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The Theory and Methodology of Nuclear Spins Diffusing Through Porous Media

by Topaz Alaska Alice Cartlidge

The internal architecture of porous media is often a mystery, which poses an issue

for diffusional studies aimed at surveying structural parameters. Across many fields,

NMR has excelled in determining parameters such as tortuosity and porosity: vital

variables that can influence the efficiency of batteries or the proliferation of 3D cell

cultures. Yet the technique is hindered by the inhomogeneous magnetic fields intro-

duced when the heterogeneous system is placed within an external field. Any diffusing

spins will therefore experience fluctuating fields, contributing to an exceedingly short

T2. Mitigation techniques include the use of long-lived states, magnetically silent states

with lifetimes exceeding T1 and T2 by orders of magnitude, or transferring to low field

at the cost of resolution. Yet there was no defined and proven numerical reasoning

behind the effect of diffusion due to internal field gradients (DDIF), which was previ-

ously approximated to idealistic linear solutions. This unquantified effect abolishes the

possibility of performing diffusion-NMR in some cases unless one can understand and

therefore manage it. This thesis details the derivation of a numerical theory that incor-

porates Brownian dynamics and average Hamiltonian theory to produce a framework

capable of calculating DDIF. Through understanding the phenomenon, a field-cycling

technique is adopted, utilising a custom-built low-field probe to minimise magnetic

susceptibility mismatches but increase sensitivity. The methodology is then applied to

3D cell cultures to provide a means of testing scaffold design for tissue growth.
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1

Chapter 1

Aims, hypothesis, and methodology

The term porous media encompasses any solid matrix hosting a series of interconnect-

ing pores and channels. The structure may be ordered with parallel channels of the

same width or it may be random and unpredictable such as non-spherical beads packed

into a tube. As such, the probing of the internal environment poses many challenges

to numerous analytical techniques. Nuclear magnetic resonance (NMR), however,

has long since been used to investigate these intricate structures due to its inherent

non-invasive nature and penetrating abilities. NMR has previously demonstrated its

strengths through the characterization of electrochemical storage abilities, the analysis

of rock cores, and the study of tissue cultivations and growth patterns.1–3

When diffusion NMR (d-NMR) is applied to porous systems, the principal object of in-

vestigation is often a parameter such as the restricted diffusion coefficient, the porosity,

or the tortuosity.2,4 In these studies, the selected pulse sequences rely on the attenu-

ation of transverse magnetization following the application of radio frequency (rf)

pulses and gradients. Furthermore, the presence of solid media introduces unwanted

localised internal field gradients, bringing about additional field inhomogeneities. As

a consequence of this, diffusing spins will encounter a fluctuating external field that

varies at a rate dependent on the size and distribution of the pores. This is known to

have a detrimental impact on the longevity of transverse magnetisation.5 Thus, when

the system is particularly tortuous, or the pores are sufficiently large, all detectable

signal is lost before the nuclear spins have surveyed their surrounding environment.

In limits such as these, conventional NMR techniques are incompatible with the porous

media and must be adapted to account for this. However, the theory of NMR is yet to

encompass a complete theoretical description of this susceptibility-induced relaxation

mechanism. One possible solution to overcome this is the introduction of nuclear

singlet spin state (NSS)s, a form of long-lived state (LLS), whose lifetimes have been

shown to exceed that of conventional magnetisation by orders of magnitude, in well-

studied circumstances.6,7 Although this is a rapidly developing area of NMR, singlet
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assisted diffusion NMR (SAD-NMR) is not yet compatible with all porous systems. To

rectify this, the proceeding work aims to question the following hypothesis:

Magnetic susceptibility-induced relaxation is a principal culprit to the inability of

NMR to operate within porous media but can be overcome through a combination of

techniques such as long-lived states and field cycling methodologies.

To test this, the project aims to develop a quantum mechanical theory of susceptibility-

induced relaxation and use a custom-designed methodology for studying previously

inaccessible systems. This will be done via a combined computational and experimen-

tal approach, and will aim to complete the following objectives:

O1 - Produce a numerical simulation framework capable of quantifying the signal loss

as a result of magnetic susceptibility mismatches found within porous media,

O2 - Enhance the framework by incorporating tortuosity simulations, verified through

parallel NMR diffusion experiments run with the aid of nuclear singlet states,

O3 - Introduce a custom field cycling methodology to take advantage of increased sen-

sitivity found at high field and reduced low field magnetic susceptibility effects,

O4 - Demonstrate the technique by applying both the simulation and the methodology

to porous media that are of greater real-world significance and or importance.

This thesis will detail the advances made toward deriving this numerical theory and

outline the steps taken toward extending the limits of d-NMR within porous media.
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Chapter 2

Introduction

2.1 NMR as a modern tool

The story of NMR has conflicting origins as the very defining principle of the technique

began with two parties both discovering the same quantum mechanical breakthrough.

In 1926, Uhlenbeck and Goudsmit published their findings on the electron possess-

ing angular momentum, or spin, in addition to mass and charge.8 This was after R.

Kronig originally described this phenomenon but was rejected by W. Pauli over the

contradiction this theory would hold against classical dynamics.9,10 In the era of pio-

neering quantum mechanics, Uhlenbeck and Goudsmit came to the same conclusion of

the electron’s spin, unaware of Kronig’s discoveries.10 Again, the theory was dismissed,

this time by H. Lorentz, but the two decided to publish despite their lack of support.

Following this stemmed a series of quantum mechanical breakthroughs including the

emergence of the infamous Pauli spin matrices and Dirac Hamiltonian.11,12 The two

are used, respectively, to define spin along the three Cartesian axes for a particle pos-

sessing a spin of 1/2 and describe the nature of electrons, combining both quantum

theory and special relativity.

The idea of nuclei also possessing spin was introduced by D. Dennison who performed

his calculations on a hydrogen molecules’ specific heat and noted the result was only

viable if "the nuclear spin is taken equal to that of the electron".13 Studies on nuclei,

not their overwhelming electron counterparts, were the main focus of I. Rabi, who

measured the magnetic moment of a number of nuclei including hydrogen, deuterium,

and multiple alkali metals, using weak magnetic fields.14 His experiments, though rev-

olutionary at the time, used comparatively crude setups whereby atomic beams were

passed through a series of magnetic fields in order to observe the splitting due to spin

orientations. After this, Rabi et al. devised a new setup which subjected the beam of

molecules to an oscillating magnetic field, with a maintained frequency but differing

strength. All housed within a static field in order to observe the resonance peaks.15
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This allowed them to measure the magnetic moment of nuclei, within a sample of

lithium chlorine. In their ground state, the nuclei within the molecular beam could

be directed to the detector following their exposure to the oscillating magnetic field.

Should the spins be reorientated, the deflection by means of magnetic fields would no

longer be viable and the observed signal would drop, in relation to the field strength.

Figure 2.1: Original magnetic moment measurement made by Rabi et al. showing the
particle beam refocused as a result of the field strength, taken from.14

Their studies ran in conjunction with Alvarez and Bloch who also brought about reso-

nance in nuclei by subjecting them to oscillating magnetic fields.16 Their experiments

differed in that Alverez and Bloch held their oscillating field at a constant strength, H0

and varied its frequency, ω. From there, NMR grew exponentially with the develop-

ment of the theory relaxation and its measurement, made by studying 1H resonance

within ferric nitrate.17 They understood the dissipation of energy from the irradiated

nuclei into their surroundings and the role of the lattice in returning the system to

thermal equilibrium. Following this came, possibly, the most famous NMR spectrum,

demonstrating the ability of the technique to differentiate magnetic environments.18

Figure 2.2: NMR spectrum of ethanol showing the differentiation of different
1H environments based on their resonance frequency, taken from.18
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From there, NMR has demonstrated its worth countless times in both liquids and

gases, but it is also a useful tool for solid samples. In the liquid state, the molecules

are continuously tumbling and re-orientating, their dipoles changing rapidly. Solid-

state samples do not have such leniency and so the anisotropic nuclear magnetic in-

teractions that result in signal loss are prevalent in these static samples. To combat

this, the sample is spun at the magic angle in order to average out these orientation-

dependent effects.19 Under these conditions, magic angle spinning (MAS)- NMR is

a versatile tool for studying a range of materials including soils (for environmental

studies), metal-organic frameworks, and lipid membranes.20–23 Furthermore, MAS-

NMR is a principal technique used to study thin films: materials composed of either

organic or inorganic materials and can be used in optical devices, biosensors, and so-

lar cells.20,24–26 Solid-state NMR (ss-NMR) can also be used to resolve the molecular

structure, packing, and even the dynamics of thin films.20 But this is only one example

of ss- NMRs importance: it is an imperative tool for countless solid-state chemistry and

biological studies.

In addition to structure elucidation, protein studies, and reaction monitoring, NMR

can also be used to study dynamic processes such as diffusion. As well as probing the

sample as a whole, NMR has the spatial selectivity to irradiate planes individually

with each slice being exposed to a differing gradient strength. One can then use this to

spatially encode spins and monitor diffusion throughout the system. Techniques such

as diffusion-ordered spectroscopy (DOSY) measure diffusion coefficients within pure

or complex solutions,27 indicating the molecular weight of larger structures such as

proteins.28 Not only can one measure the diffusion coefficient, but the individual com-

ponents of the diffusion tensor can also be determined, using diffusion tensor imaging

(DTI). Thus, deciphering both how quickly a species diffuses and the principal direc-

tion of diffusion within an anisotropic heterogeneous structure.29 And where there is

information to be gathered on the diffusing molecules, one can also determine geomet-

rical parameters of the system, based on the movement of molecules within it.

One of the main drawbacks to NMR is its inherent low sensitivity, which is discussed

in further detail later in this chapter. Where other spectroscopic techniques utilise

transitions with large energy changes, such as vibrational and rotational modes, NMR

is restricted to nuclear spin transitions. Furthermore, NMR signal is also dependent

on each nuclear gyromagnetic ratio (of which a 1H nucleus has one of the largest) and

the isotopic abundance. However, analytic techniques have advanced to overcome this

issue in a number of situations. Essentially, NMR relies on the population difference

between two quantum mechanical states, and the transition between them. Within

hyperpolarisation, this natural population difference can be favourably enhanced by

many orders of magnitude in order to increase the signal-to-noise ratio. The degree to

which the sample is polarised is given by the polarization enhancement factor, ϵ, and

can be up to five orders of magnitude greater than thermal equilibrium, at high field.30
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Without hyperpolarisation, conventional methods for increasing signal lie in using

cryogentically cooled probes, increasing the active coil region, and taking multiple

scans of the same sample and stacking the results. However, hyperpolarising the sam-

ple reduces the need for so many repeated experiments and can reduce the experimen-

tal time significantly.31 Hyperpolarisation can be achieved via many methods, most

simply by polarising a sample at high field and then switching quickly to the desired

experimental field strength. However, this option only sees use when the target field is

either ultra-low or no magnetic field. Additionally, one can use nuclei with an inher-

ently greater polarization and transfer this to a coupled nuclei of low-sensitivity.31

A more substantial method is dynamic nuclear polarization (DNP) which is governed

by the principle that electrons possess a greater level of polarization compared to nu-

clei. As we have discovered, electrons are spin-1/2 particles and therefore have two

non-degenerate spin orientations when exposed to an external magnetic field. Addi-

tionally, they possess a gyromagnetic ratio ∼660 times greater than that of 1H nucleus,

and therefore ∼2615 times for 13C.32 If the sample is subject to microwave radiation

then the electronic polarization can be transferred to the nuclei, should the radiation

be at (or near) the electron paramagnetic resonance (EPR) transition energy.32 Hyper-

polarisation sees its use in a number of NMR studies including drug screening, charac-

terising protein interactions, and studying the kinetics of chemical reactions.33–35 The

technique can be seen to be used hand in hand with nuclear singlet states.33

Long-lived states are a relatively new aspect of NMR that exploit particular situations

found in some molecules, to store magnetisation for extended periods of time.36 More

detail on their theory and uses will be given in later sections and chapters. To touch

on them, these states have been shown to persist for orders of magnitude longer than

conventional magnetisation, making them incredibly desirable for applications such as

diffusion and in vivo studies.7,37 Eills et al. have recently hyperpolarised singlet states

in a metabolic molecule for the purpose of magnetic resonance imaging (MRI).38

As we have seen, NMR is a valuable tool for studying dynamic processes, such as

diffusion, in three dimensions. We have also seen its ability to take a snapshot of the

sample and return a quantitative analysis of the nuclei present and their environments.

Taking this one step further, NMR can be used to take images, or multidimensional

snapshots, of the system to determine spatial macro-environments. The basis of the

techniques lies in the ability to selectively spatially encode spins such that only the

plane of interest is irradiated. This began with the development of the first gradient

echo sequence and paved the way for imaging through magnetic resonance.39

Since its introduction as a clinical tool in the 1980’s, magnetic resonance imaging

(MRI) and its applications have advanced significantly. It has branched into a range

of different fields including earth science for studying geological flows, and in mate-

rial science for the study of polymers and composites,40,41 whilst maintaining its role
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as a principal medicinal technique. Unlike techniques such as micro-computerised

tomography (µ-CT), MRI is capable of producing three-dimensional images but does

not rely on harmful electromagnetic radiation, making it more applicable to fragile

samples. Unfortunately, MRI lacks the resolution of other techniques where µ-CT

routinely delivers images with ∼1000 times greater resolution than MRI.42,43

Aided by the fast-developing modern computational understanding and power, simu-

lations are driving research forward in ways unattainable by physical examination. As

such, a fast-expanding approach to performing NMR is within computational chem-

istry, a powerful and versatile science capable of exploring regimes not currently within

the grasp of physical capabilities.44 One principal area of computational study is within

diffusion NMR, where simulated molecules are not subject to the complexities of para-

magnetic relaxation or magnetic susceptibility differences, both explored below. Or

rather, these effects can be manipulated more easily, in order to target specific regimes

or phenomena. In the past, groups have experienced signal-to-noise ratio issues pre-

venting physical DTI calculations.45 Alternatively, simulations were used to overcome

these issues and study the diffusion tensor within randomly and uniformly aligned

capillaries where experimental data collection was inaccessible.46 Where the accuracy

of simulated results was verified by checking the bulk diffusion habits of the computa-

tional particles against experimental calculated results.

Computational studies also lend themselves to systems that may not be physically stud-

ied due to their size, complexity, or suitability for sample preparation.47,48 Be these

delicate biological samples, or intricate porous systems where relaxation parameters

cannot be deduced by NMR experiments alone.49 For example, Fichele et al. used sim-

ulations to study gas diffusion within 3D-modelled alveolar ducts as a method to study

the possible progression of respiratory diseases.48 Intelligent computational libraries,

capable of simulating a whole manner of intricate NMR problems, now exist and are

being used for MRI, relaxation, and chemical kinetics.50,51 These libraries are fed vast

arrays of quantum mechanical reasoning in order to predict experimental outcomes.

One area currently lacking a clearly defined theory is the relaxation of nuclear spins

diffusing through porous media, encountering random internal field gradients. For

molecules diffusing within a porous sample, in a magnetic field, the spins are exposed

to the physical confinements of the media and also the internal field gradients pro-

duced by the heterogeneous sample. Since different materials are magnetised to dif-

fering degrees, field inhomogeneities are introduced at the liquid-solid boundary for a

porous system within a magnetic field. This phenomenon is widely recognised, for ex-

ample within rock samples and infilling water, and countless other porous systems.52

Within many studies, relaxation as a result of diffusion has been attributed to an expo-

nential decay that depends on the magnitude of these internal gradients, the diffusion
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coefficient, and the echo time.53–56 However, the evolution of this exponential equa-

tion is derived from a system not representative of the porous systems explored within

this project. Carr et al. derived an analytical expression for decay due to diffusion

in the internal field (DDIF); however, their work assumed one-dimensional movement

of a given step length through a constant linear gradient applied along the z-axis.55

Although this expression is used as an approximation to diffusion through a gradi-

ent, there is a need for a numerical theory evaluating the extent of the susceptibility-

induced relaxation within a porous system of arbitrary complexity.54,55 After which,

one can look to mitigate the effect through experimental techniques.

Pulse sequences have been developed to eliminate the first-order effects of internal field

gradients, through manipulation of the spins using gradients and π pulses. In the in-

stance of uncorrected sequences, even small susceptibility differences can lead to large

errors in the diffusion coefficient calculation.52 However, even with the corrected pulse

sequence, there are certain limitations regarding the size of the gradient in relation to

the sample length. Thus, alternative methods are still required.

Since DDIF is proportional to the external field, as explored in chapter 3, one way to

limit its effects would be to shift to a low field; however, this would require a compro-

mise of sensitivity.57 An alternative method would be the introduction of a nuclear

singlet spin state (NSS): a particular nuclear state with a longevity far exceeding T2

and T1.6,7 NSSs would be beneficial at both limits of d-NMR in porous media as they

possess immunity to internal gradients.58 In small pores where T2 is eradicated almost

instantly, NSSs would survive long enough to probe the local environment. On the

contrary, where the pores are large enough that T2 has reduced significantly before

the nuclei encounter a restricted region, NSSs would be able to travel further. It has

been noted in previous studies that the tortuosity within some sedimentary rocks is not

achieved due to limitations in the lifetime of T1.52 Furthermore, studies by Tourell et
al. calculated the tortuosity within micro-bead packings using singlet states but con-

cluded that a more thorough understanding of DDIF would be required before the

technique could be applied to other systems.59

Be it physical experimentation or computational studies, NMR has proven its value

countless times having been utilised in a multitude of scientific fields. As a spectro-

scopic technique, it is continuously being adapted and developed with the hardware

becoming increasingly sophisticated. Yet, despite its progressions, there are still im-

provements to be made and mysteries present within this technique and its theory.

Mysteries surrounding the diffusion of nuclei through complex porous media, and how

this contributes to spin relaxation. But before we can delve into this problem, we must

first solidify our understanding of NMR and its basic principles.
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2.1.1 NMR: exploring the basics

The most central aspect of NMR revolves around spin: an intrinsic form of angular

momentum possessed by fundamental particles and symbolised by s. For a generic

particle, there are 2s+1 possible spin orientations, each with a magnitude of 1/2 and

given the values ms = 1/2 and ms = − 1/2. The spin quantum number, ms, in the case of

the electron, corresponds to either the spin up or spin down configuration for 1/2 and
− 1/2 respectively. This property is not unique to electrons, as we see nuclei possessing

spin in the form of nuclear spin, I . This is a vector quantity as it contains both a mag-

nitude and a direction. As with electrons, a 1H nucleus is a spin-1⁄2 system. For nuclei

with greater I values, there exist multiple possible nuclear spin values depending on

the coupling of the protons and neutrons, which determines the ground state configu-

ration. For a nucleus to be NMR active it must have a non-zero ground state nuclear

spin quantum number such that it possesses net angular momentum, I>0.

Additionally, since I>0 nuclei are charged particles with angular momentum, they also

possess a magnetic moment, µ, with a corresponding magnitude, µ. The two are di-

rectly proportional through the gyromagnetic ratio, γ , which is unique to each isotope.

Within the lab frame, where z is the principle axis, this relationship is most simply

viewed in terms of the angular momentum’s projection onto the z-axis:

µz = γIz (2.1)

For the ground state nuclear spin, I , there exist 2I+1 degenerate spin states, which

are denoted by the magnetic quantum number, m, and may take on the values of −I ≤
m ≤ I in integral steps. When the system is exposed to an external magnetic field this

degeneracy is removed since there will always be a preferred orientation with respect

to the static field. For the example of a spin-1⁄2 nucleus, the two states are either |α⟩ or

|β⟩, which correspond to spin up and spin down respectively, with the lower energy

state being |α⟩. The energy separation between the two states is directly proportional

to the magnitude of the external field, B0:

∆E = 2µzB0 (2.2)

The loss of degeneracy is referred to as the Zeeman interaction and is one of the fun-

damental reasons for existence of NMR. Due to the relatively small energy difference,

the population imbalance between the two levels is only minimal and follows the Boltz-

mann distribution:60

NUpper
NLow

= e
−∆E
K T

= e−β∆E
(2.3)
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Where T is the temperature and K is the Boltzmann constant, with a value of 1.3805×
10−23 J K−1. For nuclei where I > 1⁄2, the probability of spins being within a given

energy level can be determined by the following equation:

P (Ei) =
e−βEi∑︁
i
e−βEi

(2.4)

Given that gyromagnetic ratios of commonly used NMR active nuclei lie within the

region of 1×107 to 1×108 rad s−1 T−1, the population difference between the two states

is of the order of 1×10−4 to 1×10−5rad s−1 T−1.61 Thus, typically only one in ten thou-

sand nuclei will be aligned with the external field where the other spins are split evenly

between the two states. To transition between the two energy levels, one must irradiate

the system with radio frequency energy, resulting in a single-quantum transition. This

will be touched on in more detail in the following sections.

Where nuclei possess intrinsic spin, related to the nuclear spin quantum number, they

also possess physical spin in the form of precession. This is attributed to the slight

"wobble" of nuclei about the direction of the external magnetic field, causing them to

spin in a similar fashion to a spinning top. The rate of precession, or Larmor frequency,

is specific to the system at hand and is given as the number of times, per second, that

the nucleus precesses in a circle. The advantage of this natural phenomenon is the

precise coding of each nucleus to its corresponding resonating frequency, ν0.

ν0 = −
1

2π
γB0 (2.5)

Thus, demonstrating the dependence of precession on the strength of the external field

and the nucleus of interest. As mentioned, the resonating frequency of nuclei is spe-

cific to their Larmor frequency, which in turn is related to the external field they ex-

perience. However, nuclei are not the only charged particle interacting with the field:

when electrons are subject to strong magnetic fields, they too produce their own in-

duced magnetic field, albeit a small one. The associated and neighbouring nuclei are

then shielded, to a certain degree, from the external field, thus altering the magnetic

environment they are subject to. One can then determine the resonating frequency

via the effective field strength, Bef f , and determine the individual magnetic environ-

ments of all active nuclei within a molecule. This deshielding is specific to the nuclear

environment and is affected by both the functional groups within the molecules and

the other nuclei present. More specifically, the system is susceptible to aromatics and

hydrogen bonding, providing a route to study large and complex systems such as pro-

teins and polymers.62 This elevates our simple system into a powerful spectroscopic

tool, providing structural elucidation of molecules, as long as they contain active NMR

nuclei. The frequency of nuclei can be predicted based on their near environment and

can also be estimated from universal tables of NMR data for a range of nuclei.
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Since there exists a range of commercial magnets, each resonating range would there-

fore differ depending on the external field. As such, the frequency scale is normalised

by an external field and reported in ppm to maintain consistency between reported

values. Additionally, all 1Hand 13Cchemical shifts are reported against a standard,

tetramethylsilane (TMS), as it contains completely equivalent and isolated examples of

both 1H and 13C. This is then reported as having a chemical shift of 0 ppm.

δppm = 106 × ν − νTMS
νTMS

(2.6)

Where δppm is the chemical shift of a nucleus, ν is the frequency of the resonating

nucleus, and νTMS is the frequency of TMS resonating within the given external field.

Other, complimentary, analytical techniques include the likes of mass spectrometry

(MS) which is used for determining the mass-to-charge ratio of molecules. It is of-

ten used in conjunction with NMR for structure elucidation. The two techniques can

determine the molecular mass, and possibly its fragments, and the relative environ-

ments which together form a powerful methodology for determining the molecular

configuration. Another technique is infra red spectroscopy (IR) which is used for de-

termining functional groups in molecules. This technique uses infrared radiation to

excite molecules and cause movement in the form of bending and stretching etc. This

is similar to Raman spectroscopy which is applicable for measuring symmetric move-

ments in molecules whereas IR detects asymmetric movements. Both techniques rely

on the absorption of photons and for Raman, this results in the excitation of electrons

to higher energy states. In IR, the absorbed energy is converted into vibrational move-

ment where functional groups with dipoles give rise to stronger IR signals. However,

these are both structural determination techniques whereas NMR can also be used to

measure dynamic processes such as diffusion.

To study molecular dynamics, one can use fluorescence correlation spectroscopy (FCS),

a technique used for the measurement of concentration, diffusion coefficients, and

molecular interactions.63 In this technique, a small percentage of molecules are flu-

orescently tagged and emit light towards the detector. The light beam is intercepted

by a pinhole, narrowing the observation window to the sample. Due to diffusion, by

Brownian motion, the light seen through the pinhole fluctuates and therefore the mea-

surement of diffusion is possible. This technique sees its drawbacks in its incompati-

bility with porous media; solid intrusions in the sample would prevent the observation

of fluorescence coming from the liquid. This is because only fluorescence present on

the focal plane is observed.64 Diffusion measurements have been made on image slices

in a 2D format, or within translucent materials, such as hydrogels or cells.65,66

Another two-dimensional technique is nanoparticle tracking analysis (NTA) which is

focused on imaging individual particles using an ultramicroscope. This methodology

uses laser illumination to visualise particles through their scattered light, over a series
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of images compiled into a video. It relies on computational methods to track particle

movement and determine parameters such as bulk diffusion coefficients.64 However,

this methodology is only compatible when imaging two-dimensional planes and is af-

fected by the spherical shape of the particles.64

In the absence of analytical techniques, there are countless examples of simulations

being used to measure diffusion and study porous media.67–70 These include samples

such as gas diffusion layer (GDL)s, polypropylene foam sheets, and model porous me-

dia produced via an algorithm. Simulations offer the opportunity to study the small

and intricate aspects of a sample that physical experiments lack the accuracy to distin-

guish. Additionally, they may offer the chance to study systems not previously acces-

sible due to their fragility or inaccessibility. The structure of the porous media can be

extracted using techniques such as µ-CT, or extrapolated through statistical means.

In the instance where a material is unsuitable for 3D imaging techniques such as µ-CT,

there are examples of internal structural properties being produced through digital re-

construction. These are based on parameters determined through surface analysis such

as scanning electron microscope (SEM) imaging and assumptions such as presuming

spherical cross-sections of fibres.71 However, this methodology is only suitable when

the porous media is either unchanging, predictable, or random to the point that pre-

dictability is unnecessary. Where computational reconstructions and harsh irradiating

techniques would either falsely recreate or damage the fragile structure, NMR offers

a more gentle option for internal structural elucidation. Used in unison, however, the

experimental and computational processes can be very complimentary in a study.

2.2 Theory

2.2.1 Spin dynamics

As mentioned, the project aims to develop the theory of the magnetic susceptibility-

induced relaxation mechanism, initially for a system containing a single spin-1/2 nu-

cleus. Once complete, this may be incorporated into a simulation framework capable of

calculating the spin Hamiltonian propagator responsible for the susceptibility-induced

relaxation. To do so, it is best to define the relevant theory leading to this calculation.

At the heart of all spin systems defined by quantum mechanics is the wavefunction,

ψ(xi), the central most important aspect of a problem as it contains all the information

needed to describe a particle or ensemble. It is custom to adopt Dirac notation where

objects within the complex vector space, such as wavefunctions, are written within

kets: |ψ⟩ = ψ(xi). In addition to this, each ket has a corresponding bra, ⟨ψ| = ψ∗
(xi)

,

the complex conjugate of the ket, existing in another space. A wavefunction is con-

structed by a basis set of functions, these being a collection of functions that form a



2.2. Theory 13

mathematical base from which all other wavefunctions in that space can be expanded.

The basis set is governed by a few rules such that it must be complete: the number of

orthonormal functions must be equal to the dimension of the space they are describing.

Orthonormal functions must be both orthogonal and perpendicular to one another:

⟨ψj |ψk⟩= δjk

⎧⎪⎪⎪⎨⎪⎪⎪⎩0 if j ≠ k

1 if j = k
(2.7)

and normalised:

1 = N2
∫︂ ∞
−∞
ψ∗(xi)ψ(xi)dxi (2.8)

Where N is a normalising constant that is specific to each wavefunction. Information

is extracted from a wavefunction using operators: mathematical constructs with the

ability to transform one function into another, typically distinguished by their hat:

Â|ψ⟩= |Φ⟩ (2.9)

Where |ψ⟩ and |Φ⟩ are two different functions. A special class of operators, imperative

for quantum mechanics, are eigen-operators: operators that, when acting on a function,

return the original function with a scalar component, or eigenvalue:

Â|ψ⟩= a|ψ⟩ (2.10)

If this operator is Hermitian then the eigenvalue, a, is a real number and relates to a

physical property of the system that may be measured. The physical value is known

as the expectation value and is obtained by performing an experiment many times and

averaging the results. This is calculated as:

⟨Â⟩=
∫︂ ∞
∞
ψ∗(xi)Âψ(xi)dxi

= ⟨ψ|Â|ψ⟩
(2.11)

A key eigen-operator present throughout spin dynamics is the Hamiltonian, the Her-

mitian operator that returns the energy of a system when acting on the wavefunction.

In many physical cases, the Hamiltonian may be time-dependent, as such the system is

evaluated using the Schrödinger equation:

i h̄
∂
∂t
|ψ(t)⟩= Ĥ(t)|ψ(t)⟩ (2.12)

In the simplest case, the Hamiltonian is time-independent and the solution to the

above, eq. (2.12), becomes:

|ψ(tb)⟩= e−iĤτ |ψ(ta)⟩ (2.13)
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Where τ is the time difference of ta and tb and b is always greater than a. In this case,

e−iĤτ is both a unitary operator:

Û
†
= Û−1

1̂ = Û−1Û
(2.14)

and an exponential operator:

eÂ|ψ⟩= ea|ψ⟩

eÂ = 1̂+ Â
(2.15)

Where a sufficiently small operator can be truncated using the Taylor series to remove

the exponential leaving the sum of the operator and the unity operator:

1̂ =

⎛⎜⎜⎜⎜⎜⎝ 1 0

0 1

⎞⎟⎟⎟⎟⎟⎠ (2.16)

For a nucleus with a nuclear spin quantum number of I , there are 2I + 1 possible

configurations that the spins can exist in. The simplest case we can theorise is that of

an isolated spin-1/2 nucleus in a static field, where the nuclear spin has a value of 1/2

and there are two possible configurations:

|α⟩= |1/2, 1/2⟩

|β⟩= |1/2, − 1/2⟩
(2.17)

Where |α⟩ represents the "spin-up" configuration where the spin is aligned with the

external field, and |β⟩ is the "spin-down" configuration where the spin opposes the

field. Therefore, the wavefunction for an isolated spin-1/2 nucleus can be written as a

linear combination of the basis set components:

ψn = cα |α⟩+ cβ |β⟩

1 = |cα |2 + |cβ |2
(2.18)

Where each squared coefficient, |cn|2, is the probability of finding the system in state

|n⟩. In conventional NMR, the external field is oriented along the z-axis and the spin

angular momentum operator, Îz, acting on a state, returns the states projection along z:

Îz =
1
2

(︄
1 0

0 −1

)︄
(2.19)

For this operator the states |α⟩ and |β⟩ form a complete and orthonormal basis set.

There also exists analogous operators for defining the projection along both x and y:

Îx = 1/2

⎛⎜⎜⎜⎜⎜⎝ 0 1

1 0

⎞⎟⎟⎟⎟⎟⎠ Îy = 1/2

⎛⎜⎜⎜⎜⎜⎝ 0 −i
i 0

⎞⎟⎟⎟⎟⎟⎠ (2.20)
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In addition, it may be useful to define a few more operators used extensively within

spin dynamics, the raising , Î+ and lowering, Î− operators:

Î+ = Îx+ iÎy =

⎛⎜⎜⎜⎜⎜⎝ 0 1

0 0

⎞⎟⎟⎟⎟⎟⎠
Î− = Îx − iÎy =

⎛⎜⎜⎜⎜⎜⎝ 0 0

1 0

⎞⎟⎟⎟⎟⎟⎠
(2.21)

2.2.1.1 Rotation

The majority of NMR is centred around rotations of magnetisation, performed nu-

merically by rotation operators. These exponential operators are capable of calculating

the projection of the magnetisation along any combination of x, y, and z following a

rotation about a given axis, a, through an angle, θ:

Raθ = e−i θ Îa (2.22)

For this, there are clear, defined rotation matrices:

Rxθ =

⎛⎜⎜⎜⎜⎝ cos(θ/2) −i sin(θ/2)

−i sin(θ/2) cos(θ/2)

⎞⎟⎟⎟⎟⎠
Ryθ =

⎛⎜⎜⎜⎜⎝ cos(θ/2) sin(θ/2)

sin(θ/2) cos(θ/2)

⎞⎟⎟⎟⎟⎠
Rzθ =

⎛⎜⎜⎜⎜⎝ e−i(θ/2) 0

0 ei(θ/2)

⎞⎟⎟⎟⎟⎠
(2.23)

An active rotation is one which rotates the object itself whereas a passive rotation, as

found in NMR, is one which rotates the frame around a static object. In the Cartesian

frame, a rotation can be done via three successive rotations, the angles of which are

named Euler’s angles. Conventionally, this is a z − y − z rotation. These rotations are

always anticlockwise and are expressed using a rotation operator, R̂Ω12
:

R̂(Ω12) = Rzα12 Ryβ12 Rzγ12 (2.24)

With the numbers signifying the initial state, 1, and the final state, 2, following the

rotation. Therefore, a rotation by Euler’s angle is also written as:

R̂(Ω12) = e−iα12 Îz e−iβ12 Îy e−iγ12 Îz (2.25)

A rotation operator will act in the following fashion:

ψ(tb) = e−i θ Îa ψ(ta) e
i θ Îa (2.26)
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For the Cartesian angular momentum operators, rotations abide by the following com-

mutation relations:

e−i θ ÂB̂ei θ Â = B̂cos(θ) + Ĉsin(θ)

[Â, B̂] = iĈ⟳
(2.27)

The application of multiple of these matrices in succession will tilt magnetisation from

its residing position to lie along another vector in three-dimensional space, as chosen

by the operator. For example, magnetisation residing along z at equilibrium may be

flipped such that it opposes the external field and lies along -z. Should the opposing

state be the higher energy state, as is with most NMR, the magnetisation will steadily

return to the equilibrium state, in a process called relaxation.

2.2.1.2 Interaction with a magnetic field

The evolution of a system interacting with the static, external field is defined by the

Zeeman Hamiltonian. Unless there is a large quadrupolar moment or the gyromagnetic

ratio is small, this tends to be the dominant interaction at high field.

Ĥz = −γ Î ·B (2.28)

Where the dot product may be expanded to give:

Î ·B = ÎxBx+ ÎyBy + ÎzBz (2.29)

As is conventionally done in NMR, the h̄ constant has been omitted to ease numerical

complexity. Since the external field is only applied along the z-axis such that B =
⎡⎢⎢⎢⎢⎢⎢⎣ 0

0
B0

⎤⎥⎥⎥⎥⎥⎥⎦,
the Hamiltonian may be rewritten as:

Ĥz = −γB0Î

Ĥz = ω0Î
(2.30)

Incorporating the definition of the Larmor frequency: ω0 = −γB0. For an isolated

spin-1/2 where the wavefunction is given as |ψ⟩ = cα |α⟩+cβ |β⟩, the objects of interest

are cα and cβ . The general form of an operator used to extract these would be:

Ô =

(︄
⟨α|Ô|α⟩ ⟨α|Ô|β⟩
⟨β|Ô|α⟩ ⟨β|Ô|β⟩

)︄
=

(︄
Oαα Oαβ

Oβα Oββ

)︄ (2.31)
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The expected outcome, or expectation value, would be determined via:

⟨Ô⟩= ⟨ψ|Ô|ψ⟩

= (c∗α c∗β)

(︄
Oαα Oαβ

Oβα Oββ

)︄(︄
cα

cβ

)︄
= c∗αcαOαα + c∗αcβOαβ

+ c∗βcαOβα + c∗βcβOββ

(2.32)

Another way of writing this is:

⟨Ô⟩= T r{ |ψ⟩⟨ψ|Ô } (2.33)

2.2.1.3 Ensembles

However, the presence of a single isolated spin is next to impossible within nature and

a real system would be represented by NA spins, each with its own wavefunction. In

reality, the system therefore contains NA wavefunctions:

|ψs⟩= cα,s|α⟩+ cβ,s|β⟩ (2.34)

With s signifies the individual spin. This carries through to the expectation value such

that the outcome of the entire system is the sum of all its components:

⟨Ô⟩=
NA∑︂
s=1

⟨ψs|Ô|ψs⟩

⟨Ô⟩= T r
{︃ NA∑︂
s=1

|ψs⟩⟨ψs|Ô
}︃ (2.35)

Unfortunately, one cannot definitively say all spins of an ensemble will be in the same

state, and due to the likelihood of having a factor of 6.022×1023 spins, the system

can only be surveyed through statistical means. For this, we define the average of the

ket-bra combination as the density operator, ρ̂: the average state perceived within our

system given all conditions and influencing factors.

ρ̂ =
1
N

NA∑︂
s=1

|ψs⟩⟨ψs|

= |ψs⟩⟨ψs|

(2.36)

In matrix form, this is given as:

ρ̂ =

(︄
ραα ραβ

ρβα ρββ

)︄
(2.37)
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In the matrix representation, the diagonal elements account for the populations of

|α⟩ and |β⟩, and the off-diagonal elements are coherences. These coherences account

for magnetisation that resides across the transverse plane, as a superposition of |α⟩ and

|β⟩. In NMR, the -1Q or ρβα, single quantum coherence, are those which are observed.

The expectation value of the operator may now be expressed as:

⟨Ô⟩= N T r{ ρ̂ Ô } (2.38)

This is the prediction of the result of a measurement from an ensemble of spins where

each component will contribute N−1⟨Ô⟩. The density operator becomes a statistical

representation of an ensemble of spins where outcomes of observation or measurement

are probabilistic-driven values. As with the isolated system, working with the density

operator requires the defining of at least one instance of a complete and orthonormal

basis set, from which the operator can be described. For an ensemble of spin-1/2 nuclei,

this may be 1̂, Îz, Î+, and Î−. To write the density operator out in full would be:

ρ̂ = Î− ρβα + 1/2 1̂ (ραα + ρββ) + Îz (ραα − ρββ) + Î+ ραβ (2.39)

This operator is a valuable tool for describing ensemble systems, as will be seen later.

2.2.1.4 Rotating frame

When dealing with the quantum mechanics of NMR, there is always an element of

time dependence, since no solution is static and pulses cannot, though we may try, be

infinitesimally short. In order to visualise nuclei, we must perturb them from the static

field, and thus away from z. We do so using an oscillating field, B1, placed along x, and

operating at the transmitter frequency. Any nuclei within this system will experience

this field strength along with its rhythmically fluctuating magnetic field, thus we have

a time dependence that we must account for in our calculations. Alternatively, we can

deviate from this static laboratory frame, and instead choose a reference frame that

compliments our system. We can adopt a rotating frame whereby we are rotating about

the z-axis at the same rate as our transmitter frequency, ωRF . Such that the viewpoint

from atop our nucleus resonating with the oscillating field, would be a static world.

Thus removing this time-dependent aspect from our calculations.

Previously, we had seen our nuclei precess at their Larmor frequency, ω0, yet in the

rotation frame, we must adopt an apparent Larmor frequency to account for us also

rotating around z. This is given by the frame frequency, ωRF . We can therefore define

the offset, Ω: the difference between the precession frequency and the frame frequency.

For nuclei precessing at a rate equal to ωRF , they are said to be on resonance.

Ω= ω0 −ωRF (2.40)
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2.2.2 Radio frequency pulses

2.2.2.1 On resonance

The manipulation of spins within the system is done via rf pulses: these have the

ability. Noting the use of the Cartesian coordinate system, carried forth through these

works. By doing so, the net magnetisation can be transferred to the |β⟩ state via the use

of correct rf pulses. The degree to which a pulse rotates the magnetisation is given by:

β = ω1 τp (2.41)

Where β is the flip angle, ω1 is the nutation frequency, and τp is the length of the

pulse. By fixing either the pulse length or nutation frequency, and altering the other,

the desired flip angle can be achieved. When the precession frequency matches that

of the rotation frame, or the rf frequency is large compared to the offset, the system

behaves as intended and the magnetisation is tilted by the specified angle. NMR as

a technique is built upon sequences of these pulses and intermittent delays, through

which information and parameters can be determined.

2.2.2.2 Off resonance

In the instance that precession is far from the rotating frame frequency, the spins in

our sample will not behave as expected. Instead of an idealistic pulse shifting all spins

together, the net magnetisation vector will appear to precess during the pulse, shifting

the spins away from the x-y plane. For the example of a 90x pulse, instead of the

magnetisation lying along -y, it will rotate back around, gaining magnetisation in both

x and z. We can visualise the effect of an off-resonance pulse based on the probability

of achieving a successful transition from |α⟩ to |β⟩, via a π pulse.

Figure 2.3: The effect of an off-resonance 180◦ pulse demonstrated as the probability
of flipping spins from |α⟩ to |β⟩, taken from.72
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Although these non-ideal pulses exist to some degree in many samples, they can be

corrected for and removed efficiently by using techniques such as composite pulses.73

2.2.3 Composite pulses

Composite pulses are built such that the sequence of pulses is equivalent to a single

pulse; however, they are far more forgiving to imperfections.73 As with most samples,

the internal magnetic field is never flawlessly homogeneous and so, each spin is inher-

ently susceptible to slightly different fields. Thus introducing a range of Larmor fre-

quencies where only one matches the irradiation frequency.74 For a blank sample con-

taining a simple molecule, this effect is negligible hence standard T1 and T2 experiments

use single pulses. However, if extra complexity is introduced to the system by way of

porous media, the local environment of the spins will be further differentiated by posi-

tion. Here, a single pulse may result in each spin being tilted by a fraction of the desired

amount. Take the example of a 180y pulse and its composite partner, 90y180x90y . The

desired effect would be a transition from Îz to -Îz, as shown in Figure 2.4 A. However,

the complexity of the system may mean that some spins experience a greater offset fre-

quency than others. the composite pulse shown in Figure 2.4 B highlights the potential

to compensate for these differences.

Figure 2.4: Effect of a composite pulse for net magnetisation beginning facing the cir-
cle, with the intention to finish facing the diamond, taken and adapted from Levitt.74

2.2.4 Phase factors

Another method for suppressing non-negligible interference effects is phase cycling

whereby the phase of a pulse is periodically altered to achieve addition or subtraction

of successive signals.73 In our typical NMR experiment, we have selected the principal

axis to be z, and have arbitrarily assigned x and y to be perpendicular to z and each

other. However, the actual direction of both x and y is defined at the user’s discretion,

or rather, that of the pulse programmer. Having chosen x to be the axis along which we
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measure magnetisation, we can say a pulse along x has a phase angle of zero, and one

along y has a phase angle of π/2. Similarly, the alignment of the receiver will introduce

receiver phase into the system. By carefully selecting the phases of both the pulse and

the receiver, one can amplify desired signals whilst cancelling unwanted ones, as well

as suppress any artefacts arising due to field or timing imperfections.

2.2.4.1 Magnetisation

Within the density matrix, given in eq. (2.37), there are two forms of magnetisation,

longitudinal, and transverse. The diagonal terms represent the populations of the

|α⟩ and |β⟩ states and the difference between these populations results in a net mag-

netisation called longitudinal magnetisation. Should the system be perturbed such that

magnetisation resides in the |β⟩ state, the return to equilibrium is deemed relaxation,

and is characterized by the longitudinal decay constant, T1. Since this form of relax-

ation relies on transitions between the |α⟩ and |β⟩ states, it is mediated by frequencies

containing a component of the Larmor frequency.

In conjunction, the off-diagonal elements of the density matrix are the coherences.

These represent the spin angular momentum in the x-y plane and are responsible for

transverse magnetisation. Since all spins are precessing, should the net magnetisation

be shifted to the x-y plane, precession continues about the z-axis. However, each spin

will experience an ever so slightly different field due to small unavoidable inhomo-

geneities within the system. As a result, the precession of each spin is different causing

an overall dephasing of the spins, quantified by the transverse decay constant, T2. The

value of T2 can qualitatively be observed on spectra themselves as it is inversely pro-

portional to the width of a peak, known as full width half maximum (FWHM).75

2.3 Spin relaxation

2.3.1 Relaxation in solution

These two decay rates are principal aspects of many NMR pulse sequences for example,

the attenuation of T2 of water is the principal driving factor of MRI contrast. However,

in liquids, there are many mechanisms that are responsible for the increased decay

in longitudinal and or transverse magnetisation. Mentioned above was the Zeeman

interaction: usually the dominant Hamiltonian of a system and therefore contributing

the most to relaxation. Of the other known mechanisms, those with a significant impact

on the samples used within these works are outlined briefly below.

The principal foundation of longitudinal relaxation is the transition of spins from |β⟩ to

|α⟩ via fluctuations containing a component of the Larmor frequency. However, for
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transverse magnetisation, relaxation is quantified by the dephasing of spins in the

transverse plane and so relaxation is mediated by fluctuations in magnetic field of any

frequency. Often in NMR, the second most prominent form of relaxation is by dipole-

dipole relaxation, the coupling interaction between nuclei within close proximity of

one another. As molecules tumble, the dipole field created by each nucleus will fluc-

tuate and if experienced by another nucleus, will induce relaxation. There are many

forms of dipole-dipole relaxation including the coupling of spins within one molecule,

intra-molecular dipole-dipole (iDD), and between nuclei on different molecules, inter-

molecular dipole-dipole (DD). Although dipolar coupling is a strong interaction, it is

largely dependent on distance and so iDD tends to dominate dipole relaxation. We see

the distance dependence in the spin relaxation through the iDD model:76

RiDD =
3
2

(︃ µ0

4π

)︃2
γ2

1γ
2
2 h̄

2r−6
12 (2.42)

Another relevant mechanism is spin-rotation (SR) relaxation, which is brought about

by fluctuations in the experienced magnetic field as a result of rotating atomic groups.77

In solution, molecules are not only moving randomly as a whole, but each component

of the molecule may also be moving randomly both rotationally, and transversely. This

is particularly seen within single bonded chains in a molecule, such as free-rotating

methyl groups. As the group rotates, the angular momentum brings about a small yet

insignificant magnetic field that may be experienced by neighbouring nuclei. As such,

this relaxation mechanism has a distinct temperature dependence78 and can affect each

nucleus in the molecule individually. For that reason, the labelling of molecules can be

selected such that the nuclear position of interest is as far from the rotating group as

possible. Taking all these factors discussed above, the example of pyruvate can be used

to demonstrate relaxation as per the labelling site:

Figure 2.5: Possible positions of 13C labelling within pyruvate.

For the case of pyruvate-1-13C at 3 T, T1 was found to be 67 s, as opposed to only 39 s for

pyruvate-2-13C.79 Thus meaning the positioning is sufficient to favour one positioning

over the other. For example, should a long relaxation time be required, pyruvate-1-
13C would be the preferred isomer. In most cases, the mechanism can be described by

a Hamiltonian to evaluate the product of a spin system subject to such mechanisms

for a given period of time. As with iDD, SR has its own relaxation equation with ⊥
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representing a tensor for the moment of inertia, I, and the spin rotation tensor, C:76

RSR =
4kBT

3h̄2C2
⊥I⊥

(2.43)

2.3.2 Paramagnetic relaxation

A particular relaxation mechanism of importance is that of paramagnetic relaxation,

or paramagnetic relaxation enhancement (PRE). Paramagnetic materials include met-

als or those containing unpaired electrons, such as oxygen. As with most relaxation

mechanisms, this is facilitated by the random fluctuating magnetic fields experienced

as a result of molecular motion. In this case, the magnetic field arises due to the dipoles

of paramagnetic materials. Dipoles produced by unpaired electrons are greater than

those of nuclei meaning paramagnetic oxygen can significantly reduce magnetisation

lifetimes. With studies proving that increased oxygen concentration leads to a signif-

icant increase in relaxation rates,80 both T1 and T2 can be enhanced by removing this

dissolved gas via the freeze-thaw method or bubbling with a heavier gas.

PRE is also a prevalent, often most important, form of relaxation for geological NMR

studies.81 With the electron spin far exceeding that of nuclear spins, this form of relax-

ation has strong influences even at small concentrations of paramagnetic materials.82

Contrary to d-NMR, MRI relies heavily on the shortening of relaxation times, in or-

der to enhance signal intensities.83 By shortening the lifetimes of resonating signals in

inter-tissue areas, greater contrast is achieved for the areas of interest.84

2.3.3 Surface relaxation

A prevalent form of relaxation in porous media studies is surface relaxation. This

involves the magnetic coupling of nuclear spins with static surface-bound nuclei, typi-

cally paramagnetic species.44 The degree to which the surface enhances spin relaxation

is defined by the surface relaxivity parameter, ρi , and links Ti to the pore size via:81

T −1
i = T −1

i,B + ρi (S/V ) Where i = 1,2 (2.44)

Where Ti is the relaxation constant in the porous system, Ti,B is the bulk relaxation

constant, and S/V is the surface area to volume ratio of the pore. However, the range

of surface relaxivity is typically contained to within a few molecules’ width, requiring

spins to be very close to the surface for significant relaxation to occur.82 Through anal-

ysis of the temperature dependency of the diffusion coefficient, it was determined in

some systems that the main diffusion effect could be attributed to geometrical restric-

tions as opposed to surface relaxation.52 However, within all porous systems there exist
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diffusion regimes, related to the pore size and diffusion. For larger pores, the majority

of spins experience bulk diffusion and the system is within the fast diffusion regime:85

ρi l/D << 1 (2.45)

Where l is pore size (or diameter) and D is the diffusion coefficient. It is only when

there is a sufficiently large surface area to volume ratio that surface relaxation is preva-

lent, deemed the slow diffusion regime. Should this regime dominate, one can expect

significant relaxation effects and multiple relaxation rates within one system.81 How-

ever, this implies that all pores within a system are identical, else one must average

over relaxation and pore size to account for differences. Owing to the complexity of

some porous systems, the calculation of surface relaxation is no trivial matter. Thus,

algorithms are used to determine these structural features of porous media, based on

physical properties.44

Whether the study of relaxation is computational or experimental, the combination

of all applicable relaxation mechanisms sums to total the observed relaxation within

the system.76 Where the state of the system can be calculated through the total spin

Hamiltonian containing all time-independent, Ĥ0, and time-dependent terms, Ĥ1(t).86

Ĥ(t) = Ĥ0 + Ĥ1(t) (2.46)

2.3.4 Magnetisation measurement

We have already discussed the Zeeman interaction and I , and its importance in deter-

mining which nuclei are NMR active. We have also seen how magnetisation can be

shifted and manipulated within an ensemble of spins. When the system is perturbed

in any way, the tendency is for it to return to thermal equilibrium, characterised by a

relaxation constant, of which there are two.

Firstly, relaxation of z-magnetisation is characterised by the time constant, T1. This

form of relaxation is centred around the dissipation of energy from the spins to the sur-

rounding lattice. The latter being the collection of surrounding spins, located within

the same molecule or neighbouring molecules to the spin in question. In this mode of

relaxation, energy is dissipated from each spin with the goal of returning the system

to equilibrium. We can see the presence of T1 in the Bloch equations: a set of math-

ematical constructs describing the change in magnetisation of a relaxing system. For

longitudinal relaxation, we obtain T1 through the following relation:87

dMz

dt
=
M0 −Mz

T1
(2.47)
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Where Mz is the magnetisation in z and M0 is the initial magnetisation. The solution

of this first-order differential equation is:

Mz(τ) =M0

(︂
1− e−τ/T1

)︂
(2.48)

Linearizing this solution and plotting signal strength against the delay period, τ , can

be done to calculate the longitudinal decay constant of the nucleus. Alternatively, fol-

lowing a 90 ◦ pulse, our magnetisation now lies within the transverse plane. Precession

of the overall magnetisation vector, now lying perpendicular to the z-axis, contributes

to the non-zero components, Mx and My . Relaxation of this transverse magnetisation

is described by T2 and is an entropically driven process by which the overall energy of

the system remains unchanged but the attributed signal loses its coherence. As before,

T2 can be described using a Bloch equation:87

dMxy

dt
= −

Mxy

T2
(2.49)

Where Mxy is magnetisation residing in the transverse plane. The solution of this first-

order differential equation is:

Mxy(τ) =M0

(︂
1− e−τ/T2

)︂
(2.50)

Unlike T1, the measurement of transverse magnetisation is achieved by performing a

series of sequential spin-echos with a consistent evolution time. Signal is then plotted

against the number of spin-echos in order to determine T2. The dependence on losing

longitudinal magnetisation to witness transverse magnetisation leads to the restriction

that T2 cannot be greater than T1. In systems with unrestricted diffusion and with

regimes of fast molecular motion, we see these values as near equivalent. As all things

are, NMR is no stranger to the inevitable imperfections of a system within a chaotic

universe. Despite our best efforts, no two spins within a sample are subject to the exact

same forces, though they share a nigh-on identical environment. These tiny differences

in microenvironments toy with our spins and give rise to T2*: the decay constant for

transverse magnetisation accounting for the subtle difference in field homogeneity. As

such, T2* cannot be bigger than T2.

Our lattice can be seen as a sea of nuclear magnetic moments, tumbling, rotating, and

transforming through space. They are subject to the whims of the molecule which is

itself undergoing similar motions. As the molecule tumbles, so do its *internal* mag-

netic moments, shifting them continuously off of their harmonious alignment with the

external field. These motions lead to the production of fluctuating magnetic fields

which, when containing a component of the Larmor frequency, can induce relaxation

in nearby nuclei. Since the resulting peaks are a measurement of the nuclear reso-

nance frequencies, their widths are a representation of the error associated with that
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environment’s average magnetic environment. As the system tends towards completely

homogeneous, the signal in the resulting spectra tends towards narrow, uniform peaks.

For liquid state NMR, both the solute and solvent are in constant thermal motion.

This involves tumbling which occurs via the rotational correlation time (τc). This is

the average time it takes for a molecule to rotate about an axis by one radian. As well

as being specific to each molecule, τc is also associated with the rotational diffusion

coefficient, Dr .88 A characteristic value of a particles rotation.

τc =
1
6
D−1
r =

4πρηR3

kBT
(2.51)

Where kB is the Boltzmann constant, T is temperature, ρ is density, η is viscosity, and

R is the radius of the assumed spherical molecule. Due to its connection with internal

dipolar fluctuations, τc can greatly affect the degree of relaxation experienced by nuclei.

Isotropic motion occurs when a single value of τc corresponds to the tumbling of a

molecule. Unfortunately, this is a rarity as it requires a spherically symmetric molecule,

not often encountered in nature. As such, each spin within a tumbling molecule may

experience slightly differing relaxation rates.

For a single correlation time, the molecule will have a certain "memory" of its previous

orientations, encoded within its spectral density function (SDF). This is given by J(ω)
and is proportional to the probability of finding a molecule that has tumbled a compo-

nent of a radian at a given frequency.75 We can therefore expect our average molecule

to not have tumbled through one radian within τc, and few to have rotated further in

this time. Of course, this is dependant on the frequency range under which the system

is observed. We can plot the SDF as:

J(ω) =
2τc

1+ω2τ2
c

(2.52)

Since T1 is dependant on fluctuations of a certain frequency, in an idealistic world, it is

also related to the spectral density function, J(ω).89

1
T1

= γ2
⟨︂
B2

⟩︂
J(ω) (2.53)

With
⟨︂
B2

⟩︂
being the mean square of local fluctuating fields. However, there are many

relaxation mechanisms that come into play, all contributing to the total relaxation rate.

All assumptions so far have assumed a homogeneous field, excluding the possibility of

a fluctuating B0. Furthermore, there are other nuclear interactions that exists within

and between molecules, that add complexity to the system.
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2.3.5 Couplings

2.3.5.1 Weak coupling

Another form of intranuclear interaction comes in the way of couplings. We have learnt

that a spin-1/2 nucleus may adopt either the |α⟩ or |β⟩ orientation, but this is also pos-

sible for every nucleus in the molecule. Typically, if a nucleus containing a magnetic

moment, and therefore inducing a small magnetic field, is orientated in the spin-up

fashion, the electrons in its bonds will be polarised to also align with the external field.

As a consequence of this, paired electrons on the adjacent nuclei adopt the spin-down

position. This pairing can be seen for a number of bonds, continuing the pattern of po-

larisation. Nuclei that are non-equivalent and typically within 3 bonds of one another

(or 4 in special cases such as aromatic rings) can couple to one another; e.g., the nuclei

are in a close enough proximity to be influenced by the small magnetic fields induced

by the coupled nuclei, mediated through the bonds.

This phenomenon brings about a splitting pattern in the observed signal due to the

possible arrangement of all coupled nuclei. For example, if one spin-1/2 nucleus is

close to another spin-1/2 nucleus, it may either be slightly deshielded by a neighbour-

ing |β⟩ nucleus or shielded by a neighbouring |α⟩, causing the resonating frequency to

either shift slightly downfield or up field, respectively. Given an ensemble of spins,

there is also an equal chance of the neighbouring spin being up or down and so the

resulting signal appears as a doublet of equal height peaks. The coupling constant, J12

is equivalent to this frequency difference between the spins resonating in aligned vs

opposed orientations. Since this effect is intrinsic, it is not dependent on the external

field or the temperature and is always reported in Hz.

Figure 2.6: Effect of coupled nuclei on the splitting of the NMR signal, forming a
triplet with intensities 1:2:1.
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Scalar coupling can be used to determine the relative inter-molecular position of nuclei,

further increasing the power of NMR. For example, nuclei with fewer bonds between

one another tend to have a greater coupling constant. For all nuclei, the multiplicity of

the NMR signal abides by the following:

Multiplicity = n+ 1 (2.54)

Where n is the number of non-equivalent neighbouring nuclei. The relative intensities

of the peaks follow Pascal’s triangle, which accounts for the stacking of the shielding

of multiple neighbouring nuclei.

2.3.5.2 Strong coupling

For two coupled nuclei, there are four Zeeman product states for the system to be under

and six total transitions between them. However, only four are physically allowed since

NMR only allows ∆m± 1, defined in Figure 2.7 as W1, transitions.

Figure 2.7: Possible transitions for a two spin-1/2 coupled system, adapted from.90

When the difference in Larmor frequency between the two spins, ∆ν, is smaller than

their coupling frequency, J12, the two are said to be strongly coupled. The presence

of this coupling adds extra complexity to the quantum mechanical problem, as well as

the spectra produced. When considering the wavefunction of the system, the second

spin means additional states must be incorporated and accounted for:

|ψ⟩= cαα |αα⟩+ cαβ |αβ⟩+ cβα |βα⟩+ cββ |ββ⟩ (2.55)

That is not to say that both spins may only be either ’spin-up’ or ’spin-down’. As we

have seen, there exist states that are superpositions of |α⟩ and |β⟩. As it happens, should

the spins be magnetically equivalent, the Zeeman product states shown in Figure 2.7

are not all eigenstates of the system. In this case, one must use an alternative basis
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set to obtain the eigenstates in the strong coupling limit.91 The application of conven-

tional rf pulse sequences may not be sufficient to study such a system and complex

methodologies may be required to probe these states.92

2.3.6 NMR in porous media

As mentioned, materials classed as porous media typically have an inhomogeneous

solid architecture containing voids for liquid or gas flow. The movement of liquids

through this medium can be more rigidly assessed in some situations such as packed

beds; spherical particles typically packed within a hollow container, often a cylinder.

In such a case, the system is porous upon the condition that Darcy’s law is satisfied for

flow evaluation, at low Reynolds numbers.93 Initially derived from experimenting with

fluid flow through sand beads, Darcy’s law describes fluid flow within porous media.94

q =
−k
µ
∆P (2.56)

Where q is the flux discharge rate over area, measured in m/s, k is the permeability

of the material, µ is the liquid viscosity, and ∆P is the pressure gradient. Darcy’s law

highlights the relationship between flux and the pressure gradient (driving force of

flow), with respect to the permeability and the resistance of the liquid to deform. It

also contains the following key statements:

• Flow occurs from high to low pressure and requires pressure gradients,

• With increased pressure gradients, comes greater flux,

• And the discharge rate is dependent entirely on the architecture of a material

regardless of the pressure gradient.

What is most relevant here is the relationship between flux and other key porous media

terms, such as porosity, υ. Where flux relates to the discharge over area, it is depen-

dant on the fraction of porous media that allows for flow and so is related to porosity

through the fluid velocity:94

υ =
q

ν
(2.57)

Where ν is the velocity and υ is the porosity. The latter can be defined as the ratio be-

tween the void space and the total volume of the sample. This is an imperative param-

eter across a range of fields where the porosity can directly influence the availability

of oil within a reservoir, the suitability of cements for bone repair, and the structural

integrity of alumina ceramics.95–97 Most applicable to a later chapter is the influence

of porosity on cell viability within in vitro samples. Porosity and pore size can be the

pinnacle influence in recreating an in vivo environment for a 3D cultured cell sample.98
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Alternatively, motion can be brought about through passive processes such as diffu-

sion. In this case, particles move through the solution via random motion governed by

kinetic energy. When the molecules are diffusing within a blank system, diffusion is

averaged to the bulk diffusion coefficient, D0. With the introduction of solid confine-

ments, such as in porous media, the porosity can be determined through the restricted

diffusion coefficient, Def f :99

Def f =
D0υf

α
(2.58)

Where α is the tortuosity, which is explored below, and f is the diffusion-constriction

factor: the ratio between the molecular size and pore diameter.99

2.4 Diffusion NMR

2.4.1 Measurement

Diffusion NMR (d-NMR) relies heavily on the use of gradients: short rf pulses ap-

plied along the transverse plane to induce a spatially dependent phase shift on the

spins within the sample. As previously mentioned, all spins within a homogeneous

magnetic field will precess at a given frequency, ω0, provided they share a common

gyromagnetic ratio, γ . However, in the presence of a field gradient, g (T m−1), the

precession frequency depends on position, r, in a linear fashion:

ωr = −γ (B0 + g · r) (2.59)

With g being the gradient intensity, and δ being the gradient length. The ensemble

of spins will now precess at different frequencies depending on their position within

the sample. Should a gradient be applied following a 90◦ pulse, the distribution of

frequencies will result in a coherence loss as the tilted spins will be out of phase. We

can describe phase, φ, as the angle between each spin and the x-axis and the phase

factor will be determined by the pulsed gradient and its duration, δ.

φr = −γ δ g · r (2.60)

Where r is the position within the sample. Although dephasing was previously con-

sidered to be a hindrance, the advantage of applying the gradient lies in its ability to

encode all irradiated spins with spatial information. The effect of applying a pulse is

demonstrated below in Figure 2.8:
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Figure 2.8: Effect of linear gradient on spin order following a 90◦ pulse.

Should the sample be subjected to a 180◦ transverse rf pulse, followed by a second

gradient of equal magnitude, a completely static sample would show a full retention of

signal as the magnetisation is refocused in an echo. However, should any spins diffuse

during the evolution time, ∆, between the two gradients, acquisition would result in a

less-than-perfect re-phasing of the spins and therefore a decline in signal.

Figure 2.9: The PGSTE pulse sequence and its effects given either a long or short delay.
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Within NMR, the most basic pulsed gradient stimulated echo (PGSTE) pulse sequence,

developed by Tanner100 and shown in Figure 2.9, is used to calculate the diffusion

coefficient of a molecule. To determine how the signal will evolve during this pulse

sequence, requires consideration of how a single spin is manipulated by the PGSTE

sequence, assuming a linear gradient. Initially, magnetisation will reside along z:

ρ̂(0) = Îz (2.61)

Following the first pulse 90◦ pulse (about x), it will be tilted to lie along y:

ρ̂(1) = −Îy (2.62)

The effect of the gradient takes the following form, given the application of commuta-

tion relations:
ρ̂(2) = e−i γ gz δz Îz

(︂
−Îy

)︂
ei γ gz δz Îz

= −Îycos(γ gz δz) + Îxsin(γ gz δz)
(2.63)

And following the second 90◦ pulse (about y), excluding the effects of chemical shift

and scalar coupling:

ρ̂(3) = −Îycos(γ gz δz) + Îzsin(γ gz δz) (2.64)

If we exclude relaxation and apply the third and final pulse 90◦ pulse (about y), we

achieve the following:

ρ̂(4) = −Îycos(γ gz δz)− Îxsin(γ gz δz) (2.65)

After the second gradient, assuming the spin has moved due to diffusion:

ρ̂(5) = i/2 Î+ e i γ gz δ (z−z
′) − i/2 Î− e− i γ gz δ (z−z

′) (2.66)

A derivation of how the above equation was formed can be found in Appendix 9.5.

As mentioned, the observable component of NMR is the -1Q coherences and so the

observable would be:

ρ̂obvs = − i/2 Î− e− i γ gz δ (z−z
′) (2.67)

We are only concerned with the real part and can therefore make use of Euler’s formula

once again to determine the effect of the gradients on observable magnetisation:

ρ̂obvs = − i/2 Î− cos (γ gz δ (z − z′)) (2.68)

However, this only assumes an arbitrary movement of the spin during the diffusion

period, with no link to diffusional motion. The overall signal is a combination of both

the gradient effects and the distribution function of diffusion through the system. For

our spins, the observable signal is a construct of the gradient effect, the probability of
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the initial particle being within z and z - dz, and the propagator defining the proba-

bility of a particle, at initial position z, to be within z’ and z’ - dz’ after ∆. The second

component is given as p(z) and is constant when integrated over all possible positions

of z. The last term, the propagator, is given as:101

P (∆, t) =
1

√
4πD∆

e − (z − z
′ )2/4D∆ (2.69)

The observable signal therefore becomes:101

S(δgz∆)

S0
=

∫︂ ∫︂
cos [γ gz δ (z − z′ )] p(z) P̄ (z,∆) dz dz′

= e -(γ gz δ)
2
∆D

(2.70)

Where S denotes the signal intensity. As γ and S0 are fixed, a typical experiment will

maintain the evolution time and the gradient duration as constant and only change the

gradient strength. As such, the only unknown is the diffusion coefficient, which as it is

a constant, can be extrapolated from a plot of signal intensity against gradient strength

for many acquisitions. The experiment must be performed whilst obeying one specific

condition: T1> ∆. If this condition is not followed then a significant factor of signal

decline can be attributed to standard longitudinal relaxation and not diffusion.

In the instance of encountered restriction, the diffusing particles will travel a shorter

distance and therefore relay a smaller diffusion coefficient, termed the restricted dif-

fusion coefficient, D(∆). Should the PGSTE experiment be repeated for an array of

diffusion times, ∆, the particles diffusing will eventually reach a limit at which they

have experienced their surroundings fully and have encountered all restrictions. By

plotting D(∆)/D0 against the diffusion time, ∆, one can start to observe an asymptote

as ∆ approaches infinity. This asymptotic line is shown below in Figure 2.11 and is

referred to as the tortuosity of the system, α. This is otherwise known as the ratio be-

tween the molecular path through the system and the most direct route possible. One

can imagine a maze and the convoluted path that must be taken to enter one side and

exit another, the distance being LR. Then take, for instance, the possibility of flying

straight over the maze, and consider how much shorter this distance would be, L. This

is analogous to tortuosity as α may be defined as LR/L.

Figure 2.10: Physical representation of tortuosity.
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More specifically, tortuosity is defined as:

D(∆)

D0
=

1
α
+

(1/α − 1)θ
∆

+O
(︃ 1
∆

)︃3/2

(2.71)

Where θ is a fitting parameter related to pore size.59 One can link porosity to tortuosity

in a structure through the Bruggeman equation:102

α =
1
υ0.5 (2.72)

However, it has been noted that this only holds in exemplar isotropic cases and is not

reflective of the inhomogeneous nature of some porous media. As such, the equation

can be refined to accommodate for these anisotropies, as detailed by Koponen et al:103

α = 1+ c
1−υ(︂
υ −υp

)︂m (2.73)

Where c, and m are constants, and υp is the percolation threshold. This threshold being

the point at which long-range connectivity appears in the system: which can in turn

be calculated through mathematical means.104 Within equation 2.71, in the limit of

∆→∞, it can be seen that tortuosity is equal to D0/D(∆). On the contrary, in the limit

of ∆→ 0, the tortuosity curve can be used to estimate the porous media’s surface area

to volume ratio when using an alternative expression for tortuosity:105

D(∆)

D0
= 1 − 4

9

√
π
S
Vp

(D0∆)
1/2 + c2∆ (2.74)

Where S and Vp are the surface area and volume of the pores, respectively. The last

term, c2, contains parameters such as the curvature of the pore walls although it is

negligible with respect to the first two terms.106 As such, a plot of D(∆)
D0

against ∆1/2 has

a gradient proportional to the surface area to volume ratio.

Figure 2.11: Example plots of tortuosity measurements showing A) the asymptote
reached as the diffusion time is extended (as in 2.71) and B) how the surface area to

volume ratio may be calculated in the limit of short diffusion times (as in 2.74).



2.4. Diffusion NMR 35

There exist other forms of surface area measurements namely the Brunauer-Emmett-

Teller (BET) gas-adsorption technique which is known for its sensitivity to surfaces

on the molecular scale. One disadvantage to this technique is its requirement for the

sample to be dry, which depending on the specific sample, could well have catastrophic

effects on the internal architecture or be otherwise completely unachievable.52

2.4.2 Diffusion tensor imaging

The measurement of diffusion coefficients is an imperative aspect of exploring porous

media; however, it only gives one-dimensional results. As for a more representative

approach, one can apply diffusion tensor imaging (DTI): a technique for visualising

and studying three-dimensional diffusion within systems. The PGSTE pulse sequence

will return the average restricted diffusion coefficient; however, it gives no indication

of anisotropy or whether diffusion has prevailed in one direction. Nevertheless, this

can be achieved by measuring diffusion along a minimum of six orthogonal directions

to produce the independent components of the diffusion tensor in the lab frame. This

is a symmetric rank 2 tensor which takes the following form:

D(∆) =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
Dxx(∆) Dxy(∆) Dxz(∆)

Dxy(∆) Dyy(∆) Dyz(∆)

Dxz(∆) Dyz(∆) Dzz(∆)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (2.75)

Where all elements reflected through the diagonal are equal to their counterparts. Each

element is calculated via a standard PGSTE pulse sequence using a gradient in one of

the six chosen directions, in the lab frame. Following the collection of D(∆) in all di-

rections, the resulting tensor can be diagonalised revealing its eigenvalues and vectors.

The eigenvectors contain information regarding the principal axes of diffusion within

the molecular frame. The eigenvalues, or diagonal elements, represent the degree of

diffusion within each of the principal axes, in the molecular frame.

D′(∆) =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
D ′xx(∆) 0 0

0 D ′yy(∆) 0

0 0 D ′zz(∆)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (2.76)

The eigenvalues and vectors can be used to plot an ellipse which describes diffusion

in three dimensions. Where the eigenvalues represent the lengths of the radii in each

direction of the ellipse: and the eigenvectors contain information on the orientation

with respect to lab frame.
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Figure 2.12: Example of an ellipse produced by DTI, showing an anisotropic pore
tilted 30◦.

The degree of anisotropy can be quantified via the fractional anisotropy:

FA=

√︄
1−

D ′xxD
′
yy +D ′xxD

′
zz+D ′yyD

′
zz

(D ′xx)2 + (D ′yy)2 + (D ′zz)2 (2.77)

This scalar value ranges from zero to one, indicating unrestricted, isotropic diffusion

and completely anisotropic diffusion respectively. The possible diffusion regimes are

visualised below using example cases of diffusion:

Figure 2.13: Demonstration of the different DTI regions that may be found within
porous media.

Given an arbitrary diffusion time, one would expect a particle to travel a given dis-

tance, r, depending on its diffusion coefficient. Where the average distance travelled

by a multiple identical particles would ⟨∆r⟩. Within each of these regions shown in

Figure 2.13, we can expect to observe the following:
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Table 2.1: DTI regions expected results

System from Figure 2.13 ⟨∆r⟩ FA tortuosity

A > �¬� 1 < 1

B < �¬� 1 1

C > �¬� < 1 < 1

For the example of Figure 2.13 B, it would be advantageous to extend ⟨∆r⟩ as much

as possible to prevent the possibility of perceived-isotropic diffusion. This can be

achieved either by shifting to a lower field where DDIF is less imposing and magneti-

sation lifetimes increase,6 or using molecules capable of accessing long-lived states.

Alternatively, a simple workaround would be to perform many scans, at the expense

of experimental time. Urbannczyk et al. developed a pulse sequence for ultra-fast

diffusion measurements that varied the gradient time along the z-axis of the sample

such that diffusion could be measured in one scan.107 Although this significantly re-

duced the experimental time, it is only sufficient for somewhat consistent samples. A

porous media that changes significantly between planes would not benefit from such

a pulse sequence. Nor would a system with lacking or low spin concentrations. Such

cases would be more suited to traditional diffusion experiments over which the aver-

age diffusion could be determined, taking into account the inconsistencies of different

compartments, and reduced number of spins.

For inhomogeneously porous samples, such as some rock structures, there may exist

unique regions which are larger than the diffusion length scale. In this scenario, there

would be subsequent parts to the overall structure, each with its own tortuosity, in-

dependent of one another. The overall diffusion coefficient would then be a weighted

average of diffusion within the individual parts.108 It is evident that further studies

into diffusion are required to fully utilise NMR as a tool for studying porous media.

Through the use of both computational studies and custom-built methodologies, the

following chapters will detail the theory and practicality of measuring diffusion in

certain porous systems. They will assess the simulation of DDIF and DTI, and discuss

additional improvements to applicable experimental techniques. All in an attempt to

enhance diffusion- NMR in porous systems.
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Chapter 3

Predicting spin relaxation due to
susceptibility inhomogeneities

This chapter is an extended version of T. A. A. Cartlidge, T. Robertson, M. Utz, and G.

Pileio, Theory And Simulation Framework for the Relaxation of Nuclear Spin Order in

Porous Media, J. Phys. Chem. B, 2022, 126, 6536-6546.109

3.1 Synopsis

This chapter is an overview of the work carried out in order to fulfil objective one.

O1 - Produce a numerical simulation framework capable of quantifying the signal loss

as a result of magnetic susceptibility mismatches found within porous media.

This chapter discusses the need for the theory of nuclear spins diffusing through in-

homogeneous fields. It details the derivation of a quantum mechanical propagator ca-

pable of calculating spin relaxation due to factors of the spins’ external environment.

The derivations draw from the Liouville-von Neumann equation, average Hamiltonian

theory (AHT), and the Magnus expansion. The theory is validated through a simula-

tion framework which encompasses modelling the porous media, emulating diffusion,

and performing propagator calculations. The calculation of the internal magnetic field

within a random and complex porous media is no trivial matter and relies on an accu-

rate digital rendering of the sample in question. As such, the framework requires the

aid of high-resolution µ-CT images, and using a series of mathematical tools including

Fourier transforms and the convolution theorem.
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3.2 Introduction

A complex system is one which contains a multitude of interacting and possibly in-

terconnecting components, arranged in an often unpredictable orientation. As such,

these systems may be difficult to model owing to their erratic architecture, or difficult

to study due to their fragile nature. In the case of porous media, this can be seen in

many structures including rock or cement structures, electrodes, and porous cellular

probes.1,2,110 Such samples require non-invasive and structurally preserving analytical

techniques in order to study their interior organisation and formations.

Figure 3.1: Examples of complex porous media showing A) a cross-sectional image of
a bone (taken from111), B) a SEM surface image of sandstone (taken from112), and C)

a SEM image of a carbon cloth GDL surface.

For many porous media, studies are conducted to determine structural parameters

such as pore connectivity and distribution, which can greatly impact diffusion path-

ways through the pores. In some instances, this directly correlates with the functional-

ity of the sample as poor diffusion can render the structure inadequate for its desired

task. For example, the efficiency of transport through porous media is shown to link

directly to the performance of Li-ion batteries and the survival of in vitro grown tissue

cultures.113,114 One principle method for measuring diffusion is via d-NMR, a class of

NMR incorporating rf pulses and gradients to study the nature of porous media from

restricted diffusion coefficients to pore size distributions.57,70 These methods often rely

on signal losses due to the diffusion of nuclei from their original, irradiated positions.

Within porous media, this signal attenuation may be increased by the presence of inter-

nal field gradients resulting from the difference in magnetic susceptibility between the

solid and surrounding liquid. The localised distortion of the external field is known to

be greatest at the surface of the intruding solid producing a structurally dependent in-

homogeneous field.115 For spins diffusing through this field, decay due to diffusion in

the internal field (DDIF) is known to decrease the lifetime of T2, therefore, limiting the
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experimental time for conventional d-NMR to the lifetime of magnetisation.47,116–118

The shortened relaxation times may lead to incomplete measurement of diffusion coef-

ficients and tortuosity.119,120 In geological samples especially, the effect of the porous

media is increased by the presence of paramagnetic centres such as iron ions.53

Due to the possibly intricate nature of the distortions, or demagnetisation field, many

studies assessing the susceptibility-induced relaxation adopt a computational approach.

This includes work by Chen et al., who simulated the demagnetisation field within a

thin section of sandstone using a commercially available finite element method (FEM)

simulation package, FEMLAB.121 Their work showed the spatial dependence of the in-

ternal field resulting from the porous media, concluding a direct relation between the

internal field gradients and both the external field and magnetic susceptibility differ-

ence.1 Other studies have explored the phenomena within a single pore involving the

computation of the demagnetisation field using COMSOL Multi Physics.47,121 Their

work concluded that poor relaxation times, once the echo time has been minimised,

may only be increased through low field experiments. Tranter et al., used a random

walk oriented simulation to calculate the tortuosity directly from an image, the disad-

vantage being the need for accurate digital reconstruction of the porous media.122

3.2.1 Magnetic susceptibility

Although the effect of the demagnetisation field is widely known, the underlying the-

ory is yet to exceed the level of a loose approximation stemming from ideal conditions.

To solidify an understanding, one must first consider the most crucial parameter, the

magnetic susceptibility, χ. This parameter measures the degree to which a material be-

comes magnetised as a result of an external magnetic field. Magnetic susceptibility is

a dimensionless parameter and determines the classification of a material with respect

to diamagnetic (χ<0) or paramagnetic (χ>0). It is directly related to the magnetic field

strength, H , via:

M = χH (3.1)

Where M is the magnetisation: the density of magnetic moments within a given vol-

ume. Typically, NMR spectrometers give their magnetic fields in terms of the magnetic

flux density, B, which is related to field strength through the vacuum permeability, µ0:

B = µ0 (1+χ)H (3.2)

It can be stated that H is a measure of the magnetic field strength and B is a reflection

of the total magnetic field given contributions of any materials within the field. That is

assuming the material within the field is constant. For a heterogeneous sample, there

exists at least two magnetic susceptibilities, that of the liquid and the solid. If the two

susceptibilities differ by a significant degree, the external field will be locally distorted
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around the phase boundary between the two materials. Furthermore, the effect will

become ever more prominent with an increasing difference in susceptibility between

the two materials. This can be demonstrated with the example of two micro-beads

suspended within a liquid solution of water:

Figure 3.2: Demagnetisation field produced by two 750 µm diameter beads of
polystyrene (bottom left) and polyethylene (top right) surrounded by water, produced

within COMSOL, using the parameters in Table 3.1.

For the examples of polystyrene (PS) and polyethylene (PE) there is minimal change

surrounding the closely matched PS but significant distortions around the PE bead.

However, within a porous system with thousands of these solid intrusions, packed

closely together, the distortions would lead to an inhomogeneous field throughout the

whole sample. Diffusion within this would be expected to cause significant signal loss.

Table 3.1: Magnetic susceptibility comparison of materials used in Figure 3.2

H2O PE PS

χ / ppm 9.04 (b) 9.67 (b) 9.06 (b)

∆χ / ppm (a) - -0.63 -0.02

a ∆ χ = (χH2O −χ)
b Obtained from. 123

3.2.2 Brownian motion

Within liquid NMR, it can be assumed that the particles are always in motion, diffusing

through the sample. Their motion is characterised through the unrestricted diffusion

coefficient, D0, which is dependent on external factors such as the viscosity of the sol-

vent and the radius of the particle under spherical approximations. More specifically,
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the motion of liquids can be described as random, independent movements of the indi-

vidual particles, otherwise known as Brownian motion. This is a time-dependent, ran-

dom process but can be described by a set of probabilistic laws outlining the stochastic

nature of the liquid.124 One can take an individual particle and associate it to a func-

tion, x(t), showing its position at a given time, t. For the movement of the particle to be

considered Brownian, the following four conditions must be satisfied:

• {x(t), t ⩾ 0} is normally distributed

• For any increment where t > 0, x(t) is normally distributed

• For all points at t > 0, E[x(t)] = 0

• x(0) = 0

Where t is time and E[x(t)] is the mean of all the variables:124

E[x(t)] =

∫︂ ∞
−∞
xf(x)(x)dx (3.3)

Where f(x)(x) is the probability density function which contains the likelihood of the

particle being at a position, x, after a given time interval. Brownian motion requires

random movement where the step taken by the particle is independent of the path

previously taken. After any time period, the distribution of displacements from the

initial position must be normally distributed. This time period could be from t=0 to the

end of the experiment, or from any time period within the limits of 0 and t. Thus, the

displacement of the particle during any time increment must be normally distributed.

As movement in one direction is equally as probable as movement in the opposite

direction, the mean value of displacement must always be zero. Finally, the particle

must not have moved at time zero. Thus, movement, be it physical or modelled, must

satisfy these four laws in order to be deemed Brownian. Given these conditionals, there

exists a correlation between the distance a particle will travel, in one dimension, and a

given time period:125

⟨x2 (t)⟩=
∫︂ ∞
−∞
x2 e

− x2/4Dt

√
4πDt

dz (3.4)

Where there exists analogous equations for diffusion in higher dimensions. Using

these, the distance travelled can be estimated through the mean square displacement:126

⟨∆r⟩=
√︁

2 n D0 t (3.5)

Where ⟨∆r⟩, is the average distance moved, n is the dimension, and t is the time. This

is case-specific for unrestricted diffusion and is not representative of bulk movement

within a tortuous media.

For the purpose of this study, it was therefore beneficial to devise a system that is

statistically reproducible and offers variability with respect to the major contributing
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factors such as the susceptibility difference, the pore size, and the field. Such criteria

can be found within submerged micro-beads packed into a tube. It can be assumed that

if the packing is maximised but completely random, samples may not be physically

identical but will statistically contain equivalent structural properties. The beads can

be selected in a multitude of materials allowing the comparison of different magnetic

susceptibility differences given a common solvent. The sizes of the pore can also be

altered by selecting different beads diameters allowing insight into the two extremes.

At one limit, a sufficiently large pore will be too great for any structural information

to be determined as T2 will not persist long enough for the molecule to encounter

any restriction. The result of which would be assumed isotropic conditions where in

reality, the system is tortuous just on a scale too large to be observed by the molecule.

Opposing this is the small pore limit: when localised field distortions exist within close

proximity of one another the resulting field is exceedingly inhomogeneous and T2 may

be reduced to such an extent that the molecule is not seen to encounter any restriction.

These phenomena can be studied by selecting beads with diameters between 200 µm

and 1 mm. NMR spectrometers come in a range of field strengths allowing the option

to study the systems across a range of fields.

3.3 Theory

In the case of a relaxation mechanism driven by diffusion through an inhomogeneous

field, although the phenomenon is widely known, no previous studies have led to a

means of calculating and predicting its effects. To begin the derivation, it can first

be noted that the evolution of spin order can be described via a Hamiltonian. The

Hamiltonian is time-dependent as a reflection of the dependence of relaxation on the

fluctuating magnetic fields experienced by the nuclei. Unfortunately, evaluating the

dynamics of an ensemble of spins subject to this Hamiltonian is no trivial matter: con-

ventional techniques for solving time-independent systems are obsolete, and alternate

methods must be adopted. Such methods utilise the density operator and describe the

dynamics of the ensemble using the Liouville-Von Neumann equation:127

∂
∂t
ρ̂(t) = −i ˆ̂H(t)ρ̂(t) (3.6)

Where ˆ̂H(t) is a superoperator. Much like an operator can transform a function, a su-

peroperator can act upon a vector space of linear operators in the following way:

ˆ̂H(t)ρ̂(t) = [Ĥ(t), ρ̂(t)] (3.7)
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For a time-independent Hamiltonian, the solution to the Liouville-Von Neumann equa-

tion takes the general form of:

ρ̂(t) = e− i
ˆ̂H t ρ̂(0) (3.8)

Which acts in the following manner:128

ρ̂(t) = e− i Ĥ t ρ̂(0) ei Ĥ t (3.9)

In quantum mechanics, the propagator ˆ̂U (0, t) can be defined as an operator that de-

scribes the propagation of the wavefunction from the initial state to the state at time

tk . With respect to the Liouville-Von Neumann equation solution, the propagator is

given by e−i
ˆ̂H t. If the Hamiltonian is time-dependent, the propagator becomes an infi-

nite series of exponentials representing the Hamiltonian split into infinitesimally small

intervals, τ over which Ĥ(τn) is constant. This is represented as:

ˆ̂U (0, t) = e−i
ˆ̂Hn τn · . . . · e−i

ˆ̂H2 τ2 · e−i
ˆ̂H1 τ1 (3.10)

The derivation of this is given in section 9.1. However, this can only be written as a

single exponential under the following condition:

eZ = eA eB for [A,B] = 0 (3.11)

In such a case, each component of the Hamiltonian would commute with each other

and the solution of the Liouville-von Neumann equation would be:129,130

ˆ̂U (0, t) = e− i
∫︁ τ

0
ˆ̂H(t) dt (3.12)

Since Hamiltonians at different points in time may not commute, the single exponential

is expanded using the Baker-Campbell-Hausdorff relation:131

eÂ eB̂ = eÂ+B̂+1/2[Â,B̂]+1/12[Â[Â,B̂]]+··· (3.13)

Applying this to eq. (3.10) produces:

ˆ̂U (0, t) ≈ e−i
¯̂̂
H t

= e−i
∑︁
k

ˆ̂Hkτk−1/2
∑︁
k
∑︁
l>k [

ˆ̂Hlτl , ˆ̂Hkτk ]+···
(3.14)

The average Hamiltonian now becomes:

¯̂̂
H =

1
t

⎛⎜⎜⎜⎜⎜⎝∑︂
k

ˆ̂Hkτk −
i
2

∑︂
k

∑︂
l>k

[ ˆ̂Hlτl , ˆ̂Hkτk ] + · · ·

⎞⎟⎟⎟⎟⎟⎠ (3.15)
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This can be written out in the form of a Magnus expansion:132

¯̂̂
H =

¯̂̂
H (1) +

¯̂̂
H (2) · · · (3.16)

The first two terms can be extracted and written in their integral form:133

¯̂̂
H (1) =

1
t

∫︂ t

0

ˆ̂H(t1) dt1

¯̂̂
H (2) = − i

2t

∫︂ t

0
dt2

∫︂ t2

0
[ ˆ̂H(t2),

ˆ̂H(t1)]dt1

· · ·

(3.17)

In order to truncate the Magnus expansion such that it still represents the total Hamil-

tonian of the system, the selected terms must converge to give an equivalent result to

that of an unaltered Hamiltonian. Such convergence may be found within the limit of:

∥H∥ t << 1 (3.18)

Where the norm of the operator, ∥H∥ is calculated as the square root of the largest

eigen value of HTH . To determine this, the Hamiltonian of the current system must be

defined. For a single spin-1/2 diffusing through a spatially-dependent field, it may be

assumed that the significant relaxation mechanisms are limited to the Zeeman inter-

action and DDIF. With an external field applied along the z-axis, the time-dependent

Hamiltonian is given as:

Ĥ(t) = −γB0Îz −γBd(t) · Î (3.19)

Where Bd(t) is the distortions in the field experienced by the spins, which is propor-

tional to the magnetic susceptibility difference and external field, as will be seen later.

It is beneficial here to shift into the Zeeman interaction frame such that the only observ-

able contribution is from that of DDIF. By doing so, the spin dynamics of the system

are observed from a frame that is rotating in unison with the Larmor frequency.134 As

such, the Zeeman interaction is eliminated by shifting into the rotating frame via:

˜̂H(t) = R(t)Ĥ(t)R†(t)− iR(t)∂/∂tR†(t) (3.20)

Applying this to eq. (3.19):

˜̂H(t) = eiω0 Îzt(−γBd(t) · Î)e−iω0 Îzt (3.21)

The Larmor frequency definition has be used for simplicity. The derivation of eq. (3.20)

and its application on the Hamiltonian at hand are given in section 9.2. To expand
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eq. (3.21), it is first convenient to relay our commutator relations from eq. (2.27):

e− i Îx θ Îy e
i Îx θ = Îycos(θ) + Îzsin(θ)

[Îx, Îy ] = iÎz⟳
(3.22)

The Hamiltonian in the Zeeman interaction frame is then given as:

˜̂H(t) = ωx(t)[Îxcos(ω0t)+ Îysin(ω0t)]+ωy(t)[Îycos(ω0t)−Îxsin(ω0t)]+ωz(t)Îz (3.23)

Whereωa(t) is −γBa respectively for all Cartesian axes. Here we have a time-dependent

averaged Hamiltonian which we can truncate to the first term using eq. (3.17). Where

the time period is chosen as one over which the Hamiltonian repeats itself meaning

the x and y components integrate to zero. Therefore, the only remaining term is the z-

component and the integral can be solved using the definition of Riemann integral:135

∫︂ t

0
f (x)dx ≈

N−1∑︂
k=0

f (tk)∆t (3.24)

Using which, the Hamiltonian is seen as many different increments, each constant but

distinct from the last. This will result in:

˜̂H (1) = ωz(t)Îz (3.25)

Under these pretences, the averaged Hamiltonian satisfies:⃦⃦⃦⃦
˜̂H (1)

⃦⃦⃦⃦
t << 1 (3.26)

3.3.1 Propagation

In order to measure the signal attenuation of a spin-1/2 nucleus diffusing through the

porous media, a single echo pulse sequence was used, as shown below in Figure 3.3:

Figure 3.3: Spin echo pulse sequence where n = 1 and τ is variable.

In such a case, the spins will be subject to the demagnetisation Hamiltonian for a time,

τ , followed by a 180x pulse, and finally the demagnetisation Hamiltonian again. As
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such, the propagator for such an echo sequence is give by:

ˆ̂Ue(0,2τ) = ˆ̂D e−i
ˆ̂Hτ e−iπ

ˆ̂Ix e−i
ˆ̂Hτ (3.27)

Where ˆ̂D, the Dyson time operator, maintains the numerical order of the operations.

Using eq. (3.12), the single echo pulse sequence propagator, ˆ̂Ue(0,2τ), then becomes:

ˆ̂Ue(0,2τ) = e−i
∫︁ τ

0
ˆ̂H(t1) dt1 e−iπ

ˆ̂Ix e−i
∫︁ 2τ

τ
ˆ̂H(t1) dt1 (3.28)

By utilising laws of rotation operators, this can be simplified in the following steps:

ˆ̂Ue(0,2τ) = e−i
∫︁ τ

0
˜̂H (1)(t) dt1 e−iπ

ˆ̂Ix e−i
∫︁ 2τ

τ
˜̂H (1)(t) dt1 eiπ

ˆ̂Ix e−iπ
ˆ̂Ix

= e−i
∫︁ τ

0
˜̂H (1)(t) dt1 e i

∫︁ 2τ

τ
˜̂H (1)(t) dt1 e−iπ

ˆ̂Ix

= e−i
∫︁ τ

0

[︂ ˜̂H (1)(t)− ˆ̂H(t1+τ)
]︂
dt1 e−iπ

ˆ̂Ix

(3.29)

Assuming the field fluctuations experience from time 0 to τ are equally as random as

those experienced from τ to 2τ . By doing so, the single echo propagator can be divided

into two constituents, the propagator superoperator component, ˆ̂U (0,2τ), and the

rotation component:
ˆ̂Ue(0,2τ) = ˆ̂U (0,2τ) e−iπ

ˆ̂Ix (3.30)

Substituting the definition of the first order truncation of the average Hamiltonian

from eq. (3.25), and using the definitionωz(t) = −γBd,z (r (t)), the propagator becomes:

ˆ̂U (0,2τ) = e i γ Îz
∫︁ τ

0
(Bd,z(r(t)−Bd,z(r(t+τ)) dt (3.31)

Since the scenario at hand concerns an ensemble of spins, the dynamics of the system

are described by the ensemble average of the propagator given in eq. (3.31):

ˆ̂P = ⟨ ˆ̂U (0,2τ)⟩

= ⟨e i γ Îz
∫︁ τ

0
(Bd,z(r(t))−Bd,z(r(t+τ)) dt⟩

(3.32)

From here, it can be seen that the propagator will converge to unity as the echo time

approaches zero. It can therefore be theorised that in the limit of minimised delays

between π pulses, the diffusive attenuation effect can be omitted. However, this is not

concurrent with current hardware capabilities owing to the limitation of minimising

the dead time for rf pulses.

3.3.2 Relaxation

The propagator given above described the dynamics of a spin system as it evolves dur-

ing the single echo pulse sequence given in Figure 3.3. To determine the effect on both
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longitudinal and transverse magnetisation, one must first define the initial condition

to apply the propagator to. In this case, this can be taken as the state of the system

following the first 90-degree pulse:

ρ̂(0) = Îx

=
1
2
(Î+ + Î−)

(3.33)

It is immediately evident that the initial state only contains transverse spin order. If

the basis set for the Liouville space is given as
{︂
Î−, Îz, 1̂, Î+

}︂
, then at time t=0 the density

operator can be written as:

ρ̂(0) =
1
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1

0

0

1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(3.34)

The state of the system following the duration of the single echo pulse sequence can

therefore be calculated from:

ρ̂(2τ) = ˆ̂P e−iπ
ˆ̂Ix ρ̂(0) (3.35)

Using this basis set, the matrix representation of the propagator can be written as:

ˆ̂P =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
P11 0 0 0

0 1 0 0

0 0 1 0

0 0 0 P ∗11

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(3.36)

Where:

P11 = ⟨e i γ
∫︁ τ

0
(Bd,z(r(t))−Bd,z(r(t+τ)) dt⟩ (3.37)

Furthermore, the 180◦ pulse can be written as:

ˆ̂Rx(π) = e−iπ
ˆ̂Ix =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
0 0 0 1

0 −1 0 0

0 0 1 0

1 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(3.38)

As expected, a 180-degree rotation about x on Îx has no effect and therefore the product

of the single echo pulse sequence acting on the initial state is:

ρ̂(2τ) =
1
2

(︂
P ∗11Î

−+ P11Î
+
)︂

(3.39)
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Since NMR observes only the -1Q coherences, the only relevant term is found to be:

ρ̂obs(2τ) =
1
2
P ∗11Î

− (3.40)

One visible consequence of eq. (3.40) is the lack of application on longitudinal spin

order meaning this phenomenon will not contribute to T1 but only T2. To further elu-

cidate this, one can represent longitudinal magnetisation in its corresponding vector

given the basis set above:

Îz =
1
√

2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
0

1

0

0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(3.41)

The result of the propagator given in eq. (3.36) acting upon the system leads to no

change. Furthermore, the effect of eq. (3.38) will only result in a change of sign and

no signal attenuation. In conclusion, DDIF is restricted to a transverse magnetisation

relaxation mechanism and bears no mark on the lifetime of T1. Additionally, the re-

laxation mechanism is mediated by many experimental factors such as the nucleus in

question and principally, the size and frequency of the field distortions experienced by

the diffusing spins, Bd,z.

3.4 Materials and methods

3.4.1 Sample preparation

The porous media used within this study were composed of randomly packed polyethy-

lene (PE) or glass beads submerged in a solution of deuterated methanol (MeOD). The

samples were made such that they spanned the probe coil region with a comfortable

excess. For PE, this was achieved by weighing ∼1.2 g of beads (size dependent) and

adding to a standard 5 mm Wilmad LabGlass NMR tube. The glass samples were

filled to the same level but required a larger weight due to their density. The bead

addition was done in quarterly aliquotes and the tube was shaken for 2 minutes upon

each addition of the beads. One study centred around the packing of spheres showed

that following 2 minutes, excess shaking did not improve the packing.136 It was advan-

tageous to obtain stable packing, this being the scenario where downward pressure did

not result in movement within the sample, as this would increase the reproducibility.

Although the exact configuration in a second sample is statistically almost impossible,

if maximum packing density is achieved it can be presumed that repeating the method

would produce an equally random structure of a similar packing density.
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The polyethylene micro-spheres were sourced from Cospheric’s CMPS products in the

following sizes: 212-250 µm, 500-600 µm, and 1000-1180 µm. The beads were not puri-

fied further in any form. The glass beads were obtain from Sigma-Aldrich and came in

sizes: 212-300 µm, 425-600 µm, and 710-1180 µm. They came acid washed and no fur-

ther purification was done on them. Once the beads were added entirely and checked

to ensure they span the active coil region, the methanol solution was added until the

beads were submerged. The sample was then shaken again until no air bubbles were

visible and the solution was assumed to be evenly distributed throughout the sample.

Unfortunately, the samples could not be sonicated due to the possible breakage arising

from the vibration of glass beads within the glass tube. As such, manual shaking had

to be performed. The methanol solution came from a batch of 0.193 M TMS in deuter-

ated methanol where both the solvent and solute were obtained from Sigma-Aldrich,

used without further purification. The samples are summarized below in Table 3.2:

Table 3.2: Sample composition and labelling (a)

Sample name Bead material Bead size / µm

BLK - -

PES

Polyethylene (PE)

212-250

PEM 500-600

PEL 1000-1180

GS

Glass (G)

212-300

GM 425-600

GL 750-1180

(a) All samples were immersed in 0.193 TMS in deuterated Methanol

Where S, M, and L symbolise the use of either small, medium, or large beads respec-

tively. The magnetic susceptibilities of the materials are summarised below:

Table 3.3: Magnetic susceptibilities of the materials and their comparison to MeOD

MeOD PE Glass

χ / ppm −6.96 (b) −9.67 (c) −6.07 (c)

∆χ(a) / ppm - 2.71 -0.89

a ∆ χ = (χMe −χ)
b Obtained from. 137

c Obtained from. 123
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3.4.2 NMR data acquisition

3.4.2.1 Spectrometers

The NMR data were collected on three separate instruments, each with a different

static field: these being 7.05, 9.4, and 16.4 T. Data at 7.05 T were collected on a Bruker

Avance III 300 MHz spectrometer running topspin 3.5 and equipped with a 10mm

MICWB40 Bruker probe. Data at 9.4 T were collected on a Bruker Avance Neo 400

MHz spectrometer running topspin 4.0.8 and equipped with a 10mm BBO Bruker

probe. Data at 16.4 T were collected on a Bruker Avance Neo 700 MHz spectrometer

running topspin 4.0.7 and equipped with a Bruker CPP TCI 700S3 probe. Shimming

for all samples was performed on a blank sample (BLK) containing only the methanol

solution. The blank sample was also used to optimise the 90◦ and 180◦ pulses, at all

fields.

3.4.2.2 Pulse sequences

Experimental data, obtained by T. Robertson, included the acquisition of 1D spectra,

T1, and T2 for all seven samples, and the single echo pulse for all six bead-containing

samples. The single echo pulse sequence is shown above in Figure 3.3 where n=1 and τ

is varied. The measurement of T2 was acquired using the Carr-Purcell-Meiboom-Gill

(CPMG) method.138 This can be visualised using Figure 3.3 where τ is fixed and the

number of echos, n, is varied. The longitudinal magnetisation was measured using a

conventional saturation recovery pulse sequence.139 In this case, the measurement of

T1 begins by first eradicating any previous remaining magnetization using a series of

strong 90◦ pulses. Following this, the sample is left to evolve under a variable delay, τ ,

where longitudinal magnetisation can recover. For detection, a final 90◦ pulse brings

the magnetisation to the xy-plane where it is detectable and the free induction decay

(FID) is read. For T1 , the variable delay ranged from 0.1 ms to 32 seconds.

Figure 3.4: Saturation recovery pulse sequence where n = 150 and τ is variable.

Calculations of the relaxation rates, T1 and T2, were done in a custom-made palette

running within the Wolfram Mathematica software140 to fit the experimental curves.

The fitting was either mono-exponential or bi-exponential depending on the contribu-

tion of the beads to the spectra. For all the 7.05 T data, GM 9.4 T, and GL 9.4 T, the
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fitting was bi-exponential as the presence of the beads was significant enough to intro-

duce a false baseline. The contribution of the beads to the peak could be distinguished

from that of the liquid such that T2 could be calculated for TMS. In all other systems,

mono-exponential fitting was sufficient to acquire the relaxation times.

3.4.2.3 Diffusion experiments

The simulation requires the value of the unrestricted diffusion coefficient of TMS in

MeOD, as will be shown in later sections. This was experimentally measured at 7.05

T using BLK, using a standard PGSTE pulse sequence as seen in Figure 2.9.100 The

measurement returned an unrestricted diffusion coefficient of D0 = 2.4× 10−9 m2 s−1.

3.4.3 µ-CT imaging

The structure of the porous media was evaluated using micro-computerised tomog-

raphy (µ-CT), collected via a modified 225 kVp Nikon/Xtek HMX scanner. The µ-

CT images were obtained on samples made using the same methodology as specified

above. However, the glass samples were put in a 10 mm Wilmad LabGlass NMR tube

to obtain a larger volume. To improve contrast, the PE bead samples were made in 10

mm poly-carbonate tubes made from a section of 10 mm outer diameter, 1.5 mm wall-

thickness tubing obtained from clear plastic supplies, with a base adhered. After the

shaking procedure, the tubes were sealed and left overnight before being taken to the

µ-CT facility. The raw data were composed of whole images of the samples, cropped

down to the central 512x512x512 pixels and processed using ImageJ software,141 by

T. Robertson. The data were first filtered via a median filter of three pixels, then bina-

rised, followed by a final median filter of two pixels to reduce noise and ring artefacts.

They were then imported into the simulation framework. The central xy-plane for PES,

PEM, and PEL are given below in Figure 3.5, and for GS, GM, and GL in Figure 3.6:

Figure 3.5: µ-CT images taken from the central xy-plane slice of the three PE bead
packings where A) is PES, resolution of 9.31 µm, B) is PEM, resolution of 5.56 µm, and

C) is PEL, resolution of 5.56 µm.
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Figure 3.6: µ-CT images taken from the central xy-plane slice of the three glass bead
packings where A) is GS, B) is GM, and C) is GL. All with a resolution of 5.56 µm.

3.4.4 Computation

All simulations were run in Julia 1.7.1 programming language,142 with a computer

running Windows 10, with a 64-bit operating system, 8 processors, with a speed of 2.8

GHz, 4 cores, and 16 GB of RAM. Each propagation experiment was parallelised across

a shared array such that multiple different echo time experiments ran simultaneously.

This reduced the run time to three minutes for a total of 1× 107 successful steps.

3.5 Results and discussion

3.5.1 Simulation framework

As highlighted in the theory, the calculation of transverse magnetisation signal attenu-

ation requires knowledge of the magnetic field experienced by diffusing nuclear spins

as a function of time, Bd,z. However, due to the intricate nature of many porous media,

the internal magnetic field within the system may be a complex and inhomogeneous

environment that is difficult to measure with any accuracy. As such, a computational

approach was adopted to test the validity of the previously derived theory. To do so,

the simulation bares a number of requirements including:

1. Access to an accurate digital reconstruction of the physical sample,

2. A means of calculating the internal inhomogeneous magnetic field,

3. A model to simulate restricted diffusion and extract the fluctuating fields experi-

enced by the nucleus as a function of time,

4. Calculation of the quantum mechanical propagator to predict spin relaxation.
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The majority of the simulation framework was performed in Julia with the exception of

the µ-CT data configuration which was done in ImageJ141 as described in section 3.4.3.

A description of the simulation, broken down into its unpinning steps, is detailed in

the following sections, beginning with the preparation of the computerised samples.

3.5.1.1 Digital reconstruction

The digitally reconstructed data, or structure-function S(υ), provides a framework fit

for two purposes; to calculate the demagnetisation field; and to host the simulated nu-

clei whilst they diffuse. In both cases, there must be a distinct definition between the

solid matter, where the nuclei cannot enter, and the pores, where diffusion is situated.

For this, the data must be binarised to remove ambiguity between the liquid-solid in-

terface. The result being a structure-function where all pixels corresponding to beads

and pores are assigned the value of one or zero, respectively.

In the instance of an erroneous reading, due to detector calibration or poor contrast,

a rogue pixel may be misvalued leading to a small pore volume within a bead. Dur-

ing scanning the sample is spun which can cause propagation of the erroneous reading

throughout the whole plane, known as ring artefacts. To overcome this, a median filter

was applied whereby the values of the surrounding pixels were evaluated to determine

the statistically most probable value of the pixel in question. The filter is operated with

a specified range to select the surround n layers of pixels to be included within the sta-

tistical calculation. The assignment of the target pixel is dependent on the proximity,

and therefore weighting, of the values of all surrounding pixels within the range. This

is based on their proximity, and therefore weighting, to the central pixel. The data

were cropped to the centre-most 512x512x512 pixels as this produced a large enough

system to statistically represent the whole sample whilst maintaining computational

efficiency. The difference between the unfiltered and filtered data can be seen below.

Figure 3.7: µ-CT images taken from PEM where A) is the unfiltered raw data and B)
is the final data following filters and binarisation.
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3.5.1.2 Internal magnetic field

The next step in the framework was to calculate the demagnetisation field within the

randomly packed beads. Although applications like COMSOL offer a wealth of com-

putational tools, it was determined that greater efficiency could be achieved by min-

imising the number of applications that the framework was spread across. And so,

the basis of the simulation begins with the structure-function where each voxel exists

within a unitless space where the distance dependence is not integrated. As such it

was necessary to calculate the magnetic field first in a dimensionless form for units to

be inserted at a later time. To do so, the approach taken began with the equation for

calculating the magnetic field produced by a single dipole given a distance of r and a

dipole magnetic moment, m:143

Bd(m,r) =
µ0

4π
3(m · r̆)r̆ −m

r3 (3.42)

Where B(m,r) is the magnetic field of the dipole and the r̆ notation represents the

normalised vector of r. Through manipulation of definitions such as magnetisation,

M , and introducing a unitless length factor, υ to represent distance within the digital

array, this equation can be transformed into a completely dimensionless derivative of

the dipole magnetic field:

bd(υ) =
1

4π
3(B̆0 · ῠ)ῠ − B̆0

υ3 =
Bd

∆χ B0
(3.43)

Where υ and B̆0 are the dimensionless constants for distance and magnetic field

strength respectively, and ∆χ is the magnetic susceptibility difference between the

solid and liquid. Details of this derivative can be found in section 9.3.

The magnetic field across the whole sample can then be calculated using a combina-

tion of Fourier techniques and the convolution theorem. Firstly, eq. (3.43) is used to

calculate the magnetic field within an empty 512x512x512 array produced by a single

dipole positioned at the centre, g(υ). To maintain the unitless format used within the

user-defined function, B̆0 is set to [0,0,1] to reflect a dimensionless external field posi-

tioned along the z-axis. To calculate the field in S(υ), every point within the structure-

function would need to be cross-multiplied with every point in g(υ), as follows:144

G(υ)(n) = (S(υ) ∗ g(υ))(n) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
∞∑︂

k=−∞
S(υ)(k)g(υ)(n− k)∫︂ ∞

−∞
S(υ)(k)g(υ)(n− k) dk

(3.44)

Where k is the dependent variable, and n is the shift in k. Within the simulation, both

the structure-function and single dipole field were discretised into grid points meaning

the sum function would be more applicable. This is a commutative operation meaning



3.5. Results and discussion 57

the response function, G(υ)(n) is independent of which function possesses the lag.144

Given that these are both arbitrary functions, they can both be Fourier transformed and

the convolution theorem can be used. This theorem states that the cross multiplication

of the two functions is equal to the inverse Fourier transform of the product of F [S(υ)]

and F [g(υ)] according to:145

F−1{F [S(υ)]F [g(υ)]}= (S ∗ g)(υ) (3.45)

Where F−1 is the inverse Fourier transform. The result of this acting on the dipole

field and the µ-CT image produced a 3D field map showing the demagnetisation field,

G(υ), throughout the whole structure. The demagnetisation field was a superposition

of all the magnetic fields produced by the dipoles at the vertices of each voxel in the

binarised structure. Finally, the field map was interpolated such that the field became a

continuous function over the total structure. The interpolation was done following the

convolution theorem for improved computational efficiency. The central slice of a µ-

CT image and the corresponding demagnetisation field can be seen below in Figure 3.8:

Figure 3.8: µ-CT image taken from a section of the central xy-plane slice of PEM
showing A) the digital reconstruction and B) the dimensionless demagnetisation field.

3.5.1.3 Fluctuating magnetic fields

The propagator responsible for DDIF relies on Bd,z and so, the simulation must be able

to capture the fields exposed to the diffusing nuclei as a function of time. Within the

framework, this operates via a Monte Carlo approach where a molecule is assumed to

be continuously diffusing through the porous network constrained by the solid intru-

sions. The particle’s position can then be extracted following each time step, ts, which is

chosen specifically to ensure that within this interval, diffusion is unrestricted. Should

ts be sufficiently large, the relationship between distance and time breaks down and

⟨∆r⟩ =
√

2 n D0 t is no longer valid, adding extra complexity to the system. By sat-

isfying this conditional, the distance travelled can be statistically derived to a good

approximation. The particle must then diffuse for a sufficient period of time, by taking

Ns total steps, such that the total time is far greater than ts.
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The Monte Carlo simulation was executed via the following procedure:

Figure 3.9: Flow diagram of the random walk process within a porous media.
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This process is more thoroughly outlined in the following steps:

1. An initial particle position is selected, υ0 = {x0,y0,z0}, from S(υ) such that S(υ0)

= 0 and thus the particle is within a pore. If the initial position lies within a bead

a new point is randomly generated until the above clause is satisfied. After which,

the step counter, x, is set to one and the position is stored within a trajectory array,

2. A vector of three random numbers is produced, {δxj ,δyj ,δzj}, each generated

from a Gaussian distribution with a mean of zero and a standard deviation re-

lating to the mean square displacement. This is added to the previous particle’s

position to determine its new position, υn = {xj−1 + δxj , yj−1 + δyj , zj−1 + δzj},

3. The position of υn is verified to ensure it resides within pore volume. If this

is satisfied, the point is added to the trajectory array, p = {p0,p1, ...,pj} and the

counter increments by one. If the particle now resides within a bead, the counter

remains unchanged and a new vector is generated,

4. The function iterates over steps two and three until the counter reaches Ns when

the loop is broken and the trajectory array is saved.

The simulation operates with periodic boundary conditions assuming the structure-

function represents a unit cell within the whole bead sample. As such, should the

particle’s step take it beyond the boundary of S(υ), it is positioned on the opposite face

of the unit cell having moved inwards the remaining distance of the step. The loop

then continues from step three. The disadvantage is the large field difference that may

exist between the two steps, not indicative of the particle’s actual movement. To limit

this, the initial position is selected from the centre most 150x150x150 pixels within the

array to prevent the particle from experiencing the unit cell boundary.

To accurately represent the dynamics of a vast number of spins, the function could

be performed from many initial positions, simulating the walks of a large number of

spins. Each walk must then be sufficiently long that it spans a typical experimental

time: for liquid-state NMR, that being up to the order of hundreds of milliseconds. In

such a case, the total walking time for each molecule would be determined as Ns ∗ ts.
An alternative and perhaps more convenient approach adopted in this simulation con-

sists of simulating a very long trajectory (hundreds of seconds, for example) but for a

single molecule starting in a sole and randomly chosen position. This walk can then be

subdivided into many sub-walks over which the propagator can be averaged. The two

approaches produce statistically equivalent data sets if a large number of trajectories

are calculated in the first case, and a single trajectory, long enough that the molecule

explores a significant portion of the available space, is calculated in the second case.

Most notably, the one walk method produces far more individual works due to the
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number of times the trajectory list can be subdivided. Thus increasing the number of

walks to average over, therfore improving the accuracy.

Thus far, the simulation has been performed in the absence of units or length scales

meaning a random walk within this domain would produce an unquantified, distance-

independent walk irrespective of the laws of Brownian motion. To quantify this move-

ment, each step must be related to the µ-CT resolution, l, and mean square displace-

ment such that an arbitrary step on the grid carries a physical length scale. To do so,

the Gaussian distribution from which the step vector is selected must be scaled to the

system at hand. By dividing the mean square displacement by the resolution, each

movement within the dimensionless binarised structure can be scaled up to represent

a physical movement within three-dimensional space:

υ =

√
2D ts
l

(3.46)

Using the demagnetisation field, G(υ), the elements of the trajectory array can be su-

perimposed onto the field map. The result is an array containing the value of the de-

magnetising field experienced by the diffusing spins as a function of time, bd,z(t):

Figure 3.10: Typical result of A) the random walk experienced by the particle diffus-
ing within PEM and B) the demagnetisation field it experiences as a function of time.

Simulation parameters are given below in Table 3.4.

Note that in Figure 3.10 A, the beads have been removed from the graphic for visual

ease but one can see, from the plot, precisely where the pores are.

3.5.1.4 Predicting relaxation

Before the fluctuating field function can be integrated into the propagator equation

given in eq. (3.37), it must be adapted to its dimensionless form as written as:

P11 = ⟨e− i γ∆χB0

∫︁ τ
0
(bd,z(υ(t))−bd,z(υ(t+τ)) dt⟩ (3.47)
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The equation above requires the averaging of many fluctuating field functions, each of a

specific length, τ , in order to calculate the ensemble average. To obtain this, bd,z(t) can

be subdivided into smaller overlapping trajectories whose lengths correspond to that

of the echo time. The simulation takes the first one through x points of bd,z(t) where

the product of x and ts equates to the echo time, τ . It then computes one element of

the propagator in eq. (3.47) and stores it, p11. Following this, the simulation repeats

the process for elements 2:x+1 and continues until the last instance of a complete echo

time remains within the array. It then averages over all of the calculated propagator

results. The whole process is nested within an outer loop which iterates over the list of

given echo times to capture the extent of signal attenuation as diffusion time increases.

3.5.1.5 Calibration of the simulation

Within the simulation, the diffusing molecule is viewed at discrete time points such

that the fields it experiences can be written as a function of time. Therefore, the sim-

ulation must be considerate of the selected step length to survey the structure of the

porous media whilst maintaining computational efficiency. In order to capture the

convoluted nature of the demagnetisation field a step time length of 20 µs was used.

Therefore, given the system of interest and a resolution in the order of micro-meters,

one step will be the equivalent of ∼0.05 pixels. Within such limits, each step can be

determined to be unrestricted, maintaining the relation between the Gaussian distribu-

tion and the diffusion coefficient. Additionally, the step is not too short that the overall

length required is unobtainable. Thus, the diffusing molecule may experience the true

breadth of the intricate demagnetisation field within a manageable number of steps.

The µ-CT data used is a 512x512x512 pixel grid as this gives the largest representa-

tion of the data taken from the µ-CT scans. However, a TMS molecule positioned at

the centre of an empty tube containing only MeOD would take ∼10 minutes to reach

the walls of the container. As such, the simulation must be calibrated to ensure suf-

ficient steps and step lengths are performed. The walk must be sufficiently long that

the molecular path represents a statistically replicable region of the field map where it

must experience all instances of the possible field values. Alternatively, the walk must

not be long enough that it infringes on incompatible running times. To determine a

correct length, a random walk was performed where the number of steps was 50 mil-

lion and the step length was set to 20µs. The walk was then subdivided into five walks

of 10 million steps, each starting with either one or a 10 millionth point. From each of

these walks, the first one million and five million steps were also taken producing 16

walks in total including the original 50 million step walk. The propagator for all the

walks and the average and standard deviation within each set were calculated:
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Figure 3.11: The averaged propagator calculation and resulting standard deviations
for five walks of equal length performed within PES at 9.4 T using a step size of 20 µs
showing A) a schematic of how the walks were selected for B) walks of 1 × 106 steps,

C) walks of 5× 106 steps, and D) walks of 1× 107 steps.

As such, it was determined that a walk of 10 million steps was sufficient to sample a

statistically large enough area of the structure in the case of a 20 µs step length. For a

simulation run using the below parameters, the computation time was ∼three minutes:

Table 3.4: Simulation parameters

Parameter Symbol Value

CT image resolution l
9.31 µm (a)

5.56 µm (b)

Diffusion coefficient TMS in MeOD D0 2.4× 10−9 m2 s−1

Susceptibility difference ∆χ
2.71 ppm (c)

-0.89 ppm (d)

Number of steps in the walk Ns 1× 107

Step duration ts 20 µs

Total walk duration Ttot = Ns ∗ ts 200 s

Average step distance ds =
√

2Dts 0.253 µm

Average total distance Ds =
√

2DTs 800 µm

(a) Sample PES (b) All other samples
(c) PE samples (d) Glass samples

An examination of the simulation format was carried out to determine if the "one walk"

method was quicker than the "many walks" method. To do so, the simulation was

run in three samples, PES, PEM, and PEL, at 7.05 T. The data is summarised below



3.5. Results and discussion 63

in Table 3.5. It is worth noting that the one walk method results in a minimum of

9.998×106 paths being used and averaged where as the results below were for only

1×105 paths within the many walks method.

Table 3.5: Ratio of computation times for the many walk or single walk methodology

Sample PES PEM PEL

Method one many one many one many

Normalised Computation time 1 5.31 1 5.13 1 5.18

As a result, it was determined that the one-walk method was both computationally

and statistically more viable as it offered an increase in both computational speed and

walks to average over. The simulation can therefore be summarised as follows:

Figure 3.12: Flow diagram of the simulation framework.
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As such, the "one walk" simulation method was performed for all six bead containing

samples given in Table 3.2, using the parameters given above in Table 3.4. The simu-

lated propagator calculation and its corresponding experimental data set were plotted

for each packing system, across the three fields, and are given in full in section 9.4.

3.5.2 Experimental data

For each bead size and the empty tube, a 1D spectrum was collected to show the effect

of the demagnetisation field on T2, and therefore line width. The spectra for each bead

system, at 16.4 T, is given in section 9.4. The drastic changes can be seen in Figure 3.13:

Figure 3.13: 1D NMR spectra of A) BLK B) PES taken at 16.4 T. The TMS peak is
centred at 0 ppm, the peak at 4.5 ppm corresponds to residual protons in the solution

due to incomplete deuterisation of the solvent.

3.5.2.1 Longitudinal magnetisation

The T1 relaxation decay constant was measured for all samples, at the three magnetic

fields using a saturation recovery pulse sequence. The relaxation variable delay time

ranged from 0.1 ms to 32 s. The results are given below in Table 3.6:

Table 3.6: T1 relaxation decay constants for all samples

sample name
T1 / s

7.05 T 9.4 T 16.4 T

BLK 5.0 ± 0.2 5.4 ± 0.1 5.7 ± 0.1

PES 4.7 ± 0.1 5.2 ± 0.1 5.6 ± 0.1

PEM 4.8 ± 0.1 5.4 ± 0.1 5.7 ± 0.1

PEL 4.7 ± 0.1 5.3 ± 0.1 5.6 ± 0.1

GS 4.8 ± 0.1 5.3 ± 0.1 5.5 ± 0.1

GM 5.0 ± 0.2 5.3 ± 0.1 5.8 ± 0.1

GL 5.0 ± 0.1 5.3 ± 0.1 5.8 ± 0.1
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All errors in the calculations arise from the fitting process performed within the Math-

ematica notebook. It can be noted that the demagnetisation effect is purely a con-

tribution to transverse magnetisation decay where the longitudinal magnetisation is

unaffected by DDIF.

3.5.2.2 Transverse magnetisation

The T2 relaxation decay constant was measured at the three magnetic fields in the PEM

sample. This was done using a Carr-Purcell-Meiboom-Gill pulse sequence for variable

echo times. The results are given below in Table 3.7:

Table 3.7: T2 relaxation decay constants for sample PEM using different echo times

τ / ms
T2 / s

7.05 T 9.4 T 16.45 T

0.5 1.93 ± 0.02 1.84 ± 0.02 1.18 ± 0.02

1 1.30 ± 0.03 1.29 ± 0.03 0.61 ± 0.02

2 0.64 ± 0.03 0.60 ± 0.01 0.25 ± 0.01

4 0.29 ± 0.02 0.23 ± 0.01 0.09 ± 0.01

8 0.13 ± 0.01 0.09 ± 0.01 0.05 ± 0.01

16 0.10 ± 0.01 0.06 ± 0.01 0.04 ± 0.01

It can be seen that as the delay time gets larger, the relaxation decay time gets smaller

as the spins have more time to diffuse from their original positions and there is a loss

of coherence not refocused by the echo. The single echo pulse sequence was therefore

utilised within the region of 0 to 20 ms to capture the signal attenuation as a result of

diffusion through the demagnetisation field. It can also be noted that there is a clear

dependence on the external field, as predicted by the propagator in eq. (3.32).

3.5.3 Discussion

At present, the simulation relies on several assumptions, the validity of which will be

addressed here. Firstly, it is assumed that the µ-CT scans taken within the 10mm

tubes represent the structures found within the 5mm tubes, used to collect the NMR

data. Provided that both systems contain randomly packed beads, and the shaking

procedure maximised the packing density, the samples can be considered equivalent.

The systems where discrepancies may intrude are PEL and GL, due to wall effects. For

beads packed into a container, the beads in contact with the walls see a higher ordering

and produce a structure with greater porosity.146,147 Within such a case, the simulation
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would overestimate the contribution of DDIF to signal attenuation as a more inhomo-

geneous demagnetisation field would be calculated. Due to the field dependence, it is

expected that this effect will be most significant at larger fields. With all other sam-

ples, it may be assumed that the µ-CT images are taken in a region irrespective of wall

effects. However, since the walk is initiated within the centremost region of S(υ), the

discrepancy between the simulation and experiments is expected to be minimal.

Secondly, the propagator only calculates the contribution to relaxation from DDIF.

As such, it is assumed that there is no surface relaxation, or iDD, present which does

not hold true for systems where the susceptibility-induced mechanism is not the only

prevalent form of relaxation. In cases where there are paramagnetic centres within the

solid matrix, such as magnetic metal atoms, paramagnetic relaxation enhancement

(PRE) may be contributing significantly and the simulation will not reflect the value

of T2 experimentally calculated within the sample. For samples containing little to no

paramagnetic centres, surface relaxation will account for some discrepancy between

the simulated and experimental data but to a much lesser degree.

3.5.3.1 Bead size

The effect of the pore size was evaluated by calculating the propagator within three

systems, each containing different bead sizes. For this case, the bead material and the

field remained constant. An example of this is shown below in Figure 3.14:

Figure 3.14: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) at 7.05 T for A) PES, B) PEM, and C) PEL. Simulation parame-

ters are collected in Table 3.4.

Within Figure 3.14, the calculation of the propagator and the experimental data show

good consistency with a small difference existing most likely due to other relaxation

mechanisms, such as surface relaxation, not included in the simulation. A comparison

of the bead sizes shows a negative trend between the average suspected pore size and

the rate of relaxation, evident in both the propagator curves and the experimental data.

In systems with larger beads, such as PEL, the pores will be comparatively larger, on

average, than those found in PES. Since the magnetic field is locally distorted around
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the solid-liquid boundaries, it can be expected that structures with a larger surface

area to volume ratio will show more inhomogeneity within their demagnetisation field.

Owing to the distance dependence of the field produced by a single dipole, the distor-

tions at the solid-liquid interface will also dissipate upon approaching the centre of a

pore. As such, the larger pores within PEL will introduce regions at the centre of the

pore volume where the demagnetisation field is somewhat homogeneous. As a result, a

molecule diffusing through this region will experience less fluctuating magnetic fields

and therefore DDIF will not contribute as much to relaxation. Additionally, as the

pore sizes increase, the probability of inter-pore exchange is decreased and molecules

tend to stay within the pore they originated in. As such, the range of fluctuating fields

they experience is restricted, further reducing their rate of relaxation.

At the limit of small pores, the field at the centre of the void volume will still be dis-

torted and there will exist no region of relative homogeneity. This can be seen in Fig-

ure 3.14 A where molecules diffusing within the small beads experience far greater

relaxation as a result of DDIF. Furthermore, the reduced pore size means the molec-

ular path is more likely to experience intra-pore and inter-pore movement, the latter

occurring through the interconnecting channels. Channels which display regions of

very low homogeneity due to their close proximity to the solid intrusions from almost

all directions. Both forms of movement account for the molecule experiencing a far

greater frequency of fluctuating fields when compared to molecules diffusing within

PEL. The same trend is evident within both the glass and plastic samples, for all fields.

3.5.3.2 Field

The effect of the field strength was evaluated by maintaining both the bead size and

composition and changing only the field strength across the three external fields eval-

uated. The comparison within PES can be seen below in Figure 3.15:

Figure 3.15: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) in PES at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation param-

eters are collected in Table 3.4.
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Again, there is good consistency between the simulated curves and experimental re-

sults, both showing a negative trend between the field strength and the longevity of

transverse magnetisation. This can be accounted for by the direct relationship between

the external field strength and the propagator given in eq. (3.32). This field depen-

dence is traced back, in turn, to the calculation of the demagnetisation field. As such,

the local distortions in the magnetic field are increased when a larger external field is

present. Therefore, spins diffusing at bead surfaces will be relaxed quicker at higher

field strengths where the fields experienced fluctuate more rapidly. This is further en-

hanced should the spins diffuse from the surface to the pore centre, and visa versa.

The simulated and experimental plots show the greatest consistency at the shortest

echo times. At this limit, it can be assumed that many of the spins experience unre-

stricted diffusion but are still subject to fluctuations in the local field. Thus, DDIF is

the principle form of relaxation causing drastic decreases in transverse magnetisation.

However, at larger echo times, other relaxation mechanisms may contribute to relax-

ation causing the simulated curve to underestimate the signal attenuation at longer

diffusion times. For PES, it can be seen that the simulated and experimental data show

the greatest consistency at larger fields. This may be attributed to DDIFs contribution

to relaxation being far greater at 16.4 T than at 7.05 T. As a result, any other relaxation

mechanisms present will be less notable, even at longer echo times.

3.5.3.3 Composition

In addition to the propagator being proportional to the external field, it is also related

to the magnetic susceptibility difference. To explore this, the propagator was calculated

for two systems, each with different susceptibilities, and compared across the three

possible bead sizes. This is shown below in Figure 3.16:

Figure 3.16: Simulated propagator calculation for PE (black circles) and glass (grey
diamonds) at 7.05 T for A) small bead sizes (PES and GS), B) medium bead sizes (PEM
and GM), and C) large bead sizes (PEL and GL). Simulation parameters are collected

in Table 3.4.
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As seen in Table 3.3, the susceptibility difference between glass and MeOD is far less

than that of polyethylene and MeOD. As a consequence of this, the propagator for glass

decays far slower than that of PE. It is worth noting that the propagator is proportional

only to the susceptibility difference within the system. Thus, the more diamagnetic

glass beads do not heighten the internal field gradients when compared to polyethy-

lene, as glass has a magnetic susceptibility more similar to that of MeOD.

The magnetic susceptibility of the glass is only an estimate taken from calculations

performed by Wapler et al on another soda-lima-silica glass.123 To more accurately

determine the susceptibility, samples of the glass beads, of all sizes, were taken to

the SQUID-VSM Magnetometer (Quantum design) at the Diamond light source facil-

ity. Unfortunately, no quantitative results were obtained as the samples could not be

mounted correctly. The facility was set up to mount samples either by glueing them to

a glass rod or filling a plastic capsule. Since the SQUID is predominately used to mea-

sure the magnetic susceptibility of paramagnetic materials, the presence of the glass

rod and the glue would not hinder experimental readings. However, when the target

substance was itself weakly diamagnetic, the presence of the mounting equipment con-

tributed significantly to the measurements. As such, the value given by Walper et al.
was used as the most suitable substitute to physically obtaining these data.

3.5.3.4 Surface relaxation

Where the PE systems show a good agreement between the simulated and experimental

data, the glass simulations do not correlate to the experimental data. For example,

taking the case of GS across the three fields, shown below in Figure 3.17:

Figure 3.17: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) for GS at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation parame-

ters given in Table 3.4.

It is clear from Figure 3.17 that the experimental decay does not match the simulated

curves. The reason being attributed to the presence of paramagnetic centres within

the glass beads. The chemical composition of which contains, by weight, 0.08% Fe2O3
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with iron being an extremely paramagnetic ion.123 It is expected that the paramagnetic

centres will be visible to the diffusing spins within a given affected volume, introducing

"total signal loss" zones. Should the spins encounter this volume, they will be relaxed

at a much greater rate as seen in all three plots of Figure 3.17.

It can also be seen in each experimental case that signal intensity drops off significantly

at very low echo times, not indicative of the expected exponential decay. On the con-

trary, the experimental data plateaus at longer echo times, which is expected from the

exponential decay. This may be attributed to the rapid loss of signal for all spins within

close proximity to the bead surfaces. Any surviving magnetisation is likely persisting

within nuclei at the centremost volume of the pores, or in nuclei travelling away from

the surface, where the spins can continue to diffuse as in the PE samples.

3.5.3.5 Low field prediction

In addition to rationalising experimental results, the simulation can be used to pre-

dict the contribution to relaxation from DDIF within given conditions, such as other

field strengths. The propagator calculation was performed within PES at a series of

low fields under 1 T, shown below in Figure 3.18. When compared to the plots in Fig-

ure 3.15, it should be highlighted that the low field speculated curves are plotted up

to 60 ms; however, none of the three curves decay fully. As can be seen, T2 longevity is

predicted to be far greater when the field is ≤ 1 T.

Figure 3.18: Simulated propagator calculation for PES at 1 T (white diamonds), 0.5
T (grey circles), and 0.1 T (black squares). Simulation parameters are collected in

Table 3.4.
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3.6 Conclusion

The theory of nuclear spins diffusing through an inhomogeneous field, during a sin-

gle echo pulse, has been derived. The theory predicts a dependency on external field

strength and magnetic susceptibility difference for the magnetisation decay. This is

reflected in the experimental data collected within systems of packed micro-beads of

varying sizes and compositions.

In addition, the contribution of signal attenuation caused by DDIF was evaluated via

a simulation framework capable of calculating the propagator for the single echo pulse

sequence. The simulation utilised an accurate digital reconstruction of the bead pack-

ings to perform Monte Carlo simulations and magnetic field calculations. The simu-

lated data matched the PE experimental data with a good fit owing to DDIF being the

dominant form of relaxation in the plastic systems. For glass, the simulation failed

to capture the extent of relaxation within the system as there is enhanced surface re-

laxation due to paramagnetic species within the glass. However, the simulation has

highlighted a clear dependence of T2 longevity on the pore size, magnetic susceptibil-

ity difference, and external field. As such, it is now a useful tool for determining the

conditions within which d-NMR may be accessible in given porous media.

With the foundations of the simulation framework now complete, the calculation can

now be altered to encompass any experimental variable or system of arbitrary complex-

ity. As previously shown, the external field can be changed but the magnetic suscepti-

bility difference could also be altered to compare relaxation within different materials

or solvents. Moreover, the framework is capable of performing propagator calculations

should another porous media of any complexity be imported in.
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Chapter 4

Expanding the simulation to the
realm of tortuosity

4.1 Synopsis

This chapter is an overview of the work carried out in order to fulfil objective two.

O2 - Enhance the framework by incorporating tortuosity simulations, verified through

parallel NMR diffusion experiments run with the aid of nuclear singlet states.

The purpose of this chapter is to introduce progressions made within the simulation

framework, mainly the extension of the simulation to include tortuosity predictions.

Using the previously developed random walk method, the simulation extends to mea-

suring diffusion within porous structures, allowing the measurement of tortuosity and

other related structure-dependent properties. The simulation applies similar princi-

ples to the experimental detection methods within d-NMR including diagonalisation

of the diffusion matrix and analysis of both eigenvalues and eigenvectors. The method-

ology is tested within a range of exemplar structures. Finally, the results are compared

to previously collected experimental data within similar systems, to verify the findings.
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4.2 Introduction

Tortuosity is an imperative parameter for a number of material science applications

including drug delivery and oil recovery.148,149 In both instances, the ideal path is

hindered by a matrix of interconnected solid media, obscuring a direct and quicker

route of travel. Although a diffusion pathway may be possible, the convoluted nature

of the host material directly influences the ease and efficiency of the task at hand, be

it delivering a drug or extracting oil from a reservoir rock. In the second instance,

the characteristics of the specific reservoir rock must be determined in order to ap-

ply the most suitable extraction technique.149 Such characteristics include tortuosity

and porosity and adequate evaluation of both parameters can alter the efficiency and

success of oil extraction.95 In recent studies, it was determined that tortuosity cannot

simply be measured in a purely geometric fashion and that gas adsorption and other

external factors may play a vital role in determining the movement of gases and liquids

within a porous media.150 He et al. opted to study diffusion through kerogen shales us-

ing computational means as it allowed the accurate calculation of gas adsorption effects

which would otherwise skew experimental tortuosity calculations.

Although d-NMR has been used extensively to calculate tortuosity within porous me-

dia, it comes with its own tribulations including signal loss, distortions, and blurring.

The causes of these artefacts can be attributed to currents, inhomogeneities, and mag-

netic susceptibility mismatches.151 The rectification of these imperfections due to sus-

ceptibility clashes requires the systematic use of extensive correction methods.151 One

drawback to this mitigation method is the possibility of introducing currents caused by

sample heating when exposing the sample to continuous or powerful pulses.58 How-

ever, the computational equivalent of d-NMR is not subject to the same physical con-

straints or imperfections as the experimental version since the magnetic susceptibility

factor can be omitted. The simulation cares only for the boundary between pore and

solid, thus the space in which diffusion is possible and the space where it is not. Ad-

ditionally, there is no possibility of currents within the simulation as the process of

particle movement is completely random and not affected by temperature gradients or

eddys. Both of which can have detrimental impacts on physical experiments by intro-

ducing biased movement into the system. As a result of this, many studies into the

tortuosity of porous media are conducted through computational means.

One vital application of tortuosity is testing the efficiency of convection enhanced de-

livery (CED), a method of drug delivery that relies on the production of a pressure

gradient at the catheter tip to enhance delivery straight to tumours.152 This method-

ology prevails over alternative methods as it bypasses previous restrictions such as the

blood-brain barrier (BBB), which is impervious to pharmaceutical molecules with a

molecular weight > 400 Da.153 Where this poses a complication is in the definition

of a small drug, which is defined as a molecule of < 1500 Da, meaning the majority of
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"small" drugs are still unable to cross the BBB.154 Where CED can bypass the BBB, the

effectiveness of the delivery method is then entirely dependent on the tortuosity of the

receiving material.155 The major contributor to tortuosity is within the extracellular

space (ECS) which, although its width is sub-micrometre, the matrix of inter-connected

channels can account for 1/5 of total brain matter volume.155 Simulating tortuosity has

become of principal interest in order to determine the structural properties of the ECS,

centred around digital models of brain matter and random walk methods.

In the case of conductivity, σ , where a liquid of conductivity σw is saturating noncon-

ducting grains, the tortuosity plays a principle role:52

σ = σw
υ
α

(4.1)

Conductivity is an imperative parameter for many materials from both angles be it

high conductivity for electrodes or low conductivity for insulating foams.156 The effi-

ciency of porous electrodes relies heavily on internal conductivity pathways, making

tortuosity a principal parameter in battery studies.157 Due to the need to study elec-

trode micro-structures, Nguyen et al. opted for a computational approach, building

upon open-source frameworks to measure flux within porous electrodes.

These are only two instances where tortuosity is the principal area of investigation

but highlight the necessity of studying this parameter within porous media. They also

demonstrate the requirement for computational studies within modern science. Where

physical techniques lack the delicacy to deal with fragile samples, computational meth-

ods offer a "hands-free" method for investigating complex and sensitive samples. They

offer the potential to study systems either entirely through computation or to deter-

mine key influences to a system such that they may be mitigated and improve the

overall efficiency of the practical experiment.

4.2.1 Simulation methods

The diffusion of molecules through a volume is often modelled using the Monte Carlo

method (MCM): a class of algorithms centred around performing sequential random

calculations to either optimize, integrate, or determine probabilities.158 Monte Carlo

simulations are used extensively within computational chemistry, in a range of dif-

ferent fields from devising polymer structures and predicting the backscattering of

electrons, to simulating crystal growth.159–161 As we have seen, they can also be used

to model diffusion in porous media for the purpose of calculating relaxation due to

DDIF.

Its main application is within diffusion modelling as the movement of molecules in liq-

uids and gases is often attributed to being a random process, such as Brownian motion
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discussed above in section 3.2.2. Within MCMs are random walks: a form of MCM

that rely on repeated random steps to transform through a mathematical space. In

their simplest form, in one dimension, a random walk is a sequential selection of one

of two possible outcomes, chosen via a random selection process. That is to say, from a

given position, r0, with the possibility of moving to either r1 or r−1 for each step, what

will the destination be after the nth steps? In this case, the final position can be calcu-

lated from a Gaussian distribution that depends on the number of steps taken. If we

know where it began and how it moves then through probabilistic modelling, we can

determine where a particle will be after a given period of time. As with many cases,

the larger the sampling pool, the smoother and less erroneous the normal distribution.

Figure 4.1: The routes of particles taken within a simple 1D random walk algorithm
where all particles start at 0 and can move either r1 or r−1 each step, including the

resulting histogram of final distance travelled away from the origin.

It is because of these probabilistic tendencies that studies frequently incorporate these

algorithms into time-dependent studies. As is done in this work, the random walk

function relies on observing the position of a diffusing particle at incremental time

steps, t, given the probability of where the molecule will have travelled to in t.

These calculations can either be performed in custom-written algorithms in a range

of programming languages, or within readily available programs designed specifically

for MCMs and random walks.162 Hrabe et al. used MCell163 to measure diffusion

within the ECS via the counting box method. This method involves placing a series of

permeable, invisible boxes within the computational model, which change in volume

over the experiment. For each iteration, a box volume is selected and all molecules

begin at the centre of the box. At various time points, the total number of molecules

within the box is recorded and this is averaged over multiple time boxes to determine

the restricted diffusion coefficient.162 However, there are restrictions imposed on the

counting box sizes as too large a volume will skew the result since too many molecules
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will be reflected back into the counting space. Thus, returning an exceptionally low

D0.

The sophistication of these computational methods has increased, particularly within

the biological sciences, to introduce transition probabilities for molecules diffusing

through semi-permeable membranes.164 These computations have the capability to

model diffusion between membranes where the diffusion coefficient on each side is

different, which is more representative of biological systems such as the ECS and the

cell’s internal volume.165 In both cases, the random walk function works off of a time-

dependent rather than distance-dependent process as is used above. That is to say,

each random step is attributed to a given time interval and the distance travelled is

taken from a normal distribution, as demonstrated in Figure 4.1. The specifics of the

calculation can be tuned to the experimental parameters by correcting the distribution

curve to relate to the diffusion coefficient of the molecule. As such, the average distance

travelled within each time increment is related to D0.

An alternative computational method is molecular dynamics (MD) whereby all exter-

nal forces imposed on individual atoms are integrated into the simulation to determine

how the particle behaves in a given period of time. This method works off of first prin-

ciples by solving Newton’s equations of motion to understand the system’s dynamic

behaviour. These forces include but are not limited to the particles’ position and ve-

locity.62 The sequential steps in MD involve calculating the forces imposed on each

particle, moving each atom according to these forces, advancing the simulation by an

incremental period of time, and then repeating the previous steps.166 MD exhibits

many advantages over other computational methods due to the accuracy of how the in-

dividual particles behave in time with respect to their surrounding and bonded atoms.

It is often used for the computation and refinement of protein structures to determine

protein folding and other molecular processes such as ligand bonding.62

Although imperative for protein structure simulating, MD can also be used to measure

diffusion and other time-dependent processes.69 However, when comparing the two, it

has been noted that the overall complexity of MD limits the extent of molecules that

can be modelled in this manner.167 Where MCMs are probability-driven and readily

produce results for large ensembles, the sheer scale of calculations required for billions

of MD particles is outside of the scope of average computational power. The computa-

tional effort can be reduced by grouping atoms into units to lower the total number of

independent items; however, this has been known to overestimate the diffusion coeffi-

cient.168 As such, a random walk is more applicable to the studies within these works.
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4.2.2 Long lived states

Systems of only a single spin-1/2 nucleus are not the only object of interest in d-NMR,

another well-studied system is that of two coupled spin-1/2 nuclei. In such a case, each

spin may either be in the |α⟩ or |β⟩ state. The combination of which is four states:169

|α⟩ ⊗ |α⟩ =⇒ |αα⟩

|α⟩ ⊗ |β⟩ =⇒ |αβ⟩

|β⟩ ⊗ |α⟩ =⇒ |βα⟩

|β⟩ ⊗ |β⟩ =⇒ |ββ⟩

(4.2)

However, these are only eigenstates of the total Hamiltonian operator within the weak

coupling limit. This occurs when the difference between the chemical shift frequency

of the two spins is larger than that of the scalar coupling frequency. In contrast, if the

two spins, j and k, are strongly coupled, their individual chemical shifts will be near

equivalent. Within such a situation, the scalar coupling frequency is greater than the

chemical shift difference and the eigenstates become:169

|T+1⟩= |αα⟩

|T0⟩= 1/
√

2(|αβ⟩+ |βα⟩)

|S0⟩= 1/
√

2(|αβ⟩ − |βα⟩)

|T−1⟩= |ββ⟩

(4.3)

When the external field approaches zero, |S0⟩ becomes an exact eigenstate of the to-

tal Hamiltonian. |S0⟩, named the nuclear singlet spin state (NSS), is an intriguing

state that possesses no net angular momentum and is asymmetric with respect to spin-

exchange.170 That is to say, P̂ |S0⟩ = −|S0⟩ with P̂ being the exchange operator. The re-

maining three states can be grouped into the term "triplet state": these have net angular

momentum and are symmetric under spin exchange. The mean population difference

between the singlet state and the triplet state is called singlet order and its decay is

characterized by the time constant Ts.171 Containing only two spin-1/2 nuclei, the NSS

is the simplest form of long-lived state (LLS), though states of higher orders are ob-

tainable. In order to access the NSS, the molecule must have the following properties:

• Contain an isolated spin-1
2 pair of nuclei,

• The nuclei in the spin pair must be magnetically inequivalent,

• The chemical shift difference of the pair must be minimised.

The advantage of singlet order over conventional magnetisation is its immunity to some

relaxation mechanisms which dominate longitudinal and transverse relaxation. Most
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importantly, the NSS is unaffected by iDD relaxation within the spin pair as the pro-

cess by which this mechanism induces relaxation is symmetric with respect to spin ex-

change.172 As such, it is incapable of inducing transitions from the NSS to the triplet

states, preventing the rapid magnetisation decay that occurs within the triple states.

Moreover, the symmetry of the NSS also prevents it from relaxation due to components

of the chemical shift Hamiltonian, further increasing its longevity. As such, the lifetime

of singlet order may persist for upwards of two hours, in specific circumstances6

Although singlet order is immune to multiple mechanisms, it is still susceptible to

other forms of relaxation such as paramagnetic relaxation enhancement (PRE) and

other lesser mechanisms not mentioned here. In addition, it bears its own form of

relaxation called singlet-triplet leakage. This is a weak contribution mediated by the

slight difference in chemical shifts required to populate the singlet order.173 The shift

difference breaks the symmetry between the states and allows slight mixing between

them.174 Since the triplet states are being rapidly relaxed via iDD, any population

transfer to the triplet states will be lost at a rate equal to that of T1.

Due to the longevity of NSSs, they have been used extensively in the study of large

and complex systems where previous experimentation was capped by the compara-

tively fast relaxation of conventional magnetisation.59 Since the singlet state has no

net magnetisation, long and complex pulse sequences are required to probe the state.

4.2.3 Singlet assisted diffusion

Unlike conventional d-NMR experiments, there are additional steps that must be ad-

hered to in order to perform diffusion measurements on singlet state-bearing molecules.

The basis of this lies in the measurement of Ts, the relaxation constant attributed to the

decay of singlet order. The probing of singlet states was first developed by Carravetta

and Levitt (2004) who discovered the singlet states’ invariance to the main relaxation

mechanism present for longitudinal magnetisation.172 Advancements in accessing sin-

glet order were explored by Pileio et al. who using a range of techniques and devised

the magnetisation to singlet (M2S) sequence which allows access into the world of

NSSs in either high or low field.92 The group recognised the singlet states’ potential in

a range of NMR applications such as enhancing hyperpolarization and investigating

the relations between distant molecules.172

The first major display of the power of singlet states came when Pileio et al. found a

singlet hosting molecule with a Ts of 26 minutes, demonstrating the possibility of pre-

serving information for orders of magnitude longer than in T1.175 This enhancement
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has steadily increased such that 2020 saw a nuclear singlet state, present in a 13C spin-
1⁄2 pair, persist for upwards of 1.5 hours.6 For these high field experiments, Ts is typi-

cally measured using the magnetisation to singlet (M2S) pulse sequence which is ap-

plicable for near equivalent spins in high field. The sequence uses synchronised echo

trains to convert between the singlet and triplet states mentioned above and can be

adapted for singlet assisted diffusion NMR (SAD-NMR), as outlined below:

Figure 4.2: SAD-NMR pulse sequence for performing d-NMR in singlet states, where
asterisks represent a composite pulse.58 Where "RF" indicates the normal channel and

"G" indicates the gradient channel.

Where n1 and τ are determined by the scalar coupling, J , and chemical shift difference,

∆ν, between the two nuclei, n2 = n1/2, n1 = πJ/2∆ν, and τe = τp+ 2τ = 1/2
√︁
J2 +∆ν2.59

The sequence begins by first converting longitudinal magnetisation into transverse

magnetisation with an initial 90◦ pulse. The pulsed-gradient magnetisation to singlet

(M2S) portion of the sequence contains chains of synchronised echoes that introduce

the long-lived state by creating coherences between the singlet state and the remaining

triplet states.176 It contains a gradient to spatially encode the nuclear spins and gener-

ates a population difference between |S0⟩ and |T0⟩, thus equating to singlet order.176

During the evolution period, the singlet order will steadily decay after which it is con-

verted to magnetisation via the singlet to magnetisation (S2M) portion of the sequence.

Just prior, there is a filter to ensure only singlet order remains and contributes to the

signal readout.58 The S2M component is identical to M2S but in reverse chronological

order. This allows the previously "invisible" state to be converted to preserved magneti-

sation making it detectable via conventional NMR techniques. The filter, which had

previously removed all residual longitudinal magnetisation before that which is stored

in singlet is converted to observable signal, ensures the observable signal comes only

from the singlet state. One disadvantage of the pulse sequence is the theoretical con-

version rate from magnetisation to singlet being limited to 2/3.177 The removal of the

gradients produces the standard M2S sequence: used to measure the lifetime of the

singlet state, in the absence of diffusion measurements.
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However, there are other methods for studying NSSs such as spin locking, and field cy-

cling methods. Upon initial investigation, it was revealed that the spin-locking method

requires the constant irradiation of spins, via a radio frequency pulse, to prevent mix-

ing between the singlet and triplet states. The disadvantage being the necessity for

the spins to maintain at high field for the duration of the spin-locking.178 The constant

irradiation could also lead to sample heating which poses issues with the accurate mea-

surement of diffusion coefficients. Additionally, the field cycling technique involves the

movement of the sample from high to low field, and back again. Although this can be

achieved by altering the field around a static sample, is it more easily achieved by mov-

ing the sample within the stray field of the magnetic.169 However, it has been noted

that movement of the samples must be achieved on an order that is fast with respect

to T1.169 As porous media may contain mobile components and diffusion is a major

contributor to relaxation, it could be disadvantageous to move the sample with quick

motions. As a result, the preferred technique for accessing nuclear singlet states is via

the M2S- S2M pulse sequence method.

When considering the study of porous media, there are two limitations to experimen-

tal studies. In systems where the pores are sufficiently large, all forms of conventional

magnetisation will have depleted before the bulk spins have encountered any form of

restriction in the form of porous structures. In such a case, the use of NSSs would be

advantageous due to their increased longevity, as has been shown in previous studies

involving SAD-NMR.59 Similarly, sufficiently small pores produce extremely inhomo-

geneous fields within which transverse magnetisation will decay before encountering

any form of restriction. Although singlet states would be more advantageous, the mag-

netisation may deplete before the M2S pulse sequence has been completed.

Extensive studies have delved into the sustaining of the singlet state,6,7,179 showing

greater increases in longevity at low fields and higher temperatures. However, the

use of NSSs in the field of diffusion is currently in progress. Within the M2S pulse

sequence, the echo trains contain delays, τ , of up to 30 ms meaning the singlet state

can only be accessed when magnetisation persists for greater than this time.59 As such,

the introduction of heightened field inhomogeneities, such as in porous media, reduces

the transverse magnetisation decay rate such that all magnetisation is lost before the

M2S sequence has been completed. As a result, the engineering of the experimental

process must be altered in order to encompass the heightened T2 relaxation restricting

the conversion of magnetisation to singlet order.
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4.3 Materials and methods

For the experimentally collected data, the samples were produced by packing polyethy-

lene micro-beads into a 10 mm NMR tube and imbibing the beads in a 0.14-0.18 M so-

lution of sodium-2,20 -((1,2,3,4,6-pentakis-(methoxy-d3)-7-(propan-2-yl-d7)naphthalene-

5,8-diyl)bis(oxy))diacetate-4a,8a-13C2 in D2O. Synthesis details of the naphthalene

derivative shown below can be found in Tourell et al.59

Figure 4.3: Molecular structure of sodium-2,20 -((1,2,3,4,6-pentakis-(methoxy-d3)-7-
(propan-2-yl-d7)naphthalene-5,8-diyl)bis(oxy))diacetate-4a,8a-13C2.

This molecule was selected due to its large Ts value and ability to prepare the singlet

state at high magnetic fields (∼7 T). Two systems were made, one with 500-600 µm

diameter polyethylene (PE) beads (PS) and another with 1000-1180 µm PE diameter

beads (PL), purchased from Cospheric’s CMPS products. The samples were produced

by Tourell et.al59 but are no longer available for further investigation. As such, the

simulations were run within the analogous samples produced as described in chap-

ter 3. Within these, the samples consisted of identical bead sizes but were packed into

10 mm poly (carbonate) tubes to improve the contrast of the µCT images taken. Col-

lection of the µCT images is described above in section 3.4.3. Although the solution

and spy molecule differed within the physical samples, the simulation only requires

the diffusion coefficient so the components of the physical sample are irrelevant.

4.3.1 Pulse sequence

The data collected by Tourell et. al,59 whilst conducting experiments to measure dif-

fusion in samples PS and PL, were collected on a 7.05 T Bruker Avance III 300 MHz

spectrometer equipped with a 10mm 1H/13C micro-imaging probe. Prior to tortuosity

measurements, the unrestricted diffusion coefficient was calculated within the blank

samples (prior to the addition of beads), using a standard PGSTE pulse sequence as

seen in Figure 2.9. When referring to the PGSTE sequence the delay period (∆) was 200

ms, the gradient duration (δ) was 2 ms, and the gradient strength (g) was varied. The

measurement returned an unrestricted diffusion coefficient of D0 = 2.2×10−10 m2 s−1.



4.3. Materials and methods 83

For the bead-containing samples, the diffusion was measured using the singlet incorpo-

rating pulse sequence given above in Figure 4.2. The parameters used in the SAD-NMR

were experimentally derived through optimisation techniques and were as follows:

Table 4.1: Tortuosity measurements within bead packings, at 7.05 T

Parameter τ / ms τp / µs n1 n2

Value 4.5 82 20 10

Theoretically, the echo time must be set to τ = 1/(4(J2
12+(J13−J23)

2)1/2) and the num-

ber of echoes to n1 = π/(2 ArcT an(J13 − J23/J12)) with n2 = n1/2.180 However, these

were further calibrated by varying the parameters within the M2S pulse sequence

through manipulation of the synchronised spin echo. The optimised values were then

recorded and used in further experiments of the same singlet molecule.

4.3.2 Initial data

For both the blank and bead-containing samples Tourell et al. measured both T1 and

Ts and averaged the results across the different samples. T1 was measured using the

standard saturation recovery pulse sequence outlined in the previous chapter, and

Ts was measured using the standard M2S sequence described above.

Table 4.2: T1 and Ts measurements within bead packings, at 7.05 T

Composition T1 / s Ts / s

No beads 3.5 ± 0.2 128 ± 11

Beads 3.9 ± 0.3 123 ± 25

Following this they measured diffusion within the two bead-containing samples where

the variable diffusion time, ∆, ranged from 0.2 to 240 seconds with at least 6 indepen-

dent gradient strengths measured at each time point. The results were linearised as

in conventional d-NMR to obtain the diffusion coefficient. Their tortuosity measure-

ments are given below in Table 4.3:
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Table 4.3: Tortuosity measurements within bead packings, at 7.05 T

PE 500-600 / µm PE 1000-1180 / µm

∆ / s D(∆)/D0 ∆ / s D(∆)/D0

0.2 1.0 0.2 1.0

1 0.899 1 0.948

15 0.750 10 0.857

30 0.648 50 0.775

45 0.664 90 0.770

60 0.609 150 0.781

90 0.589 240 0.695

120 0.641

4.3.3 Computation

All simulations were run on Julia 1.7.1, with a computer running Windows 2012 R2,

with a 64-bit operating system, and 3 processors, each with a speed of 2.4 GHz, result-

ing in a total of 17 cores, 32 base processors, and 512 GB of RAM. Each propagation

experiment was run in parallel across 15 processors via a shared array. This reduced

the computation time to 18 minutes for a total of 1.1 × 109 successful steps. For each

of the diffusion times, the simulation calculated diffusion along the six independent

directions (Dxx, Dxy, Dyy, Dxz, Dyz, and Dzz), averaged each, produced the diffusion

tensor, and calculated the average diffusion coefficient as 1/3 Tr(D′).

4.4 Results and discussion

4.4.1 Initial data

For the initial data, the immunity of both T1 and Ts to magnetic susceptibility effects

is quite prominent. In previous cases, T2 was reduced drastically when the system was

subject to DDIF. However, for both longitudinal relaxation and singlet states, there is

little impact on the overall signal decay. With respect to the tortuosity measurements,

the results reflect those of diffusion being limited by solid intrusions. That is to say,

where there are bigger beads, and therefore bigger pores, the tortuosity is lessened. As

would be expected, the average diffusing molecule has a statistically larger distance to

cover before encountering a boundary when in PL (with >1 mm diameter beads) than

in the more closely knit PS sample.
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4.4.2 Simulation

The simulation of molecular movement within the tortuosity framework follows a very

similar process to that of the propagator calculation with two main differences, as high-

lighted below. With the random walk function remaining almost constant, the simula-

tion can be divided into two further parts producing the following workflow:

• Simulation of the random walk to emulate diffusion,

• Calculation of the diffusion tensor,

• Calculation of the tortuosity within the system.

For the initial step, the simulated diffusion works in a similar way to that which is de-

scribed in Figure 3.9 except the boundaries are solid, not periodic. A periodic boundary

would incorporate large jumps in the distance travelled and produce non-representative

results. Where the propagator calculation was riddled with drastic changes in the ex-

perienced field, the tortuosity simulation is not so forgiving to these fluctuations. It is

no longer an option to mask the sudden changes arising from periodic boundary con-

ditions within the data. This is because the tortuosity simulation is centred around the

distance travelled not the field experienced across a repeating unit cell. Additionally,

there is no interest in each specific step taken so the random walk process only stores

the starting position and the final position. The path taken is not of concern, only the

distance travelled. One advantage is the reduced computation time as there was no

need to store the list of coordinates for the duration of the experiment.

The second difference comes from the number of molecules simulated. The propagator

calculation subdivides one long molecular walk into smaller components, accepting

movement between the periodic faces of the unit cell. However, the tortuosity sim-

ulation, with its solid boundaries, aims to prevent the molecules from encountering

the walls of the digitised structure. Both reflections on solid boundaries and period

boundary conditions would result in unrepresentative reductions in the distance trav-

elled, skewing the tortuosity to be lower. As such, it was decided to simulate many

molecules within the time frame of the experiment, not subdividing the walks, to limit

contact between the molecules and the boundaries.

To calculate the diffusion tensor for diffusion tensor imaging (DTI), the simulation

requires both a number of molecules over which to average the results and a diffusion

time. For each Cartesian axis, the distance travelled is calculated and given as rαβ
where α and β ∈ x, y, z. The corresponding diffusion coefficient is calculated as:

Dαβ =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(rα1,n a)

2

2∆ (for α = β)(︂
rα1,nr

β
1,n

)︂
a2

2∆ (for α ≠ β)

(4.4)
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Where a is the resolution, 1 and n represent the molecular position at the first and

last positions of the diffusion period, and rα1,n is the distance between the first and nth

positions along the Cartesian axis, α.

The tortuosity was then calculated by repeating the calculation above for various diffu-

sion times to build up an array of restricted diffusion coefficients as a function of time.

This is done for diffusion along all three independent Cartesian axes as well as the av-

erage diffusion coefficient found as the trace of the diffusion tensor. As the previous

µ-CT images of PS and PL were unobtainable, the simulation described within section

section 4.4.2 was run within images taken of the samples produced in 3, PEM and PEL.

This is because our PEM and PEL samples were most similar in size to the previously

collected PS and PL samples, making them suitable substitutes. As with the simulation

outlined in 3, the digitised µ-CT images wee biarized and used as structure functions

through which the simulated particles could diffuse.

The simulation also required the following parameters; number of simulated molecules,

Nm; the bulk diffusion coefficient D0; and the number of steps each molecule takes, Ns.

As mentioned, the each diffusing particle is allowed to diffuse for a given time period ts
which is determined by the total duration of the diffusion period, ∆ and the number of

steps. As such, this value changes for with ∆. We can also calculate the average distance

travelled in one step, | < rj,k − rj−1,k > |, e.g., the average distance to step j from step j-1.

Furthermore, the total average distance travelled is | < rNs,k − r1,k > |. The simulation

parameters are summarised in Table 4.4:

Table 4.4: Parameters for tortuosity simulations in bead-containing samples

Parameter Value

Nm 20,000

D0 2.2× 10−10 m2s−1

Ns 5,000

τs (for ∆= 60 s) 12 ms

| < rj,k − rj−1,k > | (for ∆= 60 s) 4.0 µm

| < rNs ,k − r1,k > | (for ∆= 60 s) 281.4 µm

4.4.3 Simulation calibration

In order to maximise the computational efficiency, the simulation was run with various

individual step numbers for each walk. Individual molecules in each of the experi-

ments walked for the same total time, but that walk was split into either two, five,

ten, or twenty-thousand individual steps. The simulation was run with the PEM µ-CT

example described above. An in-depth discussion on the tortuosity results obtained

here is expanded on later in this chapter. As can be seen below, there was a negligible

difference between the results of the four experiments with the finer walk producing
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marginally more accurate results than the more coarse method. However, the finer

walk resulted in a significant time cost with an almost linear relationship between the

number of steps taken and the computation time for the later three examples.

Table 4.5: Normalised computational time for different step numbers

Ns 2×103 5×103 1×104 2×104

Time 0.7 1 2.21 4.17

ts max / s 0.12 0.048 0.024 0.012

⟨r⟩max / pixels 2.27 1.43 1.01 0.72

Run time for 5,000 steps being 24 minutes.

Figure 4.4: Tortuosity calculation within PEM using 20,000 (white diamonds), 10,000
(grey circles), 5,000 (black squares), and 2,000 (vertical lines) steps. The simulation

was run with 20,000 molecules where D0 = 2.2× 10−10 m2s−1.

As a result, it was determined that taking 5,000 steps was adequate for the purposes

of the simulation. Although it could be theorised that reducing the number of steps

further would be more advantageous, there could be significant complications arising

from the large average step distance. For the 2,000-step walk, the previously linear

relationship between the computation time and number of steps is broken with the

computation taking longer than projected. Furthermore, as discussed in chapter 3, the

individual components of the total walk must be sufficiently small that diffusion can

be considered unrestricted within that time frame. In the case of the 2,000-step walk,

this cannot be validated as the average step would take the molecule multiple pixels

from its previous position. Although the results for both the two and five-thousand-

step walks are equivalent in this case, there may be complications in a porous media

with smaller pore sizes. As such, 5,000 steps was deemed an appropriate number to

subdivide the total walk into.

Furthermore, the number of molecules to average was also examined for the purposes

of improving the efficiency. To do so, the tortuosity was measured within a blank spher-

ical array where it was expected that the ratio between the bulk and restricted diffusion
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coefficient should remain one. As before, a further examination of the results is given

in the later sections of this chapter. For the calibration, the simulation was run with

the parameters shown in Table 4.4 where Nm was varied between 100 and 20,000. The

results of which are given below:

Table 4.6: Tortuosity measured using different total molecule numbers and their re-
spective normalised time taken

Nm 1×102 5×102 1×103 5×103 1×104 2×104 5×104

D(∆)/D0 0.9844 0.9841 0.9925 0.9955 1.001 1.000 1.000

Time 0.42 0.42 0.44 0.46 0.64 1.00 2.39

Run time for 2×104 molecules being ∼18 minutes.

Figure 4.5: Tortuosity calculation within a sphere using 100 (black squares-dash line),
5,000 (grey circles-dot line), and 20,000 (white diamonds-solid line) molecules.

It was determined that 2×104 was sufficient molecules over which to average the tortu-

osity measurements. It can be noted that although using 1×104 molecules produces a

respectable result, a sphere is the simplest case and the added complexity of a tortuous

system will require a more absolute answer. Therefore, it was decided to use 2×104 and

not increase the number of molecules further as this results in a significant computa-

tional time increase ruling 5×104 too inefficient for the purposes of the experiment.
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Figure 4.6: Relative computational time, normalised to 2×104 experiment, for varying
the total numbers of molecules.

4.4.4 Simulation validation

4.4.4.1 Spherical example

The simulation was run within an empty sphere to test the capability of the model

to capture isotropic, unrestricted diffusion where no boundaries are present. Within

such a scenario, it can be anticipated that diffusion will be identical along every direc-

tion originating from the centre of the sphere. Additionally, within the volume of the

sphere, excluding the surface layer in contact with the walls, diffusion should not be

hindered. The spherical model was produced via a 512x512x512 binary array contain-

ing a centre sphere of radius 2.5 mm where each pixel within this corresponded to a

value of s(r) = 0 thus indicating pore space. The remaining pixels corresponded to a

value of s(r) = 1 and acted as a boundary to diffusing molecules. The structure was

interpolated to increase the mesh resolution within which the molecules could walk.

To prevent influences from the boundary, the starting positions of the molecules were

taken from a cubic region with a width of ∼2 mm residing within the centre of the

sphere. Due to the diffusion coefficient of the molecules and the distance to the wall, it

was not anticipated that any molecules would encounter a boundary. The simulation

was run with the parameters given in Table 4.4 and Table 4.7, which also show the aver-

age distance travelled in the structure during the longest walk. For a range of diffusion

times from 0 to 240 s diffusion was measured along 6 directions including along the

three Cartesian axes. The resulting diffusion tensor was diagonalized to find the prin-

cipal directions of diffusion and the related diffusion coefficient, as shown below. For

each of the diffusion times in the calculation each component of the principal diffusion

coefficient, Dαα(∆) (α ∈ x, y, z) was plotted against the other diffusion components to

determine the principle direction of diffusion, as seen in Figure 4.7.
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Firstly, when comparing diffusion along the three components, it can be noted that dif-

fusion is equivalent along each axis. Thus displaying the isotropic nature of diffusion

experienced by all the molecules within this particular case. Secondly, it can be noted

that the apparent diffusion coefficient, which can be determined as the average of the

three principal directions of diffusion, is approximately equal to the unrestricted diffu-

sion coefficient. Thus implying that diffusion within the system is in fact unrestricted.

That is to say, all molecules diffused in accordance with the laws of Brownian mo-

tion, assuming an isotropic environment larger than the maximum possible distance

that could be travelled. Any deviations between D0 and Dαα(∆) can be attributed to

a molecule potentially interacting with the sphere wall, or systematic errors arising

due to the sample size. However, the selected sample size, Ns, is deemed appropriate

within the compromise of error-reducing and computational workload.

D′(240 s) =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
2.21 0 0

0 2.22 0

0 0 2.24

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠× 10−10 m2 s−1

Table 4.7: Simulation parameters for the tortuosity simulation ran in an empty sphere
(∆ = 240 s where relevant)

Parameter Pixels Size / mm

resolution 1 9.77×10−3

container size 512 5

starting area 150 : 362 1.47 : 3.54

starting volume 2123 2.073

radius 256 2.5

Av. distance per direction 33.3 0.325

Av. distance travelled 57.6 0.56

Actual distance travelled 53.1 0.52

Figure 4.7: DTI in a sphere showing A) the ellipse, and B) the tortuosity for Lab-X
(solid black), Lab-Y (dash black), Lab-Z (dot black), Principal-X (solid grey), Principal-

Y (dash grey), and Principal-Z (dot grey).
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4.4.4.2 Cylindrical example

Following this, the simulation was run within a cylinder with a length of 10 mm and

a radius of 0.5 mm, tilted 30 degrees through the x-axis. As before, the volume within

the cylinder corresponds to pixels with an assigned value of s(r) = 0, indicating a

pore. Analogous to the spherical model, interpolation of the structure allowed a more

accurate diffusion model to be adopted. The cylindrical structure was chosen to test

the capability of the simulation to determine the orientation of diffusion in a struc-

ture, with respect to rotations away from z. Additionally, it introduces an aspect of

anisotropy which the computation must comply with. The simulation was run with

the parameters given in Table 4.4 and Table 4.8.

Again, the molecules were started within a centre cube such that they were not ex-

pected to reach the maximum and minimum confines of the model along z and any

restrictions in z came from the cylinder walls. However, significant restriction in both

x and y was highly anticipated with the average molecule covering sufficient distance

to interact with the walls within the time frame of the experiment. Therefore, within

this case, it was expected that diffusion along z would be minimally hindered whilst

diffusion along x and y would be significantly reduced, as seen in the diagonal ten-

sor below. This is reflected in Figure 4.8, where the resulting ellipsoid shows almost

unrestricted diffusion along the z-axis and significant restriction in both x and y.

As before, diffusion was measured in the laboratory frame and the resulting matrix was

diagonalised to find the principal direction of diffusion. For the molecular frame re-

sults, there is little difference betweenDzz(∆) and the unrestricted diffusion coefficient.

This is not the case for the Lab-Z diffusion which shows a more restrictive environment

attributed to the angle of rotation of the cylinder. Had a more harsh rotation been

adopted, this would have been decreased in accordance, and visa versa for a more shal-

low tilt. As for the x and y directions, diffusion is restricted by a similar degree within

these two axes. Unfortunately, the simulation was not capable of distinguishing x and

y between the two frames. It was expected that Principal-X and Principal-Y would be

identical due to the symmetry of the cylinders’ cross section in that plane. However,

there is as large a difference between these two as there is for Lab-X and Lab-Y meaning

this aspect may need further investigation.

Furthermore, it can be seen that the diffusion tensor calculated by the algorithm can

accurately deduce orientation with respect to z in the lab frame, ZL. It was determined

that the angle between the principal diffusion axis and ZL was 30.75◦ meaning the

model can catch orientation features within the system. The deviation between the

calculated and the physical angle can be interpreted as a slight numerical error present

due to a finite number of molecules being averaged. It is expected that increasing Nm
would reduce this error but at significant computational and time costs.
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Table 4.8: Simulation parameters for the tortuosity simulation ran in a 30◦ tilted
cylinder (∆ = 240 s where relevant)

Parameter Pixels Size / mm

resolution 1 16.9×10−3

container size 512 8.7

starting area 150 : 362 2.55 : 6.15

starting volume 2123 3.63

radius 29 0.5

length 588 10

Av. distance per direction 19.2 0.325

Av. distance travelled 33.3 0.56

Actual distance travelled 25.7 0.436

D′(240 s) =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1.22 0 0

0 1.36 0

0 0 2.20

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠× 10−10 m2 s−1

Figure 4.8: DTI in a 30◦ tilted cylinder with a radius of 0.5 mm and length of
10 mm showing A) the ellipse, and B) the tortuosity for Lab-X (solid black), Lab-Y
(dash black), Lab-Z (dot black), Principal-X (solid grey), Principal-Y (dash grey), and

Principal-Z (dot grey).

One can also assess the speed at which the simulation converges on the cylinder’s ori-

entation. For this, the angle between Principal-Z and Lab-Z, β, was plotted for each

of the diffusion times within the tortuosity experiment. One can assume that the first

few data points are almost randomly assigned as these cases exhibit isotropic diffusion

where the diffusion tensors’ orientation is arbitrary. However, as the diffusion time

increases, the angle β stays more consistently around 30◦.
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Figure 4.9: Angle between Zp and ZL (Beta) calculated for each diffusion time within
a 30-degree tilted 0.5 mm radius cylinder.

4.4.4.3 Comparison

It was noted that, in the 30◦ titled cylinder example, there was an unexpected result

within the Xp and Yp data. To explore this further, the same experiment was run within

the following samples:

Table 4.9: Samples used for the simulation calibration

Sample
Length Radius Tilt

/ mm / mm / ◦

Sph N/A 2.5 0

Cyl_0_5 10 0.5 0

Cyl_30_5 10 0.5 30

Cyl_60_5 10 0.5 60

Cyl_90_5 10 0.5 90

Cyl_30_25 10 0.25 30

Where the labelling refers to the shape (cyl for cylinder, sph for sphere), the second

number corresponds to the tilt angle, β, and the last number is the radius of the cylin-

der (either "5" for 5 mm or "25" for 0.25 mm). Although barely noticeable in the

Cyl_30_5 sample, when the tilt angle is further increased, the difference between the

lab and the principal frame becomes quite distinct. One can see at 60◦ a significant

difference in the lab frame where diffusion along y is less restricted than along z. Tor-

tuosity data for all samples in Table 4.9 are given below in appendix 9.7. The difference

in the frame is most notable when looking at the percentage difference between the two

for the three Cartesian components by plotting (Ap−AL)
AL

where A is X, Y, or Z. Here we

see very little deviation for the x components and significant differences in both y and

z as the cylinder rotates through until YL and Zp are identical.
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Figure 4.10: The difference between the lab frame and principal frame against the tilt
of the cylinder showing the x components (black squares), y components (grey circles),

and z components (white diamonds).

For all calibration cases, the fractional anisotropy (FA) was plotted for the duration

of the experiment. For the sphere, the fractional anisotropy remained at zero for the

duration of the experiment indicating completely isotropic diffusion throughout. The

fractional anisotropy was consistent for all cylinders with a radius of 0.5 mm as FA

is calculated within the principal frame, but increases significantly when the radius

is reduced. This indicates that the simulation is capable of capturing both isotropic,

unrestricted diffusion and the nature of diffusion within a tilted or centred channel.

Figure 4.11: FA calculated for the duration of the diffusion experiment within the
sphere (solid black), Cyl_0_5 (dash black), Cyl_30_5 (dot black), Cyl_60_5 (solid grey),

Cyl_90_5 (dash grey), and Cyl_30_25 (dot grey).

4.4.5 Within porous media

The simulation then progressed to measuring tortuosity within two model systems of

randomly packed beads, PS and PL. µCT images of the PEM and PEL samples pro-

duced digitized 3D models of the samples which could be used within the simulation

as the structure functions, s(r). The images also elucidated the non-spherical nature of

the beads thus offering a complex and unpredictable internal environment to measure

diffusion. The simulation used the parameters given in Table 4.4 and Table 4.10.
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Table 4.10: Simulation parameters for bead systems (∆ = 240 s where relevant)

Parameter Pixels Size / mm

resolution 1 5.556×10−3

container size 512 2.85

starting area 150 : 362 0.83 : 2.01

starting volume 2123 1.183

Av. bead width (PS) 98.8 0.55

Av. bead width (PL) 189.4 1.054

Av. distance per direction 58.5 0.325

Av. distance travelled 101.3 0.56

Actual distance travelled (PS) 68.3 0.379

Actual distance travelled (PL) 76.7 0.426

For each of the diffusion times in the tortuosity calculation, the apparent diffusion co-

efficient was calculated and plotted against the experimental data collected within the

corresponding sample. Additionally, each component of the apparent diffusion coeffi-

cient, Dαα(∆), was calculated by measuring diffusion along the relevant axis (α ∈ x, y,

z), and was plotted against the other components to determine the principle direction

of diffusion. Experimental results were previously collected by former members of the

group. The simulations run within these works match closely with the previously ob-

tained experimental data displaying the simulation’s ability to catch diffusive nature

within an unknown environment.

Figure 4.12: Tortuosity measured within PS showing A) the simulation for Dxx (black
square), Dyy (grey circle), Dzz (white diamond), and the tortuosity (solid line) and B)
the experimental (black circles), the simulated tortuosity (solid line), and the extrap-

olated tortuosity (dash line).
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Figure 4.13: Tortuosity measured within PL showing A) the simulation for Dxx (black
square), Dyy (grey circle), Dzz (white diamond), and the tortuosity (solid line) and B)
the experimental (black circles), the simulated tortuosity (solid line), and the extrap-

olated tortuosity (dash line).

In both examples, the tortuosity can be displayed by comparing the experimental data

with the simulated apparent diffusion coefficient, Da(∆). The components ofDa(∆) are

plotted adjacent to demonstrate the changes in diffusion along the principal axes. In

both cases, the simulation is capable of capturing the tortuosity of the porous media in

good agreement with the experimental data.

Table 4.11: Structural properties of both PS and PL as determined from both experi-
mental and simulated data

Sample
Tortuosity

FA
Exp Sim

PS 0.61 a 0.56 0.058

PL 0.695 0.70 0.025

(a) Value taken as a projection of the data up to 240 s.

For both PS and PL, it can be noted that there is little difference in diffusion along the

three constituent axes, further solidified by the fractional anisotropies being close to

zero in both instances. It can be inferred that although the systems offer a non-spherical

array of varying-sized beads, the packings are sufficiently random with no preferred

diffusion direction. Furthermore, the system with the smaller beads shows a more

tortuous system owing to the smaller pore sizes created by the smaller beads. Within

the time frame of the experiment, the molecules were capable of inter-pore movement

through channels exhibiting increased restriction. After which, the diffusion in the

small "spherical" pores resulted in an isotropically reduced value of tortuosity. As for

the larger beads, the rate of inter-pore travelling is predicted to be smaller, and the

pores themselves are of greater volume, explaining the larger tortuosity found in PL as
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opposed to PS. As with the propagation calculations, the experimental and simulated

results match with sufficient accuracy that external effects such as surface relaxation

are expected to be minimised. In a case where surface relaxation may significantly

affect experimental results, the two may not overlay so accurately.
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4.5 Conclusion

Within this chapter, the necessity and uses of tortuosity were outlined and explained.

The need for computational versus physical experiments was explored in a range of sce-

narios. In order to evaluate the tortuosity in complex porous media the simulation at

hand was expanded to incorporate tortuosity and fractional anisotropy measurements.

The simulation was calibrated in terms of both the number of molecules averaged over,

and the number of steps taken by each molecule. This was done with careful consider-

ation of the computational time so as to produce an efficient simulation framework.

Furthermore, the simulation was verified in a few exemplar cases, such as a sphere and

a tilted cylinder. Within the two, the simulation was capable of capturing the nature

of both isotropic and anisotropic diffusion. Additionally, in the case of the cylinder,

the framework could successfully determine the orientation of the rotated shape with

respect to the lab frame z-axis.

Following the calibration and verification, the simulation was tested against experi-

mentally derived results using randomly packed beads. The simulation accurately de-

termined the tortuosity within the packings and was in good agreement with the phys-

ical data. It was determined that the simulation is capable of calculating tortuosity

within porous media of interest, using a digital reconstruction of sufficient resolution.

Although the simulation is capable of capturing the nature of diffusion within a range

of systems, there is room for improvement within the framework. One further expan-

sion could see the introduction of surface effects into the random walk function. Where

the particles are currently able to diffuse freely, a more realistic approach would be the

introduction of a reduced random step away from a surface, in a particular direction

according to reflection, following a collision. Such an adaption would reflect surface

attraction and adsorption that occurs at solid-liquid boundaries. However, this would

entail the determination of surface attraction between individual molecules and the

porous materials, which is outside of the scope of this project.
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Chapter 5

Exploring DTI at Low field

This chapter is an extended version of T. Robertson, R. C. Bannister, T. A. A. Cartlidge,

T. Hugger, S. Breham, K. Zick, F. Engelke, S. Thompson, and G. Pileio, A dual-core

NMR system for field-cycling singlet assisted diffusion NMR, Frontiers Media SA, 2023,

11, 1229586.181

5.1 Synopsis

This chapter is an overview of the work carried out in order to fulfil objective three.

O3 - Introduce a custom field cycling methodology to take advantage of increased sen-

sitivity found at high field and reduced low field magnetic susceptibility effects.

The purpose of this chapter is to introduce progressions made within the experimental

aspect of the project. This includes the incorporation of field-cycling techniques into

diffusion NMR to increase the signal-to-noise ratio and extend the limiting factor of

current d-NMR experiments. The experiments shift to using a custom-built low-field

probe to enable d-NMR studies in magnetically inhomogeneous samples via field-

cycling techniques, taking advantage of the reduced susceptibility mismatch effects at

low field. The possibility of applying the technique to gas diffusion layer (GDL) disks

of various compositions is outlined and discussed. Furthermore, the methodology for

producing degassed porous samples is described, including its calibration and testing.
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5.2 Introduction

Advancements of NMR have progressed further and further whilst using increas-

ingly strong magnets: with commercially available magnets now exceeding fields of 1

GHz.182 The advantage of this being the increased signal-to-noise ratio obtained with

the greater external field strength. As we have seen, the introduction of stronger mag-

netic fields further increases the effect of susceptibility-induced relaxation. It would

therefore be advantageous to have a methodology that utilises both the signal enhance-

ments of high field and the lessened effect of DDIF found at low field. On the opposite

end of the spectrum are bench-top NMRs; compact, readily accessible magnets rang-

ing from hundreds of mT to ∼ 2 T. They also boast the advantage of compact sizes and

relatively low cost and maintenance when compared to their high field cousins.183 The

difference in their strength comes from the production of the magnetic field. Where

high field spectrometers require superconducting magnets, cooled to liquid helium

temperatures, bench-top NMR requires low maintenance permanent magnets.

Nevertheless, low-field NMR(lf-NMR) is a useful tool for many applications including

borehole logging, measuring pore structure in cement, phytochemical analysis, and

conducting analysis within a fume hood, for samples that may be too hazardous to be

on a normal bench.184–186 The first of which is deemed "inside out" NMR as the magnet

and associated electronics are formed within a rod that is inserted into a rock structure,

where conventional NMR sees the placing of the sample inside the spectrometer.185

Low-field NMR has repeatedly proven its worth in a range of applications including

the study of textural features and moisture content of food, the ageing and longevity

of polymers, and the analysis of bio-fluids for diabetes marker identification.183,187,188

Low-field NMR is also a useful tool for measuring diffusion, with pulsed-field gradient

pulses capable of measuring diffusion at 43 MHz for 1H.189 Given the issues associated

with T2 at high field, highlighted in chapter 3, one could assume bench-top NMR to be

a suitable alternative to conventional high field NMR for the application of diffusion

studies. Unfortunately, low-field NMR does not come without its own disadvantages,

mainly the reduced resolution and sensitivity when compared to high-field. This has

led to some people developing alternative methods to increase signal, such as estimat-

ing diffusion coefficients from bench-top signals using computational means.189 The

intention of this is to rectify peak overlapping resulting from poor signal-to-noise ra-

tio. Given that porous media already poses the issue of limited solution volume and

the imposed conversion limit of magnetisation to singlet order, the complication of

reduced signal is an unnecessary disadvantage.

An alternative method is field-cycling NMR which centres around spectroscopy in the

frequency domain, as opposed to the time domain, and produces dispersion curves. It

is also a low-field technique that rapidly switches the external field strength by either

varying the current supplied to the superconducting magnet or manually shuttling the
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sample. This branch of NMR is used extensively within the food industry for a range

of applications such as the characterisation of ageing balsamic vinegar, the ripening of

Parmigiano Reggiano cheese, and to study the supra-molecular formation of triglyc-

eride structures in extra-virgin olive oils.190–192 Additionally, it is used readily for the

study of water molecule dynamics within close proximity of proteins, soil science, and

probing the structure of nanosponges: a novel class of materials with extensive appli-

cations in drug delivery and nanoparticle catalyst supports.193–195

Field-cycling NMR utilises the frequency domain to isolate spectroscopic features that

indicate molecular dynamics processes. This is because the relaxation (T1) tends to

change when there is a change in the molecular dynamics of the system. This could,

for example, be the binding of a protein to a paramagnetic nucleus or adsorption of

the molecule of interest onto a surface.196,197 Since spin relaxation is centred around

fluctuations in the surrounding field, if a particular event occurs which corresponds

to this frequency, the dispersion curve will reflect the increased relaxation. This tech-

nique can also be utilised to measure the diffusion coefficient by plotting the relaxation

rate against the square root of the resistance frequency and extrapolating D0 from the

resulting curve.198 The relaxation slope of the curve, A, is extrapolated as follows:198

R1(ν) ≅ −A
√
ν (5.1)

Where the diffusion coefficient is retrieved from:199

A= Nspin

(︃ µ0

4π
γ2h̄2

)︃2
(︄√

2+ 8
30

)︄(︄
π
D0

)︄3/2

(5.2)

Where Nspin is the density of spins, h̄ is Planck’s constant, and γ is the gyromagnetic

ratio of the nucleus of interest. As with many experimental techniques, groups such

as Ates et al. have developed simulations to complement the practical applications.200

They produced dispersion curves showing the effect on relaxation rate for the varying

frequency, for a set of differing correlation times. Field-cycling can also be adopted

as a method for accessing LLS, as pioneered by Carravetta and Levitt, and developed

further by additional groups.172,201

Of the two cycling methods mentioned above, both come with distinct advantages and

disadvantages. When altering the field using an electrical current, the sample is typ-

ically polarized at "high field" with evolution occurring at low field. However, this

"high" field is still only∼1 T which is arguably still low in the grand scheme of NMR.185

The advantage of the reduced DDIF is therefore counteracted by the loss of sensitivity

achieved at the relatively low fields. On the contrary, manually shuttling the sample

allows for a large polarization to be built and detected at high field, followed by use at

low field. Although, one must be careful with the transport process so as not to disrupt

the sample. Zhukov et el. carried out fast field-cycling using a rack-and-pinion system

which performed sample motion from 5 nT to 9.4 T in 0.5 seconds.202 Although this
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provided access to measurements in fields over 9 orders of magnitude, it would pose

many challenges when measuring diffusion, mainly in the introduction of irregular

fluid motion. Furthermore, it has been noted that field-cycling NMR as a tool for dif-

fusion measurements is limited to slow diffusion regimes, restricting the applicability

of the technique.194 This technique does offer access into the realm of diffusion mea-

surements, but there is still a need for increased sensitivity in order to probe intricate

systems, potentially using nuclear singlet states.

5.2.1 Low field probe

The work carried out in the preceding subsection is contained within the overall research
project but was not within the scope of this PhD and was performed by T. Robertson (unless
otherwise specified). Further details can be found in Robertson et al.181

It is intuitive that a particle diffusing at a slower rate will experience the localised

distortions in the field to a far lesser degree than its more agile partner. This may

lead to the assumption that a particle with a lower diffusion coefficient would be more

beneficial for the purposes of d-NMR. However, the experiment is still limited by the

lifetime of spin order and if the particle cannot experience a large enough volume to

statistically represent the sample, the results will not be representative of the system.

Other ways of limiting the effects of DDIF include reducing ∆χ or using a lower field.

Firstly, for some systems, the components of the porous media cannot be altered and

so the susceptibilities cannot be matched. As for the second impacting factor, although

a lower field provides a less harsh environment for susceptibility-induced relaxation

it also provides lower sensitivity and therefore less signal than at high field (HF). As

a result, a custom-built low-field (LF) probe was developed, for the purpose of signal-

enhancing, field-cycling d-NMR measurements. The foundation of the venture being

the increased signal achieved by polarising, and later detecting, at high field, combined

with the dampening of the susceptibility mismatch effects at low field.

The probe was designed as an extension to a 7.05 T Oxford Instruments unshielded

magnet. Its design and manufacturing were performed in collaboration with Bruker

BioSpin GmbH. It sat within the stray field of the magnet, ∼62.4 cm above the sweet

spot of the high field probe, such that the LF coil resides within a sweet spot with a

field of 46.4 mT. For 13C nuclei, this corresponds to the frequency of 500 kHz. This

was found using a hall device to measure the stray magnetic field in 1 cm intervals

above the magnet, then refined by taking smaller measurements around the target area.

The probe was equipped with a Bruker Micro 2.5 WB 3-axis gradient system powered

by a Bruker GREAT 60 A amplifier rack and could generate up to 1.5 T m−1 strength

gradients, facilitating the measurement of diffusion. Shimming was achieved through

a z-shim coil limited to 5 A and installed within the low-field probe. The probe was
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positioned on an aluminium mounting made in-house. A full schematic of the set-up

is shown below in Figure 5.1.

Movement of the sample was achieved via a sample shuttle, powered by a Trinamic

TMCL-1160 stepper motor and was controlled through custom software developed by

Hall et al.6 The stepper motor controlled a rotating spindle wheel able to wind the con-

nected sample up through the magnetic bore via attachment through a Dyneema cord.

The cord had a low stretch ratio and was connected to a rectangular guidance rod, cut

with millimetre precision to the guiding hole within the LF probe to prevent rotation

during movement. The rod was in turn connected to the sample such that the whole

system moved as one when the motor was active. Shuttling required approximately

three seconds for the sample to travel the whole 62.4 cm where a 0.5 settling time was

applied following sample movement either up or down. A more in-depth description

of the system and associated hardware is within the aforementioned publication.181

Figure 5.1: A schematic of the dual-core system showing the additional features in
grey, supplementary to the original magnet. Taken from.181

With the coil residing in the stray field and encompassing a length of 20 mm, it was

found to possess an almost linear gradient across the coil of ∼4.8 mT. Considering
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the localised gradients that are introduced by the porous media, it was imperative to

maintain as homogeneous a background field as possible. As such, a correction to the

field could be made by supplying the Z-shim coil with an optimised current. In order

to determine this value, the field across the coil region was measured with varying

values of supplied current. This was performed within the LF probe where negative

values of distance refer to regions below the LF sweet spot.

Table 5.1: Magnetic field in mT measured within LF probe coil region when varying
Z-shim coil currents are applied

Distance Current in shim coil / A

/ mm 0 0.5 1.0 1.5 2.0 2.5 3

10 44.1 44.5 44.9 45.3 45.7 46.1 46.5

5 45.3 45.5 45.7 45.9 46.1 46.3 46.5

0 46.4 46.5 46.5 46.5 46.5 46.5 46.5

-5 47.7 47.5 47.3 47.1 46.9 46.7 46.5

-10 48.9 48.5 48.1 47.8 47.4 47.1 46.2

To more accurately determine the correction current needed, signal was measured fol-

lowing a single echo pulse sequence, as seen in Figure 5.2 A, to minimise the loss due

to inherent field gradients. Unfortunately, the results bear imperfections as a result

of manual positioning; however, a correction current of 3.2 A was found to best ho-

mogenise the field. The impact of a continuous correction current was then assessed

against the internal temperature of the probe. For a 3 A correction current the temper-

ature rose by 18 ◦C in 80 minutes, given a 23 ◦C room temperature. This time scale far

exceeds the time scale of any expected diffusion measurements.

Figure 5.2: Calibration of the single echo using A) a LF single echo pulse sequence
where 180◦ represents a composite pulse formed of 90x180y90x and the duration of
the 90◦ pulse was 21.5 µs. And producing B) a plot of signal against echo time τe for

varying correction currents in the z-shim. Adapted from.181
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5.2.2 Gas diffusion layers

Gas diffusion layers (GDL)s are porous materials found within fuel cells with the pri-

mary function of facilitating molecular movement throughout the cell. Contradictory

to their name, they possess multiple roles including but not limited to the delivery of

reactant gases. Their role involves delivering reactants evenly to the catalyst surface,

removing heat and water produced, and facilitating current passage to the collector

plates.203 Not only this but they provide structural support to the fuel cell. They play

a critical role in the efficiency of fuel cells; they are of particular interest to proton ex-

change membrane fuel cells (PEMFC)s, with permeability being the major factor in cell

efficiency.68 Efficiency of the cell often fails when water builds up in the GDL, which

prevents gas diffusion. In some instances the fibres of the GDL are coated in a low

wettability material, such as polytetrafluoroethylene (PTFE), to prevent build-up.204

Figure 5.3: Schematic of a PEMFC including the location of the GDLs. Adapted from
Lee et al.205

Where MEA is the membrane electrode assembly consisting of a proton-exchange mem-

brane, catalyst, and electrode.205 Fuel cells have been studied extensively in an at-

tempt to increase fuel cell efficiency, either by altering the structure of the fuel cell or

compressing it.205 For the latter, one group, Lee et al., studied the compression of a

GDL to determine how the change in both the porosity and the layer thickness altered

the efficiency of the cell. This is in reference to the in-plane porosity as opposed to

the through-plane porosity. This was done by measuring the performance against the

torque applied to the bolts shown in Figure 5.3. They stated that a decrease in porosity

leads to an increase in electrical conductivity for one particular GDL, yet for a more

rigid layer, more torque led to a decrease in performance, possibly due to damage to the

structure.205 However one can not help but consider whether a measure of tortuosity

would be more suitable for the study at hand. As has been discussed, a high poros-

ity can be found within a species with larger voids but considerably low connectivity,

meaning tortuosity could be a better basis for measuring liquid and gas movement.
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In the theme of the previous two chapters, there are also extensive studies into the

use of simulations to study GDLs. Initial simulations took a primitive approach in

assuming a homogeneous porous media boding a constant permeability using com-

putational fluid dynamics (CFD).206 The simulations quickly rose in sophistication to

simulations of micro-scale flow through carbon paper GDLs in a 3D structure.68 Hus-

sain et al. used a range of modelling techniques including pore visualisation, fluid flow

visualisation, and 3D distributed modelling to test the optimisation of porous GDLs,

showing the versatility of computational methods with respect to complex media.207

5.2.3 SEM imaging

For the purposes of the GDLs, it was advantageous to analyse the surface of the sam-

ples to understand the fine nature of the porous structure and assess the possible

pore sizes. To do so, scanning electron microscope (SEM) imaging was adopted as

it provides high-resolution images of surface structures. The operation of SEM in-

volves bombarding the sample with high-energy primary electrons such that the sur-

face atoms release a valence electron or secondary electron. This secondary electron is

then detected and used to produce a topographic-sensitive map of the sample surface.

Brighter pixels in the resulting image are a result of a greater intensity of detected

electrons, such as an area closer to the electron source. The process is carried out at

high vacuum to limit the incidence of secondary electrons being intercepted by stray

gaseous molecules in the chamber. The sample is often coated in a conductive material

such that absorbed electrons can flow through and out of the sample. This is done to

prevent charge accumulation, which can result in extreme bright spots within the im-

age. To collect an image with the greatest resolution, the number of electrons entering

the sample must match those leaving it, producing a particular energy, kV, specific to

each sample.

5.2.3.1 Low vacuum SEM

For some samples, coating the surface is not a viable option as it may damage the sam-

ple or render it unusable. Additionally, some more fragile samples may not be suited

for the low pressures within the sample chamber, such as biological samples.208 There-

fore, low vacuum, meaning higher pressure, can be utilised to produce high-resolution

images when the sample is neither conductive nor suited to low pressures.209 Low vac-

uum SEM operates by separating the gun chamber from the sample chamber such that

two different pressures can be present within the system. The gun chamber remains at

a high vacuum to maintain a well-directed electron beam, whilst the sample chamber

contains a relatively low vacuum. This form of SEM utilises a 100 µm aperture that

ensures the pressure difference between the two chambers by inhibiting the flow of

gaseous molecules into the gaseous chamber.210
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The gaseous molecules within the sample chamber serve to limit the charge build-up

in the sample by redirecting the electron flow. The electron beam produces cations

from the gaseous stray molecules, which in turn are attracted to the negative charge

building on the surface of the sample. The gaseous molecules can strip away the excess

electrons and ground the charge via the walls of the sample chamber, and continue to

prevent the sample charge from accumulating.210 Unfortunately, the presence of stray

gaseous molecules can reduce the signal-to-noise ratio as secondary electrons from the

sample are absorbed by the stray molecules. However, the advantage of imaging fragile

samples, and reusing them following the process, outweighs the slight resolution re-

duction caused by low vacuum SEM imaging. This form of SEM imaging was adopted

for all studies mentioned within these works as it allowed the sample to be reused, thus

preventing the waste of materials.

5.2.4 EDX analysis

Another non-destructive analytical technique is energy dispersion X-ray (EDX), an

application of X-ray spectroscopy that allows both qualitative and quantitative analysis

of surface composition. With this technique, the sample is irradiated with a high-

energy beam of electrons with the intent to eject an electron in the targets’ K or L

shell. These being the lower energy, centre most shells containing either two or eight

electrons, respectively. With vacancies in inner shells, a high-energy valence electron

will then fill this space, releasing X-rays of a certain energy. The energy released is

specific to the element being radiated and the shell that loses the electron. The released

energy is then detected and algorithms are used to predict the elements present based

on their pattern of K and L energy releases compared to universal detection tables. This

is used to compose a spectrum showing the energy of the detected photons (in KeV)

and the relative intensities. Due to hydrogen and helium having insufficient valence

electrons, they are invisible to EDX, and some lighter elements that eject low-energy

X-rays are difficult to detect: their irradiation may be absorbed before detection.

Figure 5.4: Schematic of the process of EDX involving X-ray absorption and emission.
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5.2.5 Pyruvate

Pyruvate is a principal molecule with respect to biochemical studies as it sits at the

centre of the metabolic production of energy and is also a known antioxidant.211 More

specifically, pyruvate is the end product of glycolysis, and facilitates the production of

ATP in mitochondria. The hydrolysis of ATP then, in turn, produces energy for the

organism.212 Should the metabolism of pyruvate be hindered, tissues which are accus-

tomed to high levels of ATP turnover are susceptible to the contraction of severe dis-

ease.213 As such, the metabolism of pyruvate, and the associated enzymes, have been

in the spotlight of medicinal studies for many years. Due to its significant role in many

metabolic processes, relative pyruvate concentrations can be an indicator of disease

such as Coronavirus-19 (COVID-19) severity levels.214 Elia et al. took this one step

further and studied the metabolic pathways of pyruvate to determine links between

tumorous environments and the ability of cells to suppress anti-tumour immunity.215

Within NMR circles, pyruvate can be hyperpolarised before being used as a tool to

study metabolic pathways and tumour characterisation. In previous examples it has

aided in the elucidation of pyruvate dehydrogenase’s role in the glucose-lipid cycle.216

Furthermore, another group hyperpolarised 13C labelled pyruvate and used it to de-

velop an in vivo imaging technique for phenotyping tumours.217 Although prevalent

as a tool in both the chemistry and medicinal research circles, pyruvate poses a number

of complications as a material of interest. One disadvantage is its instability in solu-

tion: within both acidic and basic solutions it is prone to forming a range of isomers

and dimers.218–220 This dilutes the actual amount of pyruvate available for analysis.

Figure 5.5: Products of pyruvate in basic solutions forming a dimer (iv), and in acidic
solutions forming pyruvate enolate (i), pyruvate (ii), and pyruvate hydrate (iii).
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Within a basic solution, the ratio of pyruvic acid to its hydrated counterpart (the diol)

is significantly lowered from as much as ∼60 % diol at pH 1 to ∼6 % from pH 5 up-

wards.221 Some contradicting studies exist; some state having <8 % pyruvate hydrate

in their solution between pH 7.5-8.2.222 Opposing this is the conclusion reported by

NBS: Center for Analysis Chemistry, National Bureau of Standards, USA who deter-

mined that pyruvate is unstable at 22 ◦C with a pH greater than 6.0. Their studies re-

ported dimer levels up to 9.1 % following 24 hours, and up to 18.4 % after 48 hours.223

On the contrary, basic conditions are known to induce the dimerisation of pyruvate

into parapyruvic acid, which is known as being cytotoxic to cells in in vitro experi-

ments.211,218,220 Not only this, but pyruvate can oligomerise and form a host of linear

and cyclic parapyruvic acid derivatives when in an aqueous solution, noting that the

substitution of H2O for D2O had no apparent effect on the reactions.218 Although these

reactions can be photo-catalysed, the products of both dimerisation and oligomerisa-

tion are prevalent in dark solutions.224 One can therefore deduce that a pyruvate so-

lution with a pH between 5.0-6.0 has the greatest concentration of pure pyruvate, ac-

counting for both the diol and dimer forms. For 13C centred experiments, it is the likes

of the dimerisation that must be prevented. However, pyruvates’ plentiful biological

abundance, importance in a multitude of metabolic pathways, and relatively low re-

laxation rates (leading to a T1 of ∼45 seconds at 9.4 T and ∼65 seconds at 7 T) make it a

suitable spy molecule for NMR centred experiments.225 Although the current studies

are confined to pure pore space diffusional studies, the applicability of pyruvate opens

up opportunities to study different diffusion regimes. One can look towards studying

live or in vivo samples, incorporating inter-cell diffusion as well as bulk and surface

diffusion, potentially whilst hyperpolarising the sample too.

5.3 Materials and methods

5.3.1 Solution preparation

The selected samples consisted of gas diffusion layer (GDL) disks, composed of carbon

cloth or carbon paper, packed into a flat bottom NMR tube and submerged in solution.

The disks were compressed using an insert to reduce excess space between layers. The

solution was D2O containing a 0.4 M solution of sodium-pyruvate-1-13C. This molecule

was selected due to its large T1 times and the particular isotope was selected due to its

reduced relaxation rates when compared to its alternatively labelled isotopes.
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Figure 5.6: Molecular structure and labelling of sodium-pyruvate-1-13C.

As mentioned, pyruvate forms a varied range of molecules within an aqueous solu-

tion. In order to combat this, the solution can be acidified below pH 6, whereby dimer

formation is limited, but not too low such that the diol form dominates.221,223 In or-

der to do so, a solution of 0.05 M HCl in D2O was made and added sequentially to

the 0.2 M solution of pyruvate in D2O until the pH settled at 5.9. To monitor this, a

small solution of the original pyruvate solution, with a pH of 8.4, was added to a 5 mm

NMR tube. Additionally, an equivalent tube containing the pH 5.9 solution was pro-

duced and a spectrum of each was collected in the weeks following the sample solution

preparation. As can be seen, the uncorrected solution began to form subsequent peaks

associated with the additional pyruvate derivatives present in the solution.

Figure 5.7: 1D spectra of pH-corrected pyruvate solution (grey line) and uncorrected
pyruvate solution (black line) taken 7 days after sample preparation.

A blank sample of pyruvate-1-13C was also produced to test the low-field apparatus.

This was made by dissolving 40 mg of sodium-pyruvate-1-13C in 500 µL of D2O within

a 5 mm OD Wilmad-Labglass pressure/vacuum valve NMR tube.
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5.3.2 Sample preparation

Both the carbon cloth and paper came in large sheets and had a thickness of 0.31 mm

and 0.17 mm respectively. In order to cover the active coil region, the solid samples

were stacked to 22 mm requiring 70 disks of cloth and 120 disks of paper. When

packing the tubes with the GDL disks, it was noted that there was excess space between

each disk and packing was not optimised. Since diffusion along z was of principal

importance, the packing density was increased by pressing the solid sample down with

an insert and holding the disks in place. This was achieved via a cylindrical polyether

ether ketone (PEEK) insert with an O-ring nestled in a groove to fix its position, and

holes drilled to facilitate solution movement. There were three holes in total to improve

fluid movement. Each hole went through the width of the insert and returned to the

opposite face. The insert was designed such that there was sufficient space to capture

any excess liquid and prevent it from forming a pool above the O-ring. Therefore,

diffusion between the porous media region and excess bulk fluid was limited. Not

visible in the diagram is the thread above the O-ring used for removing the insert. A

PTFE rod with a threaded appendage was used to screw into the insert and pull it up.

Tube A was used for each sample preparation and simply washed prior to each de-

gassing process. The tube B cap also had a threaded top meaning the whole sealed tube

could be screwed onto the sample shuttling system and shuttled during the dual-core

field-cycling methodology. All tubes were medium walled and internal pressures were

kept above 1 atm such that any minor leakage would lead to gas escaping as opposed

to oxygen-containing air leaking in. PEEK was used for the degassing apparatus tubes

and insert due to its inert nature, so it would not interfere with the sample solution.

In order to increase relaxation times, paramagnetic relaxation was limited by remov-

ing any potential sources of paramagnetism. These include dissolved oxygen and metal

ions resulting from equipment or contamination. As such, sample preparation was per-

formed within a fume hood with plastic tools. The sample was degassed by bubbling

with argon to displace all the oxygen in the solution. Argon was chosen owing to it

being inert and more dense than oxygen. However, the solution could not be bubbled

within the sample tube due to the presence of the GDL disks. Therefore, degassing

was done via a custom-built in-house degassing set-up developed in the group by Giu-

lia Melchiorre and depicted in Figure 5.9. The degassed solution was then transferred

through a decontaminated system into the sample chamber, as explored further below.
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Figure 5.8: Images and schematic of the degassing system components and insert
showing A) the degassing tube (tube A) fully set up, B) the cap used for tube A allow-
ing the PEEK gas tube to be threading through it, C) the cap used for tube B showing
a sealable tapered end with a hole for liquid movement prior to sealing, and D) the

PEEK insert used to compact the GDL layers.

The rig was composed of lines for both vacuum and gas, or dual purpose lines, provid-

ing both a means of degassing the solution and transporting the liquid. Prior to use,

the system was flushed with argon and vacuumed to remove any residual oxygen or

contamination. A simplified explanation of the rig’s operation is outlined below:

• The dry sample was fitted to the tube B inlet via a closed-end cap shown in Fig-

ure 5.8 C and purged by filling with argon, vacuuming, and repeating three times.

The tube remained openly connected to the system and was left under vacuum,
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• The solution, including the solute, was connected to the tube A inlet via an open-

ended cap shown in Figure 5.8 B and bubbled through with argon for 10 minutes

in tube A (Figure 5.8 A) to remove any residual oxygen,

• The vent was closed to introduce pressure in Tube A until the pressure exceeded

1 atm (to prevent any air entering the tube in the case of a faulty connection),

• The central 4-way valve was twisted to connect both tubes via the inside line,

• Upon opening the valve, the pressure difference drew the degassed liquid from

tube A into tube B. Excess argon was sent into tube A via the outside line, pushing

any liquid in the pipes into tube B,

• The white cap in tube B was screwed on completely to seal it. It could then be

disconnected from the tube B inlet and put in the spectrometer.

Figure 5.9: The degassing setup, showing the thin tubes for either liquid or gas trans-
fer (solid black lines), where a dashed line is used to show the tube travelling through

a joint or tube cap, and the outer gas bearing tube (grey dash filled line).
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A "3 way valve" offers a right angle connection between any two adjacent tubes, where

there are three initially connected. Thus, a "4 way valve" offers a right angle connection

between any two adjacent tubes that would otherwise meet at a cross roads.

Prior to degassing, the solid insert was added to the tube by first detaching the valve

from the main tube length via a glass cutter. The NMR tubes selected had built-in glass

hemisphere inserts to maintain a flat bottom. The GDL was then packed onto this flat

surface and compressed using the insert. The two sections of the tube were then fixed

together such that the solid sample and insert sat below the pinch point of the valve.

In this format, the tube was compatible with the degassing setup.

5.3.3 SEM imaging

The surface of the GDL disks was analysed using low vacuum SEM. The images were

obtained using a Zeiss EVO LS 25 SEM equipped with a LaB6 filament. A 100 µm

variable pressure aperture was used to prevent the need to sputter the samples with

a conductive layer and a low-pressure methodology was adopted. The images were

captured using SmartSEM software. The SEM operating conditions were 20 kV with a

working distance of 10 mm for the vertical imaging and a beam current of 40.0 µA. A

nominal I-probe current of 300 pA was used.

5.3.4 EDX imaging

In addition to SEM, EDX was also used to analyse the composition of the GDL surface

as well as its architecture. This was achieved on an Oxford Instruments INCA 250 EDS,

running INCA software and fitted within the SEM. Analysis was conducted on both

the paper and cloth fibres, showing the composition of the disks. In addition to this,

further analysis was conducted on any visible artefacts. Note that SEM did not require

sputtering and so no heavy metal contamination were expected on the samples.

5.3.5 Data acquisition

For the acquisition of T2 a version of CPMG pulse sequence, modified to work in a

field-cycling mode, was used. A composite pulse is utilised to reduce inherent inho-

moegeneity affects whilst at low field. As seen above, the central 180◦ pulse is cycled as

with a standard CPMG pulse where the echo time is constant and the number of rep-

etitions is cycled for each measurement. Since the low field pulses are cycled multiple

times, a none compensated pulse would result in a build up of error. The echo time,

τ , is kept deliberately short at 10 ms to limit the occurrence of DDIF. The number of
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repetitions is taken from a user-defined variable list, optimised to produce a smooth

curve. The normalised signal area is then plotted against:

SLF
T2
(nτ) = Ae−nτ/T

LF
2 (5.3)

Figure 5.10: Pulse sequence used for the acquisition of transverse magnetisation in
the dual-core set up. Where 180◦ represents a composite pulse formed of 90x180y90x.

To measure T1, the field-cycling equivalent operates as an adaptation of the standard

inversion recovery pulse sequence. In this case, the spins are flipped 180◦ and left to

relax for a period, τ , after which a 90◦ pulse brings the magnetization to an observable

plane. With this pulse sequence, one must wait an extended period of time (typically

five times T1) to ensure all residual magnetisation is abolished before repeating the

experiment for the next delay period. This makes the overall experiment more time-

consuming than the saturation recovery equivalent. However, given the novelty of the

low field probe, and the possibility of temperature increase due to sample irradiation,

it was determined that the more simplistic, slower inversion recovery pulse sequence

was more suitable for the task at hand.

For the low field T1 measurement, a composite pulse was not required as only one

180◦ pulse is performed and therefore the field inhomogeneities are negligible. The

flip angle of the pulse, θx, is cycled between 0◦ and 180◦ while the receiver phase is

also cycled the same way; this has the effect of cancelling out residual magnetisation

that can potentially build up during transport between high and low field. The sample

is transported to low field where the magnetisation is flipped by 180◦ and left to evolve

for a variable time, τ . Within the evolution time, longitudinal magnetisation will begin

to accumulate but is undetectable as it aligns with B0. The final pulse, at high field, is

the detection pulse to shift the remaining magnetisation to a detectable plane where it

may be read. The normalised signal area is then fitted against:

SLF
T1
= A+Be−τ/T

LF
1 (5.4)
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Figure 5.11: Pulse sequence used for the acquisition of longitudinal magnetisation in
the dual-core set up.

5.4 Results and discussion

5.4.1 Low field probe

The work carried out in the preceding subsection was performed by T. Robertson (unless
otherwise specified). Further details can be found in Robertson et al.181

Following rigorous testing to ensure correct shimming of the sample, and to calibrate

the pulse length for a 13C nucleus at 500 kHz, the field-cycling set-up was used to

determine T1 and T2 within a blank sample.

Table 5.2: Relaxation rates of blank sample.

Relaxation rate THF
1 (s) TLF

1 (s) THF
2 (s) TLF

2 (s)

pyruvate-1-13C
64 ± 4 70 ± 2 9.5 ± 0.4 16.8 ± 0.6

in D2O

From this, one can see the field dependence on both T2 and T1 with both increasing as

the field decreases. The dependence of relaxation mechanisms on the external field has

been discussed above and documented thoroughly in previous studies, showing that

multiple relaxation mechanisms depend on B0.6 The low field methodology was also

used to measure Ts but since singly labelled pyruvate is not a singlet hosting molecule,

the experiments were run on another molecule and the results were not included here.

However, this opens up the possibility of SAD-NMR, should the porous media of in-

terest require the enhancements of both extended diffusion and low-field relaxation.
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5.4.2 Carbon GDL preparations

The following work within this chapter was performed by myself as part of the thesis project.

In order to visually assess the GDL samples, SEM images were taken of both materials

with the intent of assessing the size of the pores. Upon optical examination, the close-

knit nature of the carbon cloth fibres implies an almost impenetrable surface with few

diffusion pathways. However, upon closer inspection utilising SEM, it can be seen that

pores of nearly 200 µm diameter exist within the structures. Unlike the scaffolds, these

pores were not so clear and definitive, and still contained some intrusions in the form

of stray fibres; however, there were clear pores through which molecules could diffuse.

Figure 5.12: SEM images collected for a GDL cloth disk showing A) the surface
structure and B) a typical pore.

On the contrary, the carbon paper had significantly smaller pores and demonstrated a

far more compact architecture with PTFE webbing present between some of the fibres.

Figure 5.13: SEM images collected for a GDL paper disk showing A) the surface
structure and B) a more zoomed display of the paper’s pores.
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EDX analysis was performed on the surface of both a carbon cloth and a paper disk in

order to study the composition of the fibres.

Figure 5.14: EDX analysis performed on the carbon cloth showing A) targeting on
the carbon fibres themselves and B) targeting on the artefact present on one of the
fibres. Also shown is a snippet of the cloth SEM image showing the approximate

target location for both the fibre and artefact.

Upon initial SEM analysis, there was some evident contamination on the cloth in the

form of bright spots on the surface of the fibres. These were further studied using EDX

by targeting either the fibre or the contaminated spot. This was also done to compare

the carbon paper fibres and the PTFE coating, webbed between some of the fibres.

EDX analysis on the carbon cloth showed the carbon fibre being predominately carbon,

including a standard background noise peak present at zero keV. On the contrary, the

contamination artefact held a wealth of atoms including a number of paramagnetic

nuclei including iron and titanium. The unannotated peaks corresponded to many

of the shown metals but also carbon, oxygen, sodium, and magnesium. The actual

artefact and why it was present were not determined; however, upon inspection of the

disk’s surface, there were no other contaminations of this nature. Due to the presence

of paramagnetic nuclei, it is expected that this form of contaminants would reduce the

NMR signal through PRE. Should the diffusion simulation be performed on a digital

reconstruction of the cloth disk it would not be subject to PRE effects.

Analysis of the paper and its coating showed the fibres also being composed of predom-

inately carbon, with a slight amount of fluorine due to the coating. Alternatively, the
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coating was mostly comprised of fluorine due to PTFE’s monomer consisting of C2F4.

However, the peak does not appear to have twice the fluorine compared to carbon due

to the presence of the carbon fibres themselves. No contamination was seen.

Figure 5.15: EDX analysis performed on the carbon paper showing A) targeting on
the carbon fibres them selves and B) targeting on the PTFE coating present between a
series of fibres. Also shown is a snippet of the paper SEM image showing the approx-

imate target location for both the fibre and coating.

Following surface analysis the cut disks were packed into the specific LF NMR tubes,

compacted using the insert, and the tube was resealed. Prior to filling the degassing

set-up was tested to determine the desired quantity of liquid needed to fill the GDL

containing tube. Initially, a replica tube, with a flat hemisphere base but open top,

was filled with either 120 paper or 70 cloth disks and compressed with the insert. The

tube was then filled with aliquotes of D2O until the sample region was completely sub-

merged and there were no evident air bubbles within the centre of the sample region.

This was done for both the paper and the cloth and resulted in a minimum requirement

of 1000 µL of solution for the cloth and 750 µL for the paper.

Following this, a study was conducted to determine the liquid lost during the trans-

fer of the degassing process. For this, the sample was assembled within the degassing

NMR tubes and the tubes were reattached to their valve-containing counterparts. Both

tubes A and B were weighed when empty and tube A was weighed again following

the addition of a known volume of D2O. The degassing set-up was conducted as de-

scribed above, after which the two tubes were weighed again. The transfer percentage

and loss percentage were then calculated using the weights. This was repeated twice
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more to determine the average transfer percentage. This, in addition to the minimum

required volume, was used to determine the required amount of solution to make the

final pyruvate-containing sample. An example of this is shown below:

Table 5.3: Liquid transfer percentage study of the degassing set-up.

System Value Unit

Pre fill

Tube A empty 18.37 g

Tube B empty 24.13 g

Tube A full 19.25 g

Tube A liquid 0.88 g

Post fill

Tube A full 18.39 g

Tube A liquid 0.02 g

Tube B full 24.68 g

Tube B liquid 0.55 g

Transfer rate 62.5 %

From the study, it was determined that an excess 40 % of liquid was required meaning

solutions of 1.4 mL and 1.05 mL were required for the paper and the cloth respectively.

5.4.3 Carbon GDL experiments

Prior to testing the porous samples, the blank pyruvate sample was used to calibrate

and shim the sample. After which, porous media samples were produced as outlined

above. Upon initial experiments, it was evident that there was insufficient signal within

the GDL samples for accurate diffusion measurements. Acquiring a simple 1D spec-

trum, after shimming on the blank sample, produced a small peak with poor resolu-

tion. This was a combination of the limited concentration of pyruvate in the solution

and the lack of solution present within the sample due to porous media. Despite col-

lecting the spectrum at a field of 9.4 T, and performing eight scans, there was still

insufficient signal for any extensive data analysis. To perform diffusion tensor imag-

ing, the diffusion experiment would need to be run for many scans, for a whole series of

diffusion times, over at least six independent diffusion directions, as mentioned earlier.

The total experimental time would be too great to warrant any reasonable data being

collected on this sample without first considering altering its make up or composition.
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Figure 5.16:
13C spectrum collected on a 0.4 M solution of sodium pyruvate-1-13C in

a degassed carbon paper sample.

Unfortunately, due to technical issues, both the low field probe and glass blowers were

non-operational for an extended period of time, following these initial assessments,

and there was insufficient time to change the sample to a more suitable material. Such

a sample would have to have larger pores such that a greater volume of liquid could

be used, meaning a larger number of nuclear spins are present to be observed. Alter-

natively, the solution could be changed to increase the concentration. A more drastic

approach would be to use a molecule with a greater solubility meaning the solution

could be further concentrated.
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5.5 Conclusion

This chapter introduced a range of techniques and methodologies developed within

both this project and this group as a whole. Firstly, the low field probe was presented

including a schematic of the system as a whole and its integration in and around the

current spectrometer. The operation of the dual-core set-up was also described, includ-

ing the calibration of the systems shimming, and details of the low-field adapted pulse

sequences. Further advancements of the low field probe, including the integration of

singlet measurements, were also touched upon.

Additionally, this chapter contained a description of the hardware developed specif-

ically for degassing solutions containing porous media. This involved details of how

the glass tubes were designed and subsequently split and then joined together to insert

the porous media below the tubes’ bottleneck. The efficiency of the degassing set-up

was tested to determine the percentage transfer rate of degassed liquid going into the

porous media-containing tube.

The dual-core probe was used initially to shim and calibrate a blank sample prior to

experimenting on the porous media. Unfortunately, due to complications arising in

both the hardware and the sample tubes, a thorough exploration of the GDLs was not

possible. However, possible alternatives and mitigations were discussed in preparation

for future experiments.
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Chapter 6

Applications of tortuosity in porous
cellular scaffolds

This chapter is an extended version of T. A. A. Cartlidge, Y. Wu, T. Robertson, O. L.

Katsamenis, and G. Pileio, 2024, in press.226

6.1 Synopsis

This chapter is an overview of the work carried out in order to fulfil objective four.

O4 - Demonstrate the technique by applying both the simulation and the methodology

to porous media that are of greater real-world significance and or importance.

The purpose of this chapter is to introduce future applications of the field cycling tech-

nique and progressions made towards solidifying these in porous media of significant

importance. The following sections detail the selection of a material with real-world

applications, namely 3D-printed scaffolds hosting cell cultures. This chapter also out-

lines multiple methodologies used to produce the samples and describes preparations

used to enhance the samples for their current use. Lastly, this chapter explores the

possibility of calculating diffusion within these samples via a computational approach.
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6.2 Introduction

An ever-increasingly important aspect of the biomedical sciences is the introduction

of lab-grown cell cultures for applications in tissue engineering.227 The current rem-

edy for bone fractures and defects is an invasive surgery involving metal implants and

tools whereas tissue engineering offers an alternative in clinical therapy, with no re-

moval surgery and potentially lowered costs.228 The process of seeding bio-compatible

scaffolds with stem cells is a fast-growing practice and often incorporates 3D structures

for the cells to grow onto. These 3D scaffolds provide a micro-environment mimick-

ing that which would be found in vivo.98 Not only do the scaffolds provide structural

support they also shape the tissue culture and ensure adequate diffusion pathways

for both the delivery of nutrients and the removal of waste.98 The latter is directly

related to both the porosity and tortuosity within the cell culture, making these an

imperative system for studying diffusion through porous media. Insufficient diffusion

pathways can lead to the development of necrotic cores, which are directly impacted

by the structure of the scaffold.114 The scaffold design is also responsible for the adhe-

sion and proliferation of cells, and scaffolds can vary in pore size, density, shape, and

connectivity.229 Due to the delicate nature of cell cultures and their requirements for

such specific growth conditions, qualitative studies on scaffold design as a function of

cell growth are difficult to perform. However, diffusion- NMR offers the opportunity

to measure both diffusion and tortuosity in in vitro systems, offering a means to test

scaffold design suitability.

The human body is composed of trillions of cells, each representing life in its simplest

form and built up to form one large, complex, and intelligent being. Each cell is a per-

fectly balanced mixture of cytoplasm, proteins, and DNA yet each is so very specialised

to its specific task. The roles played by cells, and their abilities and characteristics are

used to divide them up into 215 different types of cells.230 These types include; con-

tractile cells which change their shape such as muscular cells; supporting cells such

as astrocytes found in the central nervous system; and iron-transporting cells for bal-

ancing electrolyte concentrations, to name a few.230 Not to mention a whole host of

protein-secreting cells that can be subdivided further into immunity cells secreting cy-

tokines and luminal protein-secreting cells that aid in digestion.230 The most relevant

and extraordinary cell type is stem cells: a class of regenerative cells that can differen-

tiate into other cell types given the correct environment and growth stimuli.231 A cell

that differentiates into any other form of cell is called pluripotent whereas multipotent

cells have the ability to differentiate into a particular lineage of cells.232 An example of

this is a human mesenchymal stem cell (HMSC) which can differentiate into muscle,

bone, cartilage, connective tissue, marrow stroma, and other mesenchymal tissues.232

HMSC cells are a versatile cell line and have previously been used to treat bone frac-

tures and defects as well as non-skeletal diseases.233 The cells can be isolated due to
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their adhesion to plastic surfaces and during culturing, can differentiate into a range

of cells when exposed to the right environment or growth factors. The application of

HMSCs is achieved through injections straight to the site of injury or grown on a scaf-

fold and later inserted into the patient.233 An example of this is a trachea replacement

given to a rabbit by growing cells on a polycaprolactone (PCL), separated-ring struc-

ture.234 The scaffold in this case had to be a very specific structure to ensure the tissue

culture was of a suitable shape to replace the trachea, and of a material that was bio-

compatible. Owing to its biodegradability and bio-compatibility, PCL is a promising

scaffold material for the ultimate aim of replacing tissue and organ transplants.235,236

The purpose of the scaffold is to situate the cells within an environment highly similar

to that which would be found in vivo. This allows for the ideal conditions for differ-

entiation into the desired phenotype.237 The production of a suitable scaffold, seeded

with stem cells, leads to the possibility of a bone graft: the implantation of bone ma-

terial to repair fractures or sites previously damaged by disease.238 Cells grown on the

surface of the implanted scaffold can induce new bone formation at the site of insertion

as they are responsible for biomineralisation and producing bone collagen.239 Current

methods include taking alternative bone material from within the patients but this can

result in pain, scarring, blood loss, and other disadvantageous side effects.238 Thus,

bone grafting via scaffold cultures offers an alternative, less invasive surgical remedy.

Figure 6.1: Example of a scaffold used for bone regeneration, adapted from.240

PCL is a versatile material, suitable for tissue engineering due to its biocompatibil-

ity and biodegradability, with the plastic being metabolised in three years.241 There

are multiple ways of producing PCL scaffolds which depend on the desired charac-

teristics of the product. Possibly the most used technique is 3D printing; based on
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forcing molten plastic through a nozzle to build a structure layer by layer, these in-

clude fused deposition modelling (FDM) and direct ink writing (DIW).242 Alterna-

tively, some methods use lasers to fuse plastic particles together, such methods include

selective laser sintering (SLS) and particle binding (PB).242 3D printing offers a very

selective and specific scaffold production method where the pore sizes and shapes can

be carefully selected. An alternative method is electrospinning a fibrous polymer so-

lution, with the intent of producing either nano or micro-width fibres. The solution

is fired onto a collector plate by applying a high voltage to the capillary tube whilst

pumping the solution into the tube. When the electrostatic forces of repulsion exceed

the surface tension of the droplet, a thin liquid jet is propelled towards the plate.241

The application of 3D printed PCL scaffolds has advanced to incorporate silver nanopar-

ticles within the pre-scaffold solution, producing a mesh with evenly distributed metal

particles.243 Since silver has previously exhibited antibacterial properties,244 and with

orthopaedic implants having a history of causing infection,245 this offers a potential

possibility of sterile scaffolds. However, porous scaffolds are not limited to tissue re-

generation applications, they are also a principal aspect of cultured meat.246 In this

case, the scaffolds are often made of porous glutenin sponges with pore sizes ranging

from 50 to 250 um. These scaffolds are suitable for use in food and do not require addi-

tional surface adhesion treatments, making them ideal candidates for food production.

On top of the normal scaffold designs, these scaffolds must also meet the required

palatable needs, adding an additional complication to their production. Furthermore,

careful preparation of the scaffolds is required as incorrect pretreatment may lead to

unstable configurations and the structures dissolving in water.246

Figure 6.2: Examples of 3D PCL scaffold structures showing A) 3D printed scaffold,
B) electrospun random fibres and C) electrospun aligned fibres, taken from.247
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As we have seen, scaffolds can be a range of materials including solid plastic fibres,

sponges, hydrogels, or even a combination: hydrogels with embedded polycaprolac-

tone fibres.236,246,248,249 The sponges exhibited pores which are, on average, 0 - 100

µm in diameter, with the majority below 50 µm.246 However, the application of differ-

entiating HMSCs into osteoblasts for bone tissue requires larger pores than this. Roosa

et al saw more consistency in their bone in-growth where the scaffold had pores greater

than 300 µm.250 As for the hydrogels, they lack the mechanical properties present in an

in vivo environment and additional work is required to push their mechanics to mirror

those of cartilage or bone. Finally, PCL scaffolds offer the structural needs and pore

specificity required to produce bone tissue. They are elastic and biodegradable and can

be 3D printed into a range of shapes and structures, before seeding with HMSCs.235,248

HMSC have widespread applications and pose as an exciting potential substitution for

tissue replacements and transplants; however, their culturing is naturally limited in
vitro. The majority of stem cells are embryonic, which can differentiate into any cell

lineage: a vital characteristic when developing a new life.251 Due to ethical reasons,

obtaining HMSCs from adults is a far more exercised method with the primary point

of harvesting being the iliac crest, or hip bone.252 This method of growing cell lines

is, therefore, dependent on donors and potentially gives rise to samples with varying

phenotypes and genotypes. Once harvested, these stem cells cannot be continuously

propagated to produce stable samples as HMSCs loses potency when cultured for high

numbers of passages.251 And when they are cultured, their proliferation capacity is

highly dependent on the donor’s age.253 As a result, though incredibly useful, stem

cells may be difficult to obtain in sufficient numbers for some in vitro applications.

This can be overcome to some degree via forced over-expression of certain genes to

increase chromosomal stability;254 however, the genetic mutation of stem cells is not a

favourable attribute when aspiring to implant the cell culture within a patient.253

A promising substitute for evaluating 3D culturing techniques is the murine calvar-

ial pre-osteoblast cell line (MC3T3-E1) which has proven its worth within the field of

osteoblast biology.255,256 Within this cell line, there have been 52 identified single-cell

sub-clones, which can be grouped into categories based on their mineralising charac-

teristics.257 Particular sub-clones produce more alkaline phosphatase (ALP), a com-

mon marker for osteogenic differentiation.258 The specific sub-clone can cause great

discrepancies between the proliferation of MC3T3-E1 cultures.255 This cell line has

already been used in 3D culture studies, having been used to propagate both nano-

fibrous and solid-walled scaffolds.259 Woo et al. grew MC3T3-E1 on both scaffold

types and saw two orders of magnitude more bone sialoprotein (BSP) expression from

the nanofibrous scaffold culture compared to the solid walled scaffold.259 Indicating

a greater expression of osteoblastic phenotypes,260 and therefore mineralization, the

final stage in the process of osteoblast differentiation.261
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6.2.1 Cell growth limitations

With the goal of seeding scaffolds, one must first culture sufficient cells to populate

the 3D structure. In order to do so, 2D cultures are cultivated and regularly counted

requiring the cells to be detached from their culture flask to either be cultured in less

dense flasks or transferred to the scaffolds. Detachment is done via trypsin, which

breaks down the attachment proteins holding the cells to the surface. Unfortunately,

prolonged exposure to trypsin can result in damage to the cell membranes.262 It is

therefore imperative to only expose cells to trypsin in small, monitored doses.

It has been noted that tissue engineering is currently affected by two substantial ob-

stacles: even cell distribution during seeding, and sustaining tissues through adequate

nutrient supply pathways.3 In previous studies, it was noted that seeded cells mainly

adhere to either the bottom of the well plate or only the bottom of the scaffold and do

not distribute on the majority of the scaffold.263 In order to prevent this, many studies

have explored the possibility of coating the scaffolds with a layer of calcium phosphate

apatite which the cells have a far greater affinity for.264,265 SEM images showed homo-

geneous nucleation of the apatite to the surface of the scaffolds with the cells preferring

to adhere to the coated scaffolds.227 A recent study by Cámara-Torres et al., focused on

targeting the cell suspension by increasing the viscosity of the media, preventing the

cells from sinking to the bottom before attaching to the scaffolds.263 Their work in-

volved adding sufficient density gradient media such that the solution was of equal

density to that of the cells. With the cells no longer sinking during seeding, their re-

sults showed an even distribution of cells across the whole scaffold.

As for the scaffold, one study determined that a pore size of 300-400 µm was optimal

for bone formation266 but optimising the 3D architecture of the scaffold is far from

perfect.267 Where cells growing in vivo benefit from the constant supply of nutrients

delivered by the cardiovascular system, in vitro grown tissue cultures are not afforded

such luxury. Scaffold-based tissues must rely on molecular diffusion for both the sup-

ply of nutrients and removal of bio-waste else the centre most cells will deteriorate

forming a necrotic core.114 Such diffusion is a direct product of the pore network and

tortuosity2,268 formed by the scaffold and growing cells. Although the tortuosity of

the scaffold may be readily determined, the cell pattern afforded by the scaffold forms

a time-dependent structure which is less readily probed. It is therefore beneficial to

have techniques capable of determining tortuosity to aid in future scaffold design.

6.2.2 Scaffold coating

Although PCL is a versatile and well-suited polymer for bioengineering, there are

limitations to cell attachment when working with plastics. As a result of this, methods

have been produced to enhance attachment and lead to better-distributed cells within
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scaffolds. This can be done with both bio and inorganic techniques by coating the

scaffold in a material that the cells have a high affinity for. As well as being beneficial

for cell attachment, this coating must not interfere with the growth of the culture, or

the ability of the cells to differentiate or perform mineralisation.

Like most plastics, PCL is a relatively inert material and must therefore be pre-treated

to increase the reactivity of its surface. This can be done by introducing more reactive

groups to the plastics’ surface layer, via reactive ion etching (RIE). This is a plasma-

based technique that involves bombarding the sample surface with reactive radicals.

Initially, the sample chamber is vacuumed to create a low-pressure environment into

which the selected gas can be released. The gaseous molecules are ionised and form a

plasma as their electrons are stripped. The highly reactive molecules are then free to

interact with the sample surface. In the case of PCL, the closed, inert polymer can be

functionalised to expose polar groups on the plastic surface,269 which can drastically

change the properties of the material. This is achieved by replacing the inert species

with more reactive carbonyl, carboxylic, or hydroxyl groups.270 PCL can be trans-

formed from a low bioreactive, hydrophobic material to one with a more reactive, hy-

drophilic surface.269,271 Alterations in the micro and nanostructure of plasma-treated

scaffolds can produce benefits such as cell proliferation and adhesion.271

Once the surface has been activated, the scaffolds can be treated with a solution of

simulated body fluid (SBF) with the intention of coating them in a layer of calcium

phosphate. SBF is a solution of inorganic salts with an ion concentration mimicking

that of human blood plasma, that has been perfected through iterative testing to pro-

duce stable solutions.265 Other groups have since enhanced the ion concentrations to

produce a more rapid coating of scaffolds.272 Upon exposing certain surfaces to the

solution, a layer of calcium phosphate apatite will form, producing a medium through

which living bone will attach in vivo.273 This apatite has previously been shown to

significantly enhance the attachment of bone tissue onto coated ceramics.274

Table 6.1: Typical human blood plasma ion concentrations

Ion
Concentration

/ mM

Na+ 142.0

K+ 5.0

Mg2+ 1.5

Ca2+ 2.5

Cl− 103.0

HCO−3 27.0

HPO2−
4 1.0

SO2−
4 0.5
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An alternative method is to coat the scaffolds in a biological material, such as bovine

fibronectin protein (BFP), to mimic the in vivo environment. Prior to surface treatment,

cell adhesion is mediated through the extracellular matrix (ECM) and its proteins, and

is dependent on surface roughness, chemical composition, and micro-porosity.275 In

the case of fibronectin, the cells are exposed to a surface already coated in one of the

major components in the ECM, making this an ideal surface for cell attachment.276

6.2.2.1 Bioreactors

An alternative propagation method to culturing scaffolds manually is to use a bioreac-

tor. The purpose of these is to continuously refresh the media, preventing the need to

expose the samples on a regular basis and risk contamination. Typically, the growth

media would need to be refreshed every other day, involving removing the samples

from the incubator, opening them within a fume hood, and replacing the media. How-

ever, the bioreactor possesses a large media reservoir, eliminating the need to continu-

ously refresh the liquid and expose the cells to an unsterile environment

Figure 6.3: Bioreactor showing A) the full assembly with the pump (1), sample cham-
ber (2), CO2 humidifier (3), culture media reservoir (4), and B) the internal structure

of the sample chamber showing the positioning of the scaffolds, taken from.277
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Another advantage of bioreactors is the improved mass transport of nutrients: manu-

ally propagated scaffolds rely on slow diffusion mechanisms but bioreactors have active

flow of culture media, continuously replenishing nutrients and removing waste.278

Lastly, various biosensors can be integrated into the system for real time analysis of

many variables such as pH, oxygen concentration, and glucose levels.279

6.2.3 Cell imaging

The process of culturing cells is a meticulous and precise operation, involving strin-

gent, sterile techniques to maintain healthy and plentiful cell proliferation. Due to

the requirements for enclosed, sterile conditions, they are often difficult to monitor

or observe in a time-dependent fashion. There are a number of imaging techniques

but those that offer probing, three-dimensional results do not allow for the continued

growth of cultures following spectroscopic analysis. Alternatively, those that can be

done in situ lack the ability to explore the sample in 3D. As such, analysis of tissue

cultures may require innovative analytical methods, or the use of simulations to bridge

the gap between visualising the empty scaffold and studying the final tissue culture.

One of the major requirements for tissue engineering is mimicking the ECM of bone,

which is mostly comprised of collagen.228 The matrix of proteins is formed of either

parallel or bundled fibres ranging from 20 to 500 nm.280 Unfortunately, due to their

delicate nature, cell cultures are prone to breakage when exposed to vacuums, with

the cell membrane of individual cells breaking,281 leaving a microstructure scaffold of

ECM with an empty cell component.282 Alternatively, the microstructure of the ECM

may be damaged by vacuums in weaker tissues.281 This, combined with the possibility

of cell shrinkage following fixation,283 introduces errors in collected images as the cells

do not exist in an identical format to in vivo cells.

Unfortunately, this is a relatively small issue given the other complications arising from

imaging cells. Fluorescence microscopy is a valuable tool for the real-time imaging of

tagged molecules within a cell culture.284 For this technique, fluorescently labelled

proteins are introduced to the culture and allow for the study of dynamic processes

within tissue.285 Alternatively, fluorescence can be obtained by the enzymatic conver-

sion of non-fluorescent precursor molecules into fluorescent ones only in living cells,

producing a means of measuring the viability of cells.237 The main disadvantage of

this 2D technique is the possibility of photobleaching which occurs when excited flu-

orophores release reactive oxygen species, capable of damaging neighbouring proteins

and nucleic acids.284 Some techniques have advanced to using a spatially dependant

light source to limit photobleaching; however, it cannot be entirely avoided.284

A popular tissue imaging procedure, capable of 3D imaging, is second-harmonic gen-

eration imaging microscopy (SHG), a selective technique for the imaging for certain
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biological structures. The requirement for SHG is a material that does not contain an

inversion point and is therefore non-centrosymmetric, mainly collagen.286 Besides its

selectivity, SHG offers advantages over other imaging techniques as it does not require

the use of molecular labelling, and can be used to produce 3D images.287 By using

higher, more penetrating energy sources, deeper tissue planes can be imaged and used

to construct a 3D image.288 Contrast is produced within images based on the type,

alignment, and density of collagen fibrils.288 Although SHG is a powerful tool for in
vivo applications,289 the selectivity of the technique does not lend itself to the study of

scaffold design given the versatility available in scaffold composition.

A range of spectroscopic and microscopic techniques exist for the imagery of cell cul-

tures, each with its own advantages and disadvantages. As well as imaging the cells

and their proteins, some techniques exist for targeting specific cell characteristics. For

example, transmission electron microscopy (TEM) can be used to study the presence

of calcium phosphate and other mineral deposits within cells.290 The Resolution of the

technique allows for the analysis of elemental composition within mitochondrial gran-

ules.290 However, this technique is utilised on thin sections, allowing only the analysis

of one plane of cells, all be it in very high resolution, down to subnanometer.291

Two reoccurring methodologies used through these works are µ-CT and SEM, which

have both been imperative for the studies at hand, but each limited in their own way.

Although SEM can be used for high-quality surface analysis, it is destructive to the

sample and as mentioned, the use of a vacuum is potentially damaging to the fixed

culture. The same is true for µ-CT which can be used to produce high-resolution 3D

reconstructions of samples yet requires destructive preparation techniques.

An alternative to physical imagery is simulated reconstruction; however, this often

requires destructive methods for structural analysis. Previous computational studies

have adopted one of two methods to recreate the digitized porous structure. As well as

using X-rays or scanning laser microscopy, there is the possibility of reconstructing the

media via statistical means.68 Within a random and/or predictable material, a close-

fitting micro-structure can be generated in a far more cost-effective and simple manner

than physically scanning the porous media. As will be seen, the unpredictability of cell

culture growth does not lend itself well to the statistical models and therefore this is

not a fitting method to digitise the internal structure of the samples produced below.

6.3 Materials and methods

The work carried out in the preceding section is contained within the overall research project
but was not within the scope of this PhD and was performed in parts with the assistance of
Y. Wu (unless otherwise specified).
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6.3.1 Cell preparation

Mouse osteoblastic cells (MOC) cells were obtained from the Institute for Develop-

mental Science (IDS), Southampton General Hospital (Southampton, UK). They came

frozen in a vial and were stored temporarily within dry ice until they were ready to

be used. Prior to thawing, all necessary solutions and growth serums were prepared

including the Basal media. This being a solution of 10% fetal bovine serum (FBS), 1%

penicillin-streptomycin solution (PS), and 89 % GibcoTM Dulbecco’s Modified Eagle

Medium (DMEM) (the first of which was purchased from Sigma-Aldrich, the second

two from Fisher Scientific). Where DMEM is a commonly used basal media for cul-

turing mammalian cells. The solution provided the base environment within which

the cells could grow. It contained sufficient growth nutrients, from the DMEM, and

antibiotics to prevent infection and therefore death of the cultivation. Before use, the

solution was warmed in a water bath at 37 ◦C. In addition to this, is was best practice

to divide, into aliquotes, the remaining necessary solutions. This included portioning

2 ml vials of trypsin-EDTA solution, and 5 ml portions of phosphate buffered saline

(PBS), both purchased from Sigma-Aldrich, and storing in the fridge until further use.

It is to be mentioned here that in all solutions were pre-warmed to 37 ◦C, unless other-

wise specified. Once complete, the cells were ready to be thawed.

The act of thawing the cells was carried out completely and quickly to ensure minimal

stress to the cells themselves. The vial was therefore taken from dry ice storage and

placed directly into a water bath of 37 ◦C with the previously prepared Basal media.

Once fully thawed, the cells were transferred to a clean and sterile Eppendorf tube,

taking care not to introduce bubbles during pipetting as this can affect cell adhering.

The cell mixture must be rid of the cryopreservative media. This is done by adding

9 ml of Basal media, drop-wise to limit bubble forming. The solution was pipetted

slowly up and down to evenly distribute the cells. The mixture was then centrifuged

for 2 minutes at 300 xg. The supernatant was removed to leave a pellet of washed cells.

The cells were re-suspended in a further 10 ml of Basal media. The suspension was

mixed by pipetting up and down slowly, preventing bubble formation.

The cells were counted using Trypan blue solution, 0.4% sterile liquid, purchased from

Thermo Fisher Scientific. Living cell tissues are impervious to the liquid but the dye

can penetrate dead cell linings meaning only the non-blue, living cells contribute to

the counting. To count the cells, 10 µL of cell suspension was added to a small-welled

plate, followed by 10 µL of room temperature Trypan dye. The solutions were mixed by

pipetting up and down then 10 µL was added to a hemocytometer. In each of the corner

1 mm2 squares of the hemocytometer, the number of living cells was counted, counting

those cells that intersect the top and right lines, and ignoring those on the bottom and

left lines to account for the unit cell. The number of cells was then averaged across the

four corner squares to give nc. As each square represents one ten thousandths of a mL,
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the concentration of cells in the solution was determined via the following equation:

cells (ml−1) = nc ∗ 2 ∗ 10,000 (ml−1) (6.1)

The two accounts for the half dilution of the cell solution by mixing equal quantities of

the dye and the cell suspension. To determine the total number of cells, this value was

scaled up by the number of ml in the original tube. In this case, this is 10 ml.

Figure 6.4: Cell counting apparatus showing A) the cell counter that can either be
used for counting cell types or the number of cells in each quarter and B) the hemocy-

tometer including an expanded view of the cross-hatched counting area.

6.3.1.1 Propagation

With a known number of cells in the original solution, the cells were divided into suf-

ficient T75 (Nunc™ EasYFlask™) Cell Culture Flasks, obtained from Fischer Scientific,

such that the seeding density was 5,000-6,000 cells cm−2. The volume in the flasks was

made up to 12 ml using Basal media. The flasks were placed in a Thermo Scientific

BB 15 CO2 incubator at 37 ◦C with 5% CO2. As the cells grew, they became elongated

in shape, as opposed to their round shape whilst suspended. The Basal media was

changed one day post seeding then every other day following this. Once the cells had

reached 80% confluence, they were reseeded in new flasks to prevent overpopulation

via the method outlined below.

To remove the cells from the well, the Basal media was removed then the flasks were

washed with 5 ml of PBS to remove any metabolic waste. The flasks were rinsed a

further two times with PBS before the addition of 2 µL of trypsin. The solution was

swirled around the plate before being transferred to the incubator for 5 minutes. Fol-

lowing this, the cells were viewed under the microscope to ensure they were spherical

and free-moving when the well plate was shaken. Light tapping was applied to the
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base of the flask but splashing of the solution onto the ceiling of the flask was avoided.

Once the cells had become unstuck, 8 ml of Basal media was added to dilute the trypsin

and prevent damage to the cells. Prolonged exposure to trypsin was avoided and any

stubborn cells were left to prevent damage to the healthy cells. Following this, the so-

lution was transferred to a 50 ml centrifuge tube and centrifuged for two minutes at

300xg. The supernatant was removed and the pellet was resuspended in a further 10

ml of Basal media. A 10 µL aliquote of cell suspension was removed and counted to de-

termine the cell concentration. Using this concentration, new T75 flasks were seeded,

again abiding by the seeding density of 5,000-6,000 cells cm−2. When a sufficient num-

ber of cells have been grown, a portion could be frozen for future use. The majority

were seeded onto PCL scaffolds as outlined in later sections.

6.3.1.2 Scaffold pre-treatment

As previously mentioned, the cells were prone to growth upon the untreated well plates

resulting in large cultures on and around the base of the well, but little seeding upon

the scaffolds themselves. To combat this, the scaffolds were treated to deposit a layer

of apatite on the surface, increasing the affinity of the cells to the scaffolds. To produce

this layer, the scaffolds were cleaned by soaking in 70 % ethanol for 10 minutes then

treated using solutions of SBF derived from those produced by Kokubo and Takadama

(the production of which is outlined in section 9.6.265

An additional solution was produced containing solute concentrations a factor of 10

times greater than those found in SBF. As such, this solution was deemed concentrated

simulated body fluid (SBF10) and was produced in a similar methodology to SBF. The

reagent amounts and order of addition are given below:

Table 6.2: SBF10 reagents

Reagent Formula Quantity Order

sodium chloride NaCl 58.443 g 1

potassium chloride KCl 0.7456 g 2

calcium chloride CaCl2.2H2O 0.292 g 3

magnesium chloride MgCl2.6H2O 1.0165 g g 4

mono-sodium phosphate NaH2HPO4 1.1998 g 5

sodium hydrogen carbonate NaHCO3 0.355 g 6

Reagents 1 through 5 were added to 900 mL of deionized water, in a clean, dry, and

plastic 1 L volumetric flask. The previous chemical was fully dissolved before the next

one was added. After additions, the solution was made up to 1 L using deionized water,

with a pH of ∼4.37, and the solution was stored. Just prior to use, NaHCO3 was added
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to produce a 10 mM concentration of hydrocarbonate ions (HCO−3), this being 0.840 g.

Ideally, this would raise the pH to ∼6.5 at room temperature.

Following the production of SBF and SBF10, the scaffolds were plasma treated using

reactive ion etching (RIE). This was achieved with an Oxford Instruments Plasma Tech-

nology RIE80+ running PC2000 software. The RIE was operated using either oxygen

or argon gas, with 30 W rf power, 300 mTorr pressure, 20 ◦C temperature, a gas in-

flow rate of 50 sccm, and a pressure of 5x10−5 Pa. The plasma chamber was cleaned

initially by performing the plasma treatment in the absence of a sample, to remove any

impurities. Immediately following plasma treatment the scaffolds were submerged in a

SBF solution for a variable period of time. SEM images of the scaffolds were collected

to assess the distribution of apatite on the surface.

An alternative coating method involved coating the scaffolds with BFP. The coating

process was carried out as follows. A 100 µg ml−1 solution of BFP, purchased from

Fischer Scientific, was made by dissolving the protein in PBS (pH 7.2) and stored in

a water bath at 37 ◦C for 30 minutes. Each scaffold was then individually dipped in

the solution 10 consecutive times, and left to dry in a class II sterile Laminar Flow

Hood for 120 minutes. Once dry, the scaffolds were stored at 4 ◦C in a closed, sterile

low-attachment surface 96-well plate, purchased from Fischer Scientific.

6.3.2 SEM imaging

To determine the success of apatite formation on the scaffolds, SEM images were ob-

tained by viewing the birds-eye view using the sampling methodology as outlined in

section 5.3.3 of chapter 5 but reiterated here. The images of the SBF coated scaffolds

were obtained using a SEM collected on a Zeiss EVO LS 25 SEM equipped with a LaB6

filament. A 100 µm variable pressure aperture was used to prevent the need to sputter

the samples with a conductive layer and a low-pressure methodology was adopted. The

images were captured using SmartSEM software. The SEM operating conditions were

20 kV with a working distance of 10 mm for the vertical imaging and a beam current

of 40.0 µA. A nominal I-probe current of 300 pA was used.

6.3.2.1 Scaffold seeding

Prior to seeding, the cells were counted to ensure there were sufficient numbers to pop-

ulate the scaffolds. Following this, a cell suspension was made by detaching the cells

via the Trypsin method and centrifuging for two minutes at 300 xg. The pellet was

then redissolved in 10 µL of basal media to make a solution of known concentration.

Sufficient liquid was extracted and transferred to a sterile Eppendorf tube and the con-

centration was made up to 4×10−6 cells mL−1 such that 20 µL contained 80k cells.
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For manual seeding, the BFP scaffolds were placed individually in the wells of a low-

attachment surface 96-well plate. To each scaffold, 20 µL of cell suspension was pipet-

ted directly on top. After three hours, the cell solution was topped up to 200 ml using

basal media. After seeding, the scaffolds were stored in the incubator and the media

was refreshed every two days until the desired cultivation time had been achieved.

An alternative propagation method was also used and this involved an automatic biore-

actor which continuously feed the cell cultures and removed waste. The 3D Perfusion

PreFluid® BF200 Bioreactor was purchased from 3D Biotek and is purposely designed

for the propagation of cell growth on 3D printed scaffolds. Prior to use the glassware,

sample chambers, and pipes were autoclaved to sterilise them and then the whole ap-

paratus was put in the class II sterile Laminar Flow Hood. 70% ethanol was used to

wash the whole assembled system followed by a wash with cell culture media.

For the bioreactor, the scaffolds were seeded in an identical manner to those propagated

in a manual fashion up until the media was topped up to 200 mL. The scaffolds were

instead inserted into the bioreactor sample chambers and perfusion was set low at 1.2

rpm for the first 24 hours then 6 rpm until the desired cultivation time was reached.

6.3.3 Sample preparation

The methodologies outlined above were used to produce two series of scaffolds, one set

manually propagated and one set cultivated in the bioreactor. There were six manually

propagated scaffolds which were cultivated for 1, 4, 7, 11, 14, and 17 days. The same

was done for the bioreactor scaffolds, omitting the first day.

The manually cultivated scaffold samples were produced first and were grown on a set

of non-offset PCL scaffolds. This scaffold structure was undesirable as there were large

pores through which the cell suspension could fall. It was later determined that the

scaffolds were incorrectly produced and the fibres were to be offset from one another,

removing these large z-direction channels. As a result, the bioreactor sample set was

produced at a later date and using the corrected, offset scaffolds.

Figure 6.5: Comparison of the different scaffold types showing A) offset and B) non-
offset scaffolds.
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Following a scaffold’s desired cultivation period, it was transferred to a clean, sterile

24-well plate and fixed using paraformaldehyde fixative solution (PFA), containing

3.7% (w/v) paraformaldehyde and 3% (w/v) sucrose in PBS, (pH 7.4), purchased from

Alfa Aesar. This was achieved by submerging the scaffolds for 15 minutes before wash-

ing with 70% ethanol, twice. The fixed samples were then stored in 70% ethanol at

room temperature for further analysis. The same process was used for both the man-

ual and bioreactor sets, producing the following set of samples:

Table 6.3: Scaffold samples produced using 80k seeding density on PCL scaffolds

Propagation Cultivation days

Method 1 4 7 11 14 17

Manual a Man-D1 Man-D4 Man-D7 Man-D11 Man-D14 Man-D17

Bioreactor b N/A Bio-D4 Bio-D7 Bio-D11 Bio-D14 Bio-D17

(a) Non-offset scaffolds.
(b) Offset scaffolds.

6.3.4 µ-CT

The samples were air-dried just prior to imaging, any residual moisture was removed

by the µ-CT chamber vacuum. The 3D structures of the scaffolds were determined

using a Nikon Med-X (alpha) scanner. The scans were conducted using an 80 kVp X-

ray source, with 6.88 W power. The samples were exposed to the source for 708 ms.

The resulting images had a resolution of 3.05 µm and were 2000x2000x∼530 pixels.

Figure 6.6: Comparison of the data included in 512x512 pixels in the original image
(solid black line) and in the reduced image (dotted black line).
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Due to the size of the images, 512 pixels in x and y were insufficient to grasp a statis-

tically large enough area of the sample, and z contained blank space above and below

the scaffolds. Unfortunately, the maximum file size was limited by the capability of the

operating system used to perform the simulation. As such, the images were reduced

by a factor of two, in all directions, such that the final resolution was 6 µm. Due to

the reduction in pixel numbers, there were only ∼265 pixels in z (sample dependant)

meaning the images were stacked to ensure the sample was cubic.

To maintain consistency with the manual seeding approach, the images were all cut

such that the x-y plane was centred within the scaffold. As the scaffolds were not

perfectly consistent in structure the images ranged from 460 to 512 pixels in x and

y in order to capture this grid. Due to the nature of the seeding, the cells tended to

congregate on the lower surface of the scaffold and did not explore the entirety of its

expanse. As such, there was only a small plane of fibres that contained cells growing

on them. As a result, the µ-CT images were cut to contain all of the cells present across

the z-axis including one full x-direction fibre and one full y-direction fibre. On the

contrary to the 500 pixels present along x and y this left only 80 pixels in z. As such,

the images were stacked to produce a cubic array simulating multiple scaffolds stacked

upon one another. Since each cutting contained a fully repeating unit, that is, it began

at the bottom of an x-direction fibre and ended at the top of the y-direction fibre, there

was little discrepancy at the joining point of the stacked scaffolds.

As for the bioreactor scaffolds, the cell density was more consistent and so the µ-CT

images were cut to contain 512x512 of the centremost pixels in x and y. As for z, the

µ-CT data was cut to contain the smallest repeating unit, which was ∼150 pixels. This

incorporated two x-direction and two y-direction fibres such that the stacked images

retained the offset pattern. Again, the stacking produced a cubic array of porous media.

6.4 Results and discussion

6.4.1 Scaffold treatment

The goal of coating the scaffolds to increase their affinity was explored using three so-

lutions including SBF, SBF10, and BFP. The former solution was derived from the

studies of Kokubo but was deemed unsuccessful.265 Initially, a 1 L solution of SBF

was produced and the scaffolds were cleaned as mentioned above. Six scaffolds were

cleaned and four were plasma-treated. Each plasma experiment was done with a vac-

uum power of 30 W, a pressure of 300 mTorr, and an inlet pressure of 50 sccm.

Following either cleaning or plasma treatment, the scaffolds were submerged in SBF

for a week at room temperature. Unfortunately, none of the scaffolds showed any sign

of apatite deposition, regardless of the plasma or treatment time. Following this, a
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more concentrated solution was produced which contained ten times the ion concen-

trations found in SBF and was labelled SBF10.

Table 6.4: Plasma treatment performed for various scaffold samples

Scaffold Plasma Time Result

A1 O2 60 None

A2 O2 60 None

A3 Ar 60 None

A4 O2 120 None

A5 N/A N/A None

A6 N/A N/A None

Even with the increased ion concentrations, the solution never crashed to form the

expected precipitate. Upon initial investigation, it was determined that the pH could

be held stable at 5.0 provided 9 mL of 1M HCL was added. Following this, a test was

conducted to determine the optimal NaHCO3 concentration to induce precipitation.

Table 6.5: Hydrogen carbonate ion concentration against precipitate time

Concentration / M pH
Time / mins

1 3 5 7 12 20

0.012 0.633 clear clear clear clear clear clear

0.014 0.643 clear clear clear clear clear clear

0.016 0.667 clear clear
slightly

cloudy
distinctly visibly

hazy cloudy crashing

It was determined that the 0.016 M solution was more suited to the scaffold coating as

precipitate formation would occur under these conditions. Prior to plasma treatment

10 mL of solution (pre- SBF10), without NaHCO3, was put into clean and dry 50 mL

conical tubes. The correct amount of hydrogen carbonate to form a 0.016 M solution

in each tube was stored in ependorf tubes. All were taken within the clean rooms to

the RIE. Using methods mentioned in 6.3.1.2, the scaffolds were cleaned and plasma

treated for 5 minutes on each side, with a vacuum power of 30 W, a pressure of 300

mTorr, and an inlet present of 50 sccm for oxygen. NaHCO3 was added to the pre-

SBF10 whilst the RIE pressure was equalising and the tubes were shaken by hand to

ensure the solute dissolved. The scaffolds were added straight away to the tubes, which

were sealed and left to stand. After the following time periods (in hours), two scaffolds

were removed, washed with deionized water, and left to air dry in a labelled 24-well

plate: 1.5, 3, 4, 5, 7, and 24 hours. Every two hours the solution was refreshed until 7

hours had passed and then the samples were left overnight. The following day, SEM
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images were taken of each scaffold to assess the degree of apatite formation. Images of

scaffolds for each submersion time are given in Appendix 9.6.

Figure 6.7: SEM images of a PCL scaffold plasma treated then submerged in SBF10
for A) 4 hours and B) 24 hours.

Considerable apatite had formed following four hours with many surfaces possessing

crystalline calcium phosphate deposits, but only for one of the scaffolds. For the five-

hour samples, both showed less deposition than the previous sample yet both hour-

7 samples showed significant deposition, as well as the 24-hour samples which were

heavily coated. The expected result was a homogeneous layer of fine crystal deposition

whereas the results presented here show large and uneven crystals, forming an irreg-

ular surface for cells to attach onto. The irregularity of the deposition with time also

hindered the possibility of producing an identical set of coated scaffolds and so the

methodology shifted to BFP coating instead.

6.4.2 Scaffold samples

In order to capture the tortuous nature within the scaffolds, their µ-CT images were

used within the tortuosity simulation described in chapter 4. The simulation parame-

ters are given in Table 4.4 but are repeated below for reference:

Table 6.6: Simulation parameters

parameter value

Nm 20,000

D0 (m2s−1) 2.2× 10−10

Ns 5,000

τs (for ∆= 60 s) 12 ms

| < rj,k − rj−1,k > | (for ∆= 60 s) 4.0 µm

| < rNs ,k − r1,k > | (for ∆= 60 s) 281.4 µm

Starting cube (pixels) 130:330 a or 150:362 b

(a) For Man-D11
(b) For all other samples
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As mentioned, the images were slightly different in size, accounting for the simulation

being run from one of two central cubes. The simulation was run such that it calculated

the diffusion matrix along the six independent axes, which could later be diagonalised

to calculate tortuosity, as well as the eigenvalues and vectors.

6.4.2.1 Manual propagation

For the manually seeded scaffolds, the simulation was used to calculate the tortuosity

as a function of diffusion time. For the tortuosity measurements, the diffusion times

studies were 0.01, 1, 10, 30, 60, 90, 120, 150, 180, 210, and 240 seconds.

Figure 6.8: Tortuosity as a function of diffusion time for the scaffolds Man-D1 (solid
black), Man-D4 (dash black), Man-D7 (dot black), Man-D11 (solid grey), Man-D14

(dash grey), and Man-D17 (dot grey).

From the plot above, there is evidence of a weak inverse relationship between the num-

ber of culture days and the tortuosity.

Figure 6.9: Tortuosity (at ∆ = 240 s) as a function of cultivation days, normalised to
the tortuosity of Man-D1.
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The trend is more clearly shown by plotting the tortuosity as a function of cultivation

days, given a delay of ∆ = 240 s. The weak inverse relationship may be attributed to

the porous system becoming more tortuous as the cell culture grows. This is accredited

to the cells partially, or in extreme cases, fully blocking the pores preventing diffusion

of the solution in that direction. There are two notable outliers from the preceding two

graphs, those being the tortuosity within the Man-D4 sample, and the Man-D7 sample.

Firstly, the Man-D4 sample (dash black line in Figure 6.8) appears to show the same

tortuosity as the Man-D14 sample despite the two µ-CT images showing a different

pattern of cells. The similarity between the two can be explained by an unusually

positive uptake of cells onto the Man-D4 scaffold. Since the scaffolds were treated with

BFP, it could be that there was an unusually large deposit of protein on this scaffold,

which aided in the cells’ adherence to the scaffold. Methods of mitigation for this type

of outlier are discussed below in the following section on advancements to this work.

As for Man-D7, it displays a tortuosity much less than Man-D1 which is contradictive

to the assumption that Man-D1 can be treated as a completely empty scaffold. There is

the possibility that the scaffolds themselves have differences in structure, which has a

very clear effect on the tortuosity experiment. As mentioned above, it was determined

following these experiments that the scaffolds had been incorrectly produced at source

and so the degree to which they are offset cannot be ensured. It can therefore be as-

sumed that each curve may also have some associated error, attributed to the scaffold

itself. Given the close proximity of all curves, their significant difference cannot be

guaranteed, regardless of the cell densities. Chapter 7 explores future applications and

improvements and so these will not be discussed at length here. But one can imag-

ine repeating the experiment with multiple scaffolds for each propagation day in order

to produce averages and remove errors. However, to explore the current data further,

one can also look into the individual components of the diffusion tensor. Namely the

average diffusion coefficient, and the diffusion along each Cartesian axis.

From the individual plots, there is a weak inclination toward the preferred growth di-

rection of the cells. Where the average diffusion coefficient slowly decreases (omitting

the outlier that is Man-D4), the x, y, and z components do not necessarily follow suit.

Most notably of all, Dzz remains constant in the first week and then lowers for the re-

mainder of the cultivation days, indicating growth along the z-lab frame. There is a

similar but less stark trend apparent in the Dyy plot showing the diffusion coefficient

drops slightly between days 1 and 17. On the contrary, there is little to no trend for

Dxx where the diffusion coefficient oscillates, albeit minimally, for all samples.
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Figure 6.10: Restricted diffusion coefficient at in the manually grown scaffolds ∆=240
s showing A) the average coefficient, B) the diffusion along Dxx, C) the diffusion along
Dyy , and D) the diffusion along Dzz, each as a dashed line and the unrestricted average

diffusion coefficient at ∆=0.01 s (solid line).

The predominant drop in Dzz as opposed to the transverse axes indicates that there

is more vertical growth than lateral growth as the cells spread out down the fibres,

possibly aided by gravity. As for the average diffusion coefficient, and again, omitting

Man-D4, we see the diffusion coefficient decreasing with time, but only minimally.

Regardless of the preferred direction of growth, the simulation demonstrates its capa-

bility to capture the tortuous nature within the samples, highlighting the link between

tortuosity and the number of cultivation days.

Lastly, through diagonalisation of the diffusion matrix, the fractional anisotropy (FA)

can be calculated for each cell sample. In the case of the manually seeded samples

(seen in Figure 6.11 B), the fractional anisotropy contains an interesting mix of min-

ima and maxima. Following an initial drop, it increases with the cultivation days, with

a maximum at 11 days, then begins to fall again. For the empty scaffold, Man-D1,

the FA is already ∼0.15 suggesting an innate anisotropy due to the fibre arrangement

itself. As the cells were seeded on non-offset scaffolds, and given the slightly higher

Dzz present in the Man-D1 sample, this may be due to the vertical channels within the

scaffolds. The introduction of cells, Man-D7, actually reduces the FA hinting towards

more spherical pores being present. Due to the greater possibility of the cells finding
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a surface, it may be more probable that they attach at vertices, thus rounding out the

internal pore shape. In the most anisotropic case, the pores have lost their spherical

nature as cell growth differs along the three Cartesian axes. Yet the most densely pop-

ulated sample shows similar FAs to the blank sample, indicating that sufficient cell

growth has occurred to almost coat the inner scaffold surface in cells, returning the

pore shape to its original state, just smaller.

Figure 6.11: Fractional anisotropy in A) Man-D1 (solid black), Man-D4 (dash black),
Man-D7 (dot black), Man-D11 (solid grey), Man-D14 (dash grey), and Man-D17 (dot

grey) and B) as a function of the cultivation period, for each sample at ∆=240 s.

To take a look at the outliers, the FA of Man-D7 is indicative of the scaffold shape

where further imaging (possibly through SEM or a visual microscope) would have to

be carried out to determine the offset of the fibres. More interestingly is the FA of Man-

D4, which appears not to follow its previously displayed trends. Before, it has always

mimicked the results of Man-D14 in tortuosity and individual directional diffusion

results yet it deviates in the FA. We see a consistently low level of anisotropy, counter-

intuitive to its relatively anisotropic partner. One can attribute this to significant cell

attachment at the vertices, producing more isotropic, spherical pores. This is opposed

to sample Man-D14 where the deposited cells have had time to grow, thus spreading

along the fibres and introducing anisotropy to the system.

6.4.2.2 Bioreactor propagation

As before, for the samples produced within the bioreactor, the tortuosities as a function

of diffusion time can be summarised and plotted for comparison:
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Figure 6.12: Tortuosity as a function of diffusion time for the scaffolds Bio-D4 (solid
black), Bio-D7 (dash black), Bio-D11 (dot black), Bio-D14 (solid grey), and Bio-D17

(dash grey).

As before, it is evident from Figure 6.12 that there is a weak inverse relationship be-

tween the number of culture days and the tortuosity.

Figure 6.13: Tortuosity as a function of cultivation days showing the experimental
points (black circles) and trend (dash grey) for ∆ = 240 s, normalised to Bio-D4.

The trend was calculated via a least squares linear fitting method producing a linear

line with a gradient of -0.005, with an associated error of ±0.001. There is one notable

outlier from Figure 6.13, this being the diffusion within the Bio-D11 sample, which

appears to possess a far greater density of cells than all other samples. Due to the un-

predictability of living cells, and the restricted sample size, there was no opportunity

to assess the validity of this particular sample so it must be excluded as an outlier. The

other results only show minimal relative differences between the first culture set, Bio-

D4, and the last, Bio-D17. As before, the individual components of the diffusion tensor

can be compared to study the growth pattern of the cells.
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Figure 6.14: Restricted diffusion coefficient in the bioreactor grown scaffolds at ∆=240
s showing A) the average coefficient, B) the diffusion along Dxx, C) the diffusion along
Dyy , and D) the diffusion along Dzz, each as a dashed line and the unrestricted average

diffusion coefficient at ∆=0.01 s (solid line).

Excluding Bio-D11 from all comparisons, there is a slight decrease in diffusion coeffi-

cient when going from Bio-D4 to Bio-D17, indicating an added boundary for the dif-

fusing molecules to be deflected from. As for the individual components, Dxx appears

to change only minimally, which was also seen for the manually propagated samples.

Diffusion along y follows suit and shows very little change between the different cul-

tivation periods. The most differing sample is Bio-D14 which appears to have slight

growth along Dyy . As for Dzz, there is a weak trend between restricted diffusion and

the cultivation period, with the exception of Bio-D14. However, the increased growth

in Dyy appears to counteract that in Dzz meaning it still follows the averaged trend.

Since the trend seen in Dzz is the only one to follow the overall tortuosity trend, it can

be presumed that this is the direction in which the majority of growth is occurring.

As for the fractional anisotropy, we see similar observations compared to the manually

propagated samples, again, excluding Bio-D11. The FA appears to oscillate with the

introduction of cells initially causing a more isotropic, spherical environment. This

shifts to a larger anisotropy as the cell culture spreads across the scaffold only to lower

again as the cells coat the inner walls.



148 Chapter 6. Applications of tortuosity in porous cellular scaffolds

Figure 6.15: Fractional anisotropy in A) Bio-D4 (solid black), Bio-D7 (dash black), Bio-
D11 (dot black), Bio-D14 (solid grey), and Bio-D17 (dash grey) and B) as a function of

the cultivation period, for each sample at ∆=240 s.

6.4.3 Comparison

Figure 6.16: Fractional anisotropy in the manually grown scaffolds (grey circles) and
the bioreactor grown scaffolds (black squares) as a function of the cultivation period,

for each sample at ∆=240 s.

A comparison between the two seeding methods is difficult to study due to the rela-

tively large percentage of samples being outliers in each case. An initial assessment

of the two systems can be done, accepting the low statistical validity of the results.

Contradictory to the manual seeding method, the outlier of the bioreactor sample set

(with an unusually high cell density) has a large FA indicating anisotropic, dispersed

cell growth whereas before we saw an unusually low FA. The reasoning may lay in

the cultivation period: Man-D4 was a "younger" sample and the unusually high cell

density had limited time to dispense. However, Bio-D11 may have had sufficient time

for its greater quantity of cells to anisotropically infiltrate the scaffold. In practice, the

cell growth pattern is incredibly sporadic with more cross-links being seen to span the
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pores following longer cultivation periods. Additionally, since the cells preferred to

grow on the bottom-most plane, growth patterns may be influenced by the container.

Lastly, there was insufficient time to conduct any physical diffusion experiments due

to complications with the associated hardware. These would have been performed by

producing degassed samples analogous to the GDL samples produced in the chapter

above. The dual core probe would then be used to collect tortuosity measurements

or perform DTI. However, it is expected that the results between computation and

experimental would differ. The µ-CT images were captured on dried, fixed samples

so it can be expected that the cells would have a smaller volume due to both shrinkage

and potential loss of the ECM. A d-NMR experiment would therefore be probing a

more torturous environment, due to the larger volume of space occupied by the cells.

Furthermore, the presence of the ECM could affect diffusion due to absorption of the

spy molecule or temporary intramolecular interactions between the spy and the ECM

matrix slowing diffusion and skewing tortuosity measurements.
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6.5 Conclusion

The aim of this chapter was to demonstrate the applicability of the previously devel-

oped techniques on a sample of real-world significance. It introduced the 3D scaffold

samples and explained their importance for artificial tissue growth within the medic-

inal community as well as other disciplines. This chapter went on to discuss possible

techniques used to improve the cell seeding methodology, which is a prevalent issue

within the science of tissue cultures. Finally, this chapter detailed the analysis of diffu-

sion, and measurement of tortuosity, through the scaffolds via computational means.

Sections of this chapter contained an extensive effort to increase cell adhesion via a

range of methodologies centred around altering the chemical and physical properties of

the scaffolds’ surface. The success of these methods was minimal or in some cases, the

surface was successfully altered but with a low reproducibility rate. As such, the use of

unaltered scaffolds was most suitable and alternative methods, such as the bioreactor

or using offset scaffolds, were used to improve cell infiltration.

The tortuosity simulation was successfully run within all samples showing not only the

tortuosity but also the individual components of the diffusion tensor and the fractional

anisotropy. Unfortunately, due to complications with cell growth and limited access to

analytical apparatus, only one sample was produced for each seeding method and each

cultivation day. Where the simulation has previously proven its suitability with dia-

magnetic porous materials, the erratic nature of the cells prevented any solid analysis

from being drawn for a single scaffold of each sample type. For a more comprehensive

and statistically significant study, one would require multiple scaffolds for each sample

type, in order to prevent such a large percentage of samples dismissed as outliers.

Additionally, the introduction of an extensive number of variables made comparisons

increasingly difficult. Not only were the cells altering the tortuosity but it was made

clear in the manually propagated sample set that the scaffolds themselves varied, thus

introducing errors into the control or "blank" scaffold. As such, no supported conclu-

sion could be made on the growth tendencies of the cells and therefore, no assessment

of the suitability of the scaffold design for tissue culturing.
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Chapter 7

Future advancements

7.1 Synopsis

The purpose of this chapter is to explore possible advancements in the techniques,

that were not achievable within the timescale of the project. This includes expanding

the simulation further as well as advancing the practical methodologies. There are a

number of possibilities that can be applied to improve the seeding process in order to

produce a more dense and homogeneous array of cells.

7.2 Advancements

7.2.1 Simulation

In terms of computational studies, there are multiple routes that can be taken that

would increase the accuracy of and improve the quality of the diffusion simulations.

The random walk methodology is capable of capturing molecular movement through

the system; however, there are multiple routes for improvement. Firstly, when the

molecules encounter a boundary, they will continue selecting a random step until they

have found a satisfactory position to move to. However, a more accurate methodology

would include the molecules reflecting off of the boundary in a more realistic trajectory.

Building upon this, to incorporate a more realistic trajectory the molecules would have

to interact with the surface via stringent boundary conditions. In the absence of a com-

pletely inert surface, any molecular-surface interaction would result in some form of

attraction or repelling force which would alter the molecules’ trajectory after a colli-

sion. This may in turn bring about surface relaxation which would be relevant for a

total relaxation simulation. Although possible, this would require specific knowledge

of the system’s surface and a more advanced random walk methodology.
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Finally, it was suspected that the glass beads used within chapter 4 contained some de-

gree of paramagnetic material, accounting for the increased relaxation rate of the dif-

fusing molecule. To account for this, the simulation could be adapted further to contain

randomly distributed areas with some paramagnetic density which would form zones

of increased susceptibility mismatch. Molecules diffusing within the vicinity of one of

the paramagnetic zones would encounter far greater fluctuations in field strength and

therefore relax quicker. However, this was not introduced into the simulation as the

composition of the glass beads was not entirely known and so the density and mag-

nitude of the paramagnetic zones could not be deduced. If the simulation were to be

run in a sample with a completely understood composition, this extension would be

applicable to produce a more realistic result.

7.2.2 Cell cultures

There are a number of different methods that could be used to improve the production

of the scaffold samples. Unfortunately, there was insufficient time to explore these

potential methods fully but a short list of possibilities is outlined below.

The first possibility applies more to the initial scaffolds with the non-offset configura-

tion. Whilst seeding, it was common for the suspended cells to sink to the bottom of

the well and therefore only attach to the bottom plane of fibres in the scaffolds. There

were several attempts to prevent this including trying to coat the scaffolds with SBF to

make the surface more amiable for the cells. However, as detailed above, the solution

could not be perfected and therefore the method was replaced with the BFP coating

process. In the future, this aspect could be improved by testing a variety of methods.

One simplistic alternative is the addition of an insect pin, or other small insertable

object, into the top of the scaffold. The purpose of which being to hold the seeding sus-

pension above the scaffold, due to water adhesion, allowing the cells to adhere as the

solution travels more slowly through the scaffold. The fundamentals of this method

were tested but not applied to the scaffold samples used within this project due to time

limitations. Note that, this methodology would not be suitable for the offset scaffolds

within the bioreactor as the seeding method in this case does not lend itself well to the

insertion of an external material into the scaffold. The offset fibres are a design element

introduced to ensure slow percolation through the scaffold.

On a similar train of thought, previous methods have used the viscosity of the seeding

solution to prevent the cells from sinking. To do so, the cell solution was combined with

Ficoll-PaqueTM Plus solution (60 vol%) such that the density of the surrounding solu-

tion was similar to that of the cells. This methodology was developed by Cámara-Torres

et al. and showed the cell density tripling with respect to normalised cell coverage area

on one plane of fibres, with non-offset scaffolds.263 The percentage of Ficoll-Paque

solution was determined by producing a series of solutions between 20 and 80 vol%
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(stained for ease of identification), producing a layered solution within a conical tube

and centrifuging with cells. Their results are highlighted below in Figure 7.1.

Figure 7.1: Fluorescent staining (F-actin, red) of cultured scaffolds either via the con-
ventional seeding (no viscosity alteration) method (left) and with a solution of 60 vol%

Ficoll-Paque solution. Adapted from.263

Although this was not tested with a cell suspension, with the support of the findings

given in Figure 7.1, it is assumed that this method would be beneficial for producing a

more homogeneous seeding in the offset scaffolds.

As explained above in section 6.4.2.1, simulations are negatively impacted by the lim-

ited number of scaffolds for each of the cultivation days, for each method. Due to

the restricted sample pool, there is a lack of statistical evidence to recognise any clear

trend. For this, one would rather have to culture at least three scaffolds for each culti-

vation period and collect µ-CT images for each. These could either be stacked on top

of one another or run individually and averaged. However, there was insufficient time

during this project to grow sufficient cells to produce this number of scaffolds.

Finally, to ensure the cell structure does not alter following the fixation, the scaffolds

could be grown in order of longest growth to shortest cultivation period. As such, the

Day17 sample would be seeded initially followed by two days of growth. On the third

day the next sample would be seeded, Day14 in this case. As a result of this, all samples
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would finish their designated growth period on the same day. All samples could then

be fixed and taken to the µ-CT facility simultaneously.

7.2.3 Experimental

In terms of the physical experiments, assuming a now fully applicable set of multi-

ple scaffold samples, one can look towards using NSSs to enhance the experimental

procedures. The low field set-up has already shown its suitability for singlet-assisted

diffusion in a field cycling environment, albeit in a model-packed beads system with

a low viscosity solvent.181 One can therefore picture the combination of the field cy-

cling methodology, combined with the enhancements of singlet-assisted diffusion to

probe the internal architecture of a growing tissue culture, as time progresses. This

experiment would need to satisfy a number of particular requirements including; the

degassing of the solution prior to addition to the porous media; and the production of

a singlet-bearing molecule with sufficient solubility in a low viscous solvent that there

is enough signal to overcome the reduced internal volume inherent to porous media.
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Chapter 8

Conclusions

The purpose of this multidisciplinary project as a whole was to test the following:

that magnetic susceptibility-induced relaxation is a principal culprit to the inability

of NMR to operate within porous media but can be overcome through a combination

of techniques such as long-lived states and field cycling methodologies. The individual

contribution routed in this work is the theoretical derivation and the simulation frame-

work production as well as experimental studies and their comparisons. Through-

out these works, many aspects of both computational and experimental methodologies

have been examined, focused on facilitating diffusion measurements in porous media.

In chapter 3, the theory of nuclear spins diffusing through porous media was outlined

including an account of the derivations and assumptions used to produce the theory.

This chapter set the scene for the current inhibitors of d-NMR in porous media, and the

quantum mechanical reasoning as to why we see enhanced signal decay. The theory was

incorporated into a simulation framework capable of taking 3D digitised reconstruc-

tions of diamagnetic porous media and accurately predicting decay due to diffusion in

the internal field (DDIF). Thus demonstrating the validity of the simulation framework

and the suitability of the selected diffusion modelling process.

Chapter 4 gave a detailed description of the computational advancements made within

the framework, namely the introduction of tortuosity measurements. This was done

by expanding off of the previous random walk-based method, with the introduction

of hard boundaries and more efficient calculations. The simulation was capable of

replicating a typical d-NMR experiment whereby diffusion is measured along six in-

dependent vectors in order to calculate diffusion within the principal frame. The result

is an orientation-specific tensor describing the principal direction and relative rate of

diffusion along x, y, and z. The simulation was tested in exemplar shapes before being

used within bead samples, showing good agreement with experimental results.

The methodology portion, chapter 5, delved into the production and initial use of

a custom-built dual-core spectrometer, capable of performing field cycling diffusion
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NMR. The additional low-field probe was designed in collaboration with (and later

built by) Bruker and sat within the stray field of the magnet. The system drew off the

advantages of both high and low field namely the increased sensitivity and reduced

DDIF, respectively. The apparatus was initially tested and calibrated with the intent to

study gas diffusion layers; however, the actual experimental portion was not achievable

within the time frame of the project. Regardless, the system showed promising initial

results and has the potential to facilitate in-depth studies, given more time.

The penultimate chapter saw attempts made to study a sample of medicinal impor-

tance, using the theory, computations, and methodologies outlined in the preceding

chapters. Chapter 6 detailed the use of 3D-printed scaffolds for tissue engineering,

and the current challenges facing the medical community. These works included at-

tempts made to improve the cell infiltration within these scaffolds which is a prevalent

issue associated with 3D cultures. The techniques showed little success and the result-

ing samples showed little homogeneity in cell dispersion. Furthermore, issues around

cell culture densities meant a very restricted sample selection was produced, demon-

strating high variability in the adhesion and proliferation of cells. The large percentage

of outliers and lack of replicable samples meant no solid conclusions could be drawn

on the patterns of cell growth nor the suitability of scaffold architecture.

Finally, the potential future advancements within the project were discussed. These

included slightly different methodologies and techniques that could be used should

the experiments be repeated, as well as directions in which to continue work past the

scope of this project. These involved heightening the sophistication of the simulation

to contain surface interactions via a more molecular-dynamics-based simulation. Or,

introducing paramagnetic elements into the simulation to account for samples that are

not completely diamagnetic. As for experimental work, there are a number of tech-

niques that could be utilised within the current methodology that could be executed

during the production of the next sample set. As well as the introduction of nuclear

singlet states which was already approached via the dual-core technique.

The results of this work are mixed, with great success in the theoretical and compu-

tational aspects which unfortunately were not reciprocated within the experimental

portions. Despite the challenges, firm foundations have been laid for the accurate col-

lection of d-NMR data within complex porous media. The degree of signal attenu-

ation due to susceptibility-induced relaxation can successfully be calculated through

the derived theory. However, the sample composition may decide whether this relax-

ation mechanism prevails over others, such as paramagnetic relaxation. As for data

acquisition, the aforementioned methodologies are capable of extending the lifetime

of d-NMR and should not be discounted as valuable techniques for long-lived state

incorporating, field-cycling diffusion NMR for the purpose of studying porous media.
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Chapter 9

Appendicies

9.1 Average Hamiltonian theory

In the instance of a time-dependent

Hamiltonian, in order to obtain an ap-

proximate solution to the Liouville-von

Neumann equation, average Hamilto-

nian theory (AHT) must be used. The

Liouville-von Neumann equation being:

∂
∂t
ρ̂(t) = −i ˆ̂H(t)ρ̂(t) (9.1.1)

The general solution to this is obtained

through successive integrations:

ρ̂(t) = ρ̂(0) + (−i)
∫︂ t

0

(︃
ˆ̂H(t1)ρ̂

+(−i)
∫︂ t1

0

ˆ̂H(t2)ρ̂(t)dt2

)︃
dt1 · · ·

(9.1.2)

This infinite series should converge even-

tually but for now, it has been capped

here at the second integral. The appear-

ance of this equation can be simplified by

defining the propagator, ˆ̂Un(0, t), which

can be defined as:

ˆ̂U (0, t) = (−i)n
∫︂ t

0
dt1

∫︂ t1

0
dt2 · · ·

∫︂ tn−1

0
dtn

ˆ̂D ˆ̂H(t1)
ˆ̂H(t2) · · ·

ˆ̂H(tn)

(9.1.3)

Where ˆ̂D is the Dyson operator which

maintains the numerical order of the

Hamiltonians as they may not all com-

mute. The substitution of this into

eq. (9.1.2) produces:

ρ̂(t) =
∞∑︂
n=0

ˆ̂Un(0, t) ρ̂(0) (9.1.4)

Another way of writing the propagator is:

ˆ̂Un(0, t) = ˆ̂D
[−i

∫︁ t
0

ˆ̂H(t1) dt1]
n

n!
(9.1.5)

Where the whole propagator is given as:

ˆ̂U (0, t) =
∞∑︂
n=0

ˆ̂D
[−i

∫︁ t
0

ˆ̂H(t1) dt1]
n

n!
(9.1.6)
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Upon closer inspection, it is evident that

this represents a Taylor series whereby:

ex =
∞∑︂
n=0

xn

n!
(9.1.7)

This can now be written as:

ˆ̂U (0, t) = e−i
∫︁ t

0
ˆ̂H(t1) dt1 (9.1.8)

Unfortunately, the propagator is infinite

and not unitary meaning it is impractical

to use it, to solve the Liouville-von Neu-

mann equation. To overcome this, the

Hamiltonian is split into small enough

time increments, τ , that it can be as-

sumed constant within each step:

t =
∑︂
k

τk (9.1.9)

As such, each Hamiltonian is now time-

independent and provided the Hamilto-

nian is Hermitian, the propagator is now

unitary. As each Hamiltonian is assumed

constant across τn, which can be removed

from the integral, producing an infinite

succession of rotations:

ˆ̂U (0, t) = e−i
ˆ̂Hn τn · . . . · e−i

ˆ̂H1 τ1 (9.1.10)
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9.2 Accessing the rotating frame

The conversion of a Hamiltonian into an-

other interaction frame begins with the

definition of the Schrödinger’s equation:

i
∂
∂t
ψ = Ĥ(t)ψ (9.2.1)

The state, ψ can be shifted into another

frame via a rotation:

ψ̃ = R̂ψ (9.2.2)

Applying the complex conjugate:

R̂†ψ̃ = R̂†R̂ψ

R̂†R̂= 1
(9.2.3)

Substituting this into the Schrödinger’s

equation:

i
∂R̂†ψ̃

∂t
= Ĥ(t)R̂

†ψ̃ (9.2.4)

The derivative of a product is written as:

iR̂†
∂
∂t
ψ̃+ i

∂
∂t
R̂†ψ̃ = Ĥ(t)R̂

†ψ̃ (9.2.5)

This can be rearranged and factorised:

iR̂†
∂
∂t
ψ̃ =

(︄
Ĥ(t)R̂

† − i ∂
∂t
R̂†

)︄
ψ̃ (9.2.6)

If the equation is multiplied through by

the rotation operator:

iR̂R̂†
∂
∂t
ψ̃ =

(︄
R̂Ĥ(t)R̂

† − iR̂ ∂
∂t
R̂†

)︄
ψ̃

(9.2.7)

The equation now resembles the

Schrödinger’s equation:

i
∂
∂t
ψ̃ = ˜̂Hψ̃ (9.2.8)

Where:

˜̂H = R̂Ĥ(t)R̂
† − iR̂ ∂

∂t
R̂† (9.2.9)

By selecting R̂ to be a clockwise rota-

tion, many Hamiltonians, written in the

correct interaction frame, can be greatly

simplified.

Taking, for instance, the Hamiltonian in

eq. (3.19), given again for reference:

Ĥ(t) = −γB0Îz −γBd(t) · Î (9.2.10)

Currently,
⃦⃦⃦
Ĥ

⃦⃦⃦
t ≮ 1 due to the Zeeman

term, which can be removed via shifting

to the Zeeman interaction frame. To do

so, the rotation angle is set to the largest

term of the Hamiltonian, such that:

R̂= eiω0 Îzt (9.2.11)

To insert this into the equation for the in-

teractive frame Hamiltonian:

˜̂H(t) = eiω0 Îzt(ω0Îz −γBd(t) · Î)e−iω0 Îzt

−i eiω0 Îzt(−iω0Îz)e
−iω0 Îzt

(9.2.12)

since:

∂
∂t
R̂† = (−iω0Îz)e

−iω0 Îzt (9.2.13)

We can expand the brackets to find:

˜̂H(t) = eiω0 Îzt(ω0Îz)e
−iω0 Îzt

+eiω0 Îzt(−γBd(t) · Î)e−iω0 Îzt

−i eiω0 Îzt(−iω0Îz)e
−iω0 Îzt

(9.2.14)
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As all z components commute with one

another, we obtain:

˜̂H(t) = ω0Îz −ω0Îz

+eiω0 Îzt(−γBd(t) · Î)e−iω0 Îzt
(9.2.15)

The result being:

˜̂H(t) = eiω0 Îzt(−γBd(t) · Î)e−iω0 Îzt

(9.2.16)
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9.3 Dimensionless demagnetization field

The original equation for the mag-

netic field produced by a dipole,

boldsymbolBd(m, relied on many param-

eters containing units, such as the dis-

tance, r, and the dipole magnetic mo-

ment, m:

Bd(m,r) =
µ0

4π
3(m · r̆)r̆ −m

r3 (9.3.1)

Where µ0 is the vacuum permeability.

The value of m can be calculated from

known parameters, by rearranging using

the following method:

m=Mv

M = χH
(9.3.2)

Where M is the magnetisation, and v is

the volume. Therefore:

m= χHv (9.3.3)

Where H is the magnetic field strength,

and χ is the magnetic susceptibility of

the material. Following on from this:

B0 =Hµ

µ=µo(1+χ)
(9.3.4)

Where µ is the permeability of the mate-

rial. Therefore:

m =
χvB0

µo(1+χ)
(9.3.5)

The volume of the magnetisation area can

be written in terms of the unit cell pa-

rameter of the CT data, l. Also, since

χ≪ 1, the value of
χ

1+χ ≈
χ:

m =
χl3B0

µo
(9.3.6)

This can be substituted into the original

equation for the demagnetizing field:

Bd(m,r) =
µ0

4π

3

⎛⎜⎜⎜⎜⎜⎝χl3µo B0 · r̆

⎞⎟⎟⎟⎟⎟⎠ r̆ −
⎛⎜⎜⎜⎜⎜⎝χl3µo B0

⎞⎟⎟⎟⎟⎟⎠
r3

(9.3.7)

The scalar factors can be taken out of the

fraction:

Bd(m,r) =
l3χ

4π
3(B0 · r̆)r̆ −B0

r3 (9.3.8)

A new parameter, bd can be defined as:

bd =
Bd
χB0

(9.3.9)

The demagnetisation field can be divided

through by χB0:

bd(r) =
l3

4π
3(B̆0 · r̆)r̆ − B̆0

r3 (9.3.10)

Another parameter, υ, can be detailed as

a dimensionless form of distance:

υ =
r
l

Where, ῠ =
r l-1

r l-1
, and υ =

r
l

(9.3.11)

This can be substituted into bd(r) to

achieve:

bd =
1

4π
3(B̆0 · ῠ)ῠ − B̆0

υ3 (9.3.12)

Here is a generalised case for the demag-

netizing field, where all factors in the

equation are dimensionless. The result of

this equation can be scaled up by any fac-

tor, depending on the experimental pa-

rameters:

Bd = χB0bd (9.3.13)
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9.4 Bead sample results

1D spectra collected within all samples. The TMS peak has been centred at 0 ppm, the

peak at ∼4.5 ppm corresponds to residual hydroxyl protons in the MeOD solution.

Figure 9.4.1: 1D NMR spectra of A) BLK, B) GS, C) GM, and D) GL taken at 16.4 T
where spectra in B, C, and D have bee normalized to individual scales.

All spectra were normalised to individual scales since there was such a significantly

greater signal within the blank sample due to the volume of spins present. Sources in-

dicate the spectrum of deuterated methanol contains two peaks, accounting for resid-

ual hydroxyl and methyl protons. These occur at 4.78 and 3.31 ppm respectively.292

For the blank sample, there is strong evidence of the hydroxyl protons with a persistent

peak at ∼4.7 ppm, present within all glass and plastic-containing samples. However,

the methyl protons only gave rise to a small and badly phased peak at ∼3.2 ppm. The

difference in the relative amount of residual hydroxyl compared to residual methyl

protons is unknown however it is theorised that, with the peak broadening in the bead

samples, the methyl peaks are hidden within the other peaks.

The shape of the bead containing samples is never symmetric because of the inability

difficulty arising from trying to shim in the porous media containing samples. As such,
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the blank sample was shimmed and the same shim positions were used for all bead

samples. This accounting for the poor shape.

Note: Due to the sample having to be remade, the 1D spectra of GM contains a dif-

ferent batch of MeOD-TMS solution which appears to have a greater concentration of

MeOH than in most other samples. Additionally, the rise in residual solvent peaks in

GM and GL could be attributed to water entering the system through contamination.

Since water protons resonate at ∼ 4.8 ppm, their presence may be masked within the

methanol peaks and be indistinguishable due to line broadening.292

Figure 9.4.2: 1D NMR spectra of A) BLK, B) PES, C) PEM, and D) PEL taken at 16.4 T
where spectra in B, C, and D have been normalized to individual scales.
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Simulated propagator calculations (solid lines) and corresponding experimental data

(symbols) for PES, PEM, and PEL at the three external field strengths.

Figure 9.4.3: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) for PES at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation param-

eters are collected in table Table 3.4.

Figure 9.4.4: Simulated propagator calculation (solid line) and corresponding exper-
imental data (symbols) for PEM at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation pa-

rameters are collected in table Table 3.4.

Figure 9.4.5: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) for PEL at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation param-

eters are collected in table Table 3.4.
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Simulated propagator calculations (solid lines) and corresponding experimental data

(symbols) for GS, GM, and GL at the three external field strengths.

Figure 9.4.6: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) for GS at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation parame-

ters are collected in table Table 3.4.

Figure 9.4.7: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) for GM at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation param-

eters are collected in table Table 3.4.

Figure 9.4.8: Simulated propagator calculation (solid line) and corresponding experi-
mental data (symbols) for GL at A) 7.05 T, B) 9.4 T, and C) 16.4 T. Simulation param-

eters are collected in table Table 3.4.
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9.5 PGSTE pulse sequence

The state of the system after the second

90y pulse is as follows:

ρ̂(4) = − Îy cos(γ gz δz)

− Îx sin(γ gz δz)
(9.5.1)

Following the second gradient, the spins

may have moved to a different z-

coordinate and so the gradient is slightly

different:

ρ̂(5) =e− i γ gz δz
′ [︂
−Îycos(γ gz δz)

− Îxsin(γ gz δz)
]︂
e i γ gz δz

′ (9.5.2)

This will initially become:

ρ̂(5) = − Îy cos(γ gz δz)cos(γ gz δz′)

+ Îx cos(γ gz δz) sin(γ gz δz
′)

− Îx sin(γ gz δz)cos(γ gz δz′)

− Îy sin(γ gz δz) sin(γ gz δz′)
(9.5.3)

One can utilise the following trig func-

tions:

cos(x)cos(y) =
cos(x+ y) + cos(x − y)

2

cos(x) sin(y) =
sin(x+ y)− sin(x − y)

2

sin(x) sin(y) =
cos(x − y)− cos(x+ y)

2
(9.5.4)

This then results in:

ρ̂(5) = −
Îy
2
cos(γ gz δ (z+ z′))

−
Îy
2
cos(γ gz δ (z − z′))

+
Îx
2
sin(γ gz δ (z+ z′))

− Îx
2
sin(γ gz δ (z − z′))

(9.5.5)

− Îx
2
sin(γ gz δ (z+ z′))

− Îx
2
sin(γ gz δ (z − z′))

−
Îy
2
cos(γ gz δ (z − z′))

+
Îy
2
cos(γ gz δ (z+ z′))

Thus cancelling to:

ρ̂(5) = − Îy cos(γ gz δ (z − z′))

− Îx sin(γ gz δ (z − z′))
(9.5.6)

From here we can use the relations be-

tween Îy or Îx, and the shift operators:

ρ̂(5) =
i
2
Î+ cos(γ gz δ (z − z′))

− 1
2
Î+ sin(γ gz δ (z − z′))

− i
2
Î− cos(γ gz δ (z − z′))

− 1
2
Î− sin(γ gz δ (z − z′))

(9.5.7)

To further simplify:

ρ̂(5) =
i
2
Î+ [cos(γ gz δ (z − z′))

+ i sin(γ gz δ (z − z′))]

− i
2
Î− [cos(γ gz δ (z − z′))

− i sin(γ gz δ (z − z′))]

(9.5.8)

Exploiting Euler’s formula neatens this

equation to:

ρ̂(5) =
i
2
Î+ ei γ gz δ (z−z

′)

− i
2
Î− e− i γ gz δ (z−z

′)
(9.5.9)
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9.6 SBF production and imaging

The production of SBF follows the proto-

col described in Kokubo et al. but is reit-

erated here:265

The following chemicals were obtained

from Sigma-Aldrich and were prepared

in the following quantities:

Table 9.1: SBF reagents

Reagent Formula Quantity Order

sodium chloride NaCl 8.035 g 1

sodium hydrogen carbonate NaHCO3 0.355 g 2

potassium chloride KCl 0.225 g 3

di-potassium hydrogen
K2HPO4. 3H2O 0.231 g 4

phosphate trihydrate

magnesium chloride MgCl2.6H2O 0.311 g 5
hexahydrate

calcium chloride CaCl2 0.292 g 7

sodium sulfate Na2SO4 0.072 g 8

Tris-hydroxymethyl (HOCH2)3CNH2 6.118 g 9
aminomethane

1M hydrochloric acid 1M HCl 39 ml & 0-5 ml 6 & 10

700 ml of deionised water was added to

a clean, dry, and plastic 1 L volumetric

flask. The water was stirred within a wa-

ter bath (1 L beaker) at 36.5 ± 1.5 ◦C.

Reagents 1 through 8 were added in or-

der and only once the previous reagent

had fully dissolved. If the solution hadn’t

reached 900 mL it was topped up to this

value. A pH meter was inserted and prior

to Tris addition, the solution was ∼2 pH.

Tris was added in small aliquots, letting

the pH settle between additions. Tris was

added until the pH was just below 7.45.

At this point, 1M HCl was added drop-

wise until the pH fell to 7.42. The pre-

vious two steps were repeated until all

the Tris was dissolved. Finally, the pH

was adjusted to be 7.4. The solution was

made up to 1 L by allowing the solution

to cool to 20 ◦C and then filling to the line

with deionised water. The solution could

then be stored.
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Figure 9.6.1: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 1.5 hours.

Figure 9.6.2: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 1.5 hours.

Figure 9.6.3: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 3 hours.
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Figure 9.6.4: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 3 hours.

Figure 9.6.5: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 4 hours.

Figure 9.6.6: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 4 hours.
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Figure 9.6.7: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 5 hours.

Figure 9.6.8: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 5 hours.

Figure 9.6.9: SEM images of a PCL scaffold plasma treated them submerged in SBF10
for 7 hours.
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Figure 9.6.10: SEM images of a PCL scaffold plasma treated them submerged in
SBF10 for 7 hours.

Figure 9.6.11: SEM images of a PCL scaffold plasma treated them submerged in
SBF10 for 24 hours.

Figure 9.6.12: SEM images of a PCL scaffold plasma treated them submerged in
SBF10 for 24 hours.
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9.7 Tortuosity results

Figure 9.7.1: DTI in a 0◦ tilted cylinder with a radius of 0.5 mm showing the tortu-
osity for Lab-X (solid black), Lab-Y (dash black), Lab-Z (dot black), Principal-X (solid

grey), Principal-Y (dash grey), and Principal-Z (dot grey).

Figure 9.7.2: DTI in a 30◦ tilted cylinder with a radius of 0.5 mm showing the tortu-
osity for Lab-X (solid black), Lab-Y (dash black), Lab-Z (dot black), Principal-X (solid

grey), Principal-Y (dash grey), and Principal-Z (dot grey).

Figure 9.7.3: DTI in a 60◦ tilted cylinder with a radius of 0.5 mm showing the tortu-
osity for Lab-X (solid black), Lab-Y (dash black), Lab-Z (dot black), Principal-X (solid

grey), Principal-Y (dash grey), and Principal-Z (dot grey).
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Figure 9.7.4: DTI in a 90◦ tilted cylinder with a radius of 0.5 mm showing the tortu-
osity for Lab-X (solid black), Lab-Y (dash black), Lab-Z (dot black), Principal-X (solid

grey), Principal-Y (dash grey), and Principal-Z (dot grey).

Figure 9.7.5: DTI in a 30◦ tilted cylinder with a radius of 0.25 mm showing the
tortuosity for Lab-X (solid black), Lab-Y (dash black), Lab-Z (dot black), Principal-X

(solid grey), Principal-Y (dash grey), and Principal-Z (dot grey).
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