(1,1.1) 38.7]0-(0,0,0,2) 16.8
-21.04{O-(1.1,1) 39.6]0-(0,0,1.xy) 18.7|(INS)
-20.15|0-(1,1,1) 38.7]0-(0,0.1.xy) 18.7|(INS)
-18.78|0-(0,0,1,xy) 18.7|P-(0,0,0) 0|(INS)
0-(1,1,0) 32.6]0-(0,0,0,xy) 13.2
-16.8|0-(0,0,0,2) 16.8)P-(0,0,0) 0|(TOFTOF)
O-(1,1.1) 38.7|0-(0,0,1,2) 21.82
-14.6|0-(0,0.2.2) 27.6]0-(0,0,0.xy) 13.2|(TOFTOF)
-13.36|0-(0,0,0.xy) 13.2|P-(0,0,0) 0|(TOFTOF)
0-(0,0.1.xy) 18.7)P-(0,0.1) 5.5
0-(1,1.0) 29.8]0-(0,0,0,2) 16.8
O-(1,1.1) 38.710-(0,0,2.xy) 25.3
-11.09|0-(1.1.1) 39.6]0-(0.0.2.2) 27.6[(TOFTOF)
-10.97|0O-(1.1.1) 38.710-(0,0,2,2) 27.6|(INS)
0-(1.1.1) 38.7]P-(0,0.3) 27.9
-9.76]|0-(1,1.0) 31.62]0-(0,0.1,2) 21.82((TOFTOF)
-9.05|0-(0,0.2.xy) 25.3]0-(0,0,0,2) 16.8|(TOFTOF)
-7.95|0-(0,0.0.xy) 13.2]P-(0,0.1) 5.5|(TOFTOF)
-6.73|0-(1.1.1) 38.7]0-(1,1,0) 32.6|/(TOFTOF)
-5.5|0-(0,0,0,2) 16.8]0-(0,0,0,xy) 13.2|(TOFTOF)
-5.07|0-(0.0.1.2) 21.82]0-(0,0.0.z) 16.8|(TOFTOF)
5.47|0-(0,0.0.xy) 13.2]0-(0,0,0,2) 16.8|(IN4)
13.21|P-(0.0.0) 0]0O-(0,0,0.xy) 13.2|(IN4)
14.524|0-(0.0.0.xy) 13.2]0-(0,0,2,2) 27.6|(IN4)
16.8|P-(0,0.0) 0]0-(0.0.0.z) 16.8|(IN4)
18.513|P-(0.0.0) 0]0O-(0,0.1,xy) 18.7|(IN4)
21.82|P-(0.0.0) 0]0-(0,0.1,2) 21.82|(IN4)
25.29|P-(0,0.0) 0]O-(0,0,2,xy) 25.3|(IN4)
28|P-(0,0.0) 0]0-(0,0.2,2) 27.6|(IN4)
30.84|P-(0.0.0) 0]O-(1,1.0) 30.84((IN4)
32.6|P-(0,0.0) 0]0-(1,1.0) 32.6|(IN4)

Table 6.1: Compilation of the positions and the assigned transitions of all
the INS peaks observed in the IN4C, IN5 and TOFTOF spectra of the
HQ@C'm Sample.
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Figure 6.2.5: The deduced energy level diagram of Hy@Cyy that is based on
the analysis of the IN4AC, IN5 and TOFTOF spectra, except the unobserved
energy levels that are denoted by asterisks, which have energy values which
are based on Xu’s simulated energy levels.
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Figure 6.2.6: Amplitude as a function of temperature plots of the peaks
observed in the —17.5 < AE < —5 meV energy transfer region of the
TOFTOF spectra of Ho@QCyy. The data is fitted with the Boltzmann equa-
tion that is based on the energy of the initial state of the respective peaks
as shown in Table 6.1, while the modified partition function is based on
the energy level diagram shown in Figure 6.2.5.
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Figure 6.2.7: Amplitude as a function of temperature plots of the peaks
observed in the —35 < AE < —17.5 meV energy transfer region of the IN5
spectra of Hy@QC,y. The data is fitted with the Boltzmann equation that
is based on the energy of the initial state of the respective peaks as shown
in Table 6.1, while the modified partition function is based on the energy
level diagram shown in Figure 6.2.5.
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6.3 Conclusion

The INS study of the Ho@Cy( has resulted in the experimentally deduced
energy level diagram of Ho@QCyy (Figure 6.2.5). This energy level diagram
provide insights on the effect of an elongated axis of the Cyy cage, with
respect to the Cgy cage, on the entrapped Hy. The comparison between the
energy level diagrams of the H,@Cyy and Ho@C7y molecules has shown that
the elongated axis of the Cyy cage results in the splitting of the translational
and rotational states. The energy of the first translational ortho state of
the Hy@Cry (= 39 meV) is observed to be similar to the first translational
ortho state of Hy@Cgy because the diameter of the xy-plane of the Cyq is
similar to the diameter of the Cgy. Unlike the Hy@QCgy, no rotational fine
structure is observed in the INS spectra of Ho@QCy.

The INS analysis of the Hy@QCyy have shown that the energy difference
between the rotational wavefunction that is polarised along the long z-axis
and the rotational wavefunction that is polarised along the long xy-plane is
larger than those calculated by Xu et al [46]. The weighted mean energy of
ortho-(0,0,0) state is calculated to be 14.4 meV, which is consistent with the
observed rotational constant of Hy@QCgo. The size of the observed splitting
of the ortho-(0,0,1) and ortho-(0,0,2) states are consistent with the splitting
of the ortho-(0,0,0) state.

The ortho-(0,0,2,zy) and ortho-(0,0,2,z) states are also shown to be
lower than those calculated by Xu et al and may be coincidently degener-
ate with the para-(1,1,1) and para-(0,0,3) states respectively if the energy
values of the two para states are as calculated by Xu et al. However, there
is no clear evidence that those two para states are observed in the spectra,
as they may be masked by the two coincidently degenerate ortho states.
Furthermore, the temperature dependence data of the NE gain peaks have
shown that the peaks which are assigned to the -27.6 meV and -25.3 meV
energy states only consist of transitions which originate from those two or-
tho states. Therefore, it can be concluded that either the para-(1,1,1) and
para-(0,0,3) states have energy values which are different to those calcu-
lated by Xu et al, or the transitions from those two para states to the lower
energy ortho-states are forbidden. Besides the aforementioned differences,
the observed higher translational ortho-states, namely the ortho-(1,1,0) and
ortho-(1,1,1) states, are consistent with Xu’s simulated energy levels.

The determination of the lower energy states of the Hy@QCr, has al-
lowed us to understand the fundamental dynamics of the entrapped mo-

lecule, which is essential for analysing the higher energy INS spectra of the
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sample recorded with the IN1-Lagrange spectrometer. More importantly,
the overall study of the Ho@C;y could provide insights on the dynamics
of other similar molecular complexes which have a molecule entrapped in
a less symmetric potential, such as the H,O entrapped in a geometrically

distorted Cgy cage, which is discussed in the next chapter.
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H,0@Cj,

85






Chapter 7

Theory and properties of
H-OQ@Cyg

Figure 7.0.1: Schematic of the HoOQ@Cjy, supramolecular complex.

The encapsulation of a water molecule inside a Cgy cage provides a unique
opportunity to study H,O in a highly symmetric and isolated environ-
ment. Like the Hy molecule counterpart, the water molecule exhibits spin
isomerism, having both ortho and para species (ortho-H,O and para-H,0)
[64, 65, 66, 67, 68, 69, 70, 71, 72]. Unlike the Hy molecule, HyO possess a
permanent electric dipole moment and a lower rotational symmetry [73].
The lower rotational symmetry is reflected in the otherwise degenerate ro-
tational level in the Hy molecule (see Figure 7.1.2).

Another striking feature of the HoOQCg, which is not observed in the
H, endohedral fullerenes is the presence of meta stable ortho-H,O (ortho
to para conversion) at cryogenic temperatures in the absence of catalysts.
The nuclear spin-isomer conversion of the ground state ortho-H,O to the
ground state para-H,O is observable via the decay of the signal originating
from ortho-H,O and the growth of the signal originating from para-H,O.

The H,O@Cyqq is synthesised using a similar method (molecular sur-
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gery) as the one used to synthesise the Hy@Cgo [5, 6]. The sample is
normally in the form of a black powder which is stable under a wide range
of physical conditions and is very convenient to handle. HyO@QCjg, samples
of different filling factors are prepared to study the interactions between
neighbouring entrapped HoO. The sample with 90% filling factor (with the
remaining 10% being empty Cgo cages) is synthesised by our collaborators
at Columbia University and has been rigorously sublimed by Mark Den-
ning at the University of Southampton to remove the impurities, while the
samples with lower filling factors, namely the 50% and 20% filled samples,
are synthesised and rigorously sublimed by A. Krachmalnicoff at the Uni-
versity of Southampton.

Similar to the spectroscopic measurements of the Hy@Cjgq, three com-
plementary spectroscopic methods: INS, FIR and NMR are used to study
the HoO@QCgq. The advantages of the three aforementioned spectroscopies
in the study of the HoOQCg, are identical to those mentioned in Chapter
3. As with the Hy@Cgg, the entrapped HyO are relatively isolated from
one another, thus resulting in relatively narrow lineshapes being observed
in the spectra.

Preliminary spectroscopic studies of HyOQCg, have been performed by
the worldwide collaboration of the groups in University of Nottingham,
University of Southampton and National Institute of Chemical Physics
and Biophysics in Estonia using INS, MAS NMR and FIR respectively
[75]. However, the early studies were conducted on a relatively impure
sample, leading to broader lineshapes that masked important details in the
spectrum. Furthermore, only low energy incident neutrons were used in
this preliminary INS investigation. Hence, we began a new investigation
on a highly purified 90% filled sample using both higher and lower energy
incident neutrons. Only the 90% filled sample has been investigated using
INS as the yields of the 50% and 20% filled samples are not high enough for
INS investigation. Therefore, NMR investigations were performed on the
50% and 20% filled samples instead to study the inter-fullerene interactions.

The experimental analysis of the HoO@Cg, molecule is divided into
three chapters: the INS spectral analysis chapter, the NMR spectral ana-
lysis chapter (Chapter 9) and the low temperature nuclear spin-isomer con-

version analysis chapter (Chapter 10).
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7.1 Rotational dynamics of H,O

The H5O is an asymmetric top quantum rotor that is characterised by
the rotations about the a, b, and ¢ molecular fixed frame axes with their
respective subscript labelled moment of inertia being defined as I, < [, <
I.. The rotational constants about the respective principle axes are defined
as A = h?/21,, B = h?/2I, and C = h?/2I.. The graphical illustration
of the principal axes relative to the molecular frame is shown in Figure
7.1.1(a).

There are two classes of molecular rotation for HyO, the prolate and
oblate rotations [63]. The prolate rotation involves rotation about the
major axis of the molecular fixed frame, which is the a-axis (see Figure
7.1.1(a)); while the oblate rotation involve rotation the minor axis of the
molecular fixed frame, which is the b-axis. The ground state rotation of
ortho-H,O is about the a-axis (prolate), as the HoO rotation about the
a-axis has the lowest moment of inertia.

Unlike the case of Hy@QCg, no theoretical model for the HoOQCg, sys-
tem have been calculated. Therefore, the theoretical gaseous water model
calculated by P. Helminger and F. C. Delucia [76], which assumes non-
interacting HoO molecules in free space, is instead used as a basis to un-
derstand the quantum rotation of HyO. The translational dynamics of the
entrapped HyO orbiting within the Cgg cage is not taken into account in
this model.

(a)

—

Vv

Figure 7.1.1: (a) The ground state rotation planes of ortho-H,O (around the
a-axis, prolate). (b) The ground state rotation planes of ortho-Hs (around
the b-axis). (a and b) It can be seen that the vector connecting the two
protons in HyO (7) is orthogonal to the rotation plane, whereas this vector
is parallel to the rotation plane in the case of Hy. It can also be seen that
the rotation of the ground state ortho-HyO results in the effective electric
dipole moment being averaged to zero, as the electric dipole moment rotates
with the ortho-H>O molecule along the molecular rotation plane.
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7.1.1 Gaseous H,O model

The energy level diagram of the theoretical gaseous water model is illus-
trated in Figure 7.1.2 with each energy level represented by the quantum
numbers Jg, k., where J is the quantum number for the total angular mo-
mentum, K, and K, are the quantum numbers for the angular momentum
in the corresponding prolate and oblate symmetric tops. The degeneracy
of each state is determined by g = (2J + 1). The para-H,O (total spin
I =0) and the ortho-H,O (total spin I = 1) each have even and odd par-
ity respectively for K, + K. in the vibrational ground state due to Pauli
Exclusion principle.

The larger number of non-degenerate states in the energy level diagram
of gaseous HyO relative to the energy level diagram of Hy@QCyg is attributed
to the lower symmetry of the H,O molecule as compared to the Hy molecule.
Even though the theoretical gaseous water model does not include the
translational modes of the entrapped H,O in the Cgy cage, it remains a
good basis for identifying the lower energy rotational states of HoO@QCg,

which are also in the translational ground state.
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Figure 7.1.2: Energy level diagram of gaseous H,O as calculated by P.
Helminger and F. C. Delucia |76].
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7.2 Effective electric dipole and quadrupole
moments of HQO@C(;Q

The effective electric dipole moment of the HoOQCg, complex has been
calculated to be less than the electric dipole moment of the encapsulated
H5O using various computational methods that does not take into account
quantum rotations [80, 81, 82, 83|, as the simulations have shown that the
electric dipole moment of the entrapped H,O induces an electric dipole
moment with opposing polarity onto the Cgy cage. These various com-
putational methods have calculated the electric dipole moment P, of the
entrapped H,O to be 1.93 < P, < 2.09 D, the induced electric dipole mo-
ment P; of the Cgy cage to be 1.47 < P, < 1.7 D, and the effective electric
dipole moment P, of the HoO@QCg, complex to be 0.4 < P, < 0.62 D[80].
It is predicted theoretically that the electric dipolar interactions between
entrapped HoO results in the ferroelectric alignment of the electric dipole
moments at temperatures below the ferroelectric transition temperature
To, thus generating a crystal field within the lattice |78, 79]|. The ferroelec-
tric transition temperature can be estimated using Ty = 16u%. Therefore,
by substituting the largest value calculated for the effective electric dipole
moment (P, = 0.62 D) into the relation, the ferroelectric transition tem-
perature Tj is calculated to be 6.15 K. This is consistent with the results
from the temperature dependence study of the dielectric permittivity of
H,0Q@Cg, where no dielectric anomalies is observed at 7' > 8 K [79].

Besides having a permanent electric dipole moment, HyO also possess
a relatively large electric quadrupole moment [84, 85]. Recent quantum
calculation of the electric quadrupole moment of HyO [85] has shown that
the linear electric quadrupole moment along the b-axis (Qp) is 0.28 DA,
whereas the square planar electric quadrupole moment along the ac-plane
(Q2), which is perpendicular to the b-axis, is 2.13 DA.

It can be seen from Figure 7.1.1(a) that the electric dipole moment of
the ground state ortho-H,O (1¢; state) rotates with its molecular rotation.
Hence, it is deduced that the effective electric dipole moment of the ground
state of ortho-HO is averaged to zero, whereas the ground state para-H,O
(Ogo state) maintains its electric dipole moment as there is no rotational
averaging. However, the same cannot be said for the electric quadrupole
moment of HyO as it is not parallel along the rotation plane. Hence, it
is deduced that both ortho- and para-H,O have non-zero effective electric
quadrupole moments. This deduction is later shown to have significant

consequences as it leads to the conception of several other deductions made
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in this thesis to explain several experimental observations.
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Chapter 8

INS spectral analysis of
H>0O@Cg

The objective of the INS study of HoO@QCy, discussed in this chapter is to
study the quantum dynamics of the entrapped H,O in the Cgy cage. The
dynamics of the HyO in this system are particularly interesting because
each entrapped H5O is a freely rotating electric dipole that is arranged in
a lattice structure. The INS experiments conducted on the highly purified
H,O@Cgg sample were recorded using the IN4C, IN5 and IN1-Lagrange
spectrometers. All of the INS spectra were recorded by A. J. Horsewill, S.
Rols, J. Ollivier and myself at the ILL, Grenoble. The low energy incident
neutron investigation of the highly purified sample will give us the resol-
ution to study the breaking of the icosahedral symmetry of the Cgo cage
environment by the electric dipole moment of the entrapped HyO as well as
the interactions between the dipoles of neighbouring H,O. This breaking of
the symmetry has been observed via the splitting in the ortho-HyO ground
state in the preliminary INS spectra [75]. On the other hand, the higher
energy incident neutron investigation allows for the study of the higher en-
ergy quantum states, which could provide further insights on the symmetry
of the cage potential. The assignments of the peaks in the IN4C, IN5 and
IN1-Lagrange spectra shown in this chapter are based on the theoretical
gaseous water model shown in Figure 7.1.2 [76].

As the HyOQCgy sample exhibits slow ortho-H5O to para-H,O conver-
sion at T" < 20 K, the sample is warmed to 7" > 40 K for 50 minutes prior to
each experiments to replenish the population of ortho-H,O before rapidly

cooling it down to the set temperature for measurements.
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8.1 Low temperature INS study

8.1.1 IN4C

The IN4C experiments were conducted at temperatures between 150 mK
to 1.6 K. A dilution refrigerator insert was used for temperatures below
1.2 K. The IN4C experiments of the HoOQCg, sample performed at 1.6K
were recorded using incident neutron wavelengths of 3 A, 2.3 A and 1.6
A respectively; whereas experiments performed in the milli-Kelvin regime
were only recorded at 3 A. The milli-Kelvin spectra are identical to the 1.6
K spectra (Figure 8.1.1). Hence, they will not be illustrated in this section.
The recording procedure of the low temperature IN4AC spectra of the
purified HoOQCjgq sample is similar to the preliminary INS experiment done
on the non-purified sample [75]. The sample is equilibrated at " >50 K
before cooling the sample down to 1.6 K for the recording of the spectra.
It takes approximately 40 minutes for the sample to cool from T >50 K to
1.6 K. In order to obtain a set of time dependent spectra, a set of spectra
has been continuously recorded with 10 minutes recording time throughout
each experiment. These “10 minutes spectra” can be averaged to obtained a
spectrum with better signal to noise ratio, which also results in longer time
intervals between spectra. However, only the direction of change in the
amplitude of the peaks over time is relevant in the INS spectral analysis.
Knowing that the change in the amplitude is the result of the depopulation
of the ortho-H>O ground state to the para-H,O ground state, the origin of
the transitions could be determined by analysing the direction of the change
in the amplitude of the peaks. If the amplitude of a peak is decreasing over
time, then the peak has to originate from the ortho ground state; whereas
if the amplitude is increasing overtime, then the peak has to originate para
ground state. This additional feature of determining the origin of the peaks
is particularly useful in the assignment of the peaks, especially when a large
number of peaks is expected based on the large number of non-degenerate
energy states in the energy level diagram of gaseous HoO (Figure 7.1.2).
The time evolution INS spectrum of HyOQCgq recorded with 3 A in-
cident neutron wavelength is shown in Figure 8.1.1. The red and blue
represents spectra recorded during the first and last 90 minutes of the ex-
periment respectively. The entire experiment spans 8 hours 20 minutes
from the time in which the sample starts cooling. The labels (Jk, k,) rep-
resent the final states of their respective peaks; whereas the colour of the

labels signify the spin species of the initial state of the transitions, with red
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and blue representing the ortho and para ground states respectively. The
peaks are identified based on the gaseous water energy level diagram seen
in Figure 7.1.2, whereas its initial state is identified based on the change
in the amplitude of the peak over time. The shoulder with the 1, label
and the peaks with the 0gy and 2, labels are observed to be decaying with
time. The 0y peak at the NE gain part of the spectra is analysed in de-
tail using the high resolution IN5 spectrometer in the next section. The
doublet (14, and 13,) shows symmetry breaking interaction in the 1¢; ortho
ground state. This symmetry breaking effect is postulated to be caused by
the geometrical distortion of the cage due to the cage interacting with the
ferroelectrically aligned electric dipole moments of the surrounding para-
H>O. This postulate is discussed in detail in the later part of this chapter
(Section 8.3).

The spectra with slightly higher energy excitations (2.3 A) is shown
in Figure 8.1.2. Similar to the 3 A spectra, the red and blue spectra are
spectra recorded during the first and last 90 minutes of the experiment. The
merging of the 1y5; doublet into a single peak is due to the loss of resolution
from the use of higher energy incident neutrons. However, the 1y shoulder
seen in Figure 8.1.1 can still be identified by obtaining the spectra with only
ortho peaks in it (green spectrum in Figure 8.1.2). This can be done by
scaling a para peak of the early spectrum to the respective para peak of the
later spectrum, before subtracting the scaled spectra by the later spectra.
Using the same peak assignment procedure as the 3 A spectra (Figure
8.1.1), the ortho and para peaks are identified and labelled accordingly
based on the energy level diagram of gaseous HoO@QCgo (Figure7.1.2). The
215 peaks labelled in Figure 8.1.2 are transitions originating from the ortho
(red label) and para (blue label) ground states respectively.

The 1.6 A spectra of the HoO@Cg, sample is illustrated in Figure 8.1.3.
The higher energy transfer transitions to the 3k, states are identified and
labelled accordingly using the same peak assignment procedure used in the
analysis of the 2.3 A spectra (Figure8.1.2). The slower growth of the 23
meV peak relative to the 215 peak is attributed to the existence of another
ortho peak “hidden” within Gaussian. Results of all the IN4C spectra’s

peak assignments are compiled into Table 8.1.
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Figure 8.1.1: INS spectra of HoOQCg, recorded at 1.6 K using 3A incident
neutrons. The red and blue spectra are recorded during the first and last
90 minutes of the experiment respectively. The entire experiment spans 8
hours 20 minutes from the time in which the sample starts cooling. The
labels signify the final states of their respective peaks, while the red or blue
colour of the labels represent transitions which originate from either ortho
or para ground states respectively. The identification of the initial state
of the peaks are dependent upon the direction of change of the respective
peak amplitude over time. See text for details on the peak assignments.

96



T
} \ 101 +——+—+Beginning
l >—S—<End

>—<—<Pure Ortho

5
Energy Transfer (meV)

Figure 8.1.2: The 2.3 A INS spectra of HoO@Cg, at 1.6 K. The red spec-
trum represents the first 90 minutes (beginning) while the blue spectrum
represents the last 90 minutes (end). The green spectrum contains only
peaks that originate from the ortho ground state (see text for details). The
entire experiment spans 8 hours from the time in which the sample starts
cooling. The labels signify the final states of their respective peaks, while
the red or blue colour of the labels represent transitions which originate
from either ortho or para ground states respectively. See text for details

on the peak assignments.
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Figure 8.1.3: The 1.6 A INS spectra of HoOQCgy at 1.6 K. The purple
spectrum represents the first 90 minutes (beginning) while the yellow spec-
trum represents the last 90 minutes (end) of the experiment. The entire
experiment spans 8 hours from the time in which the sample starts cooling.
The labels signify the final states of their respective peaks, while the red or
blue colour of the labels represent transitions which originate from either
ortho or para ground states respectively. See text for details on the peak
assignments.
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H,0@Cgy observed INS transitions with IN4C

Initial State Final State Energy Transfer
(T Rake) (J Rake) (meV)
1g1° 114 21=0.05
00 1g1 25+005
040 g1 3.02£0.05
1o 203 568 +0.05
151" 214 6.51+0.05
00 215.291 92005
1oy 250-291-303.3 5 13.7=0.1
O0oo 241.3¢3 16.6=0.1
O0oo 311 228=x0.1
1g1 351.395 233+02
0o0 32 26.1+02

Table 8.1: Compilation of the HyOQCg, INS peak positions as observed in
the IN4C spectra. The assignment of the peaks are based on the theoretical
gaseous water model in Figure 7.1.2. Peaks with multiple final states are
those believed to contain unresolved multiplets.
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8.1.2 INb5

The NE gain part of the spectra can be observed with much higher resol-
ution using the INbH spectrometer. Similar to the IN4C experiments, the
sample is warmed to T> 40 K for 50 minutes to replenish the ortho-H,O
population before cooling it down rapidly to the set temperature in the
space of 30 minutes to begin the experiment. The IN5 spectra are continu-
ously recorded with 10 minutes recording time throughout each experiment.
These “10 minutes spectra” are then grouped to obtained a spectrum with
better signal to noise ratio.

The INS spectra seen in Figure 8.1.4 are recorded using 5 A incident
neutron wavelength at sample temperatures of 3 K and 1.5 K respectively.
The energy transfer range of the spectra is set to be —3.5 < AF < —1.5
meV. The -3.09 meV peak in Figure 8.1.4c is the 14, to 0y transition. Tt
can be seen from Figure 8.1.4a, b and ¢ that there is a shoulder (1% to Og)
next to the main -2.61 meV peak (13, to Ogo). This shoulder is centred on
-2.46 meV and is seen to be decaying at the same rate as the -2.61 meV
peak (Figure 8.1.4a).

It can concluded that this shoulder is not a separate quantum state
from the 1§;state for the following three reasons: Firstly, if it were to be a
separate quantum state like the 15, we would expect a larger population in
the 18’1 state than the higher energy 1§, state at low temperature. Secondly,
the amplitude ratio between the -2.61 meV and -2.46 meV peak remains the
same at higher temperatures. Thirdly, the conversion decay rate of the two
peaks are identical. Hence, the 1g, state is most likely a minority population
of the 1§;state which experience a slightly different environmental potential
as compared to the majority population. This is possibly due to H,O
molecules in the 18’1 state having an empty Cgo cage next to it, which
results in this HoO molecule experiencing slightly less electric dipole-dipole
interaction with its neighbours.

Assuming that the 13, state is doubly degenerate and the 13, state is
non-degenerate, the weighted mean energy of the three peaks that consti-
tute the 1g; state is calculated to be 2.93 meV, which is consistent with the
energy of the 1g; state calculated in the gaseous HoO model.

Unlike the Hy@Cgq, there is no observable shift in the position of the
main rotational peak (ortho ground state to para ground state transition)

with temperature in the IN5 spectra.
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Figure 8.1.4: The 5 A INS spectra recorded with IN5 spectrometer at
sample temperatures of 1.5 K and 3K. All the peaks shown in this figure
represent transitions from the 1¢; state to the Oy state. Figure a) shows
spectra recorded in the first hour (red) and the fifth hour (blue) after
cooling. The peak centred on the red line originates from the 1§, state.
Figure b) shows the spectra recorded over a period of 5 hours after cooling.
c¢) the sum of all neutrons recorded during the first 3 hours after cooling
to 3 K. The appearance of the peak centred on -3.09 meV arises from
the population of the 15, state. The -2.46 meV shoulder is the transition
originating from the 1%, state (see text for more details). This splitting of
the 1y, state is also observed in the 3 A IN4C spectra (Figure 8.1.1).
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8.1.3 IN1-Lagrange

The higher energy excitations (13 meV< AFE < 80 meV) of HoOQCg have
been measured using IN4C and IN1-Lagrange. Similar to the HoO@QCg,
experiments recorded with IN4C and IN5, the sample is warmed to T> 40
K for 50 minutes to replenish the ortho-H,O population before cooling it
down rapidly to 2.5 K temperature to begin the experiment. The peak
resolution of the IN4C spectrometer is higher in the energy transfer region
of 13 meV< AFE <20 meV, while the peak resolution of the IN1-Lagrange
spectrometer is higher in the energy transfer region of AE >20 meV. Thus,
in this section, high energy excitations in the energy transfer region of
AFE >20 meV are discussed.

The IN1-Lagrange experiment is performed at 2.5 K over a period of 23
hours. The IN1-Lagrange spectra of the HoO@QCg, recorded at the begin-
ning (red) and end (blue) of the experiment is shown in Figure 8.1.5. The
INS signals from the Al in the foil sample holder and the Cgy cages in the
sample are removed from the HyO@Cy, spectra by subtracting the separ-
ately measured “blank” sample spectra from the HoO@Cg, spectra. This
blank sample had a mass matched quantity of Cgy inside an identical Al
foil sachet. The red and blue spectra are recorded over the first and last 5
hours of the experiment respectively. The red spectrum contains a mixture
of peaks originating from either the ortho-H,O or para-H,O ground states,
while the blue spectrum (“pure para-H,O spectrum”) contains only peaks
originating from the para-H,O ground state to the ortho-H,O states, as
transitions from para-H,O ground state to higher energy para-H,O states
are negligible. The black spectrum is the pure ortho-H,O spectrum, which
is obtained using similar subtraction procedure to those used to obtain the
pure ortho-H,O spectrum of the 2.3 A IN4C spectra (see Section 8.1.1).
The assignment of the peaks are based on the gaseous HyO energy level
diagram in Figure 7.1.2, with the origin of the peaks determined from the
direction of change of the respective peak amplitudes.

The 315 and 35; labelled para-H,O peaks, which are observed in the
IN4C spectra (Figure 8.1.3), are also observed in the pure para-H,O IN1-
Lagrange spectrum (blue) in Figure 8.1.5. Due to the diminishing res-
olution at AE > 30 meV, it becomes increasingly ambiguous to assign
transitions to the peaks in the AE > 30 meV energy transfer region. Nev-
ertheless, there are a few obvious peaks in the AE > 30 meV energy transfer
region of the pure para-H,O spectra that follows the pattern exhibited by

pure rotations of gaseous HyO, such as peaks from the para-H,O ground
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state to the Hys, 439, Doz, and 6,4 ortho-H,O states. In the case of the pure
ortho-HsO spectrum (black) in Figure 8.1.5, the final state can either be
para or ortho-HyO. Therefore, pure ortho-H,O spectrum is expected to con-
tain twice as many peaks as the pure para-H,O spectrum, which contains
only peaks with ortho-H,O final state. The doubling of the peak density
combine with the inferior neutron counting statistics in the AE > 30 meV
energy transfer region results in little discernible detail in the AE > 30
meV energy transfer region.

The peaks in the pure para-H5O and ortho-H;O spectra which do not
follow the pattern exhibited by pure rotations of gaseous HoO are labelled
with question marks and asterisks. The two peaks labelled with asterisks
are discussed in the translational modes section (Section 8.1.4), while the
two peaks labelled with question marks remained unknown. The assign-
ments of the peaks in the IN1-Lagrange spectra observed in Figure 8.1.5
are compiled into Table 8.2.
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Figure 8.1.5: HoO@Cy4 INS spectra recorded with IN1-Lagrange at 2.5 K.
(Blue): The spectrum is recorded during a 5 hour period beginning at 18
hours after the initial cooling of the sample from T> 40 K. The sample
consists mainly of para-H,O at this point of the experiment. (Red): The
spectrum is recorded during the first 3 hours after cooling. The sample
consists of a mixture of ortho-H,O and para-H,O at this point of the ex-
periment. (Black) The spectrum is the result of the scaled subtraction of
the blue spectrum from the red spectrum. This spectrum consists of peaks
originating from ortho-H,O ground state. The unassigned peaks which are
labelled with question marks and asterisks are explained in text.
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H,0@Cgy observed INS transitions with IN1-Lagrange

Initial State Final State Energy Transfer
(J kake) (J kakd) (meV)
1y, 230.221.303.315 137=x0.1
Ogo 251.305 166=0.1
Ogo 3,5 228=+0.1
1o,° 351.355 233102
Ooo 3y 261202
1g, * 28102
000 * 308102
Ogo 7 394102
000 505 407+02
Ogo 7 451102
Ogo 45, 473102
000 553,66 M6z02

Table 8.2: Compilation of the peak assignments of the IN1-Lagrange spec-
tra in Figure 8.1.5.

8.1.4 Translational modes

Information on the translational modes of the entrapped HyO have re-
mained largely unknown as no quantum chemical calculations of the cage
potential has yet been done. The first translational mode in the Hy@Cgg
is observed to be centred on 22.5 meV. By considering the simple analysis
based on a harmonic cage potential, the translational energy of HoO should
be a factor of 3 less than the Hy counterpart (which is 7.5 meV) due to the
translational energies scaling inversely with the square root of the reduced
mass of the entrapped molecule. However, despite sharing the same cage
as the Hy@Cgq system, the translational dynamics of HyO entrapped in the
Cgo cage is significantly different than its Hy counterpart. This is because
the non-bonding interaction between H,O and the Cgo cage is vastly differ-
ent to its Hy counterpart. Therefore, the translational dynamics of Hy@Cg
are unable to be used as a reference for this system.

Besides the symmetry breaking mechanism observed in the ortho-H,O
ground state, the observed INS peaks with AF < 30 meV have shown
considerable consistency with the energy transfer values derived from the
gaseous HyO energy level diagram in Figure 7.1.2. However, the 30.8 meV
peak labelled with asterisk in the pure para-H,O spectrum have an energy
transfer value which differs from the two closest para—ortho transitions

in gaseous HoO by +2.9 and -4.6 meV respectively (significantly larger
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than experimental uncertainties). Similarly, the 28.1 meV peak in the pure
ortho-H,O spectrum has an energy transfer value which offsets the two
nearest ortho—ortho or ortho—para rotational transitions in gaseous HyO
by +3 meV. The offset values of the two peaks from their nearest rotational
states are too large to be attributed to the symmetry breaking effect seen
in the ortho-HyO ground state. More significantly, the energy difference
between the 30.8 meV and 28.1 meV peaks is close to the mean energy of
the doublet in the ortho-H,O ground state, thus leading to the conclusion
that the two peaks share the same final state. However, the increase in
mass of HoO combined with the basic principles based on the harmonic
potential concludes that this unassigned final state (denoted with asterisk)
is unlikely to be the first translational mode. For the unassigned final state
to be the first translational mode, the cage potential for HoOQCg, has to
be substantially narrower than that of Hy@Cgy. Nevertheless, it is possible
that this unassigned state is related to the a higher translational harmonics

or a combined translation-rotation transition.

8.1.5 Energy levels

As no theoretical model for the HoOQCg, system has been calculated, the
theoretical gaseous water model is instead used as a reference to construct
the energy level table of HoOQCg, for the lower energy levels based on the
INS experiments. These energy levels will inform future computational and
theoretical studies. The energy level table in Figure 8.1.6 is constructed
based on the compilation of the observed INS peak positions shown in
Table 8.1. The energy value of 1}, state is shown to be 2.61 meV instead of
2.5 meV in Table 8.1 is due to further splitting in the 13, state (see Figure
8.1.4). The 1y9 and 24, states are not observable in the IN4C spectra. Their
associated energy values are based on those calculated from the gaseous
water model. The difference in energy between 259, 291, 313 and 3g3 states
are too small to be resolved from the spectra. The same is also true for
the 357 and 395 states. The construction of the energy level diagram of the
H,0@Cgg in Figure 8.1.7 is based on the energy values in Table 8.1.6 for
the observed energy states, and the energy level diagram of the gaseous

water model (Figure 7.1.2) for the unobserved energy states.
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Para Ortho

J xaxe |Energy (meV) rake |Energy (meV)
000 0.00° 1o, 2.61 £0.05
1, 471 +0.05 lor 3.02+0.05
205 8.29 £0.05 10 5.42°
2., 11.8° 2.5 9.12+0.05
2,4 1631 +0.1! 2,5, 16.6+0.1!
343 16.31 0.1 303 16.6+0.1!
3,, 26102 3., 228+0.1
3, 261021
Sos 40.7+02
45, 473+02
5,5 54.6+0.2
616 546+0.2

* Not observed (Energy value 1s based on gaseous water)
I Cannot be resolved

Figure 8.1.6: Energy level table of HoOQCg, based on the compilation of
the observed INS peak positions shown in Table 8.1. The energy value of
1§, state is shown to be 2.61 meV instead of 2.5 meV in Table 8.1 because of
the further splitting in the 1}, state (see Figure 8.1.4). The energy values
of the 19 and 2;; states are based on the theoretical gaseous water model
as transitions to these states are not observable. The difference in energy
between 25, 251, 313 and 3p3 states are too small to be resolved from the
spectra. The same is also true for the 391 and 399 states.
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Figure 8.1.7: The energy level diagram of the HyO@Cgy,. The states are
labelled by the quantum numbers Jg g, (see text for details), where the
ortho and para states are distinguished by the respective odd and even
values of K, + K.. The energy values of the lower energy states are based
on Table 8.1.6, whereas the energy values of the higher energy states are
based on the energy level diagram of the theoretical gaseous water model
in Figure 7.1.2.
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8.2 Temperature dependence study using cold

neutron scattering

Similar to the IN5 experiment for Hy@Cgg, the aim of this experiment is to
obtain the temperature dependence of the peak amplitudes to determine
their degeneracy and energy values. The temperature dependence IN5 spec-
tra are recorded using incident neutron wavelength (\,,) of 5 A. The sample
is warmed to T> 40K for 50 minutes to replenish the ortho-H,O population
before rapidly cooling it down to set temperature to begin recording the
spectra. Unlike the low temperature INS spectra shown in Section 8.1, or-
tho to para conversion cannot be used to determine the origin of the peaks
at higher temperatures for the following reasons: At 3 < 7T < 10 K, peaks
from higher energy ortho states which do not undergo nuclear spin-isomer
conversion to para ground state begin to appear. However, the amplitude
of the peaks originating from the ortho ground state (-2.61 and -2.46 meV)
are still observed to decay with time; At 10 < T < 25 K, the difference
in population between the equilibrium and non-equilibrium ortho ground
state becomes too small to be observed; At T" > 25 K, the states of both
spin species quickly equilibrate.

Due to the current lack of knowledge of the translational modes of the
H,0@QCgy system, only the temperature dependence analysis of the pure
rotational transition region (—3.8 < AE < —1.9 meV) of the IN5 spectra
is discussed. A similar fitting procedure to the one used in the analysis of
the HoQCgg temperature dependence IN5 spectra has been applied for this
analysis. Examples of the fitted IN5 spectra recorded in the temperature
range of 1.5 < T < 20 K and energy transfer range of —3.8 < AEF < —1.9
meV are shown in Figure 8.2.1. Only spectra of up to 20 K have been chosen
for this analysis because there are still unanswered questions regarding the
higher energy levels of HoO@Cjg,, such as the energy of the translational
modes. By assuming that the highest occupied states being the 1;; (for
para-H,0) and the 15y (for ortho-H,O) states, we are able to identify 9
transitions which falls within the —3.8 < AF < —1.9 meV energy transfer
region. These 9 transitions are then categorised into 4 combined Gaussians
as shown in Table 8.3. The energy transfer values of the transitions shown
in Table 8.3 are based on the energy level table shown in Figure 8.1.6.
These 4 combined Gaussians are then used to fit the spectra in Figure
8.2.1. In the fitting of the 1.5 K, 3 K and 5 K spectra, the FWHM of the
-2.49, -2.64 and -3.09 meV combined Gaussians are fixed at 0.15, 0.15 and
0.25 meV respectively. The wider than resolution FWHM of the -3.09 meV

109



peak indicates that there is a further splitting in the 13, state that is similar
to the case of 14, and 1%, states. This further splitting in the 17, state is
also observed in the FIR spectra [75]. As for fitting of the 10 K, 15 K and
20 K spectra, the FWHM of the combined Gaussians are allowed to float
to signify the increased number of peaks they represents (see Table 8.3)
due to the occupation of the higher energy states (119, 111 and 2¢, states).
This results in the higher temperature spectra having a wider combined

Gaussians than the lower temperature spectra.

(J kake) J xake)
Combined Gaussian Initial Final Enegyv Transfer
peak position (meV) State State (meV)
-2.18|1,, 1o, 2.1
1, 1o, 224
2.49(1,,7 000 -2.47
110 1oy 2.4
-2.64[1,4° 0gp -2.61
140 14 -2.81
205 1o -2.87
-3.09(1,,° 000 -3.02
110 1o/ 2.95

Table 8.3: Table showing the 4 combined (Gaussians used to fit the IN5
spectra in Figure 8.2.1 as well as the transitions they represents. The
energy transfer values of the transitions are based on the energy level table
shown in Figure 8.1.6.
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Figure 8.2.1: The IN5 spectra (A\,= 5 A) of HyO@Cg, recorded 3 hours
after cooling the sample to: 3 K; 10 K; 15 K; 20 K; 34 K; 45 K. The data
are fitted with the 4 combined Gaussians shown in Table 8.3. Details of
the fitting constraints can be found in text. Detailed description of the 1.5
K, 3 K and 5 K spectra can be found in Figure 8.1.4. The broadening of
the peaks in the 10 K, 15 K and 20 K spectra signifies the emergence of
the transitions originating from the higher energy states.

The amplitudes of the fitted combined Gaussians of different temperat-
ures are then compiled into a temperature dependence plot of the respect-
ive Gaussian amplitudes (see Figure 8.2.2). The temperature dependence
plot of the -2.49 meV (red circles) and -2.64 meV (blue squares) combined
Gaussian amplitudes are summed to obtain a temperature dependence plot
(black marker in Figure 8.2.2). This sum represents a more accurate de-
scription of the statistical distribution as both peaks originate from the

same 1§, state albeit a slightly different environmental potential. The
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brown triangles are the temperature dependence plot of the -3.09 meV
combined Gaussian, which comprises of a transition that originates from
15, state at low temperatures. It can be seen that the summed combined
Gaussian amplitudes diminishes with increasing temperature, whereas the
-3.09 meV combined Gaussian grows with increasing temperature.

Both black and brown data are fitted using the Boltzmann equation
(Equation 4.2.1) with the modified partition function (4.2.4). Unlike the
H,@Cygp, nuclear spin-isomer conversion do occur even at the lowest temper-
ature. Hence, the g, and g, states are chosen to be the 1y; (first excited para
state) and the 1§, (ortho ground state) states respectively for the purpose
of calculating the modified partition function. To obtain the best fits for
the the summed (black) and -3.09 meV (brown) temperature dependence
plots, the degeneracy of the 14, and 15, states are set to 1 and 2 respect-
ively (total degeneracy of the 1¢; state is 3). Knowing that the 1¢ state is
non-degenerate reinforces the hypothesis that the 1g, and 1¢, states are of
the same quantum state. The good fit to the -3.09 meV and the summed
temperature dependence plot at low temperature further confirms the size

of the splitting in the 1¢;.

-2.64 meV
249 meV
Sum of -2.49 and -2.64 meV

-3.09 meV

p*'.

.
T (X)

Figure 8.2.2: Temperature dependence plot of the amplitudes of the com-
bined Gaussians obtained from the fit in Figure 8.2.1. The black diamond
markers are the sum of the amplitude of the -2.49 and -2.64 meV peaks.
This sum represents a more accurate description of the statistical distri-
bution as both peaks originate from the same 1§, state albeit a slightly
different environmental potential. The black and brown lines are the best

fits to the data points of their respective colours using the Boltzmann equa-
tion (Equation 4.2.1) with the modified partition function (4.2.4).
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8.3 Symmetry breaking mechanism

Knowing the distribution of the degeneracies between the 1¢; states (singly
degenerate 1%, state (m, = 0) and doubly degenerate 13, state (m, =
+1)) from the temperature dependence analysis of the peak amplitudes
has provided valuable insight in understanding the mechanism behind this
symmetry breaking effect. It is postulated that this symmetry breaking is
due to the distortion of the cage symmetry from the interaction with the
net electric field generated by the ensemble of the ferroelectrically aligned
electric dipole moments of the neighbouring para-H,O (crystal field, Ecrys),
as the ground state ortho-H,O is deduced to not have an effective electric
dipole moment (as explained in Section 7.1). The nature of this distortion
can either be geometrical or electronic distortion.

The crystal field generated (in the direction along the z-axis) by the
ensemble of neighbouring para-H5O induces an electric dipole moment on
the Cgo cage of an entrapped ortho-H,O, thus generating an electric field
between the two poles (along the z-axis) of the cage. In the case of geo-
metrical distortion, the induced internal cage electric field then results in
a Coulomb attraction between the two poles which is large enough to com-
press the Cgo cage along the z-axis into an antithesis of the Cro (with oblate
symmetry). It is shown in the INS spectral analysis of Ho@Cy (Chapter
6) that the lower energy state has a degeneracy g = 2, whereas the higher
energy state has ¢ = 1. Hence, the opposite values of g detected for the two
lowest ortho-HoOQCg, states is in-line with the oblate symmetry distortion
postulate.

In the case of the electronic distortion, the induced internal cage electric
field breaks the symmetry of the rotational state ground state of ortho-H,O
via the Stark effect. The energy of the multipole expansion is written as

follows:

1 OF,
W:qcb—?-ﬁ—ézz:@ija—x?+... (8.3.1)
i g v

where ¢ is the charge, ® is the electric potential and @);; is the traceless
quadrupole moment tensor [86]. It can be seen from this equation that
the dipole interaction energy is dependent on the electric field strength
while the quadrupole interaction energy is dependent on the electric field
gradient. If the internal cage electric field were to couple with the electric
dipole moment of ortho-H,O to result in this splitting, one could find by

solving the Hamiltonian that the degeneracy distribution have to be 2:1
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instead of the observed 1:2. However, if the internal cage electric field were
to couple with the electric quadrupole moment of ortho-H,O instead, the
degeneracy distribution could be either 2:1 or 1:2. Therefore, the observed
1:2 degeneracy distribution suggests that the induced internal cage electric
field couples only with the electric quadrupole moment of the ground state
ortho-H,O and not the electric dipole moment. One can explain the ab-
sence of the electric dipole interaction by using the postulate in Section 7.2
that the ortho-H,O ground state does not have an effective electric dipole
moment.

The energy of the interaction with the electric quadrupole moment is
dependent on the electric field gradient [86]. As the electric charges of the
induced dipole of the cage is expected to spread along the curved surface
of the Cgp, the internal cage electric field generated by the induced dipole
(Ez) would not be constant (see Figure 8.3.1) and has a non-zero electric
field gradient. Hence, there would be a coupling between the induced
electric dipole moment of the cage and the electric quadrupole moment
of ortho-H5O.

If the ortho-H,O were to have an effective electric dipole moment, then
the Cgp cage would be primarily distorted by the effective electric dipole
moment of the ortho-H,O in the cage. In this case, one would expect
the rotational wavefunctions of all three 1y; states to be identical, as the
geometrical distortion of the cage is always along the axis of the electric
dipole moment (b-axis), thus resulting in no splitting in the 1g; states.
Therefore, it is concluded that the source of the distortion has to be non-
local to the cage for the observed symmetry breaking effect to occur. As
the Cgo molecule is likely to be rigid, the electronic distortion postulate is

likely more plausible than the geometrical distortion postulate.
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Figure 8.3.1: Tllustration of the molecular dynamics of the ortho-HyO
ground state (13;) in the Cgo cage with an induced electric dipole moment.
The crystal field (Ecrys), which is along the z-axis, electrically polarises
the poles of the cage to generate an internal electric field within the cage.
As the surface of the cage is curved, the internal electric field will have
a non-zero electric field gradient which then interacts with the electric
quadrupole moment of HyO. This interaction lifts the degeneracy of the
rotational wavefunction of the ortho-HoO ground state (1g;) into a lower
energy singly degenerate wavefunction with rotational angular momentum
(f(lgl), m, = 0) and a higher energy doubly degenerate wavefunction with
rotational angular momentum J(18,) (m. = #1). There are no electric
dipole interaction between the HyO and the internal electric field because

the effective electric dipole moment of ortho-H>O is zero.
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8.4 Conclusion

The INS investigations of HoOQCg, with different energy transfer ranges
have provided insights on the influences of the neighbouring entrapped
H5O, which are arranged in a lattice structure, onto the dynamics of
an entrapped H,O. The influences of the neighbouring entrapped H,O
(symmetry-breaking) and the confining potential of the Cgy cage (trans-
lational modes) onto the dynamics of an entrapped HoO are determined by
comparing the observed energy states of the HoOQCg, with the calculated
rotational states of the gaseous HyO.

Observing the decay of the INS peak amplitudes over time due to nuc-
lear spin-isomer conversion has given us an “additional dimension” in de-
termining the origin of the transitions. Using a combination of high resol-
ution cold neutron and high flux thermal neutron spectrometers to study
the NE gain and NE loss regions respectively has enabled us to determine
the dynamical states of the entrapped HyO with good resolution. However,
the translational motion of the HoO orbiting within the cage has not been
taken into account in the IN4C and IN5 analysis. This is due to a lack of
knowledge of the interaction between the HyO and its Cgy cage. Hence, the
energy level diagram constructed in Figure 8.1.7 is still incomplete, as the
higher energy states (F > 30 meV) would require high-quality computa-
tional investigation such as those pioneered by Bacic and Xu [44, 45, 46].
Nevertheless, the lower energy states (E < 30 meV) are accurately de-
termined on the basis of experimental data as they are likely to be in the
ground translational mode. There are peaks in the AE > 30 meV energy
transfer region of the IN1-Lagrange spectra that do not follow the pattern
exhibited by pure rotations of gaseous HoO. These peaks are unlikely to
be due to the first translational mode. However, there is a possibility that
these unassigned states are related to the a higher translational harmonics
or a combined translation-rotation transition.

The splitting of the ortho-HoO ground state (1g;) has been identified
to be due to the symmetry-breaking interaction acting on the HoO mo-
lecules in their Cgg cages. A further splitting of 0.15 meV in the lower
ortho ground state (1) has also been observed with the high resolution
IN5 spectrometer. However, by analysing the temperature dependence of
the peak amplitudes, it is confirmed that this splitting is not due to the
aforementioned symmetry-breaking effect. The result of the temperature
dependence analysis has shown that the 1§, state is non-degenerate, while

the 13, state is doubly degenerate. Therefore, both 1¢, and 1¢, states have
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to be of the same quantum state. Furthermore, if 18’1 were to be of a
different quantum state than 1§;, the occupation of the higher energy 1§,
state should be much lower than the 12, state at 1.5 K. This splitting in
the 1§, state is hypothesised to arise from the population of the 18’1 state
experiencing a slightly different environment than the bulk 1§, population.

The H,OQCyg, is shown to be more sensitive to the molecular environ-
ment external to the fullerene cage than the Hy@Cgy. This is evident from
the 0.5 meV splitting in the ortho-H,O ground state from both symmetry-
breaking effect (14, and 13, states) and environmental inhomogeneities (12,
and 18’1 states); whereas the splitting in the ortho-Hs ground state is meas-
ured to be 0.14 meV (see Section 4.2.2.1). This difference between the
Ho@QCgy and HoO@Cy, system may be attributed to the electric quadru-
pole moment of HyO (2.57 DA) being 4 times larger than that of Hy (0.66
DA) It is also worth noting that the 1:2 degeneracy distribution of the
ortho ground states of HyOQCj, is similar to the 1:2 degeneracy distribu-
tion of the ortho ground states of Hy@Cgy. Hence, it is possible that both
Ho@Cyp and HyO@Cg, experience a similar symmetry breaking effect on
their respective ortho ground state.

It is deduced that the symmetry breaking effect which causes the split-
ting in the 1y, state is due to the indirect coupling between the crystal field
and the electric quadrupole moment of the ortho-H,O. The crystal field
induces an electric dipole moment on the cage, which then generates an
internal electric field that couples with the electric quadrupole moment of
ortho-HO. It is also deduced that the symmetry breaking effect is not due
to the crystal field coupling with the electric dipole moment of ortho-H,O.
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Chapter 9

NMR spectral analysis of
HoO@Cgg

NMR spectroscopy provides insights on the small intermolecular interac-
tions between nuclear spins which are complementary to the INS and FIR
spectroscopy. Preliminary MAS NMR experiment has been done on the im-
pure HyOQCjy4, sample by our collaborators at the University of Southamp-
ton [75]. The NMR experiments performed on the pure HoO@QCg, samples
were recorded at temperatures ranging from room temperature to milli-
Kelvin temperatures. The higher temperature NMR, spectra (5 K<T<293
K) were recorded during the joint experiment with Malcolm Levitt’s group
at the University of Southampton, while the lower temperature NMR spec-
tra (300 mK<T<4.2 K) were recorded by myself at the University of Not-
tingham.

The aim of the NMR. experiments is to study the NMR lineshapes, low
temperature nuclear spin-isomer conversion and the longitudinal relaxation
rate (T1) of HoO@QCgy. However, in this chapter, only the lineshape ana-
lysis of the NMR experiments is discussed. The low temperature nuclear
spin-isomer conversion and T, relaxation analysis of the NMR experiments
are discussed in Chapter 10. The study of the NMR lineshape could provide
insights on the lower energy proton spin interactions of the entrapped H-O,
such as the dipole-dipole interaction, spin-rotation coupling interaction and
the spin interaction with the effective local field. The study of these aniso-
tropic spin interactions has to be done at low temperatures because these
effects are not observable at higher temperatures due to the averaging of the
higher energy spin states. Hence, the lineshape analysis of the milli-Kelvin
NMR spectra will be the main subject of this chapter.

Despite not having any built-in shims within the dilution fridge, we are
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still able to obtain a good measurements of the lineshape for the following
reasons: Firstly, the super conducting magnet in the dilution fridge has
a high enough field homogeneity to provide a good lineshape resolution;
Secondly, the high signal-to-noise ratio (SNR) obtained from having a high

polarisation results in a clearer lineshape.

9.1 Experimental details

There are various technical challenges with performing NMR spectroscopy
at milli-Kelvin temperatures. Firstly, the longitudinal relaxation rate (T)
becomes very long (in the order of minutes to days) when a sample is
cooled to temperatures below 1 K |90, 91]. Therefore, each saturation
recovery measurement will require a long time to complete, thus resulting
in fewer measurement points in each experiment. However, it has proved
possible to overcome the long T problem by designing the pulse sequence
discussed in the pulse sequence section. Secondly, the dilution fridge takes
several hours to cool the sample down to a set temperature and then a
further few more hours to have its temperature stabilised. The total length
of the cooling process is dependent on the set temperature. The lower
the set temperature, the longer it takes for the sample to cool. This is a
disadvantage for the nuclear spin-isomer conversion measurements because
by the time the sample reaches set temperature, a significant proportion
of the ortho-HO would have been converted to para-HsO. Therefore, the
initial magnetisation cannot be known.

Similar to the low temperature HoO@Cg, INS experiments, the sample
is warmed to 65 K for 30 minutes to replenish the ortho-H,O population
before cooling it down rapidly to the set temperature. Due to the sensitivity
of the 3He/*He mixing chamber, the probe has to be lifted away from the
mixing chamber into the helium bath before the sample can be warmed to
65 K. After the sample is warmed for 30 minutes, it takes another hour
for the probe to be reinserted into the spectrometer before being cooled by
the mixing chamber. This further adds to the already lengthy process of
cooling the sample to the set temperature. During the process of reinserting
the probe into the dilution fridge, the sample is cooled from 65 K to 4.2 K
(the temperature at which the nuclear spin-isomer conversion slows down
dramatically, see Figure 10.1) in a span of 15 minutes due to the sample
being in the helium bath. This is then followed by the cooling of the sample
to 1.5 K with the 1 K pot in a span of 5 minutes, before cooling the sample
further to the set temperature with the *He/*He mixing chamber. It takes
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1 hour and 30 minutes to cool from 1.5 K to 1 K; 2 hours and 30 minutes
to cool from 1.5 K to 700 mK; 3 hours 30 minutes to cool from 1.5 K to
400 mK and 4 hours to cool from 1.5 K to 300 mK.

The time of the first measurement cannot be used as the origin of the
experiment elapsed time! (¢, = 0) because each experiment takes a different
amount of time to cool to the set temperature. To standardise the exper-
iment start time (t. = 0) for each experiment (for comparison purposes),
the initial time is set to the moment that the heater is turned off.

The H,O@Cgy samples used for the milli-Kelvin NMR experiments are
the 90%, 50% and 20% filled samples. These samples are rigorously sub-
limed and are believed to have a high level of purity. The purpose of
studying the samples with different filling factors is to study the effect of
the inter-fullerene interactions on the nuclear spin-isomer conversion and
its lineshape, as the HoO in the lower filling factor samples have less neigh-
bouring H2O to interact with. The 90% filled sample has about 30 mg of
material, while the 50% and 20% samples have about 8 mg of material.
These amounts of material are inclusive of the empty Cgy cages. The 90%
filled sample is prepared separately by the group at Columbia University
and is sublimed by Mark Denning at the University of Southampton, while
the 50% and 20% filled samples are both prepared and sublimed by Andrea
Krachmalnicoff at the University of Southampton.

All of our NMR measurements performed at the University of Notting-
ham are conducted on the proton spins. As ortho-H,O has a total nuclear
spin of 1, while para-H,O has a total nuclear spin of 0, only ortho-H,O will
generate 'H NMR signal. The probe frequency is fixed at around 104.8
MHz and the background magnetic field is set to 2.46T. The deadtime

between the pulse and acquisition is set to 14 us.

9.1.1 Pulse sequence

The goal of the milli-Kelvin experiment’s pulse sequence is to measure the
change in T and lineshape over the course of the ortho-H;O to para-H,O
conversion. Due to the change in the population of ortho-H,O with time,
both measurements have to be recorded in conjunction with one another.

As explained in the experimental details section, using the usual saturation

!Experiment elapsed time (t,) is the measure of the elapsed time since the start of the
experiment (£, = 0). In the case of the HoO@Cgs, NMR experiments, the experimental
elapsed time could last up to 7 days to measure the slow decay of the signal due to
the ortho-H5O to para-H,O conversion. This should not be confused with ¢, which is
normally used as the elapsed time for the magnetisation recovery (T;) measurements.
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recovery method to measure the T, relaxation rate and the 90° acquisition
FID is ineffective in the milli-Kelvin temperature regime, as the T; of most
samples are in the order of minutes to days. Therefore, it will require a
very long period of time to complete a T; measurement with reasonable
number of points. The constantly decaying maximum magnetisation due
to the nuclear spin-isomer conversion further suggests that each T, meas-
urement has to be completed in a short period of time if meaningful T,
measurements are to be obtained.

To overcome the aforementioned problems, the pulse sequence illus-
trated in Figure 9.1.1 is used. This pulse sequence allows all three meas-
urements, the Ty, lineshape and integrated intensity measurements to be
recorded in conjunction with one another throughout the duration of the
experiment. This allows the study of the effect of the nuclear spin-isomer
conversion on Ty, lineshape and integrated intensity (total magnetisation)
of the protons in the H,OQCjgy sample.

The pulse sequence in Figure 9.1.1 begins with a chain of 90° saturation
pulses (saturation comb) to destroy the magnetisation before allowing it to
recover its magnetisation. As the magnetisation recovers, a series of small
angle acquisition pulses (~=9°) are used to probe the relative magnetisation
at different points of the recovery curve without destroying the magnetisa-
tion. The size of the small angle pulse is chosen so that only ~1% of the
magnetisation is lost to the signal, which is a negligible amount. Hence,
there is no need to saturate the signal and wait for the recovery of the signal
before collecting the second point of the recovery curve. Signals with good
SNR can still be obtained using the small angle pulses because samples at
milli-Kelvin temperatures have high level of polarisation. This also ensures
that the measurements of the sample magnetisation inflict minimal distor-
tion to the system. After the magnetisation is fully recovered, the relative
signal is expected to decay due to the ortho-H5O to para-H,O conversion.
After collecting enough points on the T; recovery curve, a 90° acquisition
pulse is then applied to record the lineshape of the spectrum with good
SNR, before repeating the pulse sequence with a saturation comb followed
by small angle T; measurements.

The length of the small angle T measurements vary with set temperat-
ure. The length of the T; measurements are set to 4 hours for 1K; 5 hours
for 700 mK; 6 hours for 500 mK and 400 mK; 8 hours for 300 mK. Despite
the nuclear spin-isomer conversion being measured to have a half-life of 8

hours at temperatures below 1K, a reasonable number of points could still
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be obtained to form the “conversion plot”? by using the integrated intens-

ities of the fully recovered small angle T spectra to form the conversion

plot.
Pulse Sequence
M
t
o 8 EEE
Saturation 9° small angle pulse 90° Saturation
comb comb
T, measurement T

Line shape
measurement

Figure 9.1.1: The pulse sequence used for the milli-Kelvin NMR experi-
ments. The sequence begins with a saturation comb to destroy the mag-
netisation before applying a series of small angle acquisition pulses (79°)
to measure the relative magnetisation of the recovery curve. This meas-
urement of the recovery curve could be used to measure the T;. After the
magnetisation is fully recovered, the relative signal is expected to decay
due to the ortho-H,O to para-H5O conversion. A 90° is then applied after
completing the measurements of the recovery curve to record the lineshape
of the spectrum with good SNR. The sequence is then repeated with a
saturation comb followed by small angle T; measurements.

2Integrated intensity of the spectrum plotted as a function of experiment elapsed
time to observe the nuclear spin-isomer conversion rate.
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9.2 Spectral lineshape

The study of 'H NMR lineshape allows the probing of the magnetic in-
teractions of the protons. In the case of HoOQCgy, the spin Hamiltonian
of the proton is expected to be dominated by the dipole-dipole interaction
between the two protons in a HyO molecule. As the sample is prepared in
powder form, one would expect the lineshape to resemble a powder Pake
pattern. The theory behind the powder Pake pattern is explained in the
NMR theory section (Section 2.2.2.1).

Milli-Kelvin NMR experiments have been performed on the three samples
with filling factors of 90%, 50% and 20% using the pulse sequence shown
in Figure 9.1.1 to probe the Ty, lineshape and nuclear spin-isomer conver-
sion. The 90% filled sample, which has the largest amount of material, is
probed at temperatures of 1K, 700 mK and 400 mK; the 50% filled sample
is probed at 1 K and 300 mK; while the 20% sample is only probed at 1 K.

The low proton density within the sample combined with a large portion
of these proton being NMR silent results in the 'H NMR signal from the
probe accounting for a large portion of the detected signal. The proportion
of the 'H NMR signal from the probe becomes bigger as samples of lower
filling factor are used for the measurement. Separate 'H NMR measure-
ments of the “empty probe” have been done at temperatures in which the
samples have been recorded at, before subtracting the empty probe spectra
from the respective 'H NMR spectra of the sample.

The time dependence spectra of the 90% filled sample recorded at tem-
peratures of 1 K, 700 mK and 400 mK respectively are illustrated in Figure
9.2.1. These spectra have had the 'H NMR signal from the empty probe
subtracted from them. It can be seen that the spectra resemble a powder
Pake pattern, which is as expected. The frequency separation of the doublet
is measured to be ~20 kHz, which is 3/5 the size of the intra-molecular
proton dipole-dipole coupling constant of HoO (wgfqo = 34.5 kHz). The
analysis of the doublet separation frequency of the milli-Kelvin 'H NMR
spectra is discussed in Section 9.3.3. Besides the doublet, no other struc-
ture could be resolved from the spectra. This is due to the large broadening
in the line shape. This broadening is attributed to the inter-fullerene inter-
actions between an entrapped HoO with its neighbouring H,O. The asym-
metry of the doublet is attributed to the chemical shift anisotropy effect,
which is likely to be caused by the asymmetric perturbation of the electron
density in the Cgy cage [88, 89]. A similar observation can be seen in the
higher temperature 'H NMR spectra of the 90% filled H,O@QCyg, sample re-
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corded at 1.7 K< T <8 K (Figure 9.2.2). The higher temperature spectra
were recorded during a joint experiment with our collaborators at the Uni-
versity of Southampton with their 14.1 T NMR spectrometer. Unlike their
spectra, our spectra show a higher intensity in the lower frequency peak
instead of the higher frequency peak. This is likely to be due to the lack of
shims in our NMR system to control the homogeneity of the magnetic field.
As the ortho-H,O converts to para-H;O, the intensity of both doublet can
be seen to decrease at the same rate. As the doublet diminishes, the central
“non-decaying” peak becomes more prominent. The recovery time between
the saturation and acquisition pulses varies with temperature to take into
account the longer T; relaxation to ensure that the signal from the HyO
is fully recovered. The recovery times are: 4 hours for 1 K; 5 hours for
700 mK; 6 hours for 400 mK. The recorded change in the intensity of the
spectra with respect to experiment elapsed time is discussed in Chapter 10.

The time dependence of the 50% filled sample spectra recorded at 1 K
and 300 mK is illustrated in Figure 9.2.3. These spectra have had the 'H
NMR signal from the empty probe subtracted from them. The linewidths
of the doublet are observed to be narrower than the 90% filled sample
spectra in Figure 9.2.1. This is because each entrapped HyO molecule
experiences greater isolation due to having a higher probability of having
an empty Cgo cage next to it. This results in smaller number of inter-
fullerene interactions with neighbouring HoO that causes an increase in
the 'H linewidth. This increase in the resolving power has allowed for
the structures of the lineshape to be determined. Other than the narrower
doublets, the “shoulders” of the Pake doublet and a “dip” that is situated to
left of the higher frequency peak (centred at 4 kHz) can be observed in the
spectra. This dip is also observed in the 'H NMR lineshape simulations
of Hy@Cgy, which are used to compare with the experimental 'H NMR
lineshapes of HoO@Cgy. The asymmetry of the spectra also looked more
prominent as compared with the 90% filled sample spectra, with the dip
being closer to the higher frequency peak. As ortho-H,O converts to para-
H, 0O, the intensities of the doublet, shoulders and dip diminishes, revealing
a non-decaying central peak similar to those observed in the 90% filled
sample spectra.

The time dependence of the 50% filled sample spectra recorded at 300
mK also revealed a similar feature as the 1 K spectra. The recovery time
between the saturation and acquisition pulses for the 300 mK experiment
is set to 10 hours, instead of 4 hours in the 1 K experiment. It can be

seen that the central peak in the 300 mK spectra is lower relative to the
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doublet as compared to the 1 K spectra recorded at similar experiment
elapsed time. One obvious example is by comparing the two green spectra
(te &~ 3200 minutes) in Figure 9.2.3. The lower relative central peak of the
300 mK spectra can be attributed to the non-decaying central peak having
a different change in T with respect to temperature than the doublet. This
suggests that the non-decaying signal may originate from the protonated
impurities in the sample, as the T; of the protonated impurities is likely
to be orders of magnitude larger than the T; of the quantum rotor (ortho-
H,0) at milli-Kelvin temperatures. Similar observation can also be seen
in the comparison between the 1 K, 700 mK and 400 mK spectra of the
90% filled sample. It is deduced from the T; measurement of the 90% filled
sample shown in Section 10.4 in the next chapter that the non-decaying
signal has a longer T; than the decaying signal. It can also be seen that
the “inner-shoulder” (centred at -8 kHz) of the lower frequency peak of the
300 mK spectra is larger than the “inner-shoulder” in the 1 K spectra, while
the “outer-shoulder” (centred at 23 kHz) of the lower frequency peak of the
300 mK spectra is smaller than the 1 K spectra. These spectral features are
explained later in the comparison with the 'H NMR lineshape simulations
of Hy@Cyg, section.

The time dependence of the 20% filled sample spectra recorded at 1 K
is illustrated in Figure 9.2.4. These spectra have had the 'H NMR signal
from the empty probe subtracted from them. The spectrum shows a similar
pattern to the one observed in the 50% filled sample spectra, despite having
a lower SNR due to having less HoO in the sample.
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Figure 9.2.1: Time dependence NMR spectra of the 90% filled HoO@QCyg
sample recorded at 1K, 700 mK and 400 mK respectively. The spectra of
all three temperatures have had the 'H NMR signal from the empty probe
subtracted from them. The separation of the doublet is measured to be
20 kHz, which is consistent with the size of the calculated dipole-dipole
interaction between the proton spins in HyO. As the ortho-H,O converts
to para-H,O, the doublet is seen to decrease in intensity to reveal a non-
decaying peak in between the doublet. See text for more details.
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Figure 9.2.2: (a)'H NMR spectra of HyO @Cgy from room temperature
down to 1.7 K. (b) Time dependence 'H NMR spectra recorded at 5 K
with intervals of 2.25 hours. The first recorded spectrum (top) is taken
30 minutes after temperature has reached 5 K from 60 K to allow for the
sample to reach thermal equilibrium.
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Figure 9.2.3: Time dependence NMR spectra of the 50% filled HoO@Cyg,
sample recorded at 1K and 300 mK respectively. The spectra of both
temperatures have had the 'H NMR signal from the empty probe subtrac-
ted from them. The higher resolution lineshape than the lineshape of the
90% filled sample is attributed to higher local field homogeneity due to
each HoO having a lower chance of having a neighbouring H,O. Narrower
doublet, shoulders and a dip can be observed from the spectra. As ortho-
H>O converts to para-H,O, the intensities of the doublet, shoulders and dip

diminishes, revealing a non-decaying central peak similar to those observed
in the 90% filled sample spectra.
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Figure 9.2.4: Time dependence NMR spectra of the 20% filled H,O@QCy
sample recorded at 1K and 300 mK respectively. These spectra have had
the 'H NMR signal from the empty probe subtracted from them. The

lineshape is similar to those seen in the 50% filled sample spectra (Figure
9.2.3).

The non-decaying signal, such as the central peak, could be discarded
by subtracting the spectra by the last spectrum of the experiment (“end
spectrum”). This ensures that the lineshape is only composed of signals
that decay with time, which are those from HyO@Cgy. The subtracted
90% filled sample spectra is shown in Figure 9.2.5. The only observable
difference in the 90% filled sample spectra is the wider gap in between the
doublet due to the absence of the non-decaying central peak. Despite the
absence of the non-decaying peak in the 50% and 20% filled sample spectra
(shown in Figures 9.2.6 and 9.2.7), the “inner-shoulder” is still observable
in the spectra of both samples. This proves that the “inner-shoulder” is the
signal from H,OQCg,. The “end spectrum” subtracted 20% filled sample
spectra also have a lower intensity lower frequency peak as well as having
a wider gap in between the doublet than the non-subtracted 20% filled

sample spectra in Figure 9.2.4.
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90% Filled (Subtracted by end spectrum)
1K

Figure 9.2.5: Time dependence NMR spectra of the 90% filled HoO@QCg,
sample which have had the long Tiimpurity removed by subtracting the
spectrum recorded at the longest times. Temperatures of the spectra (top
to bottom): 1 K, 700 mK and 400 mK. These spectra are only composed of
signals that decay with time, which are those from HoO@Cg,. There is no
observable difference from the non-subtracted spectra other than the wider
gap in between the doublet.
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Figure 9.2.6: Time dependence NMR spectra of the 50% filled HoO@QCyg
sample which are recorded at 1 K and subtracted by the last spectrum of
the experiment. There is no observable difference in the non-subtracted
spectra other than the wider gap in between the doublet.
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Figure 9.2.7: Time dependence NMR spectra of the 20% filled HoOQCg
sample which are recorded at 1 K and subtracted by the last spectrum of the
experiment. There is no observable difference in the non-subtracted spectra
other than the wider gap in between the doublet and a lower intensity lower
frequency peak.

9.3 Lineshape analysis

The origin of the spectral features such as the aforementioned dip and
inner-shoulder (see Figure 9.2.6) can be explained by comparing the experi-
mental lineshape with a simulated NMR lineshape. Theoretical simulations
of the NMR lineshape of the HoO@QCgy have not been done and is beyond
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the scope of my Ph.D.. Therefore, published NMR lineshape simulations
of its analogous system, the Ho@QCgy, shall be used as a comparison to
the HyOQCygq lineshape recorded at milli-Kelvin temperatures. The NMR
lineshape simulations of the Ho@QCgq, which have been undertaken by S.
Mamone at the University of Southampton [9], could be used as a good
reference to understanding the NMR lineshape of H,OQCg, because both
entrapped molecules have identical ortho ground state rotational wavefunc-
tion [87] and the spin dynamics of both supramolecular complexes are very
similar. Besides having a pair of strongly interacting protons in the cage,
both supramolecular complexes couple with their respective crystal fields
in their lattices.

The notable differences between the two supramolecular complexes are
the weaker HoO dipole-dipole coupling constant (34.5 kHz as compared
to 290 kHz) and the rotational dynamics of their respective entrapped
molecules. The weaker dipole-dipole coupling constant of the H,O is due
to the larger separation distance between the two protons, which results in
a smaller doublet separation than the H, counterpart. Furthermore, the
crystal field in the HoOQCg, is generated by the first-order electric dipole
and the second-order quadrupole moments, whereas the crystal field in the
Ho@Cyg is only generated by the electric quadrupole moments. However, it
is hypothesised in Section 8.3 that there is no coupling between the electric
dipole moment of the ortho-H,O ground state and the crystal field. Hence,
the spin dynamics of the ground state of both ortho-H, and ortho-H;O are
expected to be dominated by the indirect coupling between the crystal field

and the electric quadrupole moment?.

9.3.1 NMR lineshape simulations of H,@Cy,

The section discusses the theory and simulations of the 'H NMR lineshapes
of Hy@Cgy undertaken by S. Mamone at the University of Southampton
[9]. The spin Hamiltonian of a free ortho-Hy molecule in its vibrational-
rotational-translational ground state is described using the classical rigid
rotor approach by Ramsey et al [92, 93]. The Hamiltonian described con-
tains: the Zeeman terms for nuclear spin I and rotational angular mo-
mentum .J; spin-rotation coupling term; and the dipole-dipole coupling
term between the two protons. The spherical notation form of this Hamilto-

nian is written as:

3The crystal field induces an electric dipole moment on the Cgy cage, which in turn
generates an internal electric field within the cage that couples with the electric quad-
rupole moment of the entrapped ortho-H5O.
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Hy j=wgTy(I) +w;Ty(J) +wTHI)-T(J) + %wdTQ([) -T?(J) (9.3.1)

where Tq’“ is the spherical tensor with £ and ¢ = —k, ..., k being the rank
and component of the tensors; wyg = —yg By is the Larmor frequency of
the proton with vy = 267.513 MHz T™'; w; = —~,;B, is the rotational
Larmor frequency of Hy with 7; = —42.2 MHz T™'; w, ~ —715.68 kHz
is the spin-rotation coupling frequency; wq = povy4h/(4wr?) is the dipolar
coupling frequency with wy ~ 1.8623 MHz for r = 0.74 A. Using the high
magnetic field approximation (where Zeeman terms are much larger than

the dipolar terms), the above Hamiltonian is then truncated to:

3
Hy_y o) + 0, T ) + @ T81)  To) + SwdT3 (D) - T) (9.3.2)

The tensors in the above equation are expressed by:

THI) =L (9.3.3)

THT) = J. (9.3.4)

T3 (1) = %[Tf(f)Til(f) + 2Ty (T3 (1) + T2, (DT (1) (9.3.5)
T5(J) = L[Tf(j)Til(j) + 2T (DTG () + TL (DT (9.3.6)

V6

As the ground rotational-translational state of ortho-Hs has quantum num-
bers J =1, L =0, and A = 1, where A = L + J, the quantum number J
in the above truncated spin Hamiltonian can be replaced directly with A
for the general description of the angular momentum. This then results in

the following equation:

3
Hyg ~ T3+ s To (M) + weTH ) - THA) + SwdT3 (1) - T3(A) (93.7)

The truncated proton spin Hamiltonian of free ortho-H, is then used
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to construct the full Hamiltonian of Hy entrapped in Cgy cage by applying

the following effective local quadrupolar field term in the Hamiltonian:

Ho, = 8{T3(Ap) + %[T@(Ap) +T2,(Ap)]} (9.3.8)

where Ap is the angular momentum in the principal axis frame of the
interaction; 6 = VZCZ'_F' is proportional to the size of the crystal field;
n = (V5 — Vgt Ve, is proportional to the deviation from the
axial symmetry such that |Vi&x ™| < V% 5| < |V5; |, The tensors in

the effective local field Hamiltonian is described as:

2
T2(Ap)= Y T2(M)DZ,.(Qup) (9.3.9)
m/=—2

where 27 _,p is the set of three Euler angles describing the orientation of
the principal axis frame of the local field interaction with respect to the
laboratory frame, as the crystal field is dependent on the orientation of the
crystalline frame with respect to the background magnetic field.

The nature of the effective local field does not matter in Equation 9.3.8.
In the case of Hy@Cgg, it is the electric quadrupolar field generated by
the solid packing of nearby entrapped Hs molecules with non-zero electric
quadrupole moments [52; 53, 55|. Molecules with an electric quadrupole
moment such as dihydrogen molecules are sensitive to electric field gradients
[86]. Furthermore, the molecular spin A is also dependent on the local field.

The full Hamiltonian of Hy@QCg is obtained by combining the Hamilto-
nian of the free ortho-Hy (Equation 9.3.7) and the effective local field
Hamiltonian (Equation 9.3.8):

Hr 5(6,n,.p) =~ wuTy(I)+wyTy(A) +w.T, (1) Ty(A) +
3
St T +

S{T2(Ap) + ~L[T2(Ap) + T2, (Ap)]}. (9.3.10)
V6

Details on solving the full Hamiltonian of Hy@Cgy (Equation 9.3.10) to
obtain the spin resonances of the respective principal axis frame (PAF)
orientation with respect to the laboratory frame can be found in S. Ma-
mone’s Ph.D. thesis [9]. The resulting spin resonances of all the possible
PAF orientation with respect to the laboratory frame is then “powder aver-
aged” over a set of angles with their respective weights to simulate the NMR
lineshape of a uniform distribution of crystallites in a Hy@QCgq powder.

The values of the crystal field variables of kK = 6 /ws and 7 have been
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varied to study the change in the NMR lineshape with respect to these
variables. x is a dimensionless parameter used as a measure for the size of
the crystal field relative to wy. Simulations of the proton NMR lineshapes
at 14.1 T and 2 K with different values of x and n are shown in Figure 9.3.1.
The simulations assume that the magnetic quadrupolar field of the protons
are acting on their molecular spin A in the slow exchange limit, which is
more significant than the fast exchange limit at low temperatures. The size
of the crystal field, k, is varied with an upper limit of x = 600 to match
the maximum size of the splitting observed in INS and FIR experiments
(0.2 meV). It is shown that the experimental NMR lineshape of Hy@Cgq
recorded at T= 1.7 K and B= 14.1 T resembles the simulations with || =
2,7 =0.66, 1 [9].

9.3.2 Comparing lineshape simulations of Hy@QCg, with
milli-Kelvin lineshape of H,OQCyg,

The Hamiltonian in Equation 9.3.10 could be used to describe the spin
dynamics of HoOQCg as they have included most of the major spin in-
teractions, including the crystal field interaction with the electric quadru-
pole moments. By comparing the subtracted spectra of the 50% and 20%
filled HoOQ@Cgo samples in Figures 9.2.6 and 9.2.7 to the simulations in
Figure 9.3.1, it can be seen that the simulations in the top right corner
(k =100, n = 0 and xk = 600, n = 0) shows the strongest resemblance to
the experimental lineshape. This is consistent with the fact that HoOQCgq
have a larger crystal field than Hy@QCgy due to HoO having a permanent
electric dipole moment. These simulations contain features which are ob-
served in the experimental lineshape, such as having a dip in between the
doublet and a protruding shoulder next to the lower frequency peak. The
higher “inner-shoulder” and the lower “outer-shoulder” observed in the 1 K
spectra of the 50% filled sample resembles the simulation with « = 100,
= 0; whereas the lower “inner-shoulder” and the higher “outer-shoulder”
observed in the 300 mK spectra of the 50% filled sample resembles the
simulation with x = 600, n = 0 (see Figure 9.2.3). This can either mean
that the ortho-H,O experiences a larger crystal field or a smaller rotational
Larmor frequency (wa) at lower milli-Kelvin temperatures. As the rota-
tion of the 1§, state is the result of quantum rotation, w, is likely to be
independent of temperature.
The lack of asymmetry in the lineshape as compared to the experi-

mental lineshape is attributed to the simulations not taking into account
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the CSA experienced by the protons due to the Cgy cage. The lack of re-
semblance with the simulated lineshapes with higher n suggests that the
the crystal field is uniaxial. Therefore, it can be concluded from this com-
parison that the crystal field interaction with the proton spins in 50% and
20% filled H,O@QCgq samples is uniaxial and plays a dominant role in the
spin Hamiltonian (high x value). The linewidth of the 90% filled sample
spectra is too broad to be compared with the simulated sample spectra.
The close resemblance of the HoO@Cg, spectral lineshape with the sim-
ulated lineshape of Hy@Cy further suggests that there is no electric dipole
interaction with the ground state ortho-H,O. Ultimately, NMR lineshape
simulations of HoO@Cj, are required to accurately explain the milli-Kelvin
experimental lineshapes. Due to experimental limitations such as the ab-
sence of shims in the NMR spectrometer, the interpretation of the milli-
Kelvin experimental lineshapes should be done with caution. There is also
a possibility of the dip in between the doublet is due to the 14us of deadtime
between the pulse and acquisition. Nevertheless, the milli-Kelvin experi-
mental lineshapes could still be used as a good comparison for the NMR

lineshape simulations of HyO@Cgq in the future.
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9.3.3 Doublet separation frequency

The change in the separation frequency of the Pake doublet with temper-
ature is evident in the temperature dependence spectra of the 90% filled
H,0@C4 sample in the higher temperature regime (T> 1.5 K) shown
in Figure 9.2.2. This increase in the separation frequency is a result of
motional narrowing, which is due to less motional averaging of the dipole-
dipole coupling as a result of the slower molecular tumbling at lower temper-
atures. The doublet separation frequency of ortho-H,O should be a factor
of 3/2 the size of its proton dipole-dipole coupling constant (w,f}’}? =345
kHz) if the two protons remain stationary relative to each other (no ro-
tations or tumbling). However, due to the ortho-H,O ground state being
a quantum rotor with J = 1, it continues to rotate even at milli-Kelvin
temperatures. Hence, the doublet separation frequency at temperatures
low enough for macroscopic rotational ground state occupation should in-
stead be % X wﬁﬁf due to the quantum averaging over the rotational ground
state of ortho-HyO [9, 75]. According to the Boltzmann statistics, almost
all of the ortho-H5O is expected to occupy the rotational ground state at
T< 1.5 K. Therefore, the doublet separation frequency should theoretically
be equal to the effective dipole-dipole coupling constant, wﬁ}feﬁ = g x 34.5
kHz = 20.4 kHz, for all temperatures below 1.5 K if only the intra-molecular
dipole-dipole coupling is considered.

Moving averages are performed on the spectra to reduce the noise before
locating the maximum frequency position of the doublet. The separation
frequency of the doublet (vs,) is then obtained by subtracting the max-
imum frequency position of the lower frequency peak from that of the higher
frequency peak. The separation frequency of the doublet of the 90% filled
sample spectra recorded at 1 K, 700 mK and 400 mK are plotted against
experiment elapsed time (t.) in Figure 9.3.2. The scattering observed in
the plot is the result of the ambiguity in locating the peak maxima due
to the broad linewidth seen in the 90% filled sample spectra (see Figure
9.2.5). Nevertheless, the mean values of vy, can still be used to compare
the doublet separation frequencies at different temperatures. There is no
observable change in v,., with respect to t.. The v, as a function of ¢,
plots for the 50% filled sample recorded at 1 K and 300 mK are illustrated
in Figure 9.3.3. The plots from the 50% filled sample have shown less
scattering relative to the 90% filled sample. This is because the linewidth
of the 50% filled sample spectra are narrower than the 90% filled sample

spectra (see Figure 9.2.6), thus resulting in a less ambiguous determination
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of the peak’s maxima. Similarly small scattering can be seen in the v, as
a function of ¢, plots for the 20% filled sample recorded at 1 K in Figure
9.3.4. The figure compares the v, as a function of ¢, data for all three
samples at 1 K. It can be seen from the v, as a function of ¢, plots of the
50% and 20% filled samples that the doublet separation frequency increases
sharply at ¢, < 54 x 103 seconds, followed by a period of no change in the
doublet separation frequency at 54 x 103 < ¢, < 138 x 10% seconds, before
a second rise in the doublet separation frequency at ¢, > 138 x 103 seconds.

The mean doublet separation frequency values of the data points that
fall within the experiment elapsed time range of 800 < t. < 2800 minutes
are compiled into Table 9.1. It can be seen from both 90% and 50% filled
sample that there is a systematic increase in the doublet separation fre-
quency value with lowering of the temperature. The difference in the
doublet separation frequency between the 1 K and 400 mK data of the
90% filled sample is 530 Hz, which is consistent with the 649 Hz difference
in the doublet separation frequency between the 1 K and 300 mK data of
the 50% filled sample. The difference in the doublet separation frequency
between the 90% and 50% filled samples at 1 K is 2 kHz, while the 50% and
20% filled samples show almost identical doublet separation frequencies at
1 K.
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Figure 9.3.2: Doublet separation frequency of the Pake doublet observed in
the 90% filled HyO@Cg, sample spectra plotted as a function of experiment
elapsed time. The scattering of the data points is due to the ambiguity in
determining the position of the peak’s maxima. The mean doublet separa-
tion frequency values of the 1 K, 700 mK and 400 mK data points that fall
within the experimental elapsed time range of 48 x 10° < ¢, < 138 x 103
seconds are 22.714 kHz, 22.949 kHz and 23.244 kHz respectively.
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Figure 9.3.3: Doublet separation frequency of the Pake doublet observed in
the 50% filled H,O@Cg, sample spectra plotted as a function of experiment
elapsed time. The scattering of the data points are small relative to the
90% filled sample data. The mean doublet separation frequency values of
the 1 K and 300 mK data points that fall within the experimental elapsed
time range of 48 x 10® < t, < 138 x 10? seconds are 20.713 kHz and 21.362
kHz respectively.
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Figure 9.3.4: Doublet separation frequency of the Pake doublet observed
in the 90%, 50% and 20% filled H,O@QCyg, sample spectra recorded at 1 K
and plotted as a function of experiment elapsed time. The mean doublet
separation frequency value of the 20% filled sample’s data points that fall
within the experimental elapsed time range of 48 x 10° < t, < 138 x 103
seconds is 20.905 kHz.
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Mean doublet separation frequencies (800 <t.<2800 minutes)

Temperature [90% filled 50% filled 20% filled
1K 22.714Hz 20.713Hz 20,905 Hz
700 mK 22,949 Hz N/A N/A
400 mK 23.244 Hz N/A N/A
300 mK N/A 21362 Hz N/A

Table 9.1: Compilation of the mean doublet separation frequencies of the
90%, 50% and 20% filled H,O@QCg, sample spectra recorded at temperat-
ures of 1 K, 700 mK, 400 mK and 300 mK respectively. The mean values
are obtained from the averaging of data points that fall within the experi-
mental elapsed time range of 800 < ¢, < 2800 minutes.

The deviation of the mean doublet separation frequencies of the 90%
filled sample (=23 kHz) from the theoretically calculated separation fre-
quency (20.4 kHz) is postulated to be due to the indirect coupling with
the crystal field generated by surrounding H,O. The deviation of the mean
doublet separation frequencies of the 90% filled sample from the theoretical
value is larger than the 50% and 20% filled samples because the induced
electric dipole moment of the Cgy cage of each ortho-H,O is larger in the
case of the 90% filled sample than the 50% and 20% filled samples. This
can be attributed to each ortho-H,O in the 90% filled sample having more
immediate neighbouring para-H,O than the 50% and 20% filled samples.

The increase in the doublet separation frequency with lowering of the
temperature may be attributed to one of the following two postulate: (1)
The proton separation distance decreases with temperature. This is be-
cause there isn’t any other source of averaging other than the quantum
averaging at T" < 1.5 K, as all of the ortho-HyO would have occupied the
rotational ground state, while the energy of the rotational ground state is
independent of temperature. Thus, the only explanation to the increase
in the dipole-dipole coupling strength is the increase in the dipole-dipole
coupling constant, which is dependent on the distance between the two
nuclear dipoles (see Equation 2.2.1). (2) The protons in the ortho-H,O
experience higher electric field from the surrounding para-H,O at lower
temperatures. This is a more plausible reason as it is consistent with the
deduction obtained from the comparison between the observed 1 K and
300 mK 50% filled sample spectra and the simulated Hy@Cgy lineshapes
(Section 9.3.2).

The increase in the doublet separation frequency with time observed at
the early period of the v, as a function of t. plots of the 50% and 20%
filled samples in Figure 9.3.4 is postulated to be due to the increase in the
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size of the crystal field with time as a result of an increase in the population
of the surrounding para-H,O due to nuclear spin-isomer conversion. This
increase in the size of the crystal field would then results in an increase
in the size of the coupling with the electric quadrupole moment of ortho-
H50. The result in Figure 9.3.4 also suggests that the range of the indirect
electric dipole-quadrupole coupling is longer than the distance between two
neighbouring Cg.

In the case of the 90% filled sample, the observed time independent
doublet separation frequency in Figure 9.3.4 is postulated to be due to
the induced electric dipole moment of the Cgy cage of each ortho-H,O
having reached saturation since the beginning of the conversion experiment.
This is likely due to each ortho-H;O having immediate neighbouring para-
H50 from the beginning of the conversion experiment as compared to the
50% and 20% filled samples. As a result, the electric dipole moment of
the Cgg cage of each ortho-H;O is strongly induced by the electric dipole
moment of these immediate neighbouring para-H,O. Therefore, the induced
electric dipole moment of the Cgy cage of each ortho-HyO remains largely
the same despite experiencing a larger electric field at the later period of the
experiment. This postulate also explains the null change in the splitting
of the ortho-1¢; state with respect to conversion as observed in the INS
spectra of the 90% filled sample (Figure 8.1.1), where the splitting of the
ortho-1¢; state is postulated to be due to the breaking of the cage symmetry
by the crystal field.

The second rise in the doublet separation frequency seen at the end of
the v, as a function of ¢, plots of the 50% and 20% filled samples may be
attributed to the low SNR due to the loss of NMR signal from conversion.
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9.4 Conclusions

The milli-Kelvin 'H NMR spectra of the 90%, 50% and 20% filled H,O@Ciy
samples have revealed a doublet which resembles the powder Pake pattern.
There is no observable change in the lineshape with respect to temperature
for all three samples. The time dependent spectra of all three samples have
shown systematic decay in the intensity of the doublet over the course of
a few days. This decay is due to the ortho-H,O to para-H,O conversion
at low temperatures. A non decaying central peak is revealed at the end
of the experiment when most ortho-H,O have been converted to para-
H0O. This non-decaying central peak has a much longer T; than decaying
doublet, thus it is believed to originate from the protonated impurities in
the sample and it could be removed from the analysis by subtracting a
spectrum recorded at very long times after initial cooling. These “end-
subtracted” spectra shows only the decaying signal, which is certain to
originate from the HyO@Cgy. The broader lineshape seen in the spectra
of the 90% filled sample is due to large number of inter-fullerene couplings
with neighbouring HoO. The narrower lineshape of the 50% and 20% filled
sample spectra have revealed structures other than the doublet. These
structures include a protruding “outer-shoulder” and an “inner-shoulder” on
each sides of the lower frequency peak, and a dip in between the doublet.

As there are no NMR lineshape simulations of the HoO@QCg to date, the
published NMR lineshape simulations of Hy@Cgq is used as a reference to
understand the structure of the experimental NMR lineshape of HyOQCg
instead. Two of the simulated Ho@Cyg lineshape have shown strong resemb-
lance to the experimental NMR lineshape of 50% and 20% filled H,O@Cj,
samples. These two simulations assume a large uniaxial crystal field, which
is consistent with HoO having a larger electric dipole moment than Hs, thus
generating a larger electric field in the crystal, while the uniaxiality of the
crystal field suggests that the electric dipole moments in the 50% and 20%
filled sample are cooperatively aligned to form ferroelectricity. It is also
concluded from the comparison between the experimental and simulated
lineshapes that the size of the crystal field is larger at lower milli-Kelvin
temperatures.

The analysis of the doublet separation frequency of the end-subtracted
spectra has shown temperature, fill factor and time dependent doublet
separation frequency at T< 1.5 K. It is deduced that the increase in the
doublet separation frequency with respect to the decrease in temperature
at T< 1.5 K is likely due to the increase in the size of the crystal field with
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lower temperatures. Similar deduction is also made from the comparison
between the experimental and simulated lineshape.

The increase in the doublet separation frequency with respect to conver-
sion in the 50% and 20% filled samples is deduced to be due to an increase
in the size of the crystal field as the population of para-H,O increases as a
result of conversion. This result further strengthens the postulate that only
para-H,O possess an effective electric dipole moment that contributes to
the crystal field, while ortho-H5O does not have an effective electric dipole
moment.

As the electric field experienced by the Cgp cage of each ortho-H,O
is much stronger in the case of the 90% filled sample, it is deduced that
the induced electric dipole moment of the Cgy cage of each ortho-H,O has
reached its saturation value since the beginning of the conversion exper-
iment. This explains the time independent doublet separation frequency
observed in the NMR spectra of the 90% filled sample. This also explains
the null change in the size of the splitting of the ortho-1¢; state with respect
to conversion as observed in the INS spectra of the 90% filled sample (Fig-
ure 8.1.1). Therefore, based on conclusion made on the relation between
the NMR doublet separation frequency and the splitting of the ortho-1¢;
state, it is interesting to see if there is an increase in the size of the ortho-
1p; state splitting with respect to conversion in the 50% and 20% filled
samples. This can be done by performing an INS investigation on the 50%
and 20% filled samples.

The study of the low temperature proton NMR spectral lineshape of
H,0@Cgg have shown that the electric dipole moment of H,O strongly in-
fluences the lineshapes of the NMR spectra. By analysing the spectra, we
are able to determine several significant properties of the HoOQCgq, such
as the zero effective electric dipole moment of the ground state ortho-H-O,
uniaxial crystal field in the 50% and 20% filled samples, and the dependence
of the crystal field strength with temperature. However, NMR, lineshape
simulations of HoOQCg, are still needed to fully explain the structure ob-
served in the milli-Kelvin NMR lineshapes. Due to experimental limitations
such as the absence of shims in the milli-Kelvin NMR spectrometer, the in-
terpretation of the milli-Kelvin experimental lineshapes should to be done
with caution. Nevertheless, the experimental milli-Kelvin NMR, spectra
could still serve as a good reference for the NMR lineshape simulations of
H,O@Cyg, in the future.
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Chapter 10

Low temperature nuclear

spln-isomer conversion in

H,0@Cy,

Preliminary studies on HoOQCg, with FIR, INS and NMR spectroscopy
have revealed that the proton spins in HoO@Cg, undergo nuclear spin-
isomer conversion from ortho-H,O to para-H;O over a long period of time
(~ 8 hours half-life) at T< 20 K [75]. This has led to further invest-
igation on this naturally occurring ortho-H,O to para-H,O nuclear spin-
isomer conversion at low temperatures in the absence of catalysts in the
hope of understanding the nuclear spin-isomer conversion mechanism. This
chapter is dedicated to discussing the experimental results on the ortho-
H,0O to para-H,O conversion rate with respect to temperature. The re-
cording of the ortho-H,O to para-HsO conversion rate in this chapter are
done with NMR and INS spectroscopy on the purified HyOQCgq samples.
The aim of these experiments is to understand the mechanism behind this
nuclear spin-isomer conversion, which could potentially be used to select-
ively convert triplet nuclear spin states to singlet nuclear spin state for
storage of the nuclear spin polarisation. This is because singlet states
are long-lived nuclear spin states (LLS) with extended relaxation times
exceeding the T; relaxation time by more than an order of magnitude
[94, 95, 96, 97, 98, 99, 100, 101, 102].

The results of the nuclear spin-isomer conversion is demonstrated through
the plotting of the integrated intensities of the signal with respect to time.
In NMR spectroscopy, only the decay of the signal from ortho-H,O can be
recorded; whereas in INS, both decay and growth of the signals from ortho-

H;O and para-H;O respectively can be recorded. As with the other low
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temperature experiments on HoOQCjy,, the samples have to be warmed
at high temperatures to populate the ortho-H,O species, before rapidly
cooling the sample down to set temperatures to begin the experiments.

The ortho-H,O to para-H,O conversion investigation using NMR spec-
troscopy have been collaboratively performed by our group at the Univer-
sity of Nottingham and M. H. Levitt’s group at the University of Southamp-
ton [88]. Our group does the 4.2 K NMR experiments and the milli-Kelvin
NMR experiments, while Levitt’s group does the higher temperature NMR
experiments (5 K<T<15 K), in which I have also participated during my
stay in Southampton. Besides 'H NMR spectroscopy, we have also used
13C NMR spectroscopy to study the dependence of ortho-H,O to para-H,O
conversion on the nuclear spins of *C at the University of Southampton.
Both 'H and *C NMR investigation of HoO@Cs, at higher temperature (5
K<T<15 K) will also be discussed in this chapter.
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10.1 Higher temperature nuclear spin-isomer
conversion (4.2 K<T<15 K)

10.1.1 'H NMR

The experiments recorded at T>5 K were recorded at 14.1 T using a Bruker
AVANCE-II + spectrometer in Southampton while the 4.2 K experiment
is recorded at 0.86 T using the field-cycling NMR spectrometer in Notting-
ham. Only the 90% filled H,OQCg, samples were used in the study of the
higher temperature experiment. The aim of this experiment is to study
the temperature dependence of the nuclear spin-isomer conversion in the
temperature range of 4.2 K<T<15 K.

The 'H NMR experiments performed in Southampton began with equi-
librating the sample at 50 K for a few hours before cooling it down to
set temperatures in approximately 30 minutes. The sample temperature
is then maintained over several hours to record the NMR signals before
warming the sample to 32.5 K for a few hours to study the back conver-
sion. The NMR signals are recorded with time intervals of 180 seconds
throughout the experiment using the saturation-recovery procedure. The
T, relaxation rate of the sample at 5 K is measured to be 3 seconds.

The plot of the integrated intensity of the 'H NMR spectra as a function
of time recorded over the course of 12 hours is illustrated in Figure 10.1.1.
The plot demonstrates the ortho-H,O to para-H;O conversion at 5 K and
para-H>O to ortho-H,O back-conversion at 32.5 K . It can be seen from the
plot that the signal’s integrated intensity increases rapidly as the sample
is being cooled to 5 K. This rapid increase in signal is not due to the in-
crease in population of the ortho-H,O, but due to the Curie law for nuclear
magnetisation. After the temperature has stabilised at 5 K, the integrated
intensity is seen to decay over time due to the loss of ortho-H,O population
as they convert to para-HyO (NMR silent). After recording the decay of the
signal for 10 hours at 5 K, the sample is then warmed and equilibrated at
32.5 K. The integrated intensity decreases as the sample is warmed to 32.5
K. This is again due to the Curie law for nuclear magnetisation. After the
temperature has stabilised at 32.5 K, the integrated intensity then begins
to increase over time. This increase in intensity is the result of para-H,O
converting to ortho-HO due to the population redistribution of the H,O
to occupy the higher energy states.

Similar experimental procedures have been done to measure the con-
version from ortho-H,O to para-H,O at 10 K and 15 K. The plot of the
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integrated intensity of the 5 K, 10 K and 15 K conversion as a function of
time is shown in Figure 10.1.2(a) for comparison. The data does not fit well
to a single exponential decay. The misfit with the single exponential decay
equation is illustrated in the 4.2 K integrated intensity as a function of time
plot in Figure 10.1.3(a). This result differs to the single exponential decay
observed in previous studies of spin-isomer conversion for HoO in inert gas
matrices [103]. However, the data does show good fit to the second-order
kinetic equation (Equation 10.1.3, red line). Figure 10.1.2(b) shows the
data, which is transformed with Equation 10.1.4 to provide linear plots
for the second-order kinetic. The derivation of the second-order kinetic
equation is discussed in the nuclear spin-isomer conversion kinetics section
(Section 10.1.2). It can be seen from the fit that the integrated intensity
decays to a higher baseline when the experiment is recorded at a higher
equilibrium temperature. This is because the equilibrium population of the
ortho-H»O is higher at higher temperatures.

In the case of the 4.2 K experiment done in Nottingham, the sample is
equilibrated at 50 K for 30 minutes before rapidly cooling the sample down
to 4.2 K in 12 minutes. The T; relaxation rate of the sample at 4.2 K is
measured to be 3 seconds. The integrated intensity of the spectra is recor-
ded every 2 minutes over a period of 48 hours using the saturation-recovery
procedure. The integrated intensity of the 'H NMR signal plotted as a
function of time is illustrated in Figure 10.1.3. Due to the longer duration
of the 4.2 K conversion experiment as opposed to the higher temperature
experiments done at the University of Southampton, the data is able to be
fitted to a higher degree of confidence. It can be seen that the data does
not fit well with the single exponential decay (grey dotted line) as opposed
to the second kinetic equation (red line). The data in Figure 10.1.3(a) has
shown that the decay is too steep at the beginning and too slow at the end
to be a single exponential decay. A separate measurement of the empty
probe has been done after the experiment to measure the background signal
from the probe and it is deduced that the last spectrum of the experiment
still contain signal from the sample. Similar results could be seen from the

linear fit of the transformed data to the second-order kinetics.
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Figure 10.1.1: Integrated intensity of the H NMR signals (Iyar) of
H,0@Cqy as a function of time, recorded to investigate the ortho-HsO to
para-H,O conversion at 5 K and para-H,O to ortho-H,O back-conversion
at 32.5 K. The experiment begins with populating the ortho-H,O at 50 K
before cooling the sample down to 5 K to record the low temperature ortho-
H-0 to para-HyO conversion. The increase in the signal during the cooling
of the sample is due to Curie law of nuclear magnetisation. After monitor-
ing the decay of the signal at 5 K for 10 hours, the sample is warmed to 32.5
K to record the back-conversion from para-H,O to ortho-H,O. The signals
are recorded at time intervals of 180 seconds throughout the experiment
using the saturation-recovery procedure to ensure a well-controlled nuclear
magnetisation. Integrated intensities of the NMR signals recorded at con-
stant temperature are shown as black dots, while the integrated intensities
recorded during the change in temperature are shown as red dots.
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Figure 10.1.2: (a) Integrated intensity of the 'H NMR signals of H,O@Cj,
as a function of time recorded at equilibrium temperatures of 5 K (grey
dots), 10 K (blue dots) and 15 K (black dots) respectively after cooling the
sample from 60 K. The 5 K data is identical to the data shown in Figure
10.1.1. The red lines are the second-order kinetic equation fit (Equation
10.1.3) to the respective data. (b) Data transformed with Equation 10.1.4
to provide linear plots for the second-order kinetics. The signals are re-
corded at time intervals of 60 seconds throughout the 10 K and 15 K
experiments using the saturation-recovery procedure.
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Figure 10.1.3: (a) Integrated intensity of the 'H NMR signals of H,O@QCj,
as a function of time recorded at equilibrium temperatures of 4.2 K. The
sample is equilibrated at 50 K for 30 minutes before cooling to 4.2 K. The
integrated intensity of the spectra is recorded every 2 minutes over a period
of 48 hours using the saturation-recovery procedure. The red line is the
second-order kinetic fit to the data, while the grey dotted line is the first-
order kinetic fit (single exponential decay) to the data. (b) The conversion
data transformed with Equation 10.1.4 to provide the linear plot for the
second-order kinetic.

10.1.2 Nuclear spin-isomer conversion kinetics

The low temperature nuclear spin-isomer conversion of HoOQCg, shows
second-order kinetic behaviour, which involves two identical reactants to
cause a reaction (in this case two ortho-H2O). The second-order conversion

process can be described with the following rate equation:
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dAD(t)
dt
where ks is the second-order rate constant and A®(t) = ®(t) — D, is the

deviation of the instantaneous ortho fraction (®(¢)) from its equilibrium

= —ky AD(t)? (10.1.1)

population (®.,) at sample temperature. The solution of the rate equation

18 written as:

AD(t) = AD(0) " + kot (10.1.2)

where A®(0)~! is the initial deviation of ortho fraction from equilibrium.
The 'H NMR signal (Ixur(t)) is proportional to ®(t) at constant tem-
perature. Normalising Iy r with Iy r(0) will then lead to the following

relation:

y(t) = A(l+kt)"' +B (10.1.3)

where y(t) = Inyr(t)/Invr(0)), A+ B =1, A = Alnygr(0)/Invr(0),
B =®,.,/®(0) and k = A®(0)k,. This equation describes the second-order
kinetic decay of the normalised signal over time, and is used to fit (shown
as red line) the integrated intensity as a function of time data shown in
Figures 10.1.2(a) and 10.1.3(a). The independent parameters A and « are
allowed to float with constraint B = 1 — A to obtain the best fits. The

rearrangement of Equation 10.1.3 into:

= Kt (10.1.4)

can be used to transform the data (A/(y(t) — b)) to be linearly dependent
with time, with s acting as the slope of the straight line. The linear fit
of the transformed data is shown in Figures 10.1.2(b) and 10.1.3(b). The
parameters A and x are adjusted to ensure that the transformed data is
plotted as a straight line, before fitting with Equation 10.1.4 to obtain
the slope k. The second-order rate constant ks can be estimated from the
the slope parameter x using the equation ky = k/A®(0) = k/[AP(0)],
where ®(0) is the initial deviation of the ortho fraction from equilibrium
population at ¢t = 0, where ¢ = 0 is the moment when ortho-HyO begins
converting to para-H,O. However, the initial deviation is hard to estimate
as it takes several tens of minutes for the sample to cool and the temper-
ature to stabilised. Furthermore, the conversion rate is unknown during
the cooling process. Therefore, the ®(0) is estimated to between 0.5 and

0.7, with an upper value that corresponds to the thermal equilibrium at
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the temperature before cooling of the sample.

The results of the fitting parameters and the estimated ko value with
their respective confidence level is shown in Table 10.1. The conversion
rates at 7" <10 K is shown to be very much slower than the conversion rate
at 15 K. The conversion rate does not show any dependence on the magnetic
field strength. The increase in parameter A with lowering of temperature
is the result of the lower baseline seen in the lower temperature integrated

intensity versus time plots in Figure 10.1.2(a).

TIK BIT )/(1073 571 A ka /(1073 571
15 14.1 2104+ 10 0.30 & 0.02 1200 4 250
10 14.1 77 +3 0.56 & 0.01 230 4 50
5 14.1 64 42 1.04 £ 0.03 100 4 20
4.2 0.86 63 £ 2 1.00 £ 0.01 105 & 20

Table 10.1: Table showing the fitting parameters obtained from the fitting
of the integrated intensities as a function of time plots in Figures 10.1.2(b)
and 10.1.3(b) using Equation 10.1.4. ko is obtained by using the ky =
k/[AP(0)] relation, with ®(0) estimated to be 0.5< ®(0) <0.75.

10.1.3 13C NMR

The mechanism behind the low temperature nuclear spin-isomer conversion
has initially been postulated to originate from the *C nuclei of the Cg
cages. Despite the evidence in the previous section indicating a dominant
second-order kinetic behaviour (reaction between two ortho-H,O) in the
nuclear spin-isomer conversion process, it remains interesting to see if the
13C nuclei have a role in the conversion process as well. It can be calculated
from the 1.07% natural abundance of the *C nuclei that 48% of the Cg
cages contain at least one *C nuclei.

The effect of the 13C on the nuclear spin-isomer conversion process can
be measured by using Hartmann-Hahn cross-polarisation (CP) method to
transfer magnetisation from the ortho-H,O to the 3C in the Cg, cage before
measuring the 3C NMR signal. Through this method, the decay of the
nuclear magnetisation of the ortho-H,O with at least one 3C nuclei in its
cage can be observed. The ortho-H,O without a 3C nuclei in its cage will
not have its nuclear magnetisation transferred to a 3C nuclei. Therefore,
the measured 3C NMR signal are derived exclusively from the *C nuclei

in the Cgo cages with an encapsulated ortho-H,O in it.
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The pulse sequence of the 3C NMR is illustrated in Figure 10.1.4.
The pulse sequence begins with a chain of 90° pulses to saturate the 'H
magnetisation, followed by a 7 delay to allow the magnetisation to recover.
A 90° flip angle is then applied onto the proton spectra after the delay,
followed by the respective “spin-locking” pulses for both 'H and '3C nuclei
with a pulse width of 7., before acquiring the FID from the *C nuclei
without proton decoupling. The frequency of the spin-locking pulses for the
'H and '3C nuclei are chosen to have their respective Larmor frequencies
H c

— — H _ C H
rot — Wrot = fYHBrot - VCBTON where B

in the rotating frame matches (w i

and BS, are the respective applied field of the spin-locking pulses).
90°
'H
T
13C

Figure 10.1.4: Pulse sequence used to measure the 3C NMR signal via
Hartmann-Hahn cross-polarisation method to transfer magnetisation from
the ortho-H,O to the 3C in the Cgy cage. The pulse sequence begins
with a chain of 90° pulses to saturate the I magnetisation, followed by
a 7 recovery delay, then followed by a 90° pulse, then the respective spin-
locking pulses on both 'H and '3C nuclei for a duration of 7¢p to transfer
the 'H polarisation to the 3C nuclei before acquiring the *C signal.

The spectra recorded with 7op of 1 ms, 5 ms and 10 ms at 5 K are
illustrated in Figure 10.1.5(a). The lineshape of the spectra is the result
of CSA from the Cgy molecule [50, 104]. This lineshape resembles the
simulated lineshape illustrated in Figure 10.1.5(b), which is based on the
CSA principal values with a biaxiality of 0.28. The ¥C CSA tensors in
Cgo can be visualised as an ellipsoid with the long axis parallel to the cage
radii (Figure 10.1.5(c)). At 5 K, the quantum wavefunction is localised
at the centre of the cage. Therefore, the angle 0oy between the 'H-13C
inter-nuclear vector and the external magnetic field (see Figure 10.1.5(c))
is subtended by the radial vector from the centre of the cage to the 3C.

The 7¢p = 1 ms spectrum shows a dip in the lineshape region around

the isotropic chemical shift value of 143 ppm. The dip in the lineshape
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disappears when 7¢p is increased to 5 ms and 10 ms. When short 7op is
applied, the transfer polarisation range is short. Therefore, the ortho-H,O
can only transfer its ' magnetisation to the 13C of the same Cgy cage. This
is evident from the dip in the 7¢p= 1 ms spectrum around the isotropic
chemical shift frequency value, which is composed of signal from *C that
are at an angle 6oy close to the magic angle 6,, = arctan /2. This strong
loss of spectral intensity around the isotropic chemical shift frequency value
is attributed to the lack of CP magnetisation transfer from the 'H to the'3C
nuclei due to the inter-nuclear vector being close to 6,, (see Figurel0.1.5(b)
and (c)), which results in no dipole-dipole coupling between the 'H and '*C
nuclei. As longer 7op is applied, the 'H polarisation transfer range is also
increased. Hence, the ortho-H,O is able to transfer its 'H magnetisation
to the 13C nuclei of its neighbouring cages. This results in the *C at angle
Ocy = 0,, being able to receive 'H magnetisation from the ortho-H,O of a
different cage.

The observed dip in the lineshape serves as a strong confirmation that
the cross-polarisation between the *C and 'H nuclei is local to each H,O@Cyg
molecule. Therefore, the contact time of 7cp= 1 ms is used to study the ef-
fect of the 13C nuclei in the Cgy cage on the nuclear spin-isomer conversion
of the entrapped ortho-H,O in the same Cgy cage. The time dependent
cross-polarised *C NMR spectra are illustrated in Figure 10.1.6(a). It can
be seen that the intensity of the 3C NMR signal decays evenly across the
spectrum with time. This decay is attributed to having less ortho-H,O
cross-polarising nuclear magnetisation to the 3C in its Cgy cage as more
ortho-H;O converts to para-H,O over time. The integrated spectral intens-
ities of the cross-polarised *C NMR, spectra (blue dots) and the directly
observed'H NMR spectra (black squares) are plotted against time in Figure
10.1.6(b). There are no observable difference in the rate of decay between
the two integrated intensities versus time plot. Hence, it can be concluded
that the 3C nuclei in the Cgy cage does not have an observable influence
on the nuclear spin-isomer conversion of the H,O encapsulated in same Cgg

cage.
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Figure 10.1.5: (a) '3C NMR spectra magnetised through Hartmann-Hahn
cross-polarisation between 'H and '*C nuclei using contact times 7¢op—
10 ms (grey), 5 ms (blue) and 1 ms (red) respectively without proton
decoupling during signal acquisition. All of the three spectra are recorded
at 5 K with 14.1 T background magnetic field. (b) Simulated static CSA
pattern of Cgg based on the principal values: dxx= 182 mppm, dyy=
213 ppm, dzz= 33 ppm [104]. (c) Schematic representations of the 3C
CSA tensors at three different positions in the fullerene cage with their
respective signal contributions at the indicated spectral frequencies in the
simulated lineshape in (b). The magnetic field is assumed to be in the
vertical direction, with the most shielded principal axis Z oriented along
the cage radius and the less shielded axis Y oriented perpendicular to the
plane of the figure.
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Figure 10.1.6: (a) C spectra of H,OQCg recorded with contact time of
7cp= 1 ms at 5 K and background magnetic field of 14.1 T. The *C NMR
signals are recorded using time intervals of 2.25 hours after cooling the
sample rapidly from 60 K and waiting 30 minutes to equilibrate the sample
temperature. (b) Integrated intensities of the CP 3C NMR spectra (blue
dots) and the directly observed'H NMR spectra (black squares) plotted
against time. The CP 3C signal is obtained with 7cp— 1 ms.
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10.2 Milli-Kelvin nuclear spin-isomer conver-

sion

10.2.1 INS

The INS experiments discussed in Chapter 8 are only recorded over a period
of 8 hours due to heavier emphasis of studying the INS transitions. There-
fore, the conversion plots have not been recorded long enough relative to
the half-life of the nuclear spin-isomer conversion (~8 hour) to make them
suitable for studying the nuclear spin-isomer conversion rate. A separate
INS experiment has been performed on the 90% filled H,OQCjgq sample at
the ILL, Grenoble to study the temperature dependent nuclear spin-isomer
conversion rate at milli-Kelvin temperatures.

The milli-Kelvin INS experiments were done using the IN4C spectro-
meter fitted with a cryo-free dilution fridge insert in its sample cryostat.
The entire sample cooling process to milli-Kelvin temperatures is divided
into two separate processes. At the beginning of each experiment, the
sample is equilibrated to 45 K for 30 minutes to populate the ortho-H,O
species before cooling it down rapidly to 10 K for an hour to siphon the
helium out from the cryostat. After the helium has been removed from the
cryostat, the dilution fridge then begins to cool the sample down to the set
milli-Kelvin temperature. The entire sample cooling process takes 4 hours.
Set sample temperatures of 150 mK and 500 mK were chosen for the tem-
perature dependent study of the nuclear spin-isomer conversion. The 150
mK and 500 mK INS spectra are recorded over the course of 42 hours and
20 hours respectively.

3 A incident neutron wavelength is used for the milli-Kelvin INS ex-
periments to obtain highest possible resolution spectra to record the decay
of the peak intensity with experiment elapsed time, t.. Unlike the NMR
conversion experiments, the decay of the ortho-H,O peak and growth of
the para-H,O peaks are both observable in the INS spectra. Figure 10.2.1
illustrates the time evolution of the HyOQCg, INS spectra recorded at 150
mK. Both 150 mK and 500 mK spectra are identical to the 3 A INS spec-
tra recorded at 1.5 K (Figure 8.1.1), therefore similar peak assignments are
applied to these spectra. The ortho-H,O peak is denoted with (A), while
the para-H,O peaks are denoted with (B) and (C) respectively.

The normalised intensities of the peaks in the 150 mK and 500 mK
spectra are plotted as a function of ¢, in Figures 10.2.2 and 10.2.3 respect-

ively. These peak intensities are obtained from their respective Gaussian
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fit. It can be seen from Figure 10.2.2 that there is no observable difference
between the conversion rates of the 150 mK and 500 mK conversion exper-
iments. The 150 mK conversion plot is fitted to Equation 10.1.3 with the
following parameters: A=1, x = 61.2 x 1072 s~! and B=0. Due to the long
cooling time required to reach set milli-Kelvin temperatures, there is a large
ambiguity in determining the initial fraction of ortho-HoO ®(0). Hence, ko
cannot be accurately determined. Figure 10.2.3 shows equal growth rate in
the peak intensities at 150 mK and 500 mK for both (B) and (C) peaks.
It can be concluded from the INS nuclear spin-isomer conversion exper-
iments that there is no temperature dependence in the nuclear spin-isomer

conversion rate at milli-Kelvin temperatures.
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Figure 10.2.1: INS spectra of the 90% filled H,OQCgqq sample recorded
at 150 mK with 3 A incident neutron wavelength. The different coloured
spectra denotes spectra recorded different times of the experiment. The
zoomed-in spectra of the peak labelled with (A) is shown below the full
spectra. Peaks labelled with (B) and (C) are transitions from the ground
state para-H,O to the two respective ortho-1¢; states.
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Figure 10.2.2: Intensity of the peak labelled with (A) in the 90% filled
H,0@Cgo INS spectra plotted as a function of t.. The blue and red markers
denote spectra recorded at 150 mK and 500 mK respectively. The line
shows best fit to the 150 mK data using Equation 10.1.3 with the following
parameters: A=1, k = 61.2 x 1073 s~ and B=0.
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Figure 10.2.3: Intensity of the peaks labelled with (B) and (C) respectively

in the 90% filled H,OQCg

INS spectra plotted as a function of ¢.. The

blue and red markers denote spectra recorded at 150 mK and 500 mK

respectively.

164



10.2.2 NMR

This section discusses the analysis of the nuclear spin-isomer conversion
of the milli-Kelvin 'H NMR experiments on the 90%, 50% and 20% filled
samples discussed in Section 9. The aim of this analysis is to study the tem-
perature and fill factor dependence of the nuclear spin-isomer conversion
at milli-Kelvin temperatures. The 'H NMR measurements of the nuclear
spin-isomer conversion of the 90% filled sample at milli-Kelvin temperat-
ures is complementary to milli-Kelvin INS measurements of the nuclear
spin-isomer conversion discussed in the Section 10.2.1. Both small angle
and 90° acquisition data, which are run in conjunction with each other,
can be used to plot the decay in the integrated intensity as a function of
experiment elapsed time, t., to illustrate the nuclear spin-isomer conver-
sion. However, only the 90% and 50% filled H,O@Cg, samples have large
enough yield to provide good SNR for the small angle measurements.

The integrated intensity of the milli-Kelvin 'H NMR. spectra are recor-
ded for a much longer period of time (=~ 3 days) than the higher temper-
ature conversion experiments discussed in Section 10.1. Therefore, unlike
the high temperature conversion experiments, the milli-Kelvin conversion
experiments are able to reveal the trend of the decay at longer times.
However, due to the long cooling times of the milli-Kelvin experiments,
the first point of our conversion data is recorded at a much later time
(= 200 minutes) relative to the higher temperature conversion experiments
(between 12 and 30 minutes). This results in the absence of the early and
fast converting part of the conversion from the data.

The normalised integrated intensity of both small angle and 90° acquis-
ition spectra as a function of ¢, plots of the 90% filled sample recorded at 1
K are illustrated in Figure 10.2.4. The conversion plot obtained with small
angle acquisition pulses is consistent with the conversion plot obtained with
90° acquisition pulses. Similar to the higher temperature conversion data,
the milli-Kelvin conversion data fits well with the second-order kinetic equa-
tion (Equation 10.1.3). Due to the absence of the early and fast converting
part of the conversion from the data, it is hard to estimate the initial
ortho-HyO fraction,®(0), for the experiment. Therefore, we are unable to
obtain a conclusive conversion rate (ky) from the milli-Kelvin conversion
data. However, comparisons between the milli-Kelvin conversion data can
still be made by plotting them on top of one another.

The conversion plots of the 90% filled sample recorded with 90° acquis-
ition pulses at 1 K, 700 mK and 400 mK are illustrated in Figure 10.2.5.
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The first points of the 700 mK and 400 mK conversion data are scaled
to be in line with 1 K conversion data to compare the conversion rates of
all three temperatures. Similar to the results from the milli-Kelvin INS
experiments, there is no observable difference in the conversion rate at
temperatures T< 1.5 K.

The conversion plots of the 90%, 50% and 20% filled samples recorded
at 1 K are shown in Figure 10.2.6. The first points of the 50% and 20%
filled samples conversion data are scaled to the first point of the 90% filled
sample data to have the conversion rates of all three samples compared.
No difference in the conversion rate can be observed from the conversion

plots of all three samples.
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Figure 10.2.4: Integrated intensity of the small angle and 90° 'H acquisition
spectra as a function of ¢, plots of the 90% filled sample recorded at 1 K.
The solid line is the best fit to the conversion data using the second-order
kinetic equation (Equation 10.1.3).
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Figure 10.2.5: Integrated intensity of the 90° 'H acquisition spectra as a
function of ¢, plots of the 90% filled sample recorded at 1 K, 700 mK and
400 mK respectively. The first point of the 700 mK and 400 mK conversion
data is scaled to be in line with 1 K conversion data. There is no observable
difference in the conversion rate of all three temperatures.
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Figure 10.2.6: The respective integrated intensity of the 90° 'H acquisition
spectra as a function of ¢, plots of the 90%, 50% and 20% filled samples
recorded at 1 K. There is no observable difference in the conversion rate of

all three samples.

167



10.3 Nuclear spin-isomer conversion mechan-
ism

The aforementioned experimental evidence have indicated that the low tem-
perature nuclear spin-isomer conversion process follows the second rate law.
It is suggested that the second-order kinetics arise from bimolecular pro-
cesses [88]. In our case, it involves two ortho-HoO interacting with each
other at close range to convert into two para-H,O. The bimolecular mech-

anism can be written as:

o+o0—p+px (10.3.1)

where the left hand side indicates an interaction between a pair of neigh-
bouring ortho-H,O, while the right hand side indicates a pair of para-H,O
as a by product of this interaction. px indicates para-H,O with excess
energy as a result of converting from the higher energy ortho-H,O. This
para-H,O is expected to have its excess energy dissipated to the lattice
immediately after the conversion process.

Most bimolecular processes that gives rise to second-order kinetic beha-
viour are in solution state, where reagents freely diffuse in space. However,
the reagents of HoOQCs, (ortho-H,O) are fixed in space due to their con-
finement to the Cgy cages, which are in solid state. It is shown in our
joint paper [88] that our experimental results also indicate the occurrence
of interactions between two non-neighbouring ortho-H,O. It is shown that
a significant fraction of ortho-H,O will fail to convert to para-H,O due
to not having a nearby ortho-H,O at later times if there is no interaction
two non-neighbouring ortho-H,O. Therefore, to explain the experimental
observation where the ortho-H,O continues to convert even with a small
fraction of remaining ortho-H,O in the sample, two postulate can be made:
(1) there is a second process which “diffuses” the ortho-HyO in HoO@Cjg;
and (2) the bimolecular conversion process may take place at a distance
longer than the distance between two neighbouring ortho-H,O.

As there can be no physical diffusion of H,O in HoOQCyg,, postulate
(1) implies that the ortho-H,O diffuses via a form of spin diffusion, where
an ortho-H,O have a finite probability of “swapping” spin state with a
neighbouring para-H,O, ie:

o+p—p-+o.

This allows for non-neighbouring ortho-H>O to get close to another ortho-
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H50O to perform the bimolecular conversion process.

The combination of bimolecular and spin diffusion-like process seems
likely to be a plausible explanation to the observed second-order kinetics of
nuclear spin-isomer conversion. If the nuclear spin-isomer conversion were
bimolecular processes, one would expect samples with lower cage filling
factor to have slower conversion rate as it is less likely for each ortho-H,O
to have a neighbouring ortho-H,O. Furthermore, occurrence of spin diffu-
sion would have been greatly reduced as there would be empty Cgg in the
lattice where HoO would not be able to “spin-diffuse” across. Hence, one
would expect a higher baseline in the conversion plot for samples with lower
cage filling factor due to larger portion of the ortho-H,O being unable to
convert to para-H,O. However, the results of the milli-Kelvin conversion
experiments have shown that both conversion rate (k2) and height of the
baseline (B) are independent of the cage filling factor of the sample. There-
fore, it is unlikely that postulate (1) is the reason behind the second-order
rate kinetic behaviour.

If the range of the bimolecular conversion process were to be much
longer than the distance between two neighbouring ortho-H,O as in the
case of postulate (2), then one would expect both the conversion rate and
the height of the baseline to be independent of the cage filling factor of
the sample. The likely source of this long range interaction is the indirect
coupling between the electric dipole moments of surrounding ortho-H,O
and the proton spins, where the electric dipole moments are coupled to
the rotational angular momentum of the H,O, which are in turn coupled
to the nuclear spins via spin-rotation mechanism [105, 106]. It is already
known that H,O in high rotational states achieve uni-molecular nuclear
spin-isomer conversion via this route [105, 106].

Furthermore, our experimental results has ruled out the possibility of

the!3C in the cage having a role in the nuclear spin-isomer conversion.
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10.4 Milli-Kelvin longitudinal relaxation (T))

The milli-Kelvin T; experiments have been done in conjunction with the
milli-Kelvin lineshape and nuclear spin-isomer conversion experiments. Small
angle acquisition pulses were introduced in the pulse sequence in Figure
9.1.1 to overcome the long T relaxation rate by ensuring that the probing
of the relative signal intensities does minimal disruption to the magnetisa-
tion, thus not requiring to saturate the signal after measuring each point
of the Ty recovery curve. The signal obtained from the small angle ac-
quisition pulse still has a good SNR due to the increase in the polarisation
from having a low sample temperature. All of the T; data discussed in
this section are based on spectra which have been subtracted by the last
spectrum of the experiment to ensure that only signal from the ortho-H,O
is analysed.

Of the three samples of different filling factor, only the T; of the 90%
and 50% filled sample have been successfully measured. This is due to
the 20% filled samples not generating enough proton signal from the small
angle acquisition pulses to provide large enough SNR. Besides having less
material than the 90% and 50% filled sample, the 20% sample also have a
lower filling factor, thus resulting in lower number of protons in the samples.

The magnetisation recovery curve is the compilation of the integrated
intensity of the spectra recorded at different recovery time, t. The longit-
udinal relaxation rate (T; ) can be obtained by fitting the magnetisation
recovery curve with the inverse exponential equation. The inverse expo-

nential equation is written as:

M(t) = My(1 — exp(—Til)) +C (10.4.1)

where M (t) is the instantaneous magnetisation; ¢ is the time variable; M
is the fully recovered magnetisation value; C' is the magnetisation at ¢t = 0.
The direct fitting of the magnetisation recovery data with Equation 10.4.1
does not yield an accurate value of T due to the exponential nature of this
equation. Equation 10.4.1 can be rearranged into the following logarithmic

expression:

] (10.4.2)

to allow for a linear fit to 7, '. The data, M(t), is transformed into the
above logarithmic form to allow for the linear fitting of the data using Equa-

tion 10.4.1 to obtain the T, value. This logarithmic fit provides a smaller
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standard deviation to the T fit value than Equation 10.4.1. However, this
fitting method requires an accurate measure of M.

The magnetisation recovery curve illustrated in Figurel0.4.1(a) is ob-
tained from the integrated intensity of the small angle acquisition pulse
spectra which have been subtracted by the last spectrum of the experi-
ment (“end spectrum”) ! and recorded at 1 K and ¢, = 262 minutes. The
slope observed at the end section of the Ty recovery curve the resulted of
the ortho-HyO converting to para-H,O. The logarithmic data? of Figure
10.4.1(a) and its fit (using Equation 10.4.2) is shown in Figure 10.4.1(b).
The M value used in the logarithmic transformation of each T; data is
obtained from the insertion of their respective ¢, value into the fit equation
of the conversion plot in Figure 10.2.4. This method of obtaining the M,
value is used to reduce the scatter in the fitted Ty value. Only the logar-
ithmic transformed data points with ¢ < 400 s are used for the fit, as the
data points with ¢ > 400 s have large standard deviation. A linear fit is
applied to the logarithmic transformed data to obtain the fitted T; value.

The effect of the 'H NMR signal from non-converting protonated im-
purities on the fitted T4 values can be seen from the two T4 as a function of
t. plots shown in Figure 10.4.2. By comparing the T, of the spectra which
have (blue) and have not (red) had the last spectrum of the experiment
subtracted from them, it can be seen that the red plot have higher fitted
T, values than the blue plot, thus suggesting that there is a long T; com-
ponent in the non-subtracted spectra. The result of the blue plot suggests
that as more ortho-H,O converts to para-H,O, the T; of the remaining
ortho-H,O increases. The T; of the ortho-H,O then plateaus to ~ 60 s~!
as the conversion slows down dramatically. The large scattering observed
in the T; values obtained at the end of the experiment is the result of the
diminishing ortho-H,O 'H NMR signal towards the end of the experiment.

A similar procedure is done to treat the magnetisation recovery data of
the 90% filled sample recorded at 700 mK and 400 mK, and the 50% filled
sample recorded at 1 K to convert them to the logarithmic form before
fitting the data to obtain the respective T; values. The T; as a function
of t. plots for the 90% filled sample recorded at all three temperatures are
illustrated in Figure 10.4.3. The T; at the beginning of the conversion
experiment are observed to be the same (= 20 s) for all three temperature

data. As more ortho-H,O converts to para-H5O, the T of all three tem-

!The subtraction method is similar to the those performed on the 90° acquisition
pulse spectra shown in Figures 9.2.5, 9.2.6 and 9.2.7.
2Logarithmic form of the magnetisation recovery data.
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perature data begins to diverge, with the T, of the lower temperature data
increases at a faster rate than the higher temperature data. The Ty of all
three temperature data eventually plateaus as the conversion slows down
dramatically, with the higher temperature data plateauing at a higher T,
value than the lower temperature data. The comparison between the T,
as a function of ¢, plots of the 90% and 50% filled samples at 1 K are illus-
trated in Figure 10.4.4. Besides the poorer statistics at the later points of
the T data of the 50% filled sample, there are no observable difference in
the two Ty as a function of t. plots.

The experiments on the HoO@Cg, samples have shown remarkably fast
T, even at 400 mK (as low as 50 s), where most samples would have a
T of the order of tens of minute to a few hours. This relatively fast
T, is attributed to the quantum rotation of the ground state ortho-H,O
contributing to the T4 relaxation mechanism at milli-Kelvin temperatures.
The observed increase in the T; with time is related to the ortho-H;O to
para-H,O conversion, where the reduced presence of neighbouring quantum
rotors (ortho-H,O) at later times of the experiment results in the reduced
contribution from the inter-cage interactions to the overall T; relaxation
process. The null dependence of the T; relaxation rate on the cage filling
factor suggests that the inter-cage T, relaxation process occurs at a much
longer distance than the distance between two neighbouring Cgo cages.

It is also possible that the indirect coupling between the rotating elec-
tric dipole moments of the surrounding ortho-H;O and the nuclear spins
are responsible for this long range T relaxation process, similar to the nuc-
lear spin-isomer conversion mechanism explained in the previous section.
Since T; relaxations are dependent on molecular motions (i.e. rotations)
to spontaneously change the local field experienced by the spins, this sug-
gests that the electric dipole moments of the surrounding molecules would
require to have some form of molecular motion to cause T; relaxation.
It is demonstrated in Figure 7.1.1 that the electric dipole moment of the
ground state ortho-HyO rotates together with the molecular rotation along
the same rotation plane. Therefore, it is plausible that the electric field of
the surrounding ortho-H5O is responsible for the long range T relaxation
process required to explain the null dependence of T; on the cage filling
factor. Therefore, it is plausible that both nuclear spin-isomer conversion
and T, relaxation share the same mechanism, albeit the nuclear spin-isomer
conversion of HoO only occurring from extra-molecular interactions (as it
require symmetry breaking within the H,O molecules), whereas T relaxa-

tion can occur from both extra- and intra-molecular interactions (as it does
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not require symmetry breaking within the H,O molecules).
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Figure 10.4.1: 90% filled sample: (a) Magnetisation recovery curves of the
H,0@C4y '"H NMR spectra at 7' =1 K and ¢, = 262 minutes. Each point
in the curve is the integrated intensity of the spectra which are recorded
with small angle acquisition pulse and have not been subtracted by the last
spectrum of the experiment. (b) The logarithmic form of the magnetisation
recovery curve shown in (a). Equation 10.4.2 is used for the linear fitting
of the logarithmically transformed T; data to obtain the T; value.
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Figure 10.4.2: 90% filled sample: (Red) T; of the HyO@QCgq 'H NMR
spectra which have and have not been subtracted by the last spectrum of
the experiment plotted against the experimental elapsed time t.. (Blue)
T, of the HyO@Cqy 'H NMR spectra which have been subtracted by the
last spectrum of the experiment plotted against the experimental elapsed
time t.. The higher T, values seen in the non-subtracted spectra suggests
that there is a long T component in the spectra.
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Figure 10.4.3: 90% filled sample: T; of the H,0QCg, 'H NMR spectra
which have been subtracted by the last spectrum of the experiment plotted
against the experimental elapsed time t.. The sample temperatures of the
recorded T; are: 1 K (blue), 700 mK (red) and 400 mK (black). It can
be seen from the plots that the T, plateaus at a higher value at lower
temperatures.
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Figure 10.4.4: 1 K sample temperature: T; of the 'H NMR spectra of
the 90% and 50% filled H,OQCg, sample plotted against the experimental
elapsed time t.. The spectra of both samples have been subtracted by the
last spectrum of the experiment. No observable difference is seen between
the two T4 as a function of ¢, plots for the 90% and 50% filled samples.
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10.5 Conclusions

The nuclear spin-isomer conversion experiments of HoOQCg, at cryogenic
temperatures have revealed a conversion process that follows the second-
order rate law. This suggests that the nuclear spin-isomer conversion in
H,0@Cqq is a bimolecular process that involves a pair of neighbouring
ortho-H5O interacting to convert into a pair of para-H»O.

The higher temperature conversion experiments (4.2 K<T<15 K) has
shown that the conversion rate (k) is fast and changes rapidly with tem-
perature at 10 K<T<15 K, and slows down and becomes weakly dependent
on temperature at 4.2 K<T<10 K. It is also shown from the milli-Kelvin
NMR and INS experiments that the conversion rate becomes independent
of temperature at T<1.5 K. Furthermore, the 'H NMR conversion exper-
iments of the 90%, 50% and 20% filled H,O@Cg, samples at milli-Kelvin
temperatures have shown that the conversion rate is not dependent on the
cage filling factor at T<1 K. 13C CP NMR experiments have also been done
at 5 K to show that the nuclear spin-isomer conversion is not dependent
on the ¥C in the cage.

The milli-Kelvin T; experiments on the HoOQCg, samples have shown
relatively fast T; relaxation rates at milli-Kelvin temperatures due to the
quantum rotation of ortho-H,O. The observed increase in the T with re-
spect to time is likely to be due to the ortho-H,O to para-H,O conversion
which results in the reduced presence of surrounding ortho-H,O contribut-
ing to the inter-molecular T relaxation. Furthermore, the null dependence
of the T; on the cage filling factor indicates that the inter-molecular T re-
laxation process takes place at a range beyond the neighbouring Cgy cages.
Based on the properties of the ground state ortho-H,O deduced in Chapter
7, it is likely that the rotating electric dipole moment is responsible for this
long range interaction. Therefore, it is postulated that in addition to the
intra-molecular T relaxation process, the nuclear spins of the ortho-H,O
is also relaxed through indirect coupling with the rotating electric dipole
moment of the surrounding ortho-H5O.

Based on the results gathered from the nuclear spin-isomer conversion
and milli-Kelvin T; analysis, it is deduced that the long range indirect
coupling between the rotating electric dipole moment of the surrounding
ortho-H,O and the nuclear spin is responsible for the nuclear spin-isomer
conversion. This deduction is required to explain the fact that HyO re-
quires extra-molecular interactions to cause symmetry breaking within the

molecule to achieve nuclear spin-isomer conversion, while long range inter-
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actions are required to explain the null dependence on the cage filling factor

observed in both T4 and nuclear spin-isomer conversion experiments.
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Part V

Conclusions and final remarks
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Chapter 11
Conclusions and final remarks

The aim of this Ph.D. thesis is to investigate the quantum dynamics of the
encapsulated small molecules inside the fullerene cages (small molecule en-
dohedral fullerenes), namely the Hy@Cgo, Ho@QC7y and HoO@QCgomolecules,
using inelastic neutron scattering (INS) and nuclear magnetic resonance
(NMR). The thesis begins by introducing the basic concepts of small mo-
lecule endohedral fullerenes and the theories of INS and NMR spectroscopy.
This is then followed by the discussion of the experimental results of the
three aforementioned samples, which can be summarised with the following

points:

1. The INS investigation of the simplest variant of small molecule en-
dohedral fullerene, the Hy@Cgy. The temperature dependence study
using cold neutron scattering have shown that transitions from differ-
ent translational states can be identified by analysing the temperature
in which the transition appears in the spectra. The dynamics of this
molecule is the most well understood among the variants of small
molecule endohedral fullerene and is served as the foundation for the
other two variants, the Hy@Cry and HoOQCgy.

2. The effect of molecules being entrapped in a less symmetric Cyy cage
(as compared to Cgg) is investigated by studying the dynamics of
H,@Cyy using INS. Lifting of the degeneracies of both rotational
and translational states has been observed as a result of having an
elongated axis relative to Cgg. The results from the analysis of this
symmetry breaking effect is used to understand a similar symmetry
breaking effect observed in the INS spectra of HoOQCg.

3. The INS investigation of the HyOQCg, has revealed a symmetry

breaking effect which is deduced to originate from the electrical dis-
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tortion of the Cgg cage. The NMR lineshape investigation at milli-
Kelvin temperatures has led to several preliminary deductions on the
inter-fullerene interactions as well as the properties of the crystal field
generated by the electric dipole moments of HyO. The NMR invest-
igation of the low temperature nuclear spin-isomer conversion and
T, relaxation have also led to several preliminary deductions on the
properties of the ground state ortho-H5O to explain the required sym-
metry breaking effect. The compilation of the preliminary deductions
made on the HoO@Cg, and the respective observations in which they

are based on are shown in Table 11.1.

Even though the deductions made on the interactions and molecular dy-
namics of HyOQCyg, are consistent with the experimental results, further
discussion, experimentation and computational simulations are needed to
verify these deductions. Experiments such as the INS investigation of the
lower filled HoOQCg, samples could provide further insights on the effect
of inter-fullerene interactions on the quantum dynamics of the encapsu-
lated H,O, while the 'H NMR lineshape simulations of HyOQCyg, could
provide more accurate interpretation of the recorded milli-Kelvin 'H NMR

lineshape.
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Deductions:

Observations in which the deductions are
based on:

Ortho-H>0 does not possess an effective
electric dipole moment, while para-H,O
does. Only para-H>O confributes to the
crystal field.

Symmetry breaking of the 1p; state (INS);
Temperature dependence analysis of the INS spectra
(INS); Increase in T; with respect to conversion
(NMR).

The crystal field indirectly couples with the
electric quadrupole moment of an ortho-H,O
by inducing an electric dipole moment on its
cage, which m turn generates an internal
electric field that couples with the electric
quadrupole moment of the entrapped ortho-
H,0 to break the symmetry of the ortho-H,O
ground state.

Symmetry breaking of the 1p; state (INS);
Temperature dependence analysis of the INS spectra
(INS); Comparing the degeneracy distribution of the
two lowest ortho-H,@Cry states with those of the two
lowest ortho-H,Q@ Ceo states (INS).

The ground state ortho-H,O 1s not
degenerate and rotates in the plane parallel to
the induced electric dipole moment of the
cage.

Temperature dependence analysis of the IN5 spectra
(INS).

The crystal field of the HyO@Cgg lattice 15
umiaxial.

Comparison between experimental HyO@Cgy
lineshapes and the simulated Hy(@ Cgp lineshapes
(NMR).

The crystal field strength mncreases with
lower nulli-Kelvin temperatures.

Comparison between the experimental HyO@Cg
lineshapes and the simulated Hy(@ Cgp lineshapes
(NMR); Increase in the doublet separation frequency
with respect to lower milli-Kelvin temperatures
(NMR).

The induced electric dipole moment of the
Cgp cage of each ortho-H;O 1n the 90% filled
sample 1s saturated since the beginning of
the conversion experiment.

No change in the doublet separation frequency of the
90% filled sample with respect to nuclear spin-isomer
conversion (NMR).

The electric dipole interactions are long
range interactions that occurs at a distance
longer than the distance between two
neighbouring Cgg.

Increase in the separation frequency of the doublet in
the 50% and 20% filled sample spectra with respect to
conversion (NMR); Second order kinetic behaviour of
the conversion process (INS and NMR); No
observable difference in the conversion rate between
the 90%, 50% and 20% filled samples (NMR); No
observable difference in T, between the 90%, 50%
and 20% filled samples (NMR).

The long range mdirect coupling between the
nuclear spins and the rotating electric dipole
moments of the surrounding ortho-H,O 15
responsible for the non-local symmetry
breaking effect required to cause nuclear
spin-isomer conversion at low temperatures.

Second order kinetic behaviour of the conversion
process (INS and NMR); Slow conversion rate at the
end of conversion experiment indicates that para-H,O
does not contribute to conversion process (INS and
NMR); No observable difference in the conversion
rate between the 90%, 50% and 20% filled samples
(NMR).

The rotating electric dipole moments of
surrounding ortho-H,O is responsible for the
long range inter-fullerene T, process, while
the spin-rotation coupling is responsible for
intra-fullerene T, process.

No observable difference in T, between the 90% and
50% filled samples, indicating long range T, process
(NMR); Relatively fast T, relaxation rate at milli-
Kelvin temperatures (NMR).

Table 11.1: Compilation of the preliminary deductions made on the in-
teractions and molecular dynamics of HoOQ@Cy, along with the respective
observations in which the deductions were based on.
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