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Abstract

Each individual isotope has a certain precessing frequency when exposed to an
external static magnetic field. Nevertheless, the actual magnetic field, which
each nucleus experiences, depends on its chemical and physical environment.
Thus, under different environmental conditions, the precessing frequency of
the nucleus is slightly different and it can be used to "spy" on the chemical
and physical properties of the medium. Nuclear magnetic resonance (NMR)
relies on the same principle to detect the precessing frequency, using a radio-
frequency (RF) magnetic field interface. Since NMR technique suffers from low
sensitivity, a good communication between the sensor (also known as the coil)
and the nuclei, as well as efficient signal transfer between the sensor and the
rest of signal processing systems, is of great importance. This thesis introduces
and studies three novel solutions to improve NMR performance for different
applications.

One of NMR bottlenecks is the incompatibility of the technique with conductive
elements inside the NMR detection region. Because of their shielding proper-
ties, conductive elements have a considerable impact on the magnetic field link
between the NMR sensor and the sample. This issue influences a wide range of
potentially interesting NMR applications, e.g., electrochemistry reactions, elec-
trophoresis, and dielectrophoresis. As the first sub-topic of this thesis, different
potential electrode designs are suggested in order to overcome this challenge.
The theoretical and experimental evaluation of these potential solutions for an
already-available Helmholtz coil offers two compatible electrode geometries,

namely ultra-thin planar disk and side-wall electrodes.



Abstract

As the second focus point, this thesis tackles multinuclear detection challenges.
In a standard NMR system, the detection bandwidth is traded in the favour of
power transfer between the sensor and other hardware. However, this thesis
considers the other way around. The penalty is evaluated and the sensor geome-
try is optimised to reduce the cost. It is shown that not only can the broadband
detectors push the limits of the total number of detected nuclei but also these
detectors exhibit an acceptable sensitivity.

In parallel, a low-cost, broadband solution is introduced to enhance the sensi-
tivity of standard NMR saddle coils when a small sample volume is available.
This solution is based on a passive element which focuses the coil field of view
at the sample volume. Additionally, this add-on flips the magnetic field so
that it penetrates through the sample volume from a different direction. This
achievement allows an efficient NMR experiment on the samples with hard
geometries, e.g., thin films, thin slices, etc., or with conductive elements.

In summary, this thesis offers three solutions tailored to their specific applica-
tions in order to enhance NMR performance. Furthermore, it has been shown
how different figures of merit (excitation efficiency, RF field homogeneity,
signal-to-noise ratio, and spectral resolution) can benefit from optimising the

geometry of the system based on the requirements.
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Zusammenfassung

Das Magnetfeld, das ein Isotopenkern erfahrt, bestimmt in Abhingigkeit von
seiner chemischen und physikalischen Umgebung seine Prizessionsfrequenz.
Diese Frequenz ist daher unter verschiedenen Umgebungsbedingungen leicht un-
terschiedlich. Dieser wenn auch geringe Unterschied kann dazu genutzt werden,
um die chemischen und physikalischen Eigenschaften des Mediums zu ermit-
teln. Auf genau diesem Prinzip beruht die Kernspinresonanz (Nuclear Magnetic
Resonance NMR): Mit Hilfe einer Hochfrequenz (HF-) - Magnetschnittstelle
wird die Prizessionsfrequenz der Atomkerne eines Isotops ermittelt. Leider ist
die Sensitivitidt der NMR-Technik gering, so dass eine gute, schnelle und sichere
Informationsiibertragung zwischen den Isotopenkernen und dem Sensor (auch
als Magnetspule bekannt) sowie eine hocheffiziente Signaliibertragung zwischen
dem Sensor und den weiteren Komponenten des Signalverarbeitungssystems
von grofiter Bedeutung.

In der vorliegenden Arbeit werden drei neuartige Losungsansitze zur Ver-
besserung der Leistung der NMR-Technik fiir verschiedene Anwendungen
vorgestellt und detailliert untersucht.

Einer der Hemmschuhe fiir die NMR-Technik ist die Inkompatibilitit von elek-
trisch leitenden Elementen innerhalb des NMR-Detektionsbereichs. Aufgrund
ihrer abschirmenden Eigenschaften weisen elektrisch leitende Elemente einen
erheblichen Einfluf} auf die Verkniipfung von NMR-Sensor und Probe durch
das Magnetfeld auf. Hierdurch wird eine Vielzahl von potentiell interessan-
ten NMR-Anwendungen eingeschrinkt, so z.B. elektrochemische Reaktionen,

Elektrophorese oder Dielektrophorese.
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Zusammenfassung

In einem ersten thematischen Schwerpunkt werden daher verschiedene Elek-
trodendesigns vorgeschlagen, mit denen der oben genannten Herausforderung
moglicherweise begegnet werden kann. Fiir eine bereits existierende Helmholtz-
Magnetspule kdonnen mittels theoretischer und experimenteller Bewertung zwei
kompatible Elektrodengeometrien ermittelt werden; dies sind zum einen ultra-
diinne planare Scheibenelektroden, zum anderen Seitenwand-Elektroden.

Ein zweiter thematischer Schwerpunkt der vorliegenden Arbeit ist die Heraus-
forderung, mehrer unterschiedliche Kerne parallel zu detektieren. In einem
Standard-NMR-Gerit wird iiblicherweise die Detektionsbandbreite zu Gun-
sten einer besseren Leistungsiibertragung zwischen dem Sensor und anderer
Hardware verringert. In der vorliegenden Arbeit wird der umgekehrte Weg
beschritten: Die Herabsetzung der Leistungsfihigkeit bei gleicher Bandbreite
wird evaluiert und anschlieBend die Sensorgeometrie optimiert, um auf diese
Weise eine hohere Detektionsqualitit zu erzielen und gleichzeitig die Kosten
zu reduzieren. Es wird gezeigt, dass mit den verwendeten Breitbanddetektoren
nicht nur die Anzahl der detektierbaren Kerne gesteigert werden kann sondern
dass diese Detektoren gleichzeitig auch eine akzeptable Sensitivitit aufweisen.
Parallel zu den genannten Themenschwerpunkten wird eine kostengiinstige
Losung fiir Standard-NMR-Sattelspulen eingefiihrt, die es erlaubt, die Sensi-
tivitdt des NMR-Systems bei einem kleinen vorliegenden Probenvolumen zu
erhohen. Diese Losung basiert hierzu auf einem passiven Element, welches
das Sichtfeld der Spule auf das Probenvolumen fokussiert. Dieses zusitzliche
Element dreht hierbei das Magnetfeld, so dass das Probenvolumen aus einer an-
deren Richtung als zuvor durchdrungen wird. Das Ergebnis dieser Technologie
ist eine Steigerung der Effizienz der NMR-Experimente fiir Proben mit festen
Geometrien wie z.B. diinne Filme, diinne Scheiben oder leitfihige Elemente.
Zusammenfassend werden daher mit der vorliegenden Arbeit drei spezifische
Losungsvorschlige fiir spezielle Anwendungen gezeigt, mit denen sich jeweils
die NMR-Leistung steigern 146t. Dartiber hinaus wurde gezeigt, dass und in
welcher Weise verschiedene NMR-Leistungsmerkmale (Erregungseffizienz, RF-

Feldhomogenitit, Signal-Rausch-Verhiltnis und spektrale Auflosung) von einer

v



Zusammenfassung

Optimierung der Geometrie des Systems auf die jeweiligen Anwendungsan-

forderungen profitieren konnen.






Nomenclatures

Abbreviations

2D Two Dimensional

3D Three Dimensional

LC An electric circuit consisting of an inductor and a capacitor
LccC An electric circuit consisting of an inductor and two capacitors.
ppb Part per billion

ppm Part per million

UTAS Micro total analysis system
ADC Analogue to digital converter
CS Chitosan

DNP Dynamic nuclear polarisation
EC Electro-chemistry

EMF Electromagnetic force

FEM Finite element method

FID Free induction decay

FLASH Fast low-angle shot

FOM Figure of merit

FOV Field of view

FWHM Peak width at its half-height
GE Gradient echo

HF High frequency

HH Helmholtz

LF Low frequency

LL Lenz lens

LNA Low noise amplifier
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Nomenclatures

LOC
LOD
MEMS
MF
MRI
nLOD
NMR
PCB
PVD
RF
ROI
SNR
TE
TR

Constants

&
Ho
h
k

Symbols

R ™WK

e

> =

viii

Lab on a chip
Limit of detection
Micro electro-mechanical system
Middle frequency

Magnetic resonance imaging
normalised limit of detection
Nuclear magnetic resonance
Printed circuit board
Physical vapour deposition
Radio frequency

Region of interest

Signal to noise ratio

Echo time

Relaxation time

Vacuum permittivity
Vacuum permeability
Planck constant
Boltzmann constant

Wave attenuation constant
Wave phase constant

Magnetic susceptibility

Skin depth

Relative permittivity

Wave propagation constant
Gyromagnetic ratio
Wavelength

Relative magnetic permeability
Larmor frequency



Nomenclatures

Specific electrical resistance
Chemical shift

90° pulse width

Magnetic moment

Spin angular momentum
Induced voltage in the coil
Static magnetic field

RF magnetic field

Nuclear spin

Magnetic quantum number
Net magnetisation

Quality factor

S-parameter

Temperature

Longitudinal (spin-lattice) relaxation time constant

Spin-spin relaxation time constant
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1 Introduction

1.1 Motivation

Nuclear magnetic resonance (NMR) is the most powerful method for molecular
structure elucidation and identification. Amongst other applications, investi-
gation of proteins is one of the most interesting topics in molecular biology.
Despite the popularity of protein-NMR methods, in these experiments, proteins
do not experience the same situations as their living environment since the sam-
ple is an "unrealistically" large volume of an "artificially" concentrated medium.
In fact, the investigation of the proteins in their "normal” life is still an open
challenge because of several technical obstacles. The most crucial ones, to be
overcome, are: i) a protein-friendly environment being maintained at the NMR
field of view; ii) the detector geometry being compatible with the small-volume
sample size; iii) the detector being capable of detecting several nuclei; iv) the
detector offering good sensitivity and spectral resolution.

Chitosan gel is proved a suitable soft matter to host the proteins and localise that
at the region of interest. Besides, chitosan can undergo gel-sol transition with
control over the pH of the sample. It can be achieved using a pair of electrodes
and applying an electric field. As the result, chitosan gel can be deposited.
Relying on this feature, a lab-on-a-chip system consisting of a microfluidic
environment equipped with addressable electrodes is required. Presence of
the electrodes at the region of interest introduces shielding and susceptibility
distortions, which undermines the detection performance. As the first objective
of this work, such a lab-on-a-chip system for NMR application is considered in
order to study and evaluate its NMR compatibility and find the best solutions,

accordingly.



1 Introduction

In parallel, the second objective of the work is to design and implement a micro-
detector to detect multiple nuclei required for protein studies. The detector
should consist of a coil and microfluidics to enable handling and analysis of
micro-samples. Considering challenges arising when micro-coils are employed
for multinuclear detection and the constraints imposed by the NMR sensitivity,
a thorough study and analysis of different options seems necessary to select the
best one. The potential solutions should be evaluated at different frequencies
corresponding to different nuclei.

Having the final goal in mind, the main contribution of this research is to lay
the ground for protein NMR application by studying and evaluating different
building blocks individually and to pave the road for further progress in these
directions. It is worth mentioning that the findings and devices, introduced
here, are not limited to the protein applications but can be readily employed for

several other applications, e.g., studying energy storage devices using NMR.

1.2 Thesis outline

This thesis consists of six chapters. While the first (current) chapter introduces
the thesis, the second chapter presents a brief background about the nuclear
magnetic resonance with a more in-depth discussion on the miniaturisation
and the multi-nuclear NMR detection techniques. The next three chapters are
(almost) independent discussions about three sub-projects. Each one of these
chapters starts with a short introduction and continues with the theoretical and
experimental analysis of the devices. The third chapter studies a lab-on-a-chip
platform, compatible with NMR, in order to immobilise and analyse chitosan as
the host for the enzymes and biological samples. Chapter four and five study
two types of detectors enabling multinuclear detection, being compatible with
microfluidic channels. The thesis is concluded in the sixth chapter with a brief

discussion on the achievement of this work and giving an outlook.



1.3 Publications

1.3 Publications
1.3.1 In the scope of this thesis

The results relevant to the main subject of this thesis are concluded in six

publications

Broadband and multi-resonant sensors for NMR [HD1]:
Journal: Progress in Nuclear Magnetic Resonance Spectroscopy (PN-
MRS) 2019- Elsevier
Authorship: Lead author
Content: This article reviews all the published literature, addressing
multi-nuclear NMR detection, employing single coil and from the hard-
ware point-of-view. In addition, this work gives a thorough study of
the topologies and methods implemented in the literature and categorise
them, accordingly. The micro-coil based multi-nuclear NMR has been
also studied by highlighting the differences between micro and macro
regimes and providing a detailed analysis of the state-of-the-art.
Contributions: Conceptualisation, data curation, formal analysis, investi-

gation, visualisation, writing.

An NMR-compatible microfluidic platform enablingin situ electrochem-
istry [HD2]:
Journal: Lab on a Chip (LoC) 2020- Royal Society of Chemistry (RSC)
Authorship: Lead author
Content: This article studies different solutions to integrate the metallic
electrodes, required for electrochemistry experiments, inside an NMR
detection zone for a micro-NMR applications. Based on the simula-
tion toolkit introduced in this paper, different electrode geometries are
evaluated. Experimental analysis was then performed on a selection of
geometries, which exhibit the best performance based on the simulation
results. According to both simulation and measurements, the sidewall

electrodes show the best performance.
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Contributions: Conceptualisation, data curation, formal analysis, investi-

gation, software, validation, visualisation, writing.

Untuned broadband spiral micro-coils achieve sensitive multi-nuclear
NMR TX/RX from microfluidic samples [HD3]:
Journal: Scientific Reports 2020- Springer Nature
Authorship: Lead author
Content: This paper starts with a comprehensive analysis of the spiral
coils for the broadband applications. The optimum geometry of the coil
is found based on the simulation results and a detector was fabricated
accordingly. The performance of the system was verified experimentally
at seven different frequencies.
Contributions: Conceptualisation, data curation, formal analysis, investi-

gation, software, validation, visualisation, writing.

Broadband NMR stripline [HD4]:
Publication: Europian Union Patent-2020
Authorship: Co-inventor
Content: This patent introduces a new type of add-ons for the standard
NMR detectors which enhances NMR sensitivity for micro-samples. In
additions, this add-on flips the field at the detection region. Several NMR
applications, e.g., energy storage, thin film, can benefit from this novel
feature.
Contributions: Conceptualisation, data curation, formal analysis, investi-

gation, software, validation, visualisation, writing.

Real-Time NMR Monitoring of Spatially Segregated Enzymatic Reac-
tions in Multilayered Hydrogel Assemblies [HD5]:
Journal: Angewandte Chemie 2020- Wiley
Authorship: Third author
Content: This paper employs the electrochemistry lab-on-a-chip sys-

tems to form a multi-layered chitosan hydrogel assembly together with
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immobilised enzymes in different layers. Accordingly, simultaneous mon-
itoring of a multiple enzymatic process was achieved employing NMR
spectroscopy.

Contributions: Data curation, investigation, software, validation, writing.

1.3.2 Side projects

Within the course of the Ph.D. career, multiple collaborations were established.

These collaborations led to three peer-reviewed publications.

A non-resonant kinetic energy harvester for bioimplantable applications
[HD6]:
Journal: Micromachines 2019-MDPI
Authorship: Fifth author
Content: In this paper, design and verification of a linear non-resonant
kinetic energy harvester for implantable devices are discussed. The energy
harvester employs coils and permanent magnets to convert motion to the
electrical signal.

Contributions: Formal analysis, investigation, validation.

A sub-cm?® energy harvester for in-vivo biosensors [HD7]:
Journal: Microelectronic Engineering 2019-Elsevier
Authorship: Third author
Content: This article reports the characterisation of the kinetic energy
harvester. The performance of the device installed on a linear shaker was
studied in the first step. In the next step, the device was employed for an
in vivo characterisation by embedding it on a wrist band and for different
activities.

Contributions: Formal analysis, investigation, validation.

Characterization of a wireless vacuum sensor prototype based on the
SAW-Pirani principle [HD8]:
Journal: Processes 2020-MDPI
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Authorship: Sixth author

Content: This paper discusses a wireless vacuum microsensor employing
both Pirani principle and surface acoustic waves (SAW) to enhance the
range and sensitivity. System performance was studied at different con-

figurations. The system was utilised to sense pressures within the range
of 0.9-100000 Pa.

Contributions: Fabrication.



2 Fundamentals

2.1 Overview

Nuclear magnetic resonance (NMR) is a versatile technique, reporting the
interaction of nuclear spins when exposed to a static magnetic field. The non-
destructive nature of this technique makes it a method of choice, especially when
an ongoing process is to be monitored. Chemical specificity and quantitative
features of NMR are the other aspects which boost the popularity of this method
amongst different spectroscopy techniques.

This chapter provides a brief theoretical overview of NMR. This discussion
sets the stage for the successive chapters. Therefore, details are provided as
much as required for the rest of the discussion. The discussion in Section 2.2 is
founded based on the several reference books in the NMR field, e.g., Biomedical
magnetic resonance technology by D. 1. Hoult et al. [1], Spin dynamics by M.
H. Levitt [2], NMR probeheads for biophysical and biomedical experiments by
J. Mispelter et al., [3], as well as several articles by D. 1. Hoult ez al. [4-8]. The
section continues with introducing NMR hardware, signal flow chain, and the
magnetic resonance imaging (MRI) principles.

As a basis for evaluation and optimisation of the NMR detectors, four figures
of merit are presented and discussed in Section 2.3. As another focus point of
this thesis, miniaturisation of the sample and coil are addressed in Section 2.4
by briefly reviewing the topic and listing the pros and cons of the technique. A
major portion of this section is formulated based on the review papers by Webb
[9, 10], Kentgens et al. [11], Fratila et al. [12], and Badilita et al. [13].

In Section 2.5, multinuclear detection techniques are critically analysed as

the third focus point of the thesis. This subsection is based on a review pa-
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per, we have published in Progress in Nuclear Magnetic Resonance Spec-
troscopy (Elsevier) journal [HD1]. This study has been also presented in

Euroismar 2019 as a poster contribution.

2.2 Nuclear magnetic resonance principles

Atoms are the main building blocks of the matter. They either combine as
molecules or develop an ensemble of atoms which form a macroscopic struc-
ture. An atom consists of electrons, protons, and neutrons. While protons and
neutrons are densely packed in the nucleus, electrons are orbiting on certain
trajectories around the nucleus. Distribution of electrons are influenced by the
bonds to the other atoms, but the nucleus stays very much the same in normal
conditions (ignoring high power irradiation or radio-active processes). Different
isotopes have different combinations of protons and neutrons and, therefore,
exhibit different properties, i.e., mass, charge, spin angular momentum (§),
and magnetic moment (fi). Mass and charge of the nuclei affect the physical
and chemical properties of the atoms and molecules. Hence, these two can
be measured and observed easily. The latter two are more difficult to identify
since they are not involved in the macroscopic physical and chemical proper-
ties of the atoms and molecules. This fact also means that manipulating the
spin or magnetic moment of an atom do not affect the chemical and physical
properties of the atoms and atom/molecule maintains its usual behaviour when
those properties are being measured. The spin and the magnetic moment are
inter-dependent and observing one of those can lead to understanding the other
one. The relation between the magnetic moment and spin angular momentum
can be expressed as

fi=yS (2.1)

where ¥, known as the gyromagnetic ratio, is an intrinsic property of the isotope.
Figure 2.1 illustrates the gyromagnetic ratio of the NMR active nuclei.
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Figure 2.1: The gyromagnetic-ratio distribution of the NMR active nuclei. The red dots show the
nuclei which have been investigated employing the multinuclear detectors and the green dots corre-
spond to the other NMR-active nuclei. The data were curated from http://chem.ch.huji.ac.il/nmr/
and http://web.mit.edu/speclab/www/Facility/nmrfreq.html (accessed 01.2019) and the figure is
reproduced from [HD1].

Each sub-atomic particle (electron, proton, or neutron) exhibits spin 1/2. Based
on the combination of its protons and neutrons, each isotope has a certain spin
number. This number shows the ground state of the nuclear spin (/). Each
nuclear spin state consists of 2 x [ + 1 substates, which are degenerated at the
absence of an external magnetic field. The absolute value of the spin angular

momentum can be defined as
S=nI(I+1) (22)

The spin angular momentum of the nucleus is shown with a vector. When the
spins degenerate, the spin vectors are randomly distributed and cancel each other

in microscopic scales, as illustrated in Figure 2.2.a. In other words, although
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Figure 2.2: a. Random distribution of the spin vectors when By = 0 results in zero net magnetisation;
b. When applying By, the spins of the sample precess around the field direction and also slightly
align themselves to the field. It corresponds to a net magnetisation in macroscopic scales. c. After a
90° excitation pulse, the flipped magnetisation returns to its equilibrium by precessing around Bg
and with T and T, time constants.

the individual nuclei have certain magnetic moments, the overall magnetisation
of the sample is zero.

Applying an external static magnetic field By (by convention, the system of
coordinates is defined so that static magnetic field is along z-axis), splits the
substates. This effect is called nuclear Zeeman splitting. The energy difference

between two consecutive substates is

—

AE = —[i.By = —yS.By = —ymhB, (2.3)

10
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where m is the magnetic quantum number having a value within the range of
—1I to I. The analogy for Zeeman splitting is the precessing of the spin vectors
around the static magnetic field axis. This precessing has a certain frequency,

known as the Larmor frequency which is defined as

wo = YBo 24

Although the splitting is about four orders of magnitude smaller than the thermal
energy at room temperature, the thermal energy slightly declines the precessing
angles of the nuclei. This effect corresponds to the generation of a net mag-
netisation (see Figure 2.2.b) which is a very slow process comparing to the
precessing speed. Assuming Bg being applied at # = 0, this phenomenon can be
expressed by an exponential equation as
ot

M.(t)=Mp(1—¢ 1) 2.5)
where M is the macroscopic magnetisation at the equilibrium and T; is the
longitudinal (spin-lattice) relaxation time constant . According to Boltzmann
distribution for occupation probability of the m-th substate considering N nuclei
of interest in the sample, the macroscopic magnetisation of the sample can be

derived as

_ NYRA(I+1)By
0~ 3kT

where k is the Boltzmann’s constant and T is the sample temperature. Taking

(2.6)

'H as a classic example for a two-state system, the difference between the state
populations is ~40 ppm in 11.74 T external magnetic field and at 300 K. This
minute magnetisation is the main reason behind the low sensitivity of NMR in
comparison to the other spectroscopic methods. Assuming a few ml sample
volume, the total magnetisation along the static field is about eight orders of
magnitude smaller than the external field. Therefore, the magnetisation cannot

be measured as long as it is parallel to the external field. In order to measure

11
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the net magnetisation, one can flip it to an orthogonal direction, where the
static field has no components and measure the flipped magnetisation. The
spins can absorb the oscillating magnetic fields, with the same frequency as the
Larmor frequency. The absorbed energy is stored in the tilt angle of the spin
vector. Therefore, irradiation of the spins with an RF magnetic field can flip
the magnetisation in an orthogonal plane in order to enable measurement of
the net magnetisation. For an excitation RF pulse B] = B,& +Byy+ B2, the

magnetisation can be calculated using the Bloch-equations:

M, - T% YBZ *}/By M, 0

d

= M, |=|-yB. - Tiz YBy M, |+ o0 2.7)
M. YBy —YyB. —1 | \M: %ﬂ

where 75 is the spin-spin relaxation. Assuming the RF field along the nominal
y-axis, the equations can be simplified. In this case, for an RF field amplitude
B, the pulse which flips the spins to xy-plane is called 90° pulse and its duration
is calculated as Tgge = %21,

As soon as the excitation pulse is stopped, the spins release the stored energy by

assuming this time is much shorter than T and T».

relaxing back to their equilibrium state, i.e., by a similar precessing behaviour,
as depicted in Figure 2.2c. Assuming a detector sensitive to the magnetic field
fluctuations in y-axis, the relaxation of the spins can be captured.

Both excitation of the spins and detection of the relaxation can be performed with
either one coil or two different coil and based on the Faraday’s law of induction.
There are different types of coils with different geometries. Without loss of
generality, a loop of wire surrounding the spins and with its axis along y-axis
can represent the NMR coils. Based on the geometry and intrinsic properties of
the coil, it generates an oscillating magnetic field (Blu), at its surrounding space,
for a unit current applied to its ports. According to the principle of reciprocity,

the coil is similarly sensitive to the magnetic field fluctuations in y-axis and

12
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translates those fluctuations to an electrical signal at its ports. The collected

signal can be calculated as

§t) = /WW 2.8)

The collected signal, known as the free induction decay (FID), is usually pro-
cessed and presented in the frequency domain and is called the NMR spectrum.
Assuming a perfectly uniform By, all the spins precess with the same frequency
and the NMR spectrum is a Lorentzian peak as the result of relaxation. The
peak width at half height for this case is 2/7.

Nevertheless, several non-idealities contribute to the measurements and intro-
duce deviations to the collected signal. These deviations can report on the
environment of the nuclei in the microscopic scale and in a quantitative manner.
The deviations can be divided into two groups: the deviations which stem from
non-perfect experimental conditions and the deviations which are related to the

sample. The main imperfections related to the experimental setup are:

By distortions: Fluctuations in the external magnetic field are proportionally
translated as distortions in the Larmor frequency of the spins. Therefore,
the NMR spectrum is a collection of dense peaks. Assuming that the sen-
sitivity of the coil is uniform all over the sample region, the final spectrum
is the convolution of Lorentzian peak and B spatial distortions folded in
linear dimension. By distortions can be made as a result of original field
inhomogeneities, or susceptibility mismatch between different materials.
Shim structures are employed in NMR systems to correct the distortions
and adjust the line width. In addition, the material boundaries are pushed

away from the detection region in order to minimise their effects.

B; inhomogeneity: RF field inhomogeneity induces non-uniform flip angles
at different location of the sample. As Equation 2.8 implies, integral of the
NMR spectrum depends on the average RF field at the sample region. In
longer excitation pulses, this phenomenon corresponds to the dispersion

13
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of the spins and cancellations of the total magnetisation. Besides, the
efficiency of some NMR and MRI experiments, e.g., polarisation transfer,
diffusion NMR, MRI, peak suppression technique, strongly depend on
the RF field homogeneity.

Noise: As discussed, the total magnetisation of the sample is very low and the

NMR signal is weak. Therefore, noise and signal-to-noise ratio (SNR)
are the major concerns in NMR. The thermal noise of the coil and also
the sample are the main sources of the noise. In the case of small sample
volumes, i.e., micro-samples, the noise of the coil is dominant [14]. In
high magnetic fields, the resonance frequency is also high and therefore,
skin depth and proximity effects increase the resistance of the coil and
accordingly the noise generated by that.

The second group of deviations, which originate from the physical and chemical

properties of the sample, can be used to identify it. These deviations can be

summarised as follows:

Chemical shift: Instead of distortion in the external static field, the structure

of the molecules and the electron cloud surrounding the spin can introduce
a slight By distortion in microscopic scales. As a matter of fact, NMR
is especially useful because of the ability to collect these distortions
and depict them as a signal. These distortions usually cause offset in the
frequency axis (in part per million-ppm) based on the chemical compound

and the electron cloud distribution around the spin under study.

J-coupling: The magnetic momentum of the nuclei in the neighbourhood can

14

act as an external magnetic field and distort the electron cloud around
the spin under study. In this manner, the neighbourhood nuclei affect the
static field, which the spin sees, and indirectly introduce a shift in the peak
position. Therefore, this effect is also known as indirect dipole-dipole
coupling. J-coupling is independent of the external magnetic field and
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hence is expressed in Hz. This effect results in a collection of peaks

known as multiplets.

Dipole-dipole coupling: The direct interaction between the magnetic mo-
ments of two neighbourhood nuclear spins results in the dipole-dipole
coupling. In the isotropic liquids, the secular part of the dipole-dipole
coupling is averaged to zero but in anisotropic liquids or the solid-state
NMR this effect plays a big role as the structure of the sample is fixed and
the interactions do not cancel each other. Magic angle spinning techniques

have been developed to exclude these effects from the NMR spectra.

2.2.1 NMR hardware

In its very primitive structure, an NMR system requires a static magnetic field, an
excitation/detection coil, the transceiver circuits, and the processor to calculate
the Fourier transform of the collected signal. These main building blocks of the
system are depicted in Figure 2.3. The magnetic field is generated by either a
superconducting magnet (for high field NMR) or a set of permanent magnets
(for low field NMR). The sample is placed inside the detection zone of the coil,
which is connected to the transceiver circuits through an intermediate network.
This network, maximising the power transfer rate between the coil and the
transceiver, is usually called the tuning/matching network and consists of, at
least, two capacitors.

The transceiver consists of several sub-systems. The excitation pulse is gener-
ated in the synthesizer according to the data provided through the user interface.
This pulse is then directed to the amplifier to adjust its power level. The duplexer
connects the output of the amplifier to the coil in the excitation phase so that
power is transferred to the coil and excitation is performed. In the receive mode,
the collected signal is directed to the low noise amplifier (LNA). LNA boosts
the signal amplitude to be robust to the processing steps afterwards. In the next
steps, down-conversion and frequency adjustment are performed. The down-

conversion is performed by a mixer and with respect to the reference signal
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Magnet Transciever HMI/

. . Processor
LNA Mixer Filter ADC

Duplexer

Amplifier Synthesizer

Figure 2.3: A simplified NMR experiment setup consisting of the magnet, the transceiver system,
and the processing unit. While the coil is inside the magnet, it is usually connected to the transceiver
through a tuning/matching network. The transceiver provides the excitation signal for the coil. In
the receive mode, the transceiver collects the signal induced into the coil and after some adjustments
delivers it to the processor.

being produced by the synthesizer. The result is filtered before digitisation in
order to eliminate noise which are out of the detection bandwidth. The digital
signal at the output of the ADC is further processed using the processor to
calculate its Fourier transform and generate the NMR spectrum.

In a functional NMR system, several other systems, e.g., shimming, lock, are

required to ensure accuracy of the measurements.

2.2.2 MRI

In an imaging experiment, in addition to the previously mentioned systems
and sub-systems, a gradient system is required to generate field gradient in
different directions. These field gradients, which add up to the static magnetic
field, are used to encode the spatial information in the frequency or collect
signal from a certain location in the space. The phase of the signal can also
be used as another carrier for the spatial information. By proper adjustment
of the gradients, one can select a certain slice in the space, and encode spatial
distribution of the sample or B field to a matrix of signals, known as k-space.
2D Fourier transform of the k-space matrix results in the 2D spatial distribution
of the sample/B; field. Figure 2.4 illustrates a pulse sequence for a simple

MRI experiment, known as the Fast low-angle shot (Flash). A certain slice is
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Excitation

Slice selection 4’—‘—‘

Gradient 1
Gradient2 —— ’—‘
MRI signal

Figure 2.4: The pulse sequence of a Flash MRI experiment. In this sequence, a slice is selected and
by means of two other gradients, frequency and phase encodings are achieved.

selected using the slice selection. By sweeping Gradient 1 and recording the
MRI signals, the k-space matrix can be generated. Gradient 2 is employed for

dephasing and rephasing the spins.

2.3 NMR figures of merit

In an NMR experiment, several different parameters are involved. These param-
eters can be divided into a few groups: i) parameters depending on the sample,
e.g., the gyromagnetic ratio, the total number of spins and their quantum num-
ber, the chemical structure of the sample, the relaxation times (T; and T»); ii)
parameters depending on the experimental conditions, e.g., the external static
field Bg and temperature 7'; iii) parameters depending on the signal processing
steps and settings, e.g., the excitation pulse length and shape, the acquisition
time, the sampling rate.; iv) parameters depending on the excitation/detection
hardware, e.g., the power transfer efficiency between successive blocks, LNA
noise figure, quantisation noise.

As a front-end hardware designer, the task of a detector developer is to design
the best sensor for the required application and based on the rest of the system.

In this thesis, the most important parameters to be considered in a good coil
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practice are defined as the NMR figures of merit. The following chapters use
these figures of merit considering the specific requirements of each application
and NMR setup to study and propose the most suitable designs. These figures

of merit are as follows.

2.3.1 Excitation efficiency

Considering Bloch-equations (Equation 2.7) and assuming a uniform distribu-
tion of the sample all over the sample volume, B and B| along the nominal Z
and y, respectively, the magnetisation (1\7[ ) for any arbitrary sample voxel can be

approximated as:

M = MSin(a)OT) Sil’l('yBluIcoil T)XA—’_MCOS((UOT) Sin(}/Blulcoil T)yA (2 9)
—|—MCOS('}/B1uIcoilT)2

where By, is the magnetic field generated by the coil per unit applied current

. . _ 2
for a rectangular excitation pulse power P = 7. X I,

;; and the pulse length ©
being much shorter than 77 and 75.

In the receive mode, B; = 0 and the magnetisation vectors return to their steady-
state orientation following Equation 2.7. The amplitude of the collected signal
can be calculated using Equation 2.8 as:

E(1) = By X sin (YB1uloi T) X M@y X Vgmpre X cos (@yt) (2.10)

assuming By is perfectly homogeneous at the sample volume. For a uniform
B distribution, the maximum signal amplitude is achieved when the duration

of the excitation pulse is T = 7/(2xyBy,L,;). This value is known as 90° pulse

width (Tz/,). By X sin (YB1uleeii Tr/») indicates the average effective RF field
at the sample region following a #/2 excitation pulse. In presence of By inho-

mogeneities, the signal is the sum of multiple sinusoidal signals with slightly
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different frequencies. By convention, the definition of 7y, still holds as the
pulse width for which the signal amplitude is maximum.

Accordingly, unless otherwise specified, the excitation efficiency is defined as
7/(2x1z),) for 1 W applied power. This value is independent of By and noise
performance of the system and shows the ability of the system to convert applied

electric power to the RF magnetic field at the sample region.

2.3.2 RF field uniformity

By sweeping 7 and observing the collected signal (£), the evolution of the
NMR signal as a function of the pulse duration is achieved. This signal is
known as the nutation signal. Another useful piece of information which can
be extracted from the nutation signal is the B uniformity at the sample region.
As mentioned for the excitation efficiency, assuming a uniform B) field and
ignoring the spin relaxation time, the relative amplitudes of the collected signals
depend on 7 and signal evolves as a sinusoidal wave with respect to 7. However,
the inhomogeneity of B field introduces an envelope to the sinusoidal signal.
As the result, the signal envelop decays with 7. Therefore, the amplitude of the
signal corresponding to the 450° flip angle to that of the 90° is considered as

the measure for field homogeneity.

2.3.3 Relative SNR

The amplitude of the signal following each certain excitation pulse can be
achieved from Equation 2.10. The FID excludes the static field distortions, as
well as T, relaxation. This value corresponds to the area under each certain
peak assuming enough distance between successive peaks. Excluding the
noise contribution from the sample (which is a valid approximation for micro-
samples), the signal-to-noise ratio at the coil’s terminal depends on the Johnson

noise generated by the coil [15]. Therefore,

magnitude(é) o By X Sin(yBluIcoilTn/z) X M@y ¥ Vsample
RMS(I’ZCOI'[) \V 4kTrcoil

SNR = @2.11)
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where T is the coil temperature, k is the Boltzmann’s constant, and r,,;; is the
coil resistance at the Larmor frequency. In the current study, SNR for a unit of
sample volume is studied and the effect of the Larmor frequency, magnetisation,
and coil temperature are excluded from the equation in order to facilitate the
evaluation. Accordingly, unless otherwise mentioned, the third figure of merit
is defined as the relative SNR. Relative SNR is calculated as:

B, X sin (YBlu[coilTﬂ/Z)

V Teoil

SNR,o1 = 2.12)

2.3.4 Spectral resolution

The last figure of merit considered here is the spectral resolution. Usually, the
spectral resolution is defined based on the full-width half-maximum (FWHM)
of the NMR peak. As discussed before, the linewidth depends on both By
uniformity and T, relaxation. As T, relaxation depends on the sample under
study, its effect is excluded in our evaluation. Besides, the external magnetic
field in the absence of the NMR coil and the sample is presumed to be perfectly
homogeneous. Accordingly, the line broadening introduced by B distortions,
after considering the coil, the sample holder, and the sample, is considered as
the figure of merit.

According to Equation 2.7, the impact of By distortions in different sample vox-
els depends on the B field at that voxel. It shall be noted that Equation 2.10 does
not include By distortions. Therefore, the spectrum of the signal considering
the static field perturbations shall be calculated directly from Equation 2.7.

2.4 Miniaturisation

Since in an NMR experiment a small fraction of the spins is magnetised, sen-
sitivity is the Achilles’ heel of NMR spectroscopy. Considering Equation 2.6,
sensitivity can be enhanced by employing a higher By field or performing the

experiments using a sample kept at low temperatures. Despite the progress in
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superconducting magnets, they still experience several technical limits, e.g.,
size of the magnet, supplying power to the magnet, stabilisation, cooling down
the magnet, superconductor material properties. Therefore, further develop-
ments of the high field magnets require even more investments (in terms of
both money and time) before being introduced to the market. Moreover, for
applications such as human MRI, the maximum frequency is limited due to the
safety concerns and higher magnetic fields are not exploitable. Many NMR
samples have a melting point much higher than the cryo-temperature. Therefore,
reducing the sample temperature requires solid-state NMR experiments which
are more complex than the liquid-state NMR. Besides, for the experiments
which deal with living samples and organisms or the samples which require a
preset temperature, cryo-NMR is not an option.

Another option is to artificially boost the spin polarisation. Nuclear Overhauser
effect (NOE) enables the polarisation transfer from a high-gamma nucleus (for
example 'H) to a low-gamma nucleus (e.g. 1*C). In this case, polarisation of
the low-gamma nuclei is manipulated to enhance the sensitivity of the NMR
experiments [16]. Hyperpolarisation techniques transfer the polarisation from a
second system, which is easier to polarise, to nuclei and increase the nuclear
polarisation up to 100 %. Dynamic nuclear polarisation (DNP) relies on the po-
larisation transfer from the electrons to the nucleus. Due to its extremely higher
Larmor frequency, electron magnetisation is six orders of magnitude higher than
the nuclei [16, 17]. By transferring the electron magnetisation, one can expect
more than two orders of magnitudes enhancement in the sensitivity. Optical
pumping is another method to manipulate the polarisation. In this method, Al-
kali metals are exploited to transfer the polarisation of a light source to noble gas
atoms, e.g., 129%e. 3He, or semiconductors [16, 17]. Photochemically induced
DNP employs photo-excitable dyes and a light source to trigger a chain reac-
tion and induce a nuclear polarisation [16]. Parahydrogen-induced polarisation
transfers parahydrogen spins to the sample [16, 17]. In this case, parahydrogen

is achieved by passing the hydrogen isomers through a paramagnetic catalyst.
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As an alternative, the noise can be reduced to improve SNR. The most common
solution for that is to reduce the temperature of the coil. Cryo-probes aim to
reduce the coil temperature but maintain the sample temperature at a certain
level. The thermal isolation between the coil and sample degrades both sensitiv-
ity of the system and spectral resolution by allowing smaller sample volumes
and introducing additional material interfaces. Alternatively, high-temperature
superconductive wires can be employed to reduce the coil resistance and noise
[10]. It should be noted that especially for the large sample volumes or conduc-
tive samples, the sample noise is dominant. Therefore, coil modification cannot
be beneficial.

According to the principle of reciprocity, summarised in Equation 2.8, the signal
collected from any elementary sample volume depends on the amplitude of
the RF magnetic field per unit applied current at the location of the sample.
Therefore, by increasing the RF magnetic field per unit current, signal amplitude
can be enhanced. For this purpose, a more compact winding is required. The
penalties for that are: i) an increase in the resistance of the coil because of
the proximity effects and total length of the conductor; ii) a decrease in the
self-resonance frequency of the coil because of the longer conductor length
and higher inter-turn capacitance. These two side effects increase the power
dissipation in the coil and noise, it generates. Besides, B field generated by
the coil drops when the detection frequency is higher than the self-resonance
frequency.

These issues can be accommodated for small sample volumes by miniaturising
the coil to fit the sample size. As a result, the total resistance is reduced and
the self-resonance frequency is increased. Therefore, miniaturisation helps to
increase the magnetic field generated by the coil for a unit applied current. Con-
sequently, SNR benefits from both reduced noise and increased signal amplitude.
Nevertheless, the penalty is the SNR per unit sample volume which decreases
with the scaling factor. Moreover, compactness of the miniaturised sample and
detector results in higher By distortions and degrades the spectral resolution

[10, 18, 19]. Immersing the detector and the sample in a susceptibility matched
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medium or using zero-susceptibility wires [20] are the potential solutions for
spectral resolution enhancement for micro-coils. Nevertheless, both methods
result in higher noise levels of the coil. Special shims custom-designed for the
samples volume is another potential solution [21].

Although the very first micro-coil was a hand-wound solenoid [22], planar
geometries are more favourable because of their compatibility with standard
micro-fabrication techniques and integration of microfluidic channels. Korvink
et al. have developed a semi-automatic technique using ball-wedge wirebonder
to generate arbitrary 3D helixes being fully compatible with micro-fabrication
process [15, 23-28]. Flexible substrates are also another solution which helped
to realise micro-coils, e.g., saddle coil [29, 30]. Planar spiral coils are another
type of the NMR coils which have been widely studied as micro-coils [31-37].
Stripline coils, which are a subset of the planar geometries, are very wide-spread
since they offer high sensitivity, as well as minimised By distortions [18, 38—47].
Some of the most successful designs are collected in Figure 2.5.

In addition to their compact nature, being problematic in terms of Bg field
homogeneity, another major challenge of the micro-coils is associated with their
connection to the corresponding circuit, i.e. capacitors. The connection paths
have impedances comparable to that of the coil. Therefore, power dissipation
and noise contribution of those elements are considerable.

One method to eliminate the conductive tracks is to provide an inductive cou-
pling path for power transfer. In this case, the miniaturised coil is coupled to
a secondary coil. The miniaturised coil can be either in the resonant mode to
absorb the maximum power from the secondary coil or in the non-resonant
mode. Several designs have been proposed according to these concepts, e.g.,
magic angle spinning coils [25, 28, 48, 49], Lenz-lens structures [50-56]. Addi-
tionally, inductive coupling reduces complexity of the circuit around the sample
region and enhances spectral resolution. Nonetheless, the coupling between two
coils is always smaller than unity which, in turn, results in lower power transfer

efficiency, as well as signal amplitude.

23



2 Fundamentals

Figure 2.5: Different geometries of micro-coils reported for NMR applications: a. spiral coil
(Reproduced from Ref. [37] with permission from The Royal Society of Chemistry.), b. stripline
(Reproduced from Ref. [42] with permission from American Chemical Society), c. Helmholtz
(Reproduced from Ref. [26] with permission from IOP Publishing), d. saddle (Reproduced from
Ref. [29]with permission from Publishing), e. solenoid (Reproduced from Ref. [14] with permis-
sion from American Association for the Advancement of Science), f. solenoid with integrated
microfluidics (Reproduced from Ref. [27] with permission from Publishing)

Developments of the micro-coils motivated new NMR applications, especially
for limited sample volumes or precious samples which were not exploitable
by conventional NMR. In addition, from the economical point of view, micro-
NMR along with developments in the superconducting magnets and NMR/MRI
software is envisioned to unlock new opportunities such as wearable sensors
and also the integration of the NMR sensors to the production lines as a quality
control methods [57].

2.5 Multinuclear NMR

One of the most interesting features of NMR is its ability to address a wide range
of isotopes. It allows the user to perform experiments on all NMR-active nuclei
in a sample and collect information from different perspectives, corresponding

to different isotopes. In addition, some more sophisticated techniques are able
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to study the correlation between different nuclei by transferring the polarisation
from one kind to another. The decoupling experiments are also helpful to
exclude the coupling between two isotopes from the NMR spectrum. All these
features are available due to the progress in the NMR hardware. In the front end
of this hardware, the coil should be capable of multinuclear detection. As NMR
suffers from low SNR, maximum efficiency in power transfer between the coil
and the LNA is of great interest.

According to circuit theory, maximum power transfer between two circuits
is achieved if their impedances are complex conjugate. As a standard proce-
dure, commercial LNAs have 50 Q resistive impedance at their input. Besides,
the coaxial cable, which connects the coil and the LNA, has a characteristic
impedance of 50 Q2 meaning that it has its best performance once it is terminated
to this impedance at both ends. Therefore, the impedance of the coil should also
be transferred to 50 Q. In its simplest form, it is realised with two capacitors
known as tuning and matching capacitors, respectively. Usually, power dissipa-
tion in these capacitors is negligible since capacitors have high quality factors.
Nonetheless, the two capacitor set-up can provide the tuning/matching at only
one certain frequency.

Consequently, using the tuning/matching circuit enhances the power transfer
efficiency at one frequency with the cost of degrading power transfer at the other
frequencies. One possibility for multinuclear detection is to employ multiple
coils, each of which being tuned/matched at a certain frequency and all of them
sharing the same sample volume. There are four issues associated with these
designs: i) restricted access in the bore of the superconducting magnets does not
allow several pieces of hardware to be implemented; ii) the additional hardware
in the bore of the magnet distorts By homogeneity and spectral resolution; iii)
cross-talk between the coils results in additional noise in the receive mode, as
well as power leakage in the excitation mode, which is harmful to the circuits in
the secondary channel and/or distorts the concurrent measurements; iv) different
coils have different regions of interest meaning that the actual sample under

study is different at different frequencies.
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The other possibility is to use a single coil but to employ a different type of tun-
ing/matching network to achieve multiresonant performance. The network can
either provide multiple output ports and act as a demultiplexer, so that each port
corresponds to a certain frequency, or have a single output port and provide the
tuning/matching for all frequencies at that port. In the former case, the cross-talk
between the ports, as well as the power dissipation within the network, should
be considered. The latter option requires additional filters at the input of the
LNA to block the unexpected frequencies in concurrent measurements. In both
circumstances, the network should be as close as possible to the coil, in order
to enhance power transfer efficiency. Therefore, the elements of the network
distort By field. Moreover, the multi-coil and multiresonant configurations can
be combined to provide multinuclear detection. The resonance-based circuits
are especially useful when two or three nuclei are to be detected. For higher
numbers of nuclei, the circuit becomes too complex and the efficiency of the
circuit drops considerably.

In addition to these configurations, some designs rely on variable capacitors
or switches to either sweep within a range of frequencies or to switch between
multiple frequencies. These designs are not capable of simultaneous excitation
and detection at different frequencies.

In another category, the coil has a wide working bandwidth so that more than one
nucleus can be detected. These wideband detectors require no means of tuning
and matching. As expected, they exhibit lower SNR in comparison to their single
resonance counterparts. Considering their wide bandwidth and ability to detect
several nuclei, broadband coils are a good choice for the cases when more than
five nuclei are to be detected. Figure 2.6 presents all different configurations
and methods which can potentially provide multinuclear detection with a single
coil.

This section provides a thorough study of the multiresonant circuits and also
broadband coils for NMR applications by analysing their building blocks and
possible topologies. For this purpose, Subsection 2.5.1 considers the multireso-

nant circuits and Subsection 2.5.2 focuses on the broadband schemes.

26



2.5 Multinuclear NMR

Transmission line Delay line
Non-tuned Electrically coupled
—
@ = W
Impedance transformer \@ )52
e W Inductively coupled
o nCuctively coupled

Multi-

nucleus

Single element trap |

o Multi-tank

Parallel LC trapf

Figure 2.6: Different topologies enabling multinuclear NMR detection employing just one NMR
coil. While the multiresonant circuits enable NMR at multiple discrete frequencies, broadband
topologies offer a wide bandwidth in which the detection can occur. Multiresonant circuits are
divided into two subcategories: tank circuits and trap circuits. The broadband designs can be
categorised as delay line, transmission line, and non-tuned topologies. Tank circuits rely on either
electrically coupled, inductively coupled, or multi-tank topologies. Trap circuits can be realised
by either transmission line traps, series LC traps, parallel LC traps, null-voltage points, LCC traps,
single element traps, or impedance transformer circuits. The figure is reproduced from [HD1].

2.5.1 Multiresonant NMR detectors

Two different topologies, which enable multiresonant detection with a single
coil, are presented in Figure 2.7. The main difference between these two is
the total number of access ports, being available for each configuration. While
the topologies relying on the trap circuits provide multiple access ports, the
topologies employing tank circuits deliver all the frequencies at one single port.
Nevertheless, the trap and tank building blocks are not limited to the ones
depicted in Figure 2.7 but there is a wide range of selections as shown in
Figure 2.6. In order to gain a better understanding of these building blocks, the
blocks are introduced and analysed in Subsection 2.5.1. The circuit topologies
which employ these building blocks are discussed in Subsection 2.5.1.
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Figure 2.7: Two different topologies to achieve a multiresonant network. a. A trap network has
multiple ports. Where the first port is connected to the coil, the other ports are the output ports
to be connected to their corresponding channels. Accordingly, S11(f;) = —co and S;(f;) = —o
and S;;(f;) = 0 Vi to satisfy the maximum power being delivered to the coil whereas S;;(f;) =
—oo Vi, j# 1 and i # j to satisfy a good inter-channel isolation. In terms of the first port, it can be
as a differential port or a common port with one line sharing a common potential with the other
ports. b. A tank topology provides a two-port network in which the first port is connected to the coil
and the second port is connected to the channels. In this case, Sy (f;) = —co, S22 (f;) = —o0 and
S12(f;) = 0 Vi. The tank topologies can be either loosely coupled or over coupled. The figure is
reproduced from [HD1].

Methods

 Trap circuits: In their ideal form, trap circuits act as frequency-dependent
switches which allow a frequency (or a range of frequencies) to pass and
block the rest. These switches are made of components such as inductors
and capacitors. Because of the limited quality factor of these elements,
the block and pass behaviour of the trap circuits are not ideal and there
is some power leakage or attenuation, respectively. Different methods to
realise a trap circuit are listed as follows.

(a) Parallel LC trap: ignoring the effect of the self-resonance frequencies

of the inductor and capacitor, the impedance of a parallel LC trap is

r . L(1-LCw?) —r*C

Z= w
(1-LCw?)? +r’C*w? i (1-LCw?)? +r’Co?

(2.13)
where r is the series resistance of the inductor, L is the inductance

of the inductor, C is the capacitance of the capacitor and ® is the

working frequency in rads~!. At its resonance frequency (where the
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imaginary part is zero), the trap acts as an open switch with high
resistance. The resonance frequency and the impedance of the switch
depend on the quality factor of the coil (Q = L@xes/r). At frequencies
lower than the resonance frequency, the inductive part is dominant
and the circuit acts as an inductor with a certain resistance, whereas
at the frequencies higher than the resonance frequency, the circuit
acts as a lossy capacitor. Therefore, this circuit is usually used as a
low-pass trap in the series mode and a high-pass trap in the shunt
mode. Figure 2.8.a. and b. show the trap frequency and the trap
impedance as the functions of the inductor quality factor.
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Figure 2.8: a. The trap frequency as a function of quality factor for a parallel LC trap. b. The trap
impedance as a function of quality factor for a parallel LC trap. c. The impedance of an open-ended
transmission line as a function of its length with respect to the frequency. d. The impedance of a
shorted transmission line as a function of its length with respect to the frequency.

(b) Series LC trap: the impedance of a series LC circuit is

LCw” —1
z:r+jCT (2.14)

and at its resonance frequency, the trap acts as a signal path with
relatively small resistance. The trap acts as a capacitor at frequencies

lower than its trap frequency and as an inductor at frequencies higher
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than the trap frequency. Accordingly, the series LC is a high-pass

trap in the series mode and a low-pass trap in the shunt mode.

LCC trap: the impedance of a circuit consisting of either a parallel LC
in series with a capacitor or a series LC in parallel with a capacitor
is purely resistive at two different frequencies. At the lower trap
frequency, it has a low resistance and can be exploited as a short
circuit whereas at the higher trap frequency it has a high resistance
and can be exploited as an open switch. Therefore, these circuits can
be used as both low-pass or high-pass traps in either series or shunt

modes, respectively.

Open-ended transmission line: the impedance of a transmission line
being measured at one of its ports when the other port is open, is
%

Z= m (2.15)
where Zj is the characteristic impedance of the transmission line and
[ is the length of the transmission line. I is a complex value known as
the propagation constant. Its real part (&) is known as the attenuation
constant and determines the power loss during wave propagation and
is negligible when / is shorter than the wavelength. The imaginary
part (8 = 27/3) determine the phase of the wave while propagating
through the transmission line. An open-ended transmission line
is always a shunt element which traps wavelengths A = 4//n with
n€{1,3,5,...}. Figure 2.8.c illustrates the impedance of an open-
ended transmission line as a function of the signal frequency. To keep
power dissipation in the cable small, as well as eliminate unwanted
trap performances at other frequencies, the open-ended transmission
line is usually used as a high-frequency trap and the length of the
transmission line is selected to be /4 where A is the wavelength of

the high-frequency signal.
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(e) Shorted transmission line: the impedance of the transmission line at

its first port, when the second port is shorted, is
Z = Zy x tanh(I'7) (2.16)

and in the shunt mode it traps signals with wavelength A = 2!/ if
n€{1,2,3,...}. Figure 2.8.d shows the impedance of a shorted trap
as a function of its length. Usually, the shorted transmission line is
employed as a low-frequency trap and the length of the transmission
line is calculated as [ = /4 where A is the wavelength of the high-
frequency signal.

Table 2.1 summarises the trap circuits at different frequencies. The skin
effect shall be considered when selecting a trap. In the parallel LC high
frequency (HF) and the LCC traps, the skin depth decreases the resistance
of the traps at high frequencies whereas, in the parallel LC low-frequency
(LF) traps, the skin depth does not have a significant effect. Similarly, in
the series LC HF trap, the skin effect degrades the trap performance but,

it enhances the performance at high frequencies in the series LC LF trap.

Tank circuits: The tank circuits are similar to the trap circuits in terms
of the circuit elements but the difference is at the working frequencies.
As discussed, an LC circuit acts as either an inductive or a capacitive
element at the frequencies except for its trap frequency. This inductive
or capacitive element can be exploited as a variable element to tune and
match the coil at different frequencies. The connection between the tank

circuit and the coil is established using two different methods:

(a) Electrically coupled tank circuits: in this case, the LC circuit is added
to the tuning/matching capacitor to manipulate its impedance and
allow for the multiple resonance performance. The circuit consisting
of the tuning/matching capacitor and the tank circuit looks like an

LCC but as mentioned, it is exploited at frequencies other than the
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Table 2.1: Different types of trap circuits with their simplified equivalent electrical models at
different frequencies with respect to their trap frequency. The table is reproduced from [HD1].

Low-frequency High-frequency
equivalent circuit equivalent circuit

LF trap o— —0 O—LO_I—C

HF trap

Circuit block

°_"—rwyl° o————0 o— 1ML,

LF trap

g

/ o— o o— —0

iy

——
)

—o
e —

trap frequencies. Two different possible configurations are: a series
LC in parallel to a capacitor or a parallel LC in series to a capacitor.
Regardless of the circuit configuration, the impedance of the circuit
can be divided into respectively three different zones: a low-frequency
capacitor, a mid-frequency inductor, and a high-frequency capacitor,
as presented in Figure 2.9. The interesting regions, in this case, are the

first and the last zones as the circuit exhibits capacitive performances.
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Figure 2.9: a. An LC tank circuit, being electrically coupled to a tuning/matching capacitor, divides
frequency axis to three zones. The circuit is exploited as a tank circuit at the first and the last zones.
b. An LC tank circuit, being inductively coupled to the coil, divides the frequency axis to three
zones. The circuit is exploited as a tank circuit at the first and the last zones.

(b) Inductively coupled tank circuits: a parallel LC circuit can be coupled
to the NMR coil through inductive coupling. Therefore, the total
impedance seen from the coil port is accordingly divided into three
distinct regions: a low-frequency inductor, a mid-frequency capacitor,
a high-frequency inductor. The interesting regions are the first and

the last regions as the circuit has an inductive behaviour.

Challenges associated with tank/trap circuits

Tank and trap circuits should be placed in the close vicinity of the coil in order
to eliminate long tracks and enhance the overall performance of the system.
However, the coupling between the inductors and the coil is an experimental
challenge to be considered when designing these circuits. The limited space
inside the magnet bore, as well as Bg distortions, exacerbate the issue. Ca-
pacitors are the other elements in the trap/tank circuits which pose their own
issues. On one hand, the capacitors should fulfil the magnetic compatibility
requirements, on the other hand, the breakdown voltage of the capacitors should
comply with the applied power. Usually, a higher applied power mandates more

bulky capacitors, which make the whole tank/trap circuit larger and restrict the
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total number of elements. The other consideration is the presence of several

metallic elements inside the bore of the magnet which affects the RF magnetic

field and the impedance of the coil and inductors. Therefore, in the design

process of the trap/tank elements, the practical tolerances should be taken into

the account.

Topologies

34

* Trap circuits: In the circuits which require simultaneous excitation and

detection at different frequencies, different channels should be isolated in
order to maintain power transfer efficiency at the excitation channel and
protect the circuit elements in the other channels from high amplitude
excitation pulses. In the receive mode, the isolation assures the collected
signal being delivered to the corresponding channel and eliminates the
noise of the other channels to degrade SNR. Therefore, the trap circuits
can be employed to provide isolation. Depending on the configuration of
the traps with respect to the coil, the trap topologies can be divided into
two main subcategories: the common mode and the differential mode.
Assuming the coil as the core for the circuit, the differential mode is the
case where two different channels are connected to two ends of the coil,
whereas in the common mode both channels are connected to a common

end of the coil. A few examples of these circuits are given in Figure 2.10.

(a) Common mode traps: In the case where the trap circuits are not next
to the coil, the distance between the trap and the coil is bridged with
a coaxial transmission line [58—60]. As result, the current of the coil
is provided through the cable and the power dissipation in the cable
plays an important role. Moreover, since the cable is not terminated
to its characteristic impedance at the coil side, the impedance, seen at
the other side, depends on the frequency and the cable length. This
feature, known as impedance transfer, can be mindfully designed to
improve the inter-channel isolation. It should be noticed that the trap
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circuits shall be designed for the transferred impedances and not the

coil impedance.

Coil
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Figure 2.10: Different circuits employing trap topologies: a. Leach [61] designed a double resonant
coil based on the LCC common mode traps; b. Kc [60] implemented a common mode trap circuit
after transferring the impedance of the coil. c. A double-resonant differential mode trap circuit,
developed by Spengler [62]. d. Doty [63] used the transmission line traps to provide the return
path for the signals in a differential mode trap topology. e. Grant [64] implemented a differential
mode trap with two traps at the low-frequency side. f. Li [65] used a differential mode circuit
to differentiate between the high-frequency signal and the low-frequency channels. Three low-
frequency signals are applied using the common mode traps. g. Brauckmann [66] inserted two
low-frequency channels at the null-voltage points of the high-frequency channel in differential
mode. h. Collier [67] employed a solenoid coil connected to a common/differential mode circuit in
order to acquire three resonance frequencies. The figure is reproduced from [HD1].
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(b)

The non-linear impedance transfer concept is meant to increase the
contrast between the impedance of the coil at two different frequen-
cies so that the isolation at these frequencies is easier. In its extreme
case, the branch for each frequency is connected to the nodes at a
certain length of the cable where the other signal has minimum am-
plitude [11, 68, 69]. These points, being called the null voltage point
or the virtual ground, are helpful to enhance the isolation with no
counter effects on the other channels. The impedance transfer concept
has been also explored by adding a parallel capacitor to the coil to
pre-tune the coil [45, 70-78] or by employing a combination of both
capacitors and transmission lines [79-82, 82]. The impedance trans-
fer is especially advantageous for micro-coils where their impedances
are low and comparable to the impedance of the traps in their short
circuit mode. Additionally, the signal is immune to the power loss
in the connecting tracks when the coil impedance is transferred to a

relatively higher value.

Nelson [83] reported the first common mode trap circuit based on par-
allel LC HF and series LC HF traps respectively in low-frequency and
high-frequency signal paths. A similar circuit was reported by Stoll
[84] where the series LC HF trap was replaced by a single capacitor
to enhance the low-frequency isolation and simultaneously reduce
the resistance at high frequencies with the cost of a small residual
capacitance. Other authors [41, 45, 58, 60, 70, 85] have also used the
single capacitor approach instead of the series LC HF traps, especially
because this capacitor can be exploited as the tuning/matching ca-
pacitor of the high frequency channel. Besides, the LCC trap circuits
have been employed by Kan [86] and later by Leach [61].

Differential mode traps: For the cases where balancing of the coil is
essential, the differential mode is a better choice. It can be achieved

by using a shunt trap circuit for the opposite port.
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The differential mode circuits were introduced by Cross [87] where
he used shunt segments of transmission lines to provide return paths,
as well as to tune the coil, at different frequencies. Doty enhanced
the design by replacing the tuning transmission lines with capacitors
and the shunt open-ended transmission line with a series LC HF
trap or a single capacitor [63, 88]. The single capacitor approach
was picked up by other authors [64, 65, 67, 89-95] thanks to its
superior noise performance and better power transfer efficiency at
high frequencies. Since the capacitor, in this case, is a balancing
capacitor and carries half of the voltage across the coil, it does not
function as isolation for the low-frequency channel. In some cases, a
secondary trap was employed to reduce power leakage and reinforce
isolation [64-68, 77, 80, 86, 88, 91, 93-103].

Tang [93] and Zhang [89] proposed single inductors instead of the
parallel LC HF trap which has poor isolation because of the amplified
impedance at frequencies lower than the resonance frequencies. Zens
[90], Stringer [103], and later Grant [64, 97] replaced the inductors
with segments of transmission lines in series with capacitors in or-
der to obtain low-frequency traps. The LCC traps were employed
by Spengler [62] to improve circuit performance for micro-coils
whereas Park [96] employed the LCC traps together with the tuned
coil. Some reports also employed the impedance transformation

techniques, namely the pre-tuning capacitors [71, 80, 90, 96].

The differential mode and the common mode circuits are often combined

in a circuit where higher numbers of resonances are required. Similar

to the double resonant differential mode circuits, the high-frequency

resonances and the low-frequency resonances are fed from the different
sides of the coil [65, 67, 77, 86, 99, 103]. Moreover, the common mode

trap circuits are employed to maintain isolation between the frequencies

within each range. With the help of this hybrid design, the total number

37



2 Fundamentals

38

of isolation circuits can be reduced and accordingly the power transfer

efficiency is enhanced.

The null-voltage point was exploited together with the differential mode
circuits to achieve a higher number of resonance frequencies [68]. Lim
[80] reported a triple-resonance coil in which the coil was first tuned to
a frequency between the two highest frequencies. A differential mode
configuration was employed with the aid of transmission lines to con-
nect these high-frequency ports. A low-frequency channel, as the third
frequency, was connected through the parallel LC traps to a null-voltage
point in a common mode configuration. Three circuits in which the
combination of the differential- and the common mode trap circuits are

employed are depicted in Figure 2.10.

Tank circuits: Since the tank circuits provide the tuning and matching at
different frequencies for a coil through a single port, the inter-channel iso-
lation is impossible. Therefore, either external elements, e.g., filters, are
required for experiments with simultaneous activation of the channels or
this topology should be employed in the sequential experiments. Having
just one access port makes these circuits especially advantageous when
there is a restricted access to the coil, e.g. in narrow bore magnets. In the
early use of the tank circuits, the universal 50 Q impedance matching was
not the case and efforts were focused on realising the resonant circuits for
multiple frequencies [104—108]. Figure 2.11 illustrates a few examples

of tank circuits.

Depending on the proximity of the resonance frequencies, tank circuits

can be divided into two subcategories as:

(a) Loosely-coupled tank circuits: If the desired resonance frequencies
are relatively far (more than 10 %) from each other, the frequency
gap between the resonances provides a good margin and the tank

circuit behaves either as a capacitor or as an inductor at the desired
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Figure 2.11: a. Kan [109] suggested an inductively coupled tank for a double resonance circuit. b.
Tadanki [110] used two loosely-coupled tank circuits electrically coupled to the tuning/matching
capacitors. c. Otake [111] electrically coupled two loosely tank circuits to the coil to achieve two
close resonance frequencies. d. Haase [112] achieved two close resonance frequencies employing
an over-coupled tank. The figure is reproduced from [HD1].

frequencies. Chang [113] reported balanced matching of a tank topol-
ogy employing two capacitors at each side of the tuned coil. Blum
[114] employed a circuit consisting of two parallel LC tank circuits, a
capacitor, and the coil in series. The transceiver coil is coupled to the
inductors of these tank circuits. By adjusting the distances between
the inductors and the transceiver coils, Blum could maintain a good

matching at different frequencies.

Leach [61] and Tadanki [110] proposed the most comprehensive
double resonant circuits using the tank method, as these configura-
tions provide both tuning and matching at two different frequencies.
These circuits provided enough degrees of freedom by employing
multiple capacitors and tank circuits. Subramanian [115, 116] em-
ployed multiple parallel tanks in series (plain) to achieve a higher
number of resonance frequencies whereas Eleff [117] suggested a
nested configuration. The power transfer efficiency in a plain circuit
at each resonance frequency is independent of the relative position
of its corresponding tank elements. In contrast, the power transfer
efficiency decreases with the order of its corresponding tank circuit
in the nested configuration .

In a different approach, in order to provide tuning and matching
for two close frequencies (6 % apart), Otake [111] suggested a tank
circuit consisting of two parallel series LC circuits with different
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(b)

resonance frequencies (20 % separation) in series with a capacitor.
This tank was connected in parallel with a resonating coil. Schnall
[105, 107] reported an inductively coupled tank circuit and a coil.
This circuit was later upgraded employing an extra capacitive link
between the main coil and the tank circuit [109, 118]. The extra
capacitor enhances the stability of the network without introducing
additional signal loss. Rajan [119] exploited a segment of the coil
as the inductor of the LC tank in a similar configuration. The single-
inductor double resonant circuit reduces the noise contribution and
offers a more compact design. Gonnella [120] reported a similar
circuit but for the surface coils. The main drawback of this design is
poor field homogeneity and low efficiency at the higher resonance
frequency as the currents in two segments are anti-parallel. Inukai
[121] employed an inductively coupled tank circuit in which two
coils are both electrically and inductively coupled and additionally
are coupled to a transmission coil. With the aid of capacitors, multi
resonant performance is brought to the coils.

Over-coupled tanks: In order to provide a double resonant circuit
where the resonance frequencies are less than 10 % apart, two res-
onating circuits with the same resonant frequencies can be coupled
together. In this case, the single resonant frequency splits into two
distinct frequencies.

Collins [122] implemented an electrically over-coupled circuit for a
coil, being inductively coupled to a transceiver coil. A similar design
was employed later with an electrical coupling between the tank and
the transmission line, utilising the matching capacitors [112, 123,
124] . Hu [125] discussed an electrically over-coupled circuit for a
saddle coil where the coupling capacitor was split into four capacitors
distributed along the coil conductors. With this design, the current

distribution throughout the coil was enhanced.
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Figure 2.12: a. Zhang [89] developed a triple resonant circuit by inserting a tank circuit into the
low-frequency side of a differential mode trap topology. b. Fitzsimmons [127] compared three
different double-resonance approaches (electrically coupled, inductively coupled, and LGR). c.
Cao [128] proposed a CMDM circuit to allow the LF signal through a series LC trap circuit in the
middle branch and block the high-frequency current. The figure is reproduced from [HD1].

¢ Combination of both tank and trap: Kendrick [74] combined an over-
coupled tank circuit with a common mode trap to achieve a triple-resonant
circuit with two high frequency channels. As depicted in Figure 2.12.a,
Zhang [89] also combined a differential mode trap with an electrically
loosely-coupled tank, in order to have a triple resonant circuit with two
low-frequency channels. Paulson [126] employed an LC tank as a balanc-
ing capacitor at the high-frequency side and a balancing inductor at the
low-frequency side of a differential mode double resonant circuit. The
traps for the circuit were realised using two quarter-wave transmission

lines.

* Other topologies: A set of double-resonant receiver coils were proposed
by Grist [129] where two coaxial, inductively-coupled loop-gap res-
onators (LGR) were tuned to the lower frequency. Tuning to the higher
frequency was achieved by connecting the coils in series together with
an additional capacitor. The coil assembly acts like a surface coil and
the sample sits on top of the coil. The currents in the two coils are in
parallel at the lower frequency while at the higher frequency the currents
are anti-parallel. As the result, the system has a better power transfer
efficiency at low frequencies compared to the higher frequencies.

Fitzsimmons [127] improved the system introduced by Grist [129] by
exploiting the LGR coil as both excitation and receive coil. Fitzsimmons

showed that the LGR coil has a better performance with respect to the
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conventional trap/tank circuits (see Figure 2.12.b). In another report,
Van Hecke [130] studied an LGR coil, tuned at two distinct frequencies,
utilising a tank circuit and at different matching configurations. Volo-
tovskyy [131] employed two flat ring coils with different diameters rather
than the LGR coils. The loops were tuned to both frequencies using the
tank circuits. A third coil, which was also in series with a parallel LC

frequency tank, was coupled to the two coils.

Pang [132] suggested a common-mode differential-mode (CMDM) coil
using a single micro-strip coil on a PCB. The smart design of the coil,
resulted in two orthogonal RF fields hence 30dB isolation. Cao [128]
enhanced the coil performance by adding a series LC LF trap at the centre
branch, carrying the low-frequency current. Additionally, the RF field
homogeneity was enhanced by bending the coil around a cylinder. The

working principle of this coil is presented in Figure 2.12.c.

2.5.2 Broadband NMR detectors

Based on their configurations, the broadband detectors are divided into three
categories. These categories are introduced and discussed in more detail in the

following subsections.

Delay line coils

This type of coils forms a two-port network of discrete lumped capacitors and
inductors connected as either 7- or 7 networks. The concept of delay line coils
was introduced by Lowe [133]. A low-pass m-network was reported with the
inductors (L) being the segments of a solenoidal coil and extra capacitors (C)
to ground these segments. A model was also proposed for the case where both
ports of the coil were terminated to its characteristic impedance of Zy = \/m
without considering the mutual inductance between the segments. Accordingly,
the network cut-off frequency was predicted as @, = \/Z/TC beyond which the

performance of the network degrades. It was concluded that for frequencies
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smaller than the cut-off frequency, the time delay per segment (T = v/2LC) is
frequency-independent, and the signal collected by the inductive elements is
divided between two ports equally. In a different report, Lowe [134] suggested
a flat solenoid delay line probe with a rectangular cross-section (its length and
height being much larger than its width) to improve the field homogeneity.
Another improvement was achieved by considering the mutual inductances
of the neighbourhood elements in the model. It was also proved that the cut-
off frequency does not exist if the coupling between the segments is strong
(0.5 <k <1 where £ is the coupling). For a weak coupling (0 < k < 0.5), the
cut-off frequency can be calculated as @, = \/% x 1//T=2k. The time delay per
segment and the characteristic impedance of the coil are T = v/2LC x /1 + 2k
and Zo = \/L/2c x \/1+ 2k, respectively.

As depicted in Figure 2.3.a, Kubo [135] analysed an arbitrary delay line coil of
N cascaded T-networks. The inductance of each segment was assumed equal
to the total inductance of the coil (L) divided by the total number of segments.
The effective impedance of the coil was defined as Z g = \/L/TC and the cut-
off frequency was defined as @, = \/‘W. The time delay was calculated as
T; = dB/dw where B = 2N©/q. is the propagation constant.

Scharfetter [136] investigated a ladder network, consisting of N w-segments,
as an alternative for the delay line coils. As shown in Figure 2.13.b, one of
the inductors in the network is exploited as the NMR coil. The values of the
inductors and capacitors in the 7-sections were selected so that the network
approximates an exponential transmission line with different characteristic
impedances of individual segments and identical centre frequencies. As the
result, the network interfaces two different impedances with a good matching

over a wide range of frequencies.

Transmission line coils

The transmission line coil relies on the same concept as the delay line coils

but using distributed impedance. The transmission line coil is realised using
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Figure 2.13: a. Kubo [135] studied the delay line coils using their equivalent 7-model and predicted
the current distribution through the coil segments and the magnetic field generated on the axis of a
flat coil. b. Scharfetter [136] proposed a ladder exponential delay line. c. Scott [137] developed a
transmission line solenoid coil terminated to the 50 Q load. d. Tang [138] exploited a coaxial cable
as a transmission line coil by replacing the dielectric of a segment of the cable with the sample.
e. Murphree [139, 140] used a flexible PCB to make a transmission line saddle coil. f. Fratila
[141, 142] achieved a wideband performance using the spiral micro-coil. The figure is reproduced
from [HD1].

a conductive strip separated from a grounded plane by a dielectric layer. The
distributed capacitance between the strip and the grounded plane provides the
capacitors whereas the strip itself is the inductance. This topology offers a flat
frequency response over a wide range of frequencies as long as the transmission
line is terminated to its characteristic impedance at both terminals. Few different
designs are presented in Figure 2.13.

Stokes [143] reported the first transmission line coil consisting of a 13-turn
solenoidal coil encapsulated by a dielectric layer and wrapped with a grounded

brass foil. Webber [144] and later Scott [137] employed similar coils with the
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grounded conductor partially covering the outer surface to have 50 Q character-
istic impedance.

Tang [138] selected a different approach where a coaxial cable was employed
as the transmission line coil. In this case, they simply replaced a section of the
cable dielectric with the sample. Tang [138] showed that the performance of
the cable terminated to its characteristic impedance is independent of the cable
length. Murphree [139, 140] also used a flexible circuit board to fabricate the
first transmission line saddle coil.

Regardless of their design, both delay line and transmission line coils have three
main drawbacks: 1) the relatively low SNR of the coil because of the considerable
noise generated by the loads at the terminals of the transmission line; ii) the
collected power being divided between two ports; iii) low B; homogeneity
because of the phase variation of the signal as it flows through the coil.

Non-tuned coils

A non-tuned coil is mainly an inductor connected to the transceiver circuit
with its matching traded for a larger bandwidth. To this end, Abraham [145]
intentionally reduced the quality factor of the tuning capacitor by adding a
resistor in parallel to that. This technique allowed him to achieve a bandwidth
wide enough to detect two distinct Larmor frequencies 3.6 % apart.

Mandal [146-148] suggested a system working at very low frequencies (0.1-
3.0 MHz). In this case, the tuning and matching of the coil were ignored, the
impedance of the coil was multiplied with the aid of a transformer, and the
transmitter and receiver were adjusted accordingly to avoid power reflection.
Fratila [141, 142] reported a spiral coil being optimised for the transceiver
system which can be employed to detect all NMR active nuclei from 61 MHz to
400 MHz with a superb SNR. The spiral coil, discussed by Fratila, is a micro-
coil with an active sample volume of 25 nl. Chapter 4 focuses on the non-tuned

micro-coils and discusses this finding in more details.
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Figure 2.14: A comparison of the multinuclear NMR probes. Each line in the plot corresponds to a
specific probe, with the field strength By in 7 to the left, and the literature citation to the right. The
dots correspond to the nuclei, hence, the frequency. The colour coding indicates the specific circuit
topology, as shown in the legend. The figure is reproduced from [HD1].
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2.5 Multinuclear NMR

Different designs enabling multi-nuclear detection are listed in Figure 2.14. This
figure categorises these designs based on their working magnetic field and the
nuclei, which the designs are capable to detect. The colour code corresponds to

the topologies/methods being employed.
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3 Microfluidic platforms for in situ
electrochemistry

3.1 Overview

This chapter is aiming for a lab-on-a-chip system, consisting of an NMR coil
and an electrochemistry insert, in order to enable monitoring electrochemical
process in micro-domain. For this purpose, a modular NMR detector, which has
been previously presented by Spengler et al. [62, 149], is further developed to
meet the requirements. The detector consists of a Helmholtz (HH) coil and an
interchangeable insert. This insert loads the sample into the detection zone of
the coil with the help of a simple microfluidic channel. The electrochemictry
electrodes (at least two in this case) are integrated into the insert so that an
electric potential can be applied to the sample inside the detection zone.

The chapter starts with a brief review of the chemical reaction monitoring using
NMR, more specifically, the electrochemical reaction monitoring using NMR
and the chemical reaction monitoring using micro-NMR techniques followed by
a study of the challenges arising at the intersection of electrochemical reactions
and micro-NMR. In order to evaluate different electrode configurations for the
micro-electrochemistry-NMR applications, the figures of merit (FOM) are dis-
cussed in Section 3.3 followed by introducing different electrode configurations.
These configurations are simulated and the simulation results are processed
to achieve the aforementioned figures of merit. Some of those configurations
were selected for fabrication and experimental characterisation as discussed in
Section 3.4 and Section 3.5, respectively. The experimental characterisation is

followed by verification of the best configurations in a simple EC-NMR experi-
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3 Microfluidic platforms for in situ electrochemistry

ment. The application is introduced and discussed in details in Section 3.6. The
current chapter will be closed by a brief discussion and conclusion.

The achievements of this work have been presented in two journal papers: the
simulation, fabrication, and experimental evaluation of the different inserts have
been published in Lab-on-a-chip (RSC) journal [HD2]; employing the inserts
for monitoring the activity of localised enzymes is the subject of an article,
submitted in Angewandte Chemie (Wiley) journal [HDS5].

3.2 Introduction

NMR is one of the most powerful tools amongst different spectroscopic meth-
ods in monitoring chemical reactions as well as determining reaction kinetics.
The quantitative analysis of the reaction, achieved by NMR, enables a precise
evaluation of the on-going process. Besides, as NMR observation does not
interrupt the reaction or destroy any substances, this technique is gaining lots of
interests despite its inherent low sensitivity. Furthermore, NMR does not need
any calibration prior to the experiment and has a high chemical resolution. These
features make NMR a preferable technique comparing to the other spectroscopy
counterparts [150-152]. However, the main requirement, to be fulfilled, is either
to keep the reaction inside the field-of-view (FOV) of the NMR detector or to
introduce the reagents and products to the FOV. The FOV is usually located
in the vicinity of a coil, as the B source, inside a strong (1 —22T), extremely
homogeneous (sub-ppb uniformity), static magnetic field with restricted access.
While low field online NMR reaction monitoring methods are popular because
of the compactness and lower costs of the devices [152—155], numerous high
field NMR spectroscopy techniques have been also developed for the chemical
reaction monitoring due to their intrinsic higher resolution and sensitivity [156—
159]. For the online reaction monitoring, the conventional NMR sample tube is
replaced with a reactor and NMR captures the on-going reaction. The sample
introduction to the reactor can be either in the stopped-flow mode [151, 152,
159] or in the flow mode [153-157].
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3.2 Introduction

Miniaturisation of the reaction chambers introduces new opportunities for chem-
ical and process industries as it: 1) allows advanced processing, as a result of the
heat and mass transfer characteristics in micro-regime, ii) enables distributed
production, iii) reduces the costs in chemical and pharmaceutical industries,
iv) increases the safety of the experiment [160]. Together with micro-reactor
developments, micro total analysis systems (UTAS) and Lab-on-a-Chip (LOC)
concepts were developed to control and monitor the on-going processes.
Interestingly, miniaturisation is one of the possible solutions to tackle the low
sensitivity of the NMR methods for mass-limited samples [10]. The enhanced
sensitivity in micro-domain makes NMR techniques a perfect fit for pTAS
applications. Different reports have discussed monitoring reactions in a LOC
system comprising micro-reactors and micro-coils [18, 31, 44, 45, 160-165].
Apart from the specific challenges associated with the reaction monitoring using
NMR, the microfluidics, and/or the micro-NMR techniques, once these fields
are merged into an LOC system some new challenges arise which hinder the
monitoring performance. The micro-reactors, being more complex than a con-
ventional sample container, introduce magnetic susceptibility discontinuities
at close vicinity of the FOV, perturb the nominal By, and reduce the spectral
resolution and the signal-to-noise ratio (SNR). Literature contains many dif-
ferent reports about the susceptibility issues in the microfluidic domain and
possible methods to compensate them either by material choice or engineering
the environment of the sample chamber [18, 31, 39, 41, 44, 163, 164, 166, 167].
Section 3.2.2 discusses this issue in more details and reviews the possible
solutions in the literature.

Electrochemical (EC) reactions are a subset of chemical reactions, which require
electrical field or electrical conductors to enable the reaction. NMR is one of
the best methods for structural elucidation and, therefore, a popular technique to
observe the EC reactions, e.g, electrodeposition, electrooxidation, electrochem-
ical process in the fuel cells, electrolysis, electrophoresis, dielectrophoresis
[168-179].
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Nonetheless, adapting the conductors inside the FOV is the challenge to be
addressed in this case [175, 180, 181]. Unlike the conventional dielectric
materials used for microfluidic channels, the metallic/conductive structures
influence both By and B distribution. B field induces an eddy current in the
metallic structures. The resistance of the eddy current path results in power loss
in the system. It affects both excitation and detection performance by reducing
the available power for the sample and introducing noise, respectively. The
metallic structures can also shield the RF field and prevent the sample from being
exposed by B field. These phenomena have been subject of different studies
since the very beginning of the EC-NMR applications [170, 173, 175, 177, 182—
187]. The solution to this incompatibility is either to keep the electrodes away
from the FOV or to make them thin enough to be transparent to the RF field.
Although these solutions might be applicable in some restricted applications,
there are certain applications which cannot rely on these solutions, e.g., the
energy storage devices requiring a certain amount of current flow.

Similar incompatibility concerns between the metallic electrodes and NMR have
been intensively studied for the clinical MRI experiments [188, 189] where the
power dissipation in the electrodes can cause damage to the adjacent tissues or
the susceptibility mismatches can end up in signal loss in the voxels close to the
interfaces.

Miniaturisation exacerbates the issue with the shielding since it is more severe at
the close vicinity of the electrodes and the compactness of the system introduces
more susceptibility issues. Digital microfluidics is another novel technique
which relies on the metallic electrodes to manipulate the reactants and products
[164, 168]. Integrating those techniques to NMR requires a similar approach.
Section 3.2.3 studies the issues associate with the conductive electrodes being
exposed to B field in the NMR.
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Figure 3.1: a. Experimental setup for in situ electrochemistry experiment consisting of NMR setup
and electrochemistry system. The zoom inset is the standard HH coil adapted from Spengler ez al.
[149] and the narrow sidewall insert. b. Different electrode topologies.

3.2.1 Experimental set-up

In this work, an EC cell containing metallic electrodes and compatible with the
detector proposed by Spengler et al. [62, 149] was developed. Integration of
these electrodes to the microfluidic channel was considered as the main chal-
lenge to overcome. The HH coil consists of two parallel loops each 1.2 mm in di-
ameter with 600 um distance between them. The coil was tuned at 500 MHz and
matched to 50 Q. The detector chip was mounted on a Poly(methyl methacry-
late) (PMMA) adaptor. The adaptor was plugged on top of the Micro5 probe
(Bruker) and a pair of pins provided the electrical access to the probe. The
coil and its accompanying parts are demonstrated in Figure 3.1. The standard
sample insert was a rectangular channel 2 mm wide, 18 mm long, and 90 um
high, patterned out of a photoresist and sandwiched between two glass slides as
demonstrated in Figure 3.1. The access to the channel was provided through the
inlet and outlet holes, being patterned on the top glass layer. Further details of

the coil and the standard sample insert can be found elsewhere [62, 149].
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3.2.2 Susceptibility challenges in micro-NMR

According to the Gauss’ law for magnetism, the relative susceptibility mismatch,
taking place at the material interfaces, disturbs By field locally. Since the Larmor
frequency of the spins in NMR depends on the actual static magnetic field, which
they experience, a minute perturbation in By translates in a corresponding offset
in the Larmor frequency. Considering the sample as an ensemble of spins, the
susceptibility perturbations broaden the spectrum. Consequently, in a sample
representing multiple NMR peaks, short peaks might be dominated by the high
peaks in their neighbourhood or some dense peaks might merge into one peak.
Therefore, some part of the information might be lost. The total area under a
certain peak depends on the RF field magnitude at the sample region and the
total amount of sample. Therefore, line-broadening affects peak amplitude and
SNR.

In micro-regime, the sample volume is shrunk and the detector is accordingly
miniaturised. By making the sample and the detector more compact, sensitivity
increases for the cost of more susceptibility issues and wider linewidth [11, 13,
18, 44, 190]. In order to reduce the susceptibility issues, two general guidelines
are discussed in the literature: i) avoid susceptibility mismatches around the
FOV, ii) compensate for the inevitable material interfaces.

To avoid any irregular material interface, the stripline detectors, lying along the
microfluidic channel and By, were developed [18, 38, 39, 41, 43, 44, 46, 47,
191, 192]. Some authors also employed materials having a susceptibility similar
to that of the sample [193]. In parallel, some research focused on introducing
a third material, with a different susceptibility, to the system and adjusting the
field distribution at the FOV by optimising the distribution of the "three-body
system". Utz et al. structured some air pockets at the PMMA sample holder
and around the sample volume to compensate for the distortions [165, 166].
Korvink et al. presented a more general approach by employing finite element

methods and optimising the geometries for any arbitrary material [167].
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In the current work, the insert geometry is adopted from the standard insert
developed by Spengler et al. [62, 149] and it is modified to contain the additional
metallic electrodes. On one hand, the metallic electrodes exhibit a considerable
susceptibility mismatch to the aqueous sample. On other hand, the electrodes
should be in direct contact with the sample and hence no intermediate com-
pensation layer is allowed. The potential options, to be considered to mitigate
the susceptibility issues, are the geometry of the electrodes and the electrode
material.

Nevertheless, the material is dictated by the end application. In this work, gold
was selected as the electrode material despite its relatively high susceptibility
mismatch to water. The main advantages of gold are: i) compatibility with
microfabrication techniques, ii) relatively high standard electrode potential
(SEP=1.69V) [194, 195], iii) low oxidation rate and long lifetime especially
as a thin film and in contact with an aqueous sample, iv) compatibility with
chitosan sample as the main application for this work.

Therefore, the focus of this work is to tailor the electrode geometry for the
NMR applications. In order to gain a better understanding of the susceptibility
perturbations, different potential electrode configurations have been introduced,

simulated, and analysed.

3.2.3 RF field challenges in micro-NMR

According to the Faraday’s law, a time-varying magnetic flux induces an elec-
tromagnetic force (EMF) in a closed path, enclosing the surface through which
the flux is penetrating. In case of a metallic surface or a closed path with a finite
resistance, this EMF generates a current. As per Lenz’s law, the induced current
opposes the changes in the magnetic flux. Therefore, it generates a secondary
magnetic field in the opposite direction of the original one. In other words, the
actual magnetic field circumvents the metallic path. Furthermore, as a result of
current flowing in the path and its finite resistance, power is partially dissipated

in the metallic structures.
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Assuming a uniform distribution of the sample all over the sample volume and
a perfectly homogeneous B, the NMR sensitivity at each elementary sample
voxel depends on the average RF field at the location of that voxel. As the
magnetic field is disturbed and some part of that is dissipated, the overall
sensitivity is reduced especially for the voxels near the shielded zone.

In order to minimise the induced current and the perturbed field as well as
the dissipated power, either the area of the surface enclosed by the current
path (the electrode footprint) should be reduced or the resistance of the current
path should be increased. The resistance of the current path depends on the
resistivity of the material, the path length, and path width. The material and
hence its resistivity is imposed by the application as discussed in the previous
section. Therefore, the geometry of the electrodes is again the only option for
optimisation.

Chen et al. presented an analytical model to calculate the penetrated RF field
inside an infinite long cylinder as a function of the metallic wall thickness [185].
According to their calculations, the wall thickness shall be less than 0.1 % of
the skin depth (8) in order to achieve a field strength higher than 80 % of the
external field.

As mentioned in the previous sections, depending on the applications, having a
thin electrode might not be possible. Additionally, manufacturing and control
over such thin layers are cumbersome. Therefore, in the following sections,
different geometries are proposed and analysed in order to fulfil all requirements

imposed by susceptibility and RF challenges as well as application requirements.

3.3 Theory
3.3.1 Selection of the insert geometry

Different insert geometries have been considered, simulated, and compared
based on the figures of merit discussed in Section 2.3. These geometries bring
the sample to the detection zone and carry some electrodes which can be used as

the electrochemistry sites. As a reference for the evaluations, an electrode-free
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insert was considered as well. Potential configurations for the electrodes, which

have been considered with respect to the By and B orientations, are:

* Perpendicular to By and parallel to B;: This topology develops a good
sensitivity as the RF field experiences the minimum perturbation. Total
power dissipation in the electrodes is minimised by making the surface of
the metallic layer, facing wave-front, as small as possible. However, the
static magnetic field is perturbed substantially as the static field encounters

a material interface at the edge of FOV.

* Parallel to By and perpendicular to By: This topology benefits from
minor static field distortion, but the RF field distortion and power dis-
sipation are the major concerns. In order to minimise those issues, the
solution is to reduce the electrode size. On one hand, the electromotive
force, being induced in the electrode, depends on the perimeter of the
electrode facing the wavefront. On the other hand, the thickness and the
surface area of the electrodes affect the resistance against the induced

current.

The shielding effectiveness of an infinite planar metallic shield parallel
to the coil surface can be found elsewhere [196]. Nonetheless, there is
no closed-form for the field distribution. Additionally, in the case where
the field is generated using two loops in the form of a Helmholtz coil
and the electrode diameter is comparable to the coil diameter. These
constraints add to the complexity of the problem. Instead of an analytical
expression, we rely on the numerical simulations of the field in different
situations. Different geometries to be considered for this case are depicted
in Figure 3.1 and discussed in Table 3.1.

The disk electrode has the worst performance as it depletes the field at the
centre part and concentrates it at the edges. In order to evaluate the effect
of the electrode thickness precisely, three disk electrodes with different
thicknesses (0.1 x 8, 0.01 x §, and 0.001 x &) are considered. The mesh
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electrode enhances the field distribution in comparison to the disk as
the metallic material is partially removed. Therefore, the current path is
manipulated based on the mesh grids, and the resistance of the current
path is increased. The comb electrode increases the current path resistance
by increasing the length of the path for the same electrode surface area.
Hence, the distortions are further reduced. The meander electrode is
designed so that for the same electrode surface area, the length of the

current path is maximised. Therefore, the distortions are minimum.

The surface area of the mesh, comb, and meander electrodes are selected
to be 50 % of that of the disk electrode. It means that the available elec-
trode size for electrochemistry is less. For each one of those geometries,
the thickness of the electrode affects B distribution, the power dissipation

in the electrode, and By distribution.

Parallel to both By and B1: For an infinitesimal electrode thickness, this
topology is expected to act identical to the electrode-free case. However,
because of the fabrication and mechanical stability requirements, the
electrodes have a minimum thickness which leads to both By and B;
distortions. As a simple solution to avoid these distortions, the electrodes
can be placed outside the FOV to eliminated their effect on both By and
B, distortions. This has been achieved by the wide-channel sidewall
configurations. In contrast, in the narrow channel configurations, the
distance between the electrodes is adjusted to take advantage of the eddy
current induced in the electrodes and improve both By homogeneity and

the mass-sensitivity.

In total eight different electrode geometries along with the electrode-free struc-

ture were considered to be studied using the simulation toolkit.
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Table 3.1: Different electrode geometries have been employed as the active electrodes for in situ
experiments.

Configurations CAD design Remarks
Electrode-free na
Disk —d  t=340nm,d = 1.5mm
't
|
Thin disk @ t=34nm,d =1.5mm
Ultra-thin disk t=3nm,d = 1.5mm
—d
Mesh ‘vt t=34nm, d = 1.5mm,
= " filling = 50 %, trackwidth
=50um
—d
Meander 77 it t =34nm, d = 1.5mm,
filling = 50 %, trackwidth
=50pum
—d
Comb tt+  t=34nm, d = 1.5mm,
& " filling = 50 %, trackwidth
=50pum
Wide-channel side- \ h = 90um, ¢t = 30um,
wall L 7w th [ =8mm, w=2mm
Narrow-channel side- Le h = 90um, ¢t = 30um,
wall [=8mm,w=1.1mm

3.3.2 Simulation settings

Electrical properties of different materials are summarised in Section Al. Mesh
sizes were adjusted so that the sample volume and the electrodes have the finest

mesh and the surrounding environment has the coarsest mesh.

59



3 Microfluidic platforms for in situ electrochemistry

Physics

RF simulations: FEM simulations for RF studies were carried out using

Electromagnetic Waves, Frequency Domain interface of RF module of
the COMSOL MultiPhysics® 5.5 (COMSOL AB, Sweden).

Simulation of small structures is a common issue in all FEM techniques.
The mesh size is determined by the size of the small features and the
computation time increases accordingly. Transition Boundary Condition
can be used in this interface to mimic the thin layers. This boundary
condition assigns different tangential electric field and surface current
densities on the different sides (1 or 2) of the thin layer [197]. For
this purpose, the permittivity (€), the permeability (u), the electrical
conductivity (o), and the thickness of the thin structure (d;) are used to

calculate the currents density at each side ({1,2}) as:

T = cos (I'ds)E; | —E; o
81 = T cos (Tdy)—1
(3.1)

Jor= cos (I'dy)E; p—Ey |
52 = cos (I'ds)—1

where I' = ®+/L(€ — jo/w) is the propagation constant of the layer.

The maximum tolerable relative error for the RF simulations was set to
0.1 %. The study was performed at 500 MHz corresponding to the 'H
Larmor frequency at 11.7434 T. Simulations were performed applying

1 A current to the coil terminals.

Susceptibility simulations: FEM simulations for susceptibility analysis were

60

performed using Magnetic Fields, No Currents (MFNC) interface of
AC/DC module of the COMSOL MultiPhysics® 5.5 (COMSOL AB,
Sweden). Maximum tolerable relative error was set to 0.1 ppb. The
permeability values of different materials were adopted from Schenck
[189] and Wapler et al. [198].



3.3 Theory

Thin Low Permeability Gap (TLPG) boundaries is a feature in MFNC
which enables simulation of a thin object within a domain with higher
permeability by approximating the flux relation on two sides of the layer

as:

an1 — Vr%

i.(Bi — Ba) = u( y

) (3.2)
where V,} and V2 are the magnetic potential on different sides of the
TLPG, d; is the thickness of TLPG, and u is the magnetic permeability
of the TLPG layer [199]. This feature is mainly for the cases where a dia-
magnetic or a paramagnetic layer comes in contact with a ferromagnetic
material, e.g. air gaps in the transformer core. However, for a relatively
small susceptibility mismatch between the materials (the case of these

simulations), this method is not reliable.

Considering the electrode thickness of 34 nm or 3 nm, the simulations
would be extremely intensive and are not feasible because of the memory
requirements. In order to evaluate the performance of the thin structures,
the disk thickness was swept for the bulk electrode simulations and the
results are presented in Figure 3.2. Other details of the geometry such as
the coil and glass substrates have been also included in the simulations
to have a better understanding of the overall field distortion and also
the effect of the electrode thickness in comparison to the other artefacts.
Additionally, the effect of the electrode was extracted by subtracting the
By distribution of the electrode-free from the results collected from the
disk thickness sweep.

All plots show a similar field perturbation pattern as the result of the
electrodes. The difference between the field distributions is the intensity
of the perturbations. Figure 3.2.i reports the standard deviation and the
average of the field perturbations corresponding to the electrode thick-
ness. The linear distribution of these parameters suggests that the field
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Figure 3.2: B( distribution in presence of the disk electrode with different thickness (100 nm,
200 nm, 300 nm, and 400 nm) and considering distortions from other components of the coil and
inserts (a-d). Subtracting the distortions of the electrode-free case from the previous values shows
the effect of the electrodes (e-h). These simulations reveal that distortions are a linear function of
the electrode thickness and the corresponding values for the other thicknesses can be achieved by
interpolating the data (i).

perturbation for electrode thickness of 34 nm or 3 nm can be interpolated
and hence the overall B distribution can be back-calculated. A similar
approach was utilised to calculate the field distribution in mesh, meander,

and comb planar structures.

In the simulations, the material for the metallic structures was assumed to
be gold whereas, in the actual experiments, a chromium layer serves as
the adhesion layer between the gold and the glass substrate, as discussed
in Section 3.4.
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3.3.3 Simulation results

RF simulations

Figure 3.3 presents the component of B; field, which is perpendicular to By,
at the xz-plane (at the middle of the channel). For an electrode-free insert, By
has a 2D parabolic distribution. By adding a metallic planar structure, the field
is depleted from the centre of the disk and focused at the edges to encompass
the electrode. The net penetrated field inside the metallic structures depends
on the resistance of the electrode. A thicker electrode provides less resistance
against the induced current and exhibits more distortions. Additionally, some
components of the RF field are flipped along the By and hence do not contribute

to the signal. The ellipsoidal shape of the depletion region corresponds to the
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Figure 3.3: Simulation results for different electrode geometries. a. RF field distribution. b. The
resistance of the HH coil considering the effect of the electrodes. c. Relative By distribution.
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Figure 3.4: RF simulation for the film thickness sweep reveals that there is a critical thickness
( ~90nm in this case) at which the total power dissipation in the disk electrode is maximum.
For thickness lower than the critical thickness, a large portion of the field penetrates through the
electrode and for thickness more than the critical thickness, the field is mainly blocked.

The effect of the electrode thickness on the RF field distribution and impedance
of the coil is studied in more detail by sweeping the disk thickness within
3.4-3400 nm range in a logarithmic scale. The RF field at 40 um above the
centre of the electrode was probed and plotted in Figure 3.4 together with the
impedance of the coil. According to these results, the coil resistance is max-
imised for the electrode thickness about 90 nm. The thickness of the maximum
resistance coincides with the thickness at which the observed magnetic field is
half of the field in the electrode-free case. This behaviour is attributed to the
critical thickness of the metallic layer. For this thickness, the power dissipation
is maximum due to both penetration depth of the field and decoupling between
two coils.

The ultra-thin disk and patterned planar structures are almost transparent to the
RF field as the induced current in those structures is small. The wide-channel
sidewall insert acts similar to the electrode-free version. A shallow strip, located
at the channel edges, corresponds to the sidewall electrodes. The narrow channel
sidewall crops the pattern and slightly improves the field distribution inside the
channel. The fields circumventing the sidewalls are partially directed inside the

channel and contributed to the total field amplitude as well as its uniformity.
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The impedance of the coil in the presence of different electrode configurations
is another useful piece of information to be studied. The impedance, reads at the
coil’s port, depends on the mutual inductive coupling between two coil lobes,
inductive coupling between the coil and the metallic structures, as well as, the
total power dissipation in the electrode. As the result, 34 nm disk and 34 nm
mesh electrodes cause higher resistances at the coil ports. The resistance also

represents the total noise collected by the coil.

Susceptibility simulations

Figure 3.3.c summarises By distribution for different configurations at xz-plane
(at the middle of the channel). A pair of round-bracket patterns, which stems
from the coil loops, is observable in all structures. The brackets are bolder at
the locations, where the loop edge is perpendicular to Bg. The electrode-free
insert has been optimised to introduce the minimum susceptibility mismatch by
extending it along By [149]. As explained in Section 3.3.2, a planar electrode
perturbs the field so that: i) it forms a disk with lower susceptibility correspond-
ing to the electrode location; ii) it produces a secondary pair of brackets, having
higher susceptibility values, beyond the electrode edges. Superposition of the
perturbations forms the field pattern of the planar electrodes. The perturba-
tions introduced by the 34 nm- and 3 nm-thick structures are dominated by the
background distortions, made by the coil loops, and no obvious perturbation is
distinguishable.

Similar to the 34 nm-thick disk electrode, the effect of the 34 nm-thick mesh,
meander and comb electrodes are negligible in Bg field plot. It should be
emphasised that even a minor perturbation, if coinciding with high amplitude
B field, can play a significant role in the NMR performance.

The sidewall electrodes perturb the static field locally. This perturbation is
minimised because of the electrodes extending along By. For the wide-channel

structure, the perturbation is pushed further outside the detection region. Never-
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theless, the narrow channel eliminates some parts of the distortions, generated

by the coil, and improves the overall By uniformity.

3.3.4 Post-processing the simulation data

Although the field plots and the raw simulation data are very informative to
understand the underlying phenomena at the physical level, the actual device
performance cannot be interpreted from an ordinary representation of the infor-
mation. Accordingly, the figures of merit discussed in Section 2.3 are employed
to study and compare different designs. For this purpose, the simulation results
have been post-processed by MATLAB® R2018a (MathWorks Inc., USA) to
produce the Digital Twins of the NMR figures of merit.

According to Equation 2.10, normalised £ can be defined as &y (1) = £(7)/wym
so that the amplitude of the calculated signal is independent of the sample and
the Larmor frequency. This parameter is considered as a measure for the signal
amplitude in the simulations. By sweeping the length of the excitation pulse
(7), the nutation signal can be achieved.

For each insert geometry, By, values at the sample volume were extracted with
a sampling rate of 10 um and imported in MATLAB® R2018a (Mathworks Inc.,
USA) as a vector called B;,(n x 1). The time span for the nutation spectra is
considered as 7(1 x m). For an arbitrary applied power (P) by the amplifiers,

the nutation signal can be represented in a vector format as:

. P
8y = Blusin(ry/ —By,7) (33)

The 90° pulse is defined as 7./, = T(argmax(§,,)). The excitation efficiency is
calculated then accordingly as ef = #/2xty),. The relative SNR can also be cal-
culated as SNR,,; = max(§,,)/. /i The impedance of the coil (r;) is simulated
in the loaded condition, i.e. in presence of the sample and electrodes. Therefore,
the total power dissipation in the insert is also included in the calculations. B

homogeneity is also calculated as the ratio between the signal amplitude at 450°
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pulse (second maxima of é ,) and the signal amplitude at 90° pulse (maximum
of & ol

In order to calculate the spectral resolution, both susceptibility and RF simula-
tions are required. The final FID signal, induced in the coil, is the superposition
of all the elementary signals from each sample voxel. The elementary signals,
following the 90° pulse, are calculated according to Equation 2.10. In the fre-
quency domain, it corresponds to a Lorenzian signal centred at 2yBy(x, y,z)
and linewidth equal to 7> and the amplitude of the signal is proportional to
B, (%,,2) 8in (Y\/P/reouB1u (%, ¥, 2)Tz,). Ignoring the 75 relaxation time, the sig-
nal can be illustrated with a bar chart where the location of the sticks correspond
to the chemical shift and their height correspond to the total effective RF field
of the voxels sharing the same static field. In this case, the simulated results
do not consider the shim compensation and assume a perfectly uniform By in
absence of the coil and the insert. The simulations also exclude the effect of the

detector chip, PCB, capacitors, and the probehead.

3.3.5 Evaluation of different configurations

This section presents and studies the calculated figures of merit, achieved from
the simulation results, and discusses different insert geometries. Based on
these comparisons, the best geometries are selected for the fabrication and
experimental evaluation.

The nutation signals achieved using the simulations are depicted in Figure 3.5.a.
Accordingly, the excitation efficiency, the field homogeneity, and the relative
SNR values are extracted and listed in Table 3.2. The 340 nm-thick electrode
distorts B field significantly and the nutation signal decays very fast. The
narrow channel sidewall geometry outperforms the other geometries in terms of
the field homogeneity and the excitation efficiency. It is attributed to the flux
compression between the electrodes and also restricting the channel to a smaller
width. The rest of the structures show an almost similar decay in the nutation

signal. The 34 nm-thick disk and mesh structures require the longest 90° pulse.
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It is in agreement with the results of the impedance and field distribution as a
function of the electrode thickness presented in Figure 3.3 and 3.4.

The relative SNR is scaled with respect to the electrode-free case to simplify the
comparison. The 340 nm-thick electrode has the poorest performance because of
both B field being depleted from the centre of the electrode and additional noise
introduced by the electrodes. In the 34 nm-thick electrode, noise contribution
plays a major role in SNR degradation. The narrow-channel sidewall has the
best performance thanks to constraining the sample inside the narrow channel
and the slight enhancement of the field amplitude at the vicinity of the electrodes.
This configuration is especially interesting for the applications, which monitor
the reactions happening close to the electrode surface. The slightly lower
sensitivities in the 34 nm-thick disk, meander, mesh, comb, and wide-channel
sidewall structures in comparison to the electrode-free case are attributed to
the power dissipation in the electrodes. It implies that, although some field
perturbations were introduced, they did not impair the sensitivity of the system.
The NMR spectra for different structures are presented in Figure 3.5.b. The
spectral resolution for each geometry is calculated and presented in Table 3.2.
The results were scaled for the same noise level in order to facilitate the SNR
comparison. The spectrum of the electrode-free insert has a long tail in the
lower chemical shift side. It is attributed to the field distortions caused by the
coil lobes. At the locations corresponding to the round bracket By artefacts, B
field is weak and the collected signal from those voxels generate the one-sided
line broadening pattern.

Although By distribution in the planar structures is very similar to that of the
electrode-free, the spectral resolution suffers from the electrode thickness. It is
mainly because of the relative distribution of B with respect to By. By increas-
ing the thickness of the planar electrodes, the RF field is more concentrated
on the periphery, where B experiences perturbations. Therefore, the signal,
corresponding to the peripheral voxels, is amplified and the spectral resolution is
degraded. As expected, patterning the planar electrode enhances its performance

in comparison to the disk electrode with the same thickness. It is achieved by
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Figure 3.5: a. The nutation signals reconstructed from the simulations for different electrode ge-
ometries; b. The NMR spectra reconstructed from the simulations for different electrode geometries.

increasing the resistance against the induced current and allowing more field
penetrating through the channel floor. The comb structure shows a relatively
wider spectrum, compared to the other geometries. It corresponds to the relative
position of the sampling points which coincide with the edges of the electrodes.
Sidewall electrode geometries have similar performance with respect to the

electrode-free case in terms of linewidth.

3.4 Fabrication

Based on the simulation results, four different electrode configurations were
selected for further analysis. These four inserts are: 34 nm-thick disk electrode,
3 nm-thick disk electrode, wide-channel sidewall electrode, and narrow channel

sidewall electrode. Further geometrical details of these inserts are given in
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Table 3.2: The simulated figures of merit for different electrode configurations.

Configurations flfra d/sec) 1(4(25)0/ Ago f(;,zl) 5_\17;/ )HM
Electrode-free 62.8 68 100 2.14
340 nm-thick disk 56.1 25 86.4 8.30
34 nm-thick disk 49.1 70 94.9 4.51
3 nm-thick disk 58.2 68 99.4 2.31
34 nm-thick comb 62.8 68 100 2.68
34 nm-thick meander 62.8 68 98.9 2.27
34 nm-thick mesh 49.1 71 97.7 2.21
Wide-channel sidewall 65.4 68 99.0 2.09
Narrow-channel sidewall 68.3 75 154.8 2.29

Section A3. Together with these configurations, an electrode-free structure was
also fabricated as the reference for the comparison. These five inserts can be
divided into three groups in terms of the fabrication process. The fabrication
process for each group is explained in the following sections. Further details of

the fabrication steps, marked with &, are given in Section A2.

3.4.1 Electrode-free insert

The fabrication process of the electrode-free insert is depicted in Figure 3.6.a.
The process started with cleaning and dehydration bake of a 4inch, 210 um-
thick MEMpax® wafer (SCHOTT glass, Malaysia) as the bottom substrate.
For this purpose, the wafer was rinsed with isopropanol (IPA) and Acetone
and exposed to the plasma cleaning process (RIE plasma etcher Etchlab 200,
SENTECH Instruments GmbH) for 10 min followed by 5 min dehydration bake
on the hotplate at 200 °C. The wafer was coated® with a 90 um-thick layer of
SU-8 3025 using the spincoater (PRIMUS STT 15, ATMvision AG) followed
by softbake®.
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The channel design, to be transferred to the photoresist, was drawn using Lay-
outEditor® and printed on the transparent foils with 12 um resolution. The
photoresist was exposed to UV (wavelength 365 nm) through the mask for
370 mJ cm~2 dose using the mask aligner (EVG 620® , EV Group). The post
exposure bake® was performed at 65 °C to reduce any stress in the structures.
The wafer was stirred in PGMEA solvent for 40 min in order to develop the
unexposed photoresist. 10 min stirring in IPA was applied afterwards to dis-
solve PGMEA residues. The wafer was rinsed with DI-water and dried in the
convection oven at 30 °C for 600 min.

The bonding was achieved using a 5 um-thick SU-8 as the adhesive medium.
For this purpose, SU-8 3005 was coated on a second 4 inch, 210 pum-thick MEM-
pax® wafer, cleaned with the same protocol discussed earlier. The photoresist
was spincoated and partially baked® on the hotplate. The partial bake leaves
the surface of the photoresist ready to bond to the other wafer whereas the pho-
toresist maintains its uniform distribution under high pressure and temperature
conditions, experienced during the bonding procedure. The coated sides of the
two wafers were brought into contact and the assembly was left for compression
bonding using (EVG 510®, EV Groups).

The assembly was exposed with 300 mJ cm ™~ afterwards to enhance its mechan-
ical and chemical stability followed by a baking process at 90 °C for 240 min.
The in-/outlets of chips were drilled using nanosecond Laser (PIRANHA®
ACSYS) and the assembly was diced into individual chips with the same Laser.

3.4.2 Planar-electrode inserts

The fabrication process of the planar electrode inserts is similar to the electrode-
free insert except for a few intermediate steps to introduce and pattern the
metallic structures, as shown in Figure 3.6. After the initial cleaning step, a
chromium/gold seed layer was deposited on the wafer. The thickness of the
layer was set based on the electrode thickness, either 1/2nm or 10/25 nm,

respectively. The wafer surface was cleaned again with the same protocol. The
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3.4 Fabrication

counter electrodes, access pads, and connecting tracks were fabricated using
gold electroplating. For this purpose, the corresponding mask was designed
as discussed before. A 5 pum-thick SU-8 3005 was spincoated on the seed
layer. It was baked at 95 °C for 10 min followed by exposure with 300 mJcm >
and post-exposure bake at 95 °C for 2min. The unexposed photoresist was
developed by leaving the wafer in PGMEA for 10 min and rinsing that with IPA
and DI-water. After dehydration, pulsed electroplating was performed for the
target height of 5 ym during 96 min.

After that, the mould was stripped using O,-Plasma technique for 30 min.
The wafer was cleaned with the protocol mentioned earlier and a 20 um-thick
SU-8 3025 was spincoated on the wafer. Softbake was performed for 15 min
at 95 °C. A second mask was prepared to pattern the photoresist and to develop
the active electrodes through the seed layer. The wafer was exposed through that
mask with 330 mJcm ™2 and was baked at 95 °C for 4 min. The development
step was performed by stirring the wafer in PGMEA for 20 min and rinsing it
with IPA and DI-water. Then, gold and chromium seed layers of the unprotected
parts were etched using a chemical etching method. For this purpose, the
wafer was stirred in gold etchant (KI: I,: HoO 100 g: 25 g: 11) and Cr-200®
(MicroChemicals, Germany), respectively. The photoresist was stripped using
0,-Plasma® for 90 min. The wafer was further processed as of a bare wafer in

the electrode-free insert fabrication process.

3.4.3 Sidewall-electrode inserts

The sidewall electrodes were manufactured by gold electroplating as depicted in
Figure 3.6. The fabrication of these inserts started with spincoating SU-8 3025
on a wafer covered with 20/60 um chromium/gold seed layer. The wafer was
then baked at 95 °C for 15 min. The photoresist was exposed through the mask
for the first metallisation layer with an exposure dose of 330 mJ cm~2 followed
by baking at 95 °C for 4 min. The unexposed photoresist, corresponding to the

pads, tracks, and the sidewall electrodes, was developed by stirring the wafer
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in PGMEA for 20 min and rinsing with IPA and DI-water. After dehydration
step, the structures were electroplated for the target height of 5 um. The mould
for the second electroplating step was deposited on top of the first mould. In
order to enhance the resolution of the structures and avoid reflections from the
first electroplated gold layer, an anti-reflection coating was employed. For this
purpose, AZ® Barli® -1I 200 (MicroChemicals, Germany) was spincoated at
3000 rpm and baked at 200 °C for 1 min. Afterwards, 70 um SU-8 3025 was
spincoated. After softbake®, the wafer was exposed to 350mJecm~2 UV
through a second mask and maintaining alignment to the first layer followed
by post-exposure bake®. The unexposed regions, corresponding to the sidewall
locations, were developed in PGMEA solution by applying 20 min ultrasound
(SONOREX SUPER 10P, BANDELIN electronic GmbH & Co. KG) with 70 %
power to accelerate the procedure and enhance the resolution. The wafer was
stirred in IPA for 15 min, rinsed with DI-water, and left in the convection oven
at 30 °C for 600 min. A plasma cleaning process (RIE plasma etcher Etchlab
200, SENTECH Instruments GmbH) was applied for 10 min to remove the
Barli layer in the openings. The sidewall structures were gold electroplated
for the target height of 80 um. The mould was stripped using 0,-Plasma® for
360 min and the seed layers were etched, accordingly. The fabrication process
was continued similar to the other inserts to form the channel, bond the top
wafer, drill holes, and dice the assembly into individual chips.

Fabrication challenges

High aspect-ratio SU-8 mould: Although more sophisticated techniques are
available to resolve thin structures, e.g. Laser-, X-ray lithography, this
work aimed to achieve these structures with low-cost MEMS techniques.
The best resolution, which can be reliably achieved using the foil masks
and UV exposure, is about 20 um for an aspect-ratio one or smaller.
Increasing the photoresist thickness, for the case of the sidewall electrodes,

exacerbates the light diffraction and degrades the resolution. Besides,
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Figure 3.7: The sidewall electrodes were realised using two electroplating steps(a-i). A photograph
of the sidewall electrodes in a narrow channel configuration (a). The SEM images of the electrodes
(b-g). Characterisation of the electrodes with a white-light interferometre (h, i). Overexposure of
the mould for the second electroplating layer leaves some photoresist residue at the bottom of the
structures. The mould imperfection, being transferred to the electroplated layer, generates a V-neck
at the junction of the two layers (b). The other imperfection is caused by a faster growth rate at the
edges. It generates a cup shape electrode rather than a solid bar (b) or leaves some overplating at
the corners (f, h). The microfluidic channel walls overlap with the electrode (g). The channel is
slightly thicker to ensure proper bonding to the top cap. White-light interferometry images of the
planar electrodes, being fabricated by patterning the PVD layer (j, k).

the electroplated gold layer underneath the mould reflects the light and
increases the total exposure dose. Therefore, the edges of the mould are
not sharp. A V-neck shape at the junction of the two electroplated layers
was observed as the result (see Figure 3.7.b). This issue was minimised
by optimising the exposure dose, and also employing an anti-reflection
coating (AZ® Barli®-II, MicroChemicals, Germany), before the second

mould being generated.

Electroplating: According to the measurements, the growth rate of the elec-

troplated gold is higher at the edges and corners. This effect is more
noticeable in the sidewall electrodes as depicted in Figure 3.7b, c, f, h, i.
It is attributed to two facts: i) higher electric charge concentration at the
corners; ii) O, plasma treatment attacking the seedlayer and deposition

of gold particles on the walls of the mould. In order to compensate for
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that, pulsed electroplating was employed and the plasma-treatment was
modified.

Thick SU-8: The roughness of the thick SU-8 layer, used to pattern the chan-

nel, can degrade the bond quality. In the sidewall electrode configuration,
the presence of the metallic structures projects more non-uniformity to
the SU-8 encapsulation layer. Furthermore, some voids can form just
behind the sidewalls because of the spincoating. In order to enhance the
structure quality, a lower viscosity SU-8 (SU-8 3025) was used and the
spincoating, as well as the soft-bake steps, were optimised accordingly.

Figure 3.7.g shows an SU-8 layer formed employing these adjustments.

Bonding: Bonding wafers employing cured SU-8 has been demonstrated

elsewhere [200]. However, the chemical and mechanical stability of the
bond is not reliable. In addition, the roughness of the SU-8 layer impairs
the bonding. In order to enhance the bond quality, a partially-cured SU-8
was employed. This layer was baked on the hotplate to leave the top
surface of the SU-8 active. Therefore, the adhesion to the host substrate
is preserved and it is still elastic enough to compensate for the roughness
of the other surface. The bond pressure and temperature were adjusted to
avoid any reflow or shred of the SU-8 layer. The assembly was exposed
and baked afterwards to enhance the stability of the bond. The final

parameters are listed in Section A2.

Ultra-thin metallisation layer: Forming an ultra-thin planar metallic layer
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using low-cost PVD techniques and considering the consistency of the
layer was another challenge to overcome. In order to evaluate the de-
posited layer, its thickness, sheet resistance, and the atomic content of the
substrate coated with these layers were measured. Figure 3.7.j, k show
the profile measurements using white-light interferometry. Table 3.3
summarises the sheet resistance and atomic content measurements. The

atomic contents were measured with Scanning Electron Microscopy /



3.5 Characterisation

Table 3.3: Characterisation of the nano-layers with white-light interferometry, sheet resistance
measurement, and atomic content measurement.

Nom. Nom. Meas. Meas. Cr atomic Au atomic
Cr Au thick- sheet res.  content content
thick- thick- ness
ness ness
(nm)  (nm)  (nm) @b (») (%)
34nm 10 24 33 1.0£0.1 2.384+0.10 4.75+0.10
3nm 1 2 3.5 724+20 0.12+0.03 0.204+0.04

Energy Dispersive X-Ray Spectroscopy (SEM/EDX). The electron inter-
action depth is 2 ym. Therefore, the absolute contents of the chromium
and gold are low. Nevertheless, the comparison between these values
correlates with the sheet resistance and layer thickness measured using
white-light interferometry.

3.5 Characterisation

The fabricated inserts (electrode-free insert, 34 nm- and 3 nm-thick disk elec-
trodes, and wide- and narrow-channel sidewall electrodes) were tested using
NMR spectroscopy and MR imaging to, on one hand, verify the simulation
results and, on the other hand, explore their performance in the experimental
conditions. The characterisation was performed using a stationary sample and
without applying a signal to the electrodes. NMR spectroscopy presents the
figures of merit without any insight to the local distribution of By and B fields
whereas MRI complements it by providing a closer look at the system, reporting
Bp and B; map.

Both NMR and MRI measurements were performed using an 11.7434 T su-
perconducting magnet (Bruker, Germany). The corresponding 'H resonant

frequency is 500 MHz. As depicted in Figure 3.1, a Helmholtz detector, devel-

77



3 Microfluidic platforms for in situ electrochemistry

oped and fabricated by Spengler et al. [149] was employed as the NMR sensor.
The coil was tuned to 500 MHz and matched to 50  using ceramic capacitors.
The sample was loaded to the insert and the insert was slid inside the detector
chip. The assembly was installed on the micro5 probehead (Bruker, Germany)
with the aid of a PMMA adaptor and was connected to the probe circuit using
two pins. The gradient sleeve was installed and fine tuning and matching were
performed. Two adjustable capacitors, implemented in the probe, served for

fine-adjustment of tuning and matching.

3.5.1 Sample preparation

A liquid sample consisting of 500 mM sucrose and 50 mM 3-(trimethylsilyl)-
propionic-2,2,3,3-d4 acid sodium salt (TSP) dissolved in deionized water was
prepared for the NMR measurements and B; map experiments. TSP serves
as the chemical shift reference. The sample used for By experiments consists
of 4mM copper sulphate (CuSOq4 - 5H50) and 75 mM sodium chloride (NaCl)
in deionised water. All the chemicals were purchased from Sigma Aldrich®

(Germany).

3.5.2 NMR

The NMR measurements were carried out using TopSpin 5.4 software (Bruker,
Germany). The measurements were performed at 30 °C. The shimming was
performed manually up to the second order shims. After sufficient shimming,
the nutation signals were collected. 1D NMR experiments were performed
by adjusting the pulse width to the 90° pulse calculated from the nutation

experiments. Figure 3.8 presents the NMR measurement results.

Nutation signal: The water peak was considered as the reference for the
nutation plot and the integral of each peak was calculated to eliminate
the imperfections, stemming from poor shimming or radiation damping.

The experiment was performed collecting one single scan for each cer-
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Figure 3.8: a. Nutation signal of different electrode geometries collected from experiments. b.
NMR spectra of different electrode geometries collected from experiments.

tain pulse length value. The pulse length increment was set to 1 s, the

relaxation delay was set to 10's, and maximum pulse length was 250 ps.

The absolute values of the A4s0/Ago parameter, collected from the mea-
surements, are smaller than those from the simulation results. This dif-
ference is attributed to the detector imperfections, e.g. coil geometry,
alignment of the Helmholtz pair, the distance between the pairs, and
the effect of the metallic tracks, which feed the coil. The 34 nm-thick
electrode geometry exhibits even lower B; homogeneity as a result of By
distortions, introduced by the electrode. For higher flip angles, the static
field distortions induce phase distortion in the signals and accelerate the
signal decay. B field homogeneity in the narrow-channel sidewall insert
is slightly better than the electrode-free case which is in good agreement

with the simulations.

In the experimental studies, tuning and/or matching can influence the
delivered power to the coil and degrade the pulse width required for a 90°

flip angle. Nonetheless, the measured values are in good agreement with
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the simulation results except for the narrow-channel sidewall. Since the
tuning and matching capacitors have limited adjustment ranges, a proper
adjustment was not possible in this case and the power transfer efficiency

was degraded, accordingly.

NMR spectrum: Each final spectrum is the average of 64 scans, each one
consisting of 18000 datapoints over 20 ppm spectral width. The relax-
ation delay was set to 5s and acquisition time was 0.9s. The receiver
gain was adjusted to 32. The SNR and the spectral resolution of the TSP

peak were calculated as the reference for comparison.

The area under the TSP peak of each understudy geometry for a unit of
sample volume divided by the noise level was calculated and its ratio to
that of the electrode-free insert was reported as the relative SNR. These
data confirm the sensitivity loss wherever the planar electrodes are in-
troduced. As expected, the mass sensitivity was improved by restricting
the sample to a narrower channel, corresponding to the higher RF field

values, and compressing the magnetic flux between the electrodes.

The spectral resolution of the NMR signals denotes that the simplifying
assumptions presumed during the simulations, e.g. ignoring By distor-
tions introduced by the probehead components, capacitors, and soldering
bumps, play a big role in the final results and shimming cannot compen-
sate for all those imperfections. However, these effects have a uniform
impact on all the geometries and the relative values are in agreement with
the simulations.

3.5.3 MRI

MRI experiments were performed in order to achieve B and By field distribu-
tions at the sample volume and cross-check the NMR figures of merit. These
experiments were conducted using ParaVision 6.0.1 (Bruker, Germany) at 30 °C.

The experiments consist of two steps: i) automatic adjustments, controlled by
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the software, such as frequency adjustment (adjusting the excitation frequency
to the resonance frequency) and receiver gain adjustment; ii) MRI scan which

were performed at the end using the scan parameters.

FLASH is a Gradient Echo (GE) sequence with a single excitation pulse. For
a uniform sample distribution, the brightness of each pixel in the acquired
image is a function of the average B in the corresponding voxel [201].
However, the field intensity is coded by a sinusoidal function meaning
that the relation between the field amplitude and the voxel brightness for

a uniformly distributed sample is

sin(6)(1—e ™M) e
RS € E/T; Nave 34
1 —e T&/Ticos (0) 5
where 0 = yB1,1.,;7 is the flip angle of each voxel, Tk is the repetition
time, Tk is the echo time, 77 is the spin-lattice relaxation time, and 7, is
the spin-spin relaxation time. For small flip angles, the field intensity at
each voxel can be approximated by the slope of the signal of the voxel as

a function of the flip angle.

For FLASH experiments, the scan parameters are set as: relaxation
time (TR)= 200 ms, echo time (TE)= 4 ms, slice thickness= 100 pm, in-
plane resolution= 40 x 40 um?, scanning time= 53 min, averages= 512,
bandwidth= 10 kHz, FOV= 2 x 2 mm?, excitation pulse length= 1.1 ms.
In order to calculate the flip angle of each voxel, five different experi-
ments were performed at different power levels (0.3 uW, 3.3 uW, 9.4 uW,
19.2uW, 33.6 uW). The images collected from these experiments are
presented in Section AS. The collected data were post-processed in MAT-
LAB® R2018a (Mathworks Inc., USA) to calculate the normalised By
field distribution depicted in Figure 3.9.

As expected the noise level in 34 nm disk geometry is higher suggesting

that the maximum signal amplitude is less. As the slice thickness is
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Figure 3.9: MRI measurements depicting B (a,b) and B (c) field distributions at the sample region
for different inserts. The standard deviation of By field (d) can be an indicator for the spectral

resolution.

slightly larger than the sample thickness, B field plot represents the field
averaged over the sample thickness. Nevertheless, the field distribution in
34 nm disk shows some halo patterns similar to its digital twin. The other
four geometries have similar field patterns except in the narrow channel

where the field pattern is cropped by the channel walls.

Fieldmap is a 3D GE sequence which uses a single pulse but reads the signal
at two different echo times. The ratio of signal amplitude between these
two read-outs depends on the susceptibility distortions in the voxel [24,
201, 202].

82



3.6 Application

The scan parameters for Fieldmap experiments are as follows: relaxation
time (TR)= 35 ms, first/second echo times (TE1/TE2)= 1.31/7.03 ms,
isotropic voxel size= 90 um, scanning time= 76 min, averages= 128,
bandwidth= 30 kHz, FOV= 2.9 x 2.9 x 2.9 mm?, flip angle= 50°. SNR
threshold was set to 5 to cut out the voxels with low SNR. The slices
corresponding to the sample region were selected and presented in Fig-
ure 3.9.

According to the images, similar round-bracket shapes are observable
in all field patterns. These results are consistent with the simulation
results, i.e. B distortion as the result of the coil lobes. In addition,
further distortions are observable in the 34 nm- and 3 nm-thick electrode
structures which are attributed to the Cr adhesion layer under the gold

electrodes.

In order to quantitatively analyse the static field distributions, the standard
deviation of B field is presented in Figure 3.9. In the calculation of By
field standard deviation, the pixels corresponding to the outermost rim of
the images are eliminated as they suffer from poor signal-to-noise ratio.
The standard deviation values are in good agreement with the spectral

resolution presented in Figure 3.5.

3.6 Application

Chitosan (CS) is a stimuli-responsive biopolymer and it was the first biopoly-
mer being electrodeposited. The CS gel is biocompatible, nontoxic, and anti-
bacterial. Besides, the deposition is reversible, meaning that at low pH the CS
primary amines are protonated which makes it soluble, whereas at high pH the
amines are deprotonated and it is insoluble [203-205]. The functionality of
the CS gel can be increased by either chemical modification or stacking the
gel in multi-layer. All these features make chitosan a good candidate as the

interface between soft-matter and solid, inorganic structures for bio-medical
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applications. Moreover, the modified CS containing some chemical substrates
can be employed to localise a chemical reaction. This approach has been widely
used for enzyme studies [206].

The required pH gradient for the CS deposition can be produced using a pair of
electrodes and an applied voltage between them. Then, the electrodeposition
happens at the cathode electrode. Some reports studied deposition by measuring
CS profile as a function of the applied current or deposition time, either by fluo-
rescence microscopy methods, mechanical profile measurements, or some other
indirect measurements [207—209]. The main constraint of those measurements
is the interruption during the deposition for the measurements. Cheng et al.
characterised CS-electrodeposition optically by observing the pH of the fluidic
sample and the profile of the deposited gel [210]. It allowed them to have an
online monitoring system and observe the on-going deposition process.

NMR spectroscopy can be employed as an alternative in order to monitor CS
deposition without interrupting that, on one hand, the pH of the sample can
be correlated to the chemical shift of the water peak. On the other hand, the
gel generates a broader peak compared to its sol counterpart which can be
observed with NMR. Therefore, NMR can report on both pH of the sample
and gel volume. Additionally, it can report on the chemical reactions and
physical phenomena happening during the deposition. Given NMR capabilities
for monitoring chemical reactions, the localised reaction sites, provided by
modified CS, unlock new opportunities for in situ NMR measurements.

In this study, the sidewall electrode and the 3 nm-thick disk electrode inserts
were employed for three different experiments: i) monitoring CS deposition
using NMR; ii) studying the gelation effect on the PEG signal of deposited
CS, being modified with PEG; iii) observing a multiplex reaction, employing
a stack of three layers of CS, each one being modified with a certain enzyme.
These experiments were performed in collaboration with Nurdiana Nordin [211].

Further details of the experiments are discussed in the following subsections.

84



3.6 Application

3.6.1 Monitoring in situ CS electrodeposition

Sample preparation

Electrodeposition was performed with two different CS samples: pure CS and
chemically modified CS. In order to produce CS solution, 10 mM D, O based
phosphate buffer solution (PBS) was prepared. pH of the solution was 7.4. The
chitosan was then added to reach 1 % w/v concentration, maintaining the solu-
tion pH 3 by adding appropriate amount of deuterium chloride (DCI). After the
CS was fully dissolved with the help of stirring, sodium deuteroxide (NaOD)
was added to adjust the solution pH to 6. In the end, 50 mM trimethylsilyl-
propanoic acid (TSP) was added to the solution. Modification of CS was formed
by coupling to polyethyleneglycol (PEG) with 1:1 CS:PEG molar ratio. PEG
was activated using PEG:EDC:NHS (1:0.5:0.5) in deionised water. The solution
was then added to the CS solution described before and allowed to proceed
for 3 h. The solution was formed into hydrogel by adding NaOD followed by
purification using extensive dialysis. The hydrogel was dissolved by adjusting
pH 6 with the aid of DCL

Experiment configuration

The sidewall electrodes were employed for these experiments. The electrodepo-
sition was performed using a continuous current density of 3 uA mm™2. For this
purpose, a voltage source was connected to the electrodes through a resistor. The
current was measured and the voltage was adjusted so that the current reaches

12.6 pA (electrode area x current density).

NMR experiment and results

The NMR experiment was set up before applying current and the same adjust-
ments were preserved for the whole experiment. Afterwards, the current was
applied and the measurements were performed with 14 min intervals (5 min
delay and 9 min NMR experiment).
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Figure 3.10: Monitoring CS electrodeposition using sidewall electrodes for an unmodified CS
sample (a) and CS coupled to PEG (b). The highlighted segment in a represent CS signal. PEG
signal in b is highlighted.

CS generates NMR signal within 3 —4 ppm as depicted in Figure 3.10.a. The
linewidth of the CS signal increases with the deposited layer volume. It attributes
to the lower molecular motion in the hydrogel state in comparison to the liquid
state. PEG has an NMR signal around 3.3 ppm and 3.9 ppm (see Figure 3.10.b).
The signal amplitude and linewidth of PEG are independent of the deposition.
It is attributed to the free movement of the PEG molecules inside the CS gel.
Free movement of PEG, makes it a good candidate for attaching molecules
to CS. In this case, the attached molecules are decoupled from the unwanted
line-broadening effects of the deposited hydrogel.
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3.6.2 Multiplexed sensing

Sample preparation

200 mM sodium acetate (NaAc) was produced with NaAc tablets in deuterated
(D,0) water and the pH was adjusted using deuterium chloride (DCI), and
deuterium sodium hydroxide (NaOD). S0 mM TSP was added to this buffer as
the reference for the quantitative analysis. All enzymes, modified-CS solutions,
and dilutions used this buffer to maintain pH 5.5 for solution and pH 7 for

hydrogel.

Experiment configuration

The experiment was performed with both ultrathin and narrow-channel sidewall
insert geometries. The insert, employing the planar electrode, is adjusted so that
the electrode does not coincide with the NMR region of interest but is slightly
upstream. The insert with the sidewall electrode is used in its normal configura-
tion (region of interest coincides with the middle of the channel and between
two electrodes). Except for the sample volumes and the current amplitudes, the
rest of the experiments were identical for both insert geometries.

The gel stack consists of three layers. The first layer contains urease coupled
with CSPEG, whereas catalase coupled with CSPEG forms the second layer
and glucose oxidase coupled with CSPEG forms the third layer. Each layer was
deposited using a continuous current density of 3 uAmm~2 for 15 min. After
each deposition step and in order to stabilise the gels a solution of 200 mM NaAc
was injected to the channel and later the channel was rinsed with D,O. The
reactions were activated by injecting the substrate solution containing 1000 mM
urea, 100 mM D-glucose, 200 mM NaAc, and 200 mM TSP at pH 7.

The "H NMR spectra were collected at ~17 min intervals. The concentration of
urea, D-gluconic acid, and D-glucose were calculated from the integral of their
corresponding NMR peaks to monitor the reaction. Accordingly, the kinetic
data were extracted.
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NMR experiment and results

As illustrated in Figure 3.11, the oxygen production in catalase layer (second
layer) depends on the hydrogen peroxide production in glucose oxidase layer
(third layer) whereas these reactions are independent of the ureas reaction.

The reaction kinetics (derived from Michaelis-Menten equation) of this multi-
plexed experiment are in agreement with the single layer individual experiments
[211], [HDS]. These results reveal that the hydrogel layers are independent
and simultaneous reactions do not interfere each other. Besides, both elec-
trode geometries show similar enzymatic activities in multi-layered hydrogels.
Nevertheless, there is a small difference between the results collected from
two experiments. The experiment with the sidewall electrodes reaches to the
saturation state faster than the experiment with the planar electrode. It indicate
an incomplete conversion because of the larger ratio (5x) of substrate (urea) to

the active units in the sidewall case with respect to the planar electrode.

3.7 Discussion and conclusion

In this work, we have introduced different electrochemistry cells consisting of a
pair of electrodes and a microfluidic channel, being compatible with Helmholtz
NMR detector introduced by Spengler [62, 149]. The effect of different elec-
trode structures on the NMR figures of merit have been studied and the best
architectures have been fabricated. Microfabrication techniques enabled us
to precisely control the geometry of the electrodes (e.g, thickness, width, and
location). The performance of the fabricated cells was investigated with NMR
experiments. The insert employing a pair of metallic sidewalls outperforms the
other designs as predicted by the simulations.

The narrow-channel sidewall electrodes and the ultrathin planar electrodes were
employed in three different applications as the proof of concept to evaluate the

performance of the insert in an in situ electrochemistry experiments. This work
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Figure 3.11: Monitoring multiplexed enzyme reactions employing two different electrode geome-

tries (a: ultra-thin planar electrode, b: narrow-channel sidewall electrode) and with ureas, glucose
oxidase, and catalase coupled to CSPEG. The figure is reproduced from [HDS5].

is the very first demonstration of the micro-NMR being employed to monitor
electrochemistry experiments inside a micro-cell.

The other achievement of this work is to develop a method to study and evaluate
different electrode configurations in the NMR experiments relying on the FEM
simulations. While most of the previous studies rely on the raw simulations
data, in this work we have successfully demonstrated that those data can be
further processed to achieve NMR figures of merit. A remarkable agreement
between the simulated and measured NMR figures of merit confirms that the

"Digital Twin" of the NMR experiments can play an important role in future
NMR hardware developement.
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3.7.1 Challenges

Presence of the metallic electrodes inside the NMR field of view introduces
both Bg and B field distortions. One solution to minimise these distortions
is to reduce the thickness of those electrodes. However, it is not compatible
with many applications, requiring high current densities. Another challenge is
the fabrication of those thin electrodes. Instead, we have introduced a novel
structure employing two sidewalls parallel to both By and B, fields to reduce
the distortions. This configuration requires high aspect ratio metallic structures
precisely aligned with the channel. Integration of those structures was the main

challenge to overcome.

3.7.2 Suggestions

A true electrochemistry cell requires three electrodes with more sophisticated
electrode materials. Compatibility of those electrodes to the microfabrication
techniques is the main requirement to fulfil. In addition, it requires a more
complex fabrication process to introduce different types of electrodes.

The insert has demonstrated an interesting performance in the enzyme-coupled
experiments. To further enhance the performance of the insert, an array of
addressable electrodes can be employed to generate an arbitrary 3D gel structure
and facilitate more complex experiments or to mimic biological organ- or body-
on-a-chip systems as interesting subjects for NMR studies.

Another interesting application which can benefit from this research lies in
the conjunction of NMR and energy storage field. Electrolyte or dielectric
samples can be easily introduced in the current insert and the performance of
the batteries or capacitors employing those media can be studied, accordingly.
These designs would be great tools for those studies since the filling factor and
the field amplitude are maximised in this case.

This design can also readily be utilised to monitor and drive electrophoresis
or dielectrophoresis phenomena with NMR experiments. The compactness of

the electrodes results in a lower required voltage for a certain electric field.
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Additionally, thanks to the electrode geometries of the sidewall inserts, the
electric field can be perfectly homogeneous in the channel. The design can be
modified to produce different electric field patterns with different amplitudes.

In order to reduce the footprint of the sidewall electrodes, one can realise the
high aspect ratio electrodes using sputtered thin films on a sacrificial layer.
With that technique, the electrode thickness can be reduced to a few nano-
meters. In this case, the power dissipation in the electrode and additional noise

corresponding to the electrodes can be eliminated.
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4.1 Overview

The opportunity to "look" at a sample from different perspectives has always
been a wish to fulfil in different spectroscopic methods. While it is usu-
ally achievable by correlative measurements, i.e. employing multiple spec-
troscopic techniques, some spectroscopic methods are capable of giving a
multi-dimensional perspective. NMR is amongst those spectroscopy methods
which can- theoretically- provide a multi-dimensional observation, opportunity
thanks to its multi-nuclear detection. In this case, the sample is examined at
different Larmor frequencies corresponding to different isotopes. However, the
main bottleneck is the detection hardware. In this study, we re-evaluate and
offer a novel type of NMR detector, i.e. broadband detector, which can collect
data from the sample at different frequencies. Although this technique is at its
early stages, the results show that this method has a performance comparable to
the well-established resonance-based methods.

This chapter begins with a brief review of the micro-NMR techniques and the
opportunities and challenges associated with that by focusing on multi-nuclear
NMR. The chapter continues with discussing the figures of merit. Based on these
figures of merit, the broadband detector performance is evaluated, simulated,
and optimised for the given sample and at the desired working frequency ranges.
In the next step, the fabrication process of the detector is presented together with
the characterisation of the coil. The chapter is then concluded by comparing the
proposed coil with the state of the art.

The primary results of this work were presented in Euromar 2018 as a poster

contribution. The final results of this work together with the optimisation and fab-
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rication details have been published in Scientific Reports (Nature Springer)
journal [HD3].

4.2 Introduction

As discussed in Section 2.4, micro-NMR is a technique to study micro-volume
samples using NMR spectroscopy. For this purpose, miniaturised coils are
usually employed to enhance the filling factor, increase the sensitivity of the
coil, and reduce the noise. The term micro-coil refers to these miniaturised coils
with sub-mm dimensions.

In addition to their popularity for the applications dealing with minute/precious
samples, micro-coils are especially interesting in high static fields. In this case,
the available space in the magnet bores is usually smaller and, besides, the
micro-coils exhibit self-resonant frequencies higher than the Larmor frequency
of the nuclei.

According to the discussion in Section 2.4, the power transfer between the
micro-coil and the other circuits is a challenge to be considered. This challenge
worsens when these coils are employed for the detection of more than one
nucleus. As discussed in Section 2.5, usually trap and tank circuits are required
to produce a multi-resonant circuit. These circuits, consisting of inductors
and capacitors, introduce power loss which reduces the delivered power to the
coil or partially dissipates the signal collected from the nuclei. Besides, these
circuits introduce noise to the detected signal, while conducting it through the
corresponding path. The complexity of the circuit rapidly increases with the
number of the detection frequencies and the efficiency of the circuit drops,
accordingly. Since micro-coils have smaller impedance and the collected signal
is also smaller because of a smaller sample volume, the power loss and the
additional noise are more critical in micro-domain rather than the standard
multinuclear NMR experiments.

Employing elements with high quality-factor is crucial when designing and

developing the trap/tank circuit for micro-NMR applications. Another possible
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solution to enhance the overall multi-nuclear micro-NMR performance is to
make the circuit compact in order to avoid long signal paths. Nevertheless,
it contradicts the spectral resolution and By uniformity requirements since all
these nearby elements contribute to the susceptibility mismatches.

Altogether, the susceptibility and power transfer efficiency issues limit the
application of multi-nuclear micro-NMR. Consequently, a few studies tried
to explore more than two nuclei [66, 67, 75, 77] and most of the literature is
restricted to single or double resonant micro-coils [41, 45, 60, 93, 94, 97].

As a solution to the susceptibility issues and the power transfer challenges Webb
[10] proposed to couple the micro-coil to a macro-coil. With that, the impedance
of the macro-coil governs the power transfer efficiency and the tuning/matching
elements can be kept relatively far from the detection zone hence improve the
spectral resolution. Nevertheless, for a multi-resonant circuit, the challenge
is to maintain an efficient inductive coupling matrix with different over- and
loosely-coupled tank circuits. A double resonant magic angle coil spinning
(MACS) was developed by Inukai [121] using two interconnected tank circuits
inductively coupled to a commercially available triple resonance magic angle
spinning (MAS) coil (see Figure 4.1). Working based on a similar inductive
coupling concept, Lenz lens structures are wideband, passive inserts which
focus the flux at the sample region [50-52]. Chapter 5 discusses these solutions
in more details.

Amongst the multi-resonant circuits for the micro-coils, the pre-tuned configu-
ration is the most popular method. In this way, the impedance of the micro-coil
is boosted to enhance the power transfer efficiency [41, 45, 75]. As depicted
in Figure 4.1, pre-tuning is usually provided by a capacitor. As a result, trap
or tank circuits can be pushed further away from the detection zone and B or
B perturbations can be suppressed. In a different report, Kc [60] examined
impedance transfer employing transmission lines. In addition, sample spin-
ning was employed in case even higher By and B; homogeneities are required
[66, 67,77, 94].
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Figure 4.1: a. Inukai [121] suggested a double resonant MACS employing two tank circuits coupled
to a MAS coil. b. Oosthoek-de Vries [45] developed trap circuits for a micro-stripline coil. The
figure is reproduced from [HD1].

As reviewed in Chapter 2, miniaturisation facilitated realisation of distributed
impedance needed for transmission line and non-tuned coils [137, 138, 141-
143]. In the transmission line micro-coils the distributed impedance results in
a better field homogeneity comparing to the delay lines, as well as a superior
power transfer efficiency.

The non-tuned coil introduced by Fratila et al. [141, 142] traded tuning/matching
for wider bandwidth. In addition, the challenges associated with the extra circuit
elements were eliminated. Nevertheless, this class of micro-coils are still under
development and their performance can be further improved by either optimising
their geometry or modifying the other signal processing elements based on these
coils characteristics. In order to do that and as the first step this chapter studies
the working principle of these coils.

4.2.1 Experimental set-up

As illustrated in Figure 4.2, the experiment is performed using an 11.74T
superconducting magnet, corresponding to the following Larmor frequencies
for different nuclei: "H-500 MHz, !°F- 471 MHz, 3'P- 202 MHz, "Li-194 MHz,
11B. 160 MHz, 2Na- 132 MHz, '3C- 126 MHz. The detector is a hybrid micro-
electro-mechanical system (MEMS), consisting of a broadband spiral coil and a
microfluidic channel which carries the sample. The detector is installed on top
of a probe and is connected to the pre-amplifier block (also known as the low

noise amplifier-LNA) using a coaxial cable in order to bypass all the circuits
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embedded in the probe. Further details of the measurement setup are discussed
in Section 4.5.3.

z
Q\x 5mm

Figure 4.2: The experimental set-up consisting of a superconducting magnet, probe, LNA block,
and NMR console. The detector is located on top of the probe inside the magnet. The detector
consists of a spiral coil, a microfluidic channel, and an MMBX plug.

4.3 Theory

The performance of the broadband coil was considered in both excitation and
detection modes. Although all four figures of merit (discussed in Section 2.3)
have been studied here, one should note that B; homogeneity of the coil and the
spectral resolution are independent of the coil tuning and matching. Therefore,
the evaluation and optimisation were made based on the excitation efficiency
and relative signal-to-noise ratio (SNR). These figures of merit were first
redefined considering the effect of tuning and/or matching. As a reference for
comparison, a tuned/matched coil was also studied theoretically. Based on these
evaluations the optimum geometry was selected. As a complementary study, the
performance of the optimum detector was studied in terms of spectral resolution

in order to select the best geometry for the microfluidic channel.
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4.3.1 Figures of merit

Excitation efficiency

In order to calculate the excitation efficiency, the sample was assumed to be
uniformly distributed within the predefined region of interest. Considering
Equation 2.10, the coil current (/) for a certain applied power (Pamplifier)
strongly depends on the tuning/matching conditions. The other parameters are
independent of the intermediate circuits between the coil and the excitation
power source.

For a broadband case where a coaxial cable connects the coil and the amplifier
directly, I.i; can be calculated as a function of the coil impedance-Z,;j, cable
length-/.,p1e, characteristic impedance of the cable-Z e, output impedance of
the amplifier-Zy, and the propagation constant-I". Assuming Zape = Zy, the

formula for the coil current can be written as:

—TI'l,
Vamplifier X € cable
Zo+ Zeoit

whereas in the tuned/matched coil, assuming all the power being dissipated in

Icoil, BB = 4.1)

the coil and not in the tuning/matching circuit, the current can be calculated as:

2
|Vampliﬁcr x e~ Tleable

Icoil, TM = 4.2)

Zy X reoil

Therefore, the excitation efficiency (ef) for two different cases can be defined
considering the newly defined formula for the coil current. In the other words,
in the excitation mode, the impedance of the coil and the generated field per unit
applied current are the main parameters to be optimised at the desired frequen-
cies. Increasing the number of turns in a spiral coil increases the magnitude of
the magnetic field which it generates, but also increases the coil impedance. This
trade-off should be analysed at different frequencies and for different matching

configurations.
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B1 uniformity

The distribution of B; field, generated by a coil for a unit applied current,
depends on the coil geometry, as well as the sample volume geometry. For the
frequencies much lower than the self-resonance frequency of the spiral coil, the
magnetic field generated at the coil axis can be derived from the Biot-Savart

formula as:

u Tin B rin+ (w4 s)n
2w +s) | Vit rn? V2 I+ (Wt sn]?

Bl,u(zo) =

4.3)

+ln(rin +(w+s)n+ \/Z%-i- [rin + (w+s)n]2)

Fin + \/Z(Z;+rin2

where z, is the distance of the observation point from the coil which has been
assumed much bigger than the track thickness (7). u is the magnetic permeability
of the sample, and w and s are the width of the tracks and the spacing between
the tracks, respectively. In this study, these values were considered constant all
over the coil geometry. rj, and n are the inner radius of the coil and its number
of turns.

At higher frequencies, the inter-turn parasitic capacitances create alternative
current paths rather than the inductive loops, hence forming internal resonators.
Therefore, the total magnetic field generated by a unit current flowing through
the coil increases with the frequency. At frequencies between the first and
second self-resonance frequencies of the coil, the capacitive paths bypass the
inductive paths. Therefore, the magnetic field at the sample region decays.
Increasing the number of turns improves the magnetic field per unit current,

enhances homogeneity of the field, and reduces the self-resonance frequency.
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Relative SNR

Equation 2.10 determines the intrinsic signal amplitude, collected by the coil.
However, a resonating circuit can scale-up the induced voltage by conserving
the power of the signal but increasing the impedance of the circuit. This can be
achieved by adding a capacitor in parallel to the coil. This passive amplification
scales both the signal and the noise collected by the coil. Since the capacitors
usually have much higher quality factor than the coil, the extra noise and the
power dissipation introduced by that can be neglected. Therefore, the SNR
remains intact although the signal is amplified.

In order to minimise the SNR degradation by the signal processing chain, the
collected signal is further amplified by a low noise amplifier (LNA). A coaxial
cable bridges the gap between the coil and its accompanying circuit and the
LNA which usually has an input impedance of 50 Q. Nevertheless, the input
impedance of the LNA should complex conjugate the output impedance of the
coil circuit to achieve the best signal transfer efficiency. This can be achieved
with the aid of a second capacitor on the coil side. By adding the second
capacitor and adjusting the resonance frequency, the impedance matching can
be achieved at a certain frequency. Therefore, the circuit bandwidth is limited to
a narrow band around that specific frequency and modification of the detection
frequency requires a different combination of capacitors.

Once the signal reaches the LNA, it amplifies the input signal. During this
process amplifier also introduces an additional noise . Noise performance of the
LNA is determined by the noise-factor (F) of the amplifier as a two-port circuit
being defined as:

B SNR;,,
"~ SNRuut

(4.4)

Assuming that the gain of the LNA is adjusted so that the signal level at the
output of the LNA is the same in both tuned/matched and broadband case and

all the other signal processing steps are the same, the additional distortions are
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similar in both cases. Therefore, the SNR of the system at the output of the LNA
is a good indicator for the performance of the system in the receive mode. For a
tuned and matched coil, the transferred voltage to the input of the amplifier can

be calculated as

Z
0 | x £ Meabte (4.5)

VLM =

coil

whereas for a broadband coil, where there is no intermediate circuit to adjust the
impedance of the coil, and neglecting the power loss as the result of the cable

and the connector, the transferred voltage is

Zy
ZO + Zeoil

For the micro-coils, the thermal noise of the coil (n.,;) is dominant and the

VLNM = x & Tleable (4.6)

noise, originating from the sample, is negligible. As discussed earlier, the noise
also experiences the same transfer function once travelling through different
stages as long as the noise introduced by the cable and other passive elements
are negligible. Consequently, SNR at the input of the LNA is the same as
the SNR at the coil port. Therefore, the SNR at the output of the LNA for a
tuned/matched case is

5
\/F X Neoil

whereas for a non-tuned, non-matched coil and modelling the noise performance

SNR = 4.7

of the amplifier with a voltage source, the SNR is

SNR = : 4.8)

2
2 2 F—-1 Zeoil
\/”coﬂ +np X 5 X ‘ 1+

As the result, the impedance of the coil and the magnetic field, it generates

for a unit applied current, are the main parameters in the coil design from the

detection perspective.
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Spectral resolution

The spectral resolution of an NMR signal depends on the relative By and B
distributions at the sample region and therefore is independent of tuning/match-
ing conditions. The main source of By distortions is the susceptibility mismatch
between the sample and its surrounding environment, e.g., the coil, the sam-
ple holder, and air. In order to enhance the SNR and the excitation efficiency,
B shall be maximised at the sample region and according to Equation 4.3, it
mandates the coil to be as close as possible to the sample. Nonetheless, the
susceptibility mismatch between the coil and the sample can be minimised
by keeping them apart. As a result, there is a trade-off between the spectral
resolution and SNR and/or excitation efficiency. In other words, the integral
of the signal in the frequency domain depends on the sample and the average
B whereas broadening of the signal depends on the susceptibility mismatches.
To meet both these requirements, the distance between the coils and sample
volume shall be selected mindfully. Other approaches which have not been
considered here are either to encapsulate the coil with a material having the
same susceptibility as the coil material or to select zero susceptibility material

for the coil.

4.3.2 Pre-adjustments

Detector geometry selection

A spiral coil, patterned on a glass substrate, was selected for this study. The
sample was considered as a cylinder with 500 um diameter and 500 um height,
placed at the backside of the substrate. The coil material is gold. Based on the
B1, given in Equation 4.3, the optimum value for s 4+ w is 40 um. As a rule of
thumb, the thickness of the tracks and their width should be at least twice the
skin depth to use the track cross-section efficiently. Assuming the minimum
working frequency of 100 MHz, its corresponding skin depth is 7.5 um. As a
result, the track thickness, the track width, and the spacing between tracks are

set to 20 um. In addition, the inner diameter of the coil is set half of the sample
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diameter to have a good compromise between the field homogeneity and the
signal amplitude.

A pad is required at the inner end of the spiral to connect it to its corresponding
signal pad. This connection is provided using a wirebond. For a wire diameter
of 25 pm, the minimum required pad diameter is 50 um. In order to maintain
the symmetry for both By and B fields, the pad is placed at the centre of the
coil. Accordingly, the presence of the pad sets a boundary condition for B field
at the axis of the coil and forces it to zero at the location of the pad. The field at
the axis increases to a maximum amplitude and then decays exponentially as
presented in Figure 4.3. Based on these results, the spacing between the sample
and the coil, i.e. the substrate thickness, is set to 100 um to coincide with the
maximum field amplitude. The only unknown is the number of turns. For this
purpose, the coil performance was simulated with sweeping the number of turns

to evaluate the figures of merit.

Simulation frequency selection

Considering the distribution of the Larmor frequencies of the NMR active
isotopes presented in Figure 2.1, there are three frequency bands where the
most interesting nuclei (red dots) are concentrated. 'H and °F form the high-
frequency range, 'Li and 3'P form the middle-frequency range, and °N, 170,
’H, 13C, *Na, ''B form the low-frequency range. In order to reduce the
computation cost, one frequency was selected as the representative frequency
for each range. Taking the 11.74 T magnetic field, 500 MHz was selected as the
representative for the high-frequency range whereas 200 MHz was selected as
the representative for the middle-frequency range. Since the field and impedance
do not experience a considerable change at lower frequencies, 150 MHz can be

a good representative for this range although it is not located at its centre.
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Simulation preferences and settings

RF simulations: Simulations for the RF studies were performed using Electro-
magnetic Waves, Frequency Domain interface of RF module of COMSOL
MultiPhysics® 5.5 (COMSOL AB, Sweden). The maximum tolerable
relative error for the RF simulations was set to 0.01%. The simula-
tion frequency was swept in a range of 100— 1000 MHz. However, the
performance was just considered at the three representative frequencies
(150 MHz, 200 MHz, and 500 MHz). Simulations were achieved apply-
ing 1 A current to the coil terminals.

Susceptibility simulations: FEM simulations for the susceptibility studies
were performed using Magnetic Fields, No Currents (MFNC) interface
of AC/DC module of COMSOL MultiPhysics® 5.5 (COMSOL AB, Swe-
den). In these simulations, the maximum tolerable relative error was set
to 0.1 ppb in order to obtain enough accuracy required for the spectral
resolution. The permeability values of different materials were adopted
from Schenck [189] and Wapler et al. [198] as listed in Section Al.

4.3.3 Coil geometry optimisation

RF simulations

For the given geometrical parameters, the number of turns was swept in the
RF simulations to calculate the impedance of the coil, as well as the magnetic
field per unit applied current. As mentioned in the previous sub-sections, the
NMR figures of merit depend on these parameters in the coil design level. The
field patterns at different frequencies and for different numbers of turns are
plotted in Figure 4.3. Since the geometry is symmetric, the field patterns are
shown just in half-space. For this purpose, the components of the field being
perpendicular to By are considered (components in xy-plane). The dashed
rectangle shows the cross-section of the sample volume. The upper x-axis
together with the line plot illustrates the field at the axis of the coil. The field
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amplitude reaches its maximum at 100 um distance from the coil and then it

drops, almost exponentially, with distance from the coil.

ZH 0ST

ZHW 002
wil 005 mm—

g Bu(MTA)

ZHIN 005

n=27 n=31 n=35

Figure 4.3: B; field distribution of the coils with different numbers of turns and at three different
frequencies. Dashed rectangles highlight the sample volume. The colour maps show the field
distribution at the cross-section and the line plots depict the field at the axis of the coils.

As expected, the field homogeneity at the sample volume increases with the
number of turns whereas the field amplitude shows a maximum at a certain
combination of the frequency and the number of turns (f =500 MHz and n = 27)
because of the self-resonance of the coil. After the self-resonance frequency, the
field amplitude reduces indicating that the capacitive paths bypass the current
of the inductive paths.

Figure 4.4 presents the resistance, inductance, and the quality factor of the coil
at different frequencies and for different numbers of turns. The self-resonance
effect can be observed at 500 MHz and for the 27 turn coil. Both resistance and
inductance increase monotonically with the number of turns for cases lower
than the self-resonance frequency. As a result, the quality-factor increases with
frequency, as depicted in Figure 4.4.c. At 500 MHz, the maximum quality-factor
corresponds to the 17 turn coil.

The analytical prediction for the resistance and the inductance are achieved

considering just the coil and excluding all the connection tracks and pads. The
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resistance at the radio frequencies was calculated by considering the skin depth
to include the effective cross-section of the tracks as:

L 2w xrigxn4(s+w)x T xn?
Ree=p = P < 5= 02 4-9)

where § is the skin depth. The small difference between the simulation results
and the analytical results is because of the extra length of the tracks which con-
nect the coil to its corresponding pads and also the effect of the self-resonance.
The inductance can be calculated based on the formula given by Wheeler [212]

as:

(rin+ (2n—1) x (w+s)/4)?

L=31.33xu xn?
T e 175 % (2n—1) X (w+s)

(4.10)

whereas [ is the magnetic permeability of the sample. The values are in good
agreement for the number of turns larger than 5. As expected, the error is more
pronounced for small numbers of turns since the track impedance is comparable

to the coil impedance.

Post-processing simulation data

The simulation results were further processed in MATLAB® R2018a (Math-

works Inc., USA), to extract the figures of merit. The nutation signal was
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Figure 4.4: The electrical characteristics of the broadband coil at different frequencies and for
different numbers of turns. The values are achieved using COMSOL simulations, as well as the
analytical formula.
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generated by calculating the current flowing in the coil for a unit power provided
by the amplifier. For this purpose, the current was calculated based on the
Equation 4.2 and Equation 4.1. The flip angle of each elementary voxel (a
cube of 10 um) was calculated. The signal from each voxel was collected and
superimposed according to the principle of reciprocity. In this process, By was
assumed to be perfectly homogeneous. For each combination of the simulation
frequency and number of turns, a nutation signal was calculated. These signals
are depicted in Figure 4.5. It should be noted again that the tuning and matching
affect the frequency of the nutation signal but the relative values of the peaks are
independent of the tuning and matching conditions. For the sake of simplicity
and ease of comparison, all the nutation signals were normalised with respect to
their maximum amplitude. The nutation signals prove that the field homogeneity
at the sample region increases with the number of turns.

The excitation efficiency was extracted based on the calculated nutation signals.
Besides, SNR was also achieved using the signal amplitude at the 90° pulse.
The relative SNR was calculated at the output of the LNA. Therefore, the noise
factors of the LNAs have been taken into the account. These values were set
according to the data given in Section 4.5.3.

Based on the excitation efficiency results for the tuned/matched case, the best
number of turns is about 11-12. According to these data, the coil has the best
excitation efficiency at 500 MHz. In addition, the self-resonance caused a faster
decay of excitation efficiency at 500 MHz and for n >27 turn.

For the broadband case, the best number of turns is around 5 turns at 500 MHz,
7 turns at 200 MHz, and 9 turns at 150 MHz. The lower excitation efficiency in
the broadband case can be compensated either by applying higher power levels
for a certain excitation pulse or by increasing the duration of the excitation pulse
for a certain power level.

The optimum numbers of turns, corresponding to different combinations of the
tuning/matching conditions and frequencies, for SNR are larger in comparison

to the excitation efficiency. It is attributed to the additional noise introduced by
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Figure 4.5: Extracting the figures of merit of the NMR coil based on the simulation results. The
nutation signals for a tuned/matched coil (a-c) and a broadband coil (d-f) with different numbers of
turns and at different frequencies. The excitation efficiency of the coils with different numbers of
turns and at different tuning/matching conditions and different frequencies can be extracted from
the nutation signals (g). Relative SNR of the collected signal at the output of the LNA blocks can
also be calculated based on the maximum signal amplitude of the nutation spectra for different
numbers of turns, at different tuning/matching conditions, and at different frequencies (h).

the LNA. For the tuned/matched case, the best number of turns for the low- and
mid-frequencies is 25 turns whereas it drops to 19 turns at 500 MHz.

For both SNR and excitation efficiency, the best values for the number of turns
in the case of the broadband detector are less than the tuned/matched case.
Accordingly, the best numbers of turns for a broadband detector and from
the SNR point-of-view are 11, 9, 7, respectively for 150 MHz, 200 MHz, and
500 MHz. In order to compensate for the lower SNR values, either a higher

number of averages or a higher sample concentration is required. However, this
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Table 4.1: The numbers of turns for the best performance in both tuned/matched and broadband
and at different frequencies. Comparing the figures of merit for optimised geometries highlights
the total cost to be paid when selecting an optimum number of turn. Additionally, the relative
performance of the optimised broadband coil in comparison with its optimised tuned/matched coil
can be understood from these figures of merits.

£ (MHz) excitation eff. (krads™1) rel. SNR o
Npest best  opt. Npest best  opt.

150 12 282 274 25 38.9 36.7

E 200 11 337 325 25 347 326 | 17
500 11 604 569 19 26.7 26.0
150 9 89 87 11 13.5 12.0

B 200 7 103 102 9 112 106 | 8
500 5 159 137 7 84 83

comparison holds for a single nucleus detection and for a fair comparison, a
multi-nuclear detector with all its accompanying circuits should be taken into
the account.

The best performance results for different combinations of tuning/matching
conditions, working frequencies, and figures of merit are summarised in Ta-
ble 4.1. In order to develop and fabricate a single coil, being optimised for all
the frequency range, the optimum number of turns of 8 was selected for the
broadband coil and 17 is selected for the tuned/matched coil. These values are
achieved by averaging the six corresponding best values in each configuration.
The comparison amongst each configuration shows the price to be paid in order
to select a single-coil to work at all frequencies. Comparing the relative values
shows that the excitation efficiency in the broadband case is 33 %, 31 %, and
22 % of the tuned/matched counterparts at 150 MHz, 200 MHz, and 500 MHz,
respectively. The relative SNR at 150 MHz for the broadband case is 36 %
of that of the tuned/matched case. Similarly, those values for 200 MHz and
500 MHz are respectively 34 % and 26 %.
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4.3.4 Microfluidics channel design

Susceptibility simulations

The microfluidic channel geometry and its surrounding material were studied to
optimise the spectral resolution of the detector. In order to minimise the dead
sample volume, i.e. the sample volume which does not contribute to the signal,
a channel of 100 um width and 500 um height was assumed. The length of the
channel was set to 8 mm so that the inlet and outlet are far enough from the
coil and sealing does not conflict with the coil. In this case, the channel and
sample volume were presumed to be patterned through a glass layer as shown in
Figure 4.6.a. The susceptibility mismatch between the glass and sample (water
in these simulations) perturbs By field substantially as shown in Figure 4.6.a.

In order to eliminate B perturbations, one solution is to use a susceptibility
matched material for the surrounding structures of the channel and the sample
volume. A hypothetical material, having the same susceptibility as water and the
same dielectric constant as the glass, was assigned to the surrounding material.
The simulation results, presented in Figure 4.6.a, confirm the enhancement of
By field homogeneity. Nonetheless, there are still some distortions caused by
the coil. As the third option and a more practical solution, the channel width
was extended to equal the sample holder diameter and glass was used as the
surrounding material. With that, the material interface along B is eliminated.
Accordingly, the field homogeneity is comparable to the susceptibility matched

case. The penalty for that is a higher dead sample volume.

Post-processing simulation data

Since B field strength is not uniform all over the sample geometry, a simple
By map cannot reveal the exact effect of the distortions on the NMR signal.
Therefore, the field maps collected from the susceptibility simulations and the
results of the RF simulations using the optimum coil geometry were processed
together as discussed in Section 4.3.3 to generate NMR spectra. In these

spectra, the line-broadening caused by T, relaxation was ignored. The results
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Figure 4.6: a. The susceptibility simulations at different distances from the coil reveals the effect of
the coil and the surrounding environment of the sample on By distribution at the sample. b. NMR
spectra corresponding to the different sample volumes and channel geometries.

for different sample geometries are demonstrated in Figure 4.6.b. The relative
position of the signal in the chemical shift axis is adjusted manually so that the
highest peaks appear at O ppm.

The spectrum collected from the cylindrical sample holder without susceptibil-
ity compensation consists of a pair of main peaks and multiple shorter peaks
whereas those shorter peaks are absent in both susceptibility matched case and
rectangular sample holder. Those peaks are attributed to the effect of the glass
material surrounding the sample. The split in the main peak corresponds to the
presence of the coil. The susceptibility mismatch between the sample and the
coil decays with distance from the coil and so does B; amplitude. Therefore,
the higher peak located at the higher chemical shifts corresponds to the sample
close to the coil whereas the second peak corresponds to the sample at the other
end of the sample volume.

The detector geometry optimisation was started with optimising the coil geom-

etry, assuming a perfectly homogeneous By field to calculate the total signal
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which can be collected from a sample. However, the inhomogeneity of Bg
increases the broadening of the signal and reduces the height of the peaks, hence
SNR. As a rule of thumb, the main factor affecting field homogeneity is the
susceptibility mismatches whose projection along By field coincide with the
sample, being in the field of view of the coil. Nevertheless, the material inter-
faces in the neighbourhood of the sample volume cause some distortions, too.
The sample geometry and its surrounding were optimised in the next step based
on By simulations and for the optimised coil geometry. The optimised detector
design was concluded according to these results. This design can be found in
Section A3.

4.4 Fabrication

The detector consists of three glass layers bonded together. The top layer,
being 100 pum thick, serves as the substrate for the metallic structures and acts
as a spacer between the coil and the sample volume. Besides, the inlet and
outlet of the microfluidic channel are drilled in this layer. The second layer is
500 um thick and is structured for the microfluidic channel. The third layer is
500 um thick and seals the channel. The lithography masks (designed using
LayoutEditor® and printed on transparent foils with 12 um resolution) and
CAD files were designed based on the optimum geometry. Further details of
the fabrication steps, marked with B, are given in Section A2.

As illustrated in Figure 4.7, the fabrication process starts with structuring the
channels and alignment marks in a 4 inch, 500 pum-thick D 263® T eco wafer
using nanosecond Laser (PIRANHA® ACSYS). In the next step, the wafer
was rinsed with isopropanol (IPA) and Acetone followed by plasma cleaning
(RIE plasma etcher Etchlab 200, SENTECH Instruments GmbH) for 30 min to
remove all the residues. The dehydration bake step was performed on a hotplate
at 200 °C for 5 min. A 4 inch, 100 um-thick D 263® T eco wafer was then rinsed
with IPA and Acetone and cleaned with Oy -plasma (RIE plasma etcher Etchlab
200, SENTECH Instruments GmbH) for 10 min followed by dehydration on a
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hotplate at 200 °C for 5 min. These two wafers were bonded together employing
an SU-8 layer. For this purpose, 5um SU-8 3005 was coated® on the thin
wafer and was partially baked®. As mentioned in Section 3.4, the partial bake
maintains a reliable adhesion, as well as, uniformity of the photoresist. The
coated side of the thin wafer was brought into contact with the top side of
the structured wafer and they were bonded using compression bonding (EVG
510®, EV Groups). After bonding, the assembly was exposed with 300 mJ cm 2
using the mask aligner (EVG 620®, EV Groups) and baked on the hotplate at
90 °C for 240 min. The third wafer (4 inch, 500 um-thick D 263® T eco) was

similarly cleaned and bonded to the backside of the assembly.

Figure 4.7: The fabrication process starts with structuring the channels in the middle wafer and
bonding it to the top and bottom wafers. In the next step, the coil was patterned on the top side of
the assembly using lithography and electroplating processes. The in-/outlets were patterned with a
nanosecond laser followed by dicing the assembly into the individual chips. The wirebonding step
connects the middle pad of the coil to its corresponding pad. As the last step, the MMBX connector
is soldered to the chip.

The assembly was cleaned following by dehydration bake at 120 °C for 20 min.
The seed layer was deposited on top of the assembly employing physical vapour
deposition (PVD) technique for the target thickness of 20 nm and 60 nm for Cr
and Au, respectively. The assembly was cleaned similar to the previous steps
and was coated® with a layer of 25 um SU-8 3025. Softbake was performed
at 90 °C for 15 min. The assembly was then exposed through a mask with an

exposure dose of 330 mJcm 2 followed by the post-exposure bake for 4 min
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at 90 °C. The structures were developed using PGMEA for 20 min and rinsed
with IPA and DI-water. The final structures went through a dehydration step for
360 min at 30 °C inside a convection oven.

Electroplating the metallic objects was performed using pulsed gold electro-
plating for the target height of 20 um. The photoresist was etched physically
using 0,-Plasma® for 40 min and the seed layers were etched chemically. Af-
ter cleaning and dehydration at 120 °C for 20 min, the inlet/outlet holes were
structured on the top layer and the assembly was diced into individual chips
using the nanosecond laser. The centre pad of the coil was connected to its
corresponding track with a ball-wedge wirebond using an automated wirebonder
(3100® ESEC, Switzerland). In the last step, an MMBX connector (HUBER
+ SUHNER, Switzerland) was soldered to the chip to provide access for the
coaxial cable and the chip was mounted on the PMMA adaptor.

Fabrication challenges

Bonding: Bonding the wafers using SU-8 as the adhesive material happens at
the beginning of the fabrication process for two reasons: i) maintaining
alignment of the structures on two different wafers was not possible with
the current cleanroom equipment; ii) the force needed for the bonding
could damage the structures (metallic structures or photoresist) on top
of the assembly. Therefore, the bond should either withstand all the suc-
cessive chemical and heat treatments during the fabrication process, or
the process should be modified accordingly. It is especially important
because of the different thermal behaviour of the SU-8 and D 263® T eco
wafers. Therefore, all the successive heating treatment steps were limited
to 120 °C. Applying higher pressure or temperature during the wafer-
bonding process enhances the bond quality and stability. Nevertheless,
it increases the reflow probability of the SU-8 which can flood the mi-
crofluidic channel and clog it (see Figure 4.8.a and .b). Therefore, the

temperature was fixed at the glass-transition temperature of the non-cured
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SU-8 and force was modified in order to achieve the best bond quality.
The optimum parameters also strongly depend on the storage condition
of SU-8 and its quality. Therefore, the optimisation process was repeated

for each fabrication batch.

Developing fine structures of the SU-8 mould: A major bottleneck in the
lithography process, to define the mould for the electroplating, is the
reflection of the UV-light from the gold seed layer. It is especially chal-
lenging for the foil masks and objects with aspect ratio bigger than or
equal to one. As a result, the edges of the mould are not sharp and
residues of photoresist remain on the surface (see Figure 4.8.c). As dis-
cussed in Section 3.4, one method to eliminate the artefacts is to use
anti-reflection coatings, e.g. AZ® BARLIi® II (MicroChemicals, Ger-
many), on top of the seed layer. However, AZ® BARLIi® II requires
a baking temperature of 200 °C which is not compatible with the adhe-
sion layer. Therefore, the exposure dose was reduced in the lithography
process to avoid under-exposure phenomena. Moreover, the structures
were treated with a low-power O,-Plasma for few minutes to physically
remove the residues. However, this treatment affects the other parts of

the mould and makes the openings wider on top.

Ball-Wedge wire bond on the channel: Establishing a connection between
the inner pad of the coil and its corresponding track using wirebonder was
a challenge for three reasons: 1) the pad size was made small to reduce
its impact on B distribution. As a result, the small pad size does not
allow rebound in case of a failure. ii) The channel coincides with the
pad location. It reduces the rigidity of the substrate and quality of the
ball-bond. iii) SU-8 bonds limit the temperature of the process (it was set
to 120 °C in this process). Since the bond is not rigid enough, it partially
consumes the ultrasonic energy applied for the bond form which degrades
the ball-bond quality. The main stress to the ball bond is during the wire

forming. Figure 4.8.d shows a ball-bond with low quality. In order to
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Figure 4.8: a. A cross-section of the channel reveals that the channel is partially filled with SU-8
during the bonding process. b. Optimisation of the bonding process results in a reliable bonding
without flooding the channel. c. The poor resolution of the lithography process leaves photoresist
residues. d. An unreliable ball-bond as a result of small pad size and low rigidity of the substrate. e.
A photo of the chip after wirebonding. f. The relative position of the channel and the coil. g. The
detector after soldering the MMBX connector.

reduce the stress, the speed of the wire forming process was adjusted to
10 % of the standard speed.

4.5 Characterisation
4.5.1 Benchtop measurements

In order to verify the simulations and evaluate the performance of the coils,
the impedance of the fabricated structures was measured using a Network
Analyser (ES071C, Keysight® Stuttgart, Germany), probe station (MPS150,
FormFactor® Thiendorf, Germany), Z-probe (Z0-20-K3N-GS-50, FormFactor®
Thiendorf, Germany), and WinCal™ XE software (FormFactor® Thiendorf,

Germany). For this purpose, extra test structures were added to the masks and
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fabricated together with the detectors. These structures consist of a spiral coil
with the same parameters as the main coil but the connections and tracks were
adjusted to meet the requirements of the measurement setup. A test structure
is shown in Figure 4.9.a. The metallic chunk of the impedance analyser was
replaced with a PMMA plate in order to eliminate its parasitic effect on the
measurements. The setup is depicted in Figure 4.9.b.

A coil similar to the tested structure was also simulated. The simulation and
measurement results are presented in Figure 4.9. The simulation predicts a self-
resonance frequency ~3 GHz whereas the measured value is about ~2.2 GHz.
In the sub-GHz frequency range, measurement results are in good agreement
with the simulations and confirm the accuracy of the simulations. Lower values
for the resistance of the structure is attributed to a larger cross-section of the coil
tracks, i.e., a thicker electroplated layer or wider openings of the electroplating
mould. Similar coil quality-factors in both simulation and measurement confirms

this hypothesis.

4.5.2 MRI measurements

A series of MRI experiments (FLASH sequence) were performed to evaluate
the distribution of B field generated by the coil and verify both simulation and
analytical predictions. The experiments were accomplished with an 11.74 T
Avance III Bruker NMR system (Bruker BioSpin, Rheinstetten, Germany) and
using ParaVision 6.0.1 (Bruker, Germany) on a distilled water sample and at
30 °C. The detector was mounted on top of a home-built probe [213], with the
help of a PMMA adaptor. The detector was directly connected to the LNA block
through a custom-made coaxial cable (HUBER + SUHNER, Switzerland) to
bypass all the circuits embedded in the probe and reduce the signal loss or the
additional noise. The cable (G_02232_D, HUBER + SUHNER, Switzerland) is
2 m long and terminated to an MMBX plug at one end and an N-type connector
at the other end.
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Figure 4.9: The impedance of the test structures (a) was measured employing a set-up consists
of a Network Analyser, probe station, and Z-probes (b). The measurement results (c) are in good
agreement with the simulation results, especially in the sub-GHz range (right hand side plots).

The settings for the sequence are: TR/TE - 1000 ms/4 ms, slice thickness -
100 ym along the nominal y-axis, in-plane resolution - 32 x 32 um, Tscan
- 21 min, FOV 1.6 x 1.6 mm?2, bandwidth - 5.4kHz, and 64 averages. The
duration of the excitation pulse was fixed at 1.1 ms and the power level was
swept from 0.1 mW to 640 mW logarithmically in 80 steps. 1 min delay was set
between two consecutive experiments for the spins to fully relax. The results
are depicted in Section A6.
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The results were collected to form a 3D matrix in which the third dimension
was the applied power. The matrix was processed in MATLAB® R2018a
(Mathworks Inc., USA) to extract the evolution of the signals for each specific
voxel and generate their corresponding nutation signals. Based on the frequency
of the nutation signal, B; amplitude at each certain voxel was obtained and
plotted in Figure 4.10.a.

In order to compare the measurement results, the simulation results, and the
analytical formula, they have been plotted together (Figure 4.10.b) at the axis
of the coil as a function of distance from the coil. It shall be noticed that the
measurement results are just valid for the locations where the sample exists
(gray region). Within that range, the results are perfectly matched suggesting
that the simulations and analytical formula are accurate. The only difference
between the measurements and other data is at y =100 um. This difference is
attributed to the boundary voxel being partially filled with the sample in the
MRI experiment.
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Figure 4.10: MRI experiments were performed and processed to evaluate By map (a). Comparison
of the measurement results, the simulation results, and the prediction obtained using the analytical
formula at the coil axis confirms the accuracy of the simulations (b).

4.5.3 NMR measurements

As depicted in Figure 4.2, the sample was loaded in the channel and the detector
was mounted on top of the probehead for the NMR experiments. Seven different

nuclei were targeted for the NMR measurements based on their receptivity and
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the available hardware. For this purpose, two different samples were selected:
an aqueous sample and a battery electrolyte sample.

Sample preparation

Aqueous sample: 500 mM phosphate buffer saline (PBS) of pH 5.5 was
made with PBS tablets in a mixture of 1.5mL H,O and 1.5mL D,O
(99.9 atom % D). 500 mM 13-C labelled D-glucose (>99.5 %), 500 mM
boric acid (ACS reagent, >99.5 %), 500 mM NaH,PO, (BioReagent,
for molecular biology, anhydrous, >98 % NaH;POs3), and 250 mM TSP
(3-(trimethylsilyl)- propionic-2,2,3,3-d4 acid sodium salt, 99.9 atom %,
contains 0.05 wt. % TSP) were dispersed in the PBS solution. The
mixture was stirred until it became highly translucent. This sample was
used to detect 'H, 3P, 1B, 2Na, 13C.

Battery electrolyte sample: 1 M Lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI, Tokyo Kasei, Tokyo, Japan) solution was made using 1-ethyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMI-TFSI)
(Tokyo Kasei, Tokyo, Japan) as the solvent. This sample was used to
detect 'H, 1°F, "Li.

Measurement set-up

The NMR experiment setup was similar to the one described in the MRI ex-
periment section. The NMR experiments were performed using TopSpin 3.5
(Bruker, Germany). The applied power was 1 W and the shimming was per-
formed manually on the 'H spectrum and was kept the same for all the other
experiments. For the nutation plots, the data points corresponding to each cer-
tain pulse width were integrated and plotted as bar plots to reduce the distortions
introduced by relaxation damping or By inhomogeneities.
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* Experiments on the aqueous sample

'H experiment at 500 MHz:
Signal was routed through a narrow-band pre-amplifier (1H LNA
MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with 1 dB
noise figure. Nutation experiments were performed to calculate the
90° pulse width. The nutation signal consists of 76 single scans with
an increment of 2 ps. The relaxation delay between two consecutive
scans was set to 15s. The NMR spectrum was achieved at 90°
pulse width, afterwards. The spectrum consisted of 512 scans each
containing 20480 data points within 20 ppm spectral width. The
relaxation delay was 10s and the resulting signal was multiplied
with an exponential function equivalent to 0.3 Hz line broadening.
Signal was Fourier transformed together with an automatic baseline

and phase adjustments.

31P experiment at 202 MHz:
Signal was directed through a broadband pre-amplifier (XBB19F
2HS MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with
2 dB noise figure. Nutation signal consists of 51 spectra each having
128 scans with an increment of 2 us. Between two consecutive
scans a relaxation delay of 4 s was applied. The NMR spectrum
was collected at 90° pulse width and with 2048 scans. 30720 data
points were accumulated at 60 ppm spectral width. The resulting
signal was multiplied with an exponential function corresponding
to 5 Hz line broadening. The Fourier transform was performed and

the baseline and phase were adjusted automatically.

1B experiment at 160 MHz:
The signal path was defined through the broadband pre-amplifier
(XBB19F 2HS MODULE 500, Bruker BioSpin, Rheinstetten, Ger-
many) with 2 dB noise figure. As the signal was very faint, nutation

was not possible. Instead, different experiments were performed at

121



4 Broadband spiral micro-coils

122

different pulse width with the range of 10 us and 20 ps. The highest
signal amplitude was found to be at 17 us. Therefore, it was as-
sumed as the 90° pulse width. The final NMR spectrum consisted of
32768 scans. Each scan had 10240 data points with 250 ppm spec-
tral width. The relaxation delay was set to 0.1s. An exponential
function equivalent to 100 Hz line broadening was multiplied to the
signal and result was Fourier transformed. The phase of the final

signal was adjusted manually and the baseline was set automatically.

23Na experiment at 132 MHz:

The signal was routed through the broadband pre-amplifier (XBB 19F
2HS MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with
2dB noise figure. Nutation signal is a collection of 51 spectra
each consisting of 128 scans with a pulse width increment of 2 ps.
The relaxation delay between two consecutive scan was 5s. The
spectrum was sum of 2048 scans at 90° pulse width. Spectral width
was set to 30 ppm having 2048 data points. An exponential signal
corresponding to 1 Hz line broadening was multiplied to the time
domain signal and then it was Fourier transformed. Automatic

baseline and phase adjustments were performed.

13C experiment at 126 MHz:

The signal directed through the broadband pre-amplifier (XBB19F
2HS MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with
2 dB noise figure. As the signal was very weak, nutation was not
possible. Instead, different experiments were performed at different
pulse width within the range of 10 us and 20 ps. 17 s pulse width
resulted in the highest signal amplitude. Therefore, it was assumed
as the 90° pulse width. The NMR spectrum consists of 32768 scans
each having 20480 data points and 200 ppm spectral width. The
relaxation delay was 0.1 s and the resulting signal was multiplied

with an exponential function equivalent to 10 Hz line broadening fol-
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lowed by Fourier transform. The baseline and phase were adjusted

manually.

» Experiments on the electrolyte sample

IH experiment at 500 MHz:
Signal was routed through a narrow-band pre-amplifier (1H LNA
MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with 1 dB
noise figure. Nutation experiments were performed to calculate the
90° pulse width. The nutation signal consists of 76 single scans with
an increment of 2 ps. The relaxation delay between two consecutive
scans was set to 15s. The NMR spectrum was achieved at 90°
pulse width, afterwards. The spectrum consists of 256 scans each
containing 20480 data points within 15 ppm spectral width. The
relaxation delay was 10s and the resulting signal was multiplied
with an exponential function equivalent to 0.3 Hz line broadening.
Signal was Fourier transformed together with automatic baseline

and phase adjustments.

I9F experiment at 471 MHz:
Signal was directed through a broadband pre-amplifier (XBB19F
2HS MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with
2 dB noise figure. Nutation experiments were performed to calculate
the 90° pulse width. The nutation signal consists of 76 spectra
each having 4 scans with an increment of 2 us. The relaxation
delay between two consecutive scans was set to 10s. The NMR
spectrum consists of 128 scans at 90° pulse width. 20480 data
points were collected for each scan with 20 ppm spectral width and
10 s relaxation delay. The signal was multiplied with an exponential
function equivalent to 10 Hz line broadening. The result was Fourier
transformed and baseline and phase adjustments were performed

automatically.
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7Li experiment at 194 MHz:
Signal path was defined through broadband pre-amplifier (XBB19F
2HS MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with
2 dB noise figure. The nutation signal consisted of 76 spectra. Each
spectrum had 64 scans with an increment of 2 us. The relaxation
delay between two consecutive scans was set to 1s. The NMR
spectrum consists of 512 scans. 5120 data points were collected
for each scan with 20 ppm spectral width. The collected signal was
multiplied with an exponential function corresponding to 2 Hz line
broadening and it was then Fourier transformed. The baseline and

phase were adjusted automatically.

Results

Aqueous sample: NMR spectra and nutation signals of the sample at different
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frequencies are plotted in Figure 4.11. The peaks corresponding to 'H
spectrum of TSP, H>O, and glucose are distinguishable. The peak splitting
predicted by the simulation was fixed by shim compensation. Neverthe-
less, the peak shape has an asymmetric form similar to the simulated
spectrum. SNR of the H,O peak was 4295 and the spectral resolution for
TSP peak was 8.3 Hz. The spectral resolution enhancement was restricted
by gradient current since it reached its maximum value, allowed by the
software in one direction. As shown in Figure 4.2, the coil was placed at
one side of the chip and about 5 mm away from the isocenter in order to
be away from the MMBX connector and avoid susceptibility distortions.
As a result, a proper shim cannot be achieved using conventional shim
coils. More than 2 x enhancement in the spectral resolution is anticipated
in case of proper shimming. It can be obtained by either releasing the
software restrictions for the shims, allocating the coil at the isocenter and
pushing the connector towards the edge of the chip, or employing on-chip

shim structures. It is worth noting that in general, the broadband coils
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have a better spectral resolution, compared to their tuned/matched coils,

due to eliminating the capacitors and tank/trap circuits.

The 'H nutation signal is similar to the simulated signal in terms of
relative heights of the peaks. The only difference is that the simulated
signal is more compressed meaning that the power transfer efficiency
in the experiment is ~15 % lower (90° pulse width of 17 us vs. 14.5 us
for measurements and simulations, respectively). It is attributed to the
measurement non-idealities, e.g., power loss in the cable and connectors,
the impedance of the amplifier, deviation in the distance between the coil
and sample volume because of the adhesion material, which were not

considered in the simulations.

3IP spectrum shows a peak corresponding to the PBS. SNR of the col-
lected signal is 112.5. 3'P nutation signal suffers from more distortions
because of lower intrinsic SNR. The 90° pulse width extracted from the

nutation signal is 17 ps.

I'B NMR spectrum shows a wide peak corresponding to the boric anhy-
dride B,O3 content in the substrate. Furthermore, there are three peaks
which correspond to the Boric acid. This signal was achieved at a pulse
width of 17 ps. In order to verify the spectrum, a set of experiments were
performed on different samples using a commercially available coil. The
corresponding results confirm that three peak spectrum is generated by the
boric acid chemical reaction with glucose and forming the borate-glucose
complex molecule [214, 215] under certain chemical pH environment.

Further details can be found in Section A7.

23Na spectrum reveals a peak corresponding to the NaH,POy4 with an
SNR of 54. 2>Na nutation signal also suffers from low SNR. The 90°
pulse width is 15 ps.

13C NMR spectrum captures the glucose content with a very low SNR.

It is attributed to the low receptivity of the carbon atoms. The excitation
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Figure 4.11: NMR spectra of the aqueous sample collected from different isotopes at 11.74 T
together with their corresponding nutation signals. The simulated nutation spectrum of the 'H is
also plotted together with the measurement results for an easier comparison.

pulse applied for this signal has a width of 17 ps. The glucose spec-
trum experiences some changes because of the borate-glucose complex.

Section A7 discusses that in more details.

Battery electrolyte sample: This sample was evaluated at three different fre-
quencies as depicted in Figure 4.12. 'H spectrum reveals the structure of
1-Ethyl-3-methylimidazolium. SNR of the peak at 3.9 ppm (correspond-
ing to CH3) is 830.5. The nutation signal is similar to 'H nutation signal
of the aqueous sample which confirms that the power dissipation in the
electrolyte sample is negligible. According to this experiment, the pulse
width corresponding to the 90° flip angle is 17 ps. In this spectrum, the
triplet signal at ~1.50 — 1.56 ppm corresponds to the proton at position 1.
The quartet at ~4.22 ppm ppm to ~4.48 ppm represents carbon 2. The
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methyl protons at carbon 5 generate the singlet at ~3.80 ppm and the
symmetric protons at carbon 3 and 4 form the doublet at the chemical
shift from ~7.40—-7.50 ppm. The singlet signal at ~8.50 ppm is assigned

to the proton at carbon 6.

19F spectrum shows a peak corresponding to the fluorine in the Lithium
bis(trifluoromethanesulfonyl)imide and bis(trifluoromethanesulfonyl)-
imide. SNR of the peak is 597.9. Nutation signal at '°F experiment
has the same behaviour as 'H nutation signal. The 90° pulse width for

19F was calculated to be 17 ps.

Li spectrum shows a peak corresponding to the Lithium content in

Lithium bis(trifluoromethanesulfonyl)imide. This peak has an SNR of

82.5. 7Li Nutation signal has a lower SNR, compared to other nuclei.
Nevertheless, the SNR suffices for 90° calculation (90° pulse width is
17 ps).
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Figure 4.12: NMR spectra of the battery electrolyte sample collected from different isotopes at
11.74 T together with their corresponding nutation signals.
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4.6 Discussion and conclusion

Limit of detection (LOD) is a measure to evaluate the detection performance of
the micro-coils. This parameter represents the total number of spins required to
give an SNR of 3 for total acquisition time of 1 s. Therefore, this parameter is

defined as:

3 X nX\/tef
LOD = ————— 4.11
0 SNR ( )

where n is the total number of spins contributing to the signal, t,q is the acquisi-
tion time, SNR is the signal to noise ratio for the peaks. In order to exclude the
effect of static magnetic field (Bg), LOD value is usually converted to a second
parameter (nLOD = LOD x (14.0954/p,)7/4) corresponding to 14.0954 T static
field which is taken as the basis for the comparison. The nLOD calculated for
different nuclei are given in Table 4.2.

The 88 nmols!/2 nLOD, calculated for 'H, is comparable to the single resonant
detectors reported in the literature [13]. The main obstacle to further increase
this number is the shimming issue. The linewidth can be easily enhanced to
2 Hz by either applying higher shim current amplitudes or moving the coil and
sample to the isocentre of the magnet. With this enhancement, the nLOD can
be improved to ~20 nmols'/2.

Moreover, this broadband detector holds the record for the total number of ob-
served nuclei without any modification to the hardware. This feature accelerates
the multinuclear experiments by saving the time for hardware modifications and

shim adjustments.

4.6.1 Challenges and suggestions

The main challenge is the low spectral resolution of the detector. Considering
the same performance, enhancing the spectral resolution improves SNR consid-
erably. By distortions mainly originate from the coil. By using a material which

has a susceptibility closer to the sample, e.g., copper, the resolution improves.
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Table 4.2: NMR experiment results at seven different frequencies prove the broadband performance
of the detector. The nLOD value corresponding to 'H is comparable to the state of the art [10, 12, 13].

aqueous sample electrolyte sample
g 3p UB 2N Bc | 'H 9 L
power (W) 1 1 1 1 1 1 1 1
/2 pulse (us) 7 17 17 15 17 |17 17 15
averages (#) 20 Wb pllols 9l5 f 98 57 99
SNR 4295 113 - 54 8 831 598 83
nLOD (nmols'/?) | 88 135 - 1025 - |- 36 66

The other solution is to encapsulate the coil with a dielectric material having a
similar susceptibility. Employing a more advanced material engineering steps,
e.g., adding air pockets or additional material to make up for the distortions, is
another possibility.

The spectral resolution issue can also be compensated by improving the shim
performance. Either employing higher shim currents, relocating the detector
and sample volume to the isocentre of the magnet, or adding shim-on-chip
structures.

Integration of electronics together with the coil is another feature which has been
exploited for the micro-coils [147, 216-218]. As a result, the power transfer effi-
ciency between the coil and electronics can be improved by avoiding long signal
paths. Besides, Grisi showed that switching between different frequencies or
even sweeping a bandwidth can be performed employing integrated electronics
[219]. In case of a broadband coil, the electronics can be modified to improve
impedance matching between the coil and electronics and additionally perform

multi-dimensional experiments without requiring external filters.
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5 Broadband NMR stripline, an add-on
for standard NMR coils

5.1 Overview

Although micro-coils have been widely developed and are gaining more atten-
tion, implementing them in an experiment is not straight forward. Therefore,
NMR studies on the micro-samples is still a challenge and the field still lacks a
"user-friendly" tool which enhances the NMR experiment efficiency for micro-
samples and does not require major modification to the standard hardware.
Besides, several NMR applications such as thin-films are not compatible with
the standard coils and require their own application-specific coils. Experiments
which involve metallic structures inside the NMR detection zone, e.g. energy
storage devices, pose a different challenge. In this study, we aim for an add-on,
which can be employed together with the conventional NMR coil and facilitate
a wide range of experiments such as the ones mentioned above. This adaptor
exhibits a wideband performance and can be employed in the same way as a
standard sample tube.

This chapter starts with reviewing the challenges regarding the handling of micro-
coils and micro-samples. Before discussing the add-on, the Lenz lens adaptors
are reviewed briefly in order to gain an understanding of the working principle
of these add-ons. The discussion continues with studying the additional features
of the design which broadens its application to solve the current issues of the
NMR hardware, e.g. incompatibility with 2D samples and metallic electrodes.
The figures of merit of this detector are considered in the next section followed

by performance simulation of the add-on. Based on the simulation results, an
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optimised geometry is proposed for a certain sample volume. The fabrication
and experimental evaluation of the design are presented followed by a discussion
and conclusion.

The concept introduced in this work together with the preliminary results have
been filed as an European Patent [HD4]. A detailed discussion with experi-
mental evaluation of the design is the subject of a manuscript which is under

preparation.

5.2 Introduction

Micro-coils are proved to enhance the detection performance for the small
sample volumes. Nevertheless, several challenges are associated with the micro-
coils. Two disadvantages of the micro-coils were listed in Chapter 4, i.e., intrin-
sic low spatial resolution because of their compactness, and their inefficiency in
multinuclear detection.

Another challenge preventing the wide-spread use of micro-coils is the handling
of the coil and sample. Loading the sample in these coils is not as simple as a
standard coil. In general, there are two different methods for this purpose: i)
using a piping system which transfers the sample from the reservoir to the detec-
tion zone and collects it back [31, 220, 221]; ii) loading the sample manually at
the sample chamber next to the coil [26, 29, 39]. The piping system requires a
relatively large amount of sample to ensure that the sample is properly loaded at
the detection zone. It means that most of the sample stays in the piping system
and does not contribute to the signal, which contradicts the main purpose of the
micro-coils, being useful where the sample is limited. Manual loading of the
sample into the detection zone is also time-consuming and requires special care
to avoid air bubbles. Furthermore, it requires the probe to be removed from the
bore and inserted back after sample loading. As a result, a fine shim is required
every time the probe is inserted. In general micro-coils offer a lower filling

factor since all the domains do not scale down similarly. Moreover, since NMR
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is a non-destructive test and the sample can be recollected after the experiment,
the need for a low sample volume is trivial.

As discussed in Chapter 3, a more general deficiency of the NMR experiments
(regardless if in micro-domain or not) is the case where conductive structures
exist inside the field of view (FOV) of the coil. It was concluded that the
best designs employ either conductors parallel to the B direction or ultra-thin
conductive layers. It is worth mentioning again that ultra-thin layers are not a
choice when high current amplitudes are required, e.g. current collectors of an
energy storage device.

Another issue, stemming from the low sensitivity nature of the NMR, is the
case where sample geometry and coil geometry are not compatible. Therefore,
the filling factor of the coil is small, i.e. the total number of spins in the FOV
is small. A class of potentially interesting samples to be studied with NMR
are 2D samples, e.g. sputtered thin material layers, deposited and laminated
layers, spray-coated films, inkjet-printed objects, biofilms, such as biological
tissue slices as well as thin tissue biopsies. Therefore, volume coils such as
conventional saddle or solenoid coils are not very efficient for these samples.
The planar coils are more favourable in this case as they offer a higher filling
factor. Nevertheless, even for a planar coil, the efficiency of the experiment is
not very high since the overlap between the sample and FOV is not large.

This chapter introduces a novel design consisting of a pair of passive elements,
as illustrated in Figure 5.1. This structure is coupled to the standard saddle coil
and focuses B field at a certain volume. The focused field is perpendicular
to the initial B field due to the unique geometry of the adaptor. Employing a
specifically designed holder, this adaptor, known as broadband stripline Lenz-
lenses (BBSL), can be treated similar to a standard sample tube. It means that
the sample can be loaded into the adaptor outside the magnet and after proper
sealing, the assembly can be dropped inside the magnet. The only point to be
considered is the direction of the wings with respect to the saddle coil. As the
result, a small amount of sample is required for the experiment and, at the same

time, no adjustment to the hardware is required, hence the shim is maintained.
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Thanks to its planar geometry, inherited from its stripline design, the susceptibil-
ity distortions are minimised and the final signal exhibits high resolution. The
self-resonance frequency of these structures are relatively high (GHz range) and
their performance is frequency independent. Therefore, the broadband stripline
has a broadband performance and can be employed at any desired frequency
as long as the conventional NMR coil is capable of providing that frequency.
Therefore, unlike micro-coils, this adaptor is fully compatible with multinuclear
detection.

Regarding the 2D samples, the sample can be sandwiched between the lobes of
the broadband stripline. The filling factor is improved as the adaptor focuses the
field at the sample region. Besides, since the field is flipped, broadband stripline
is a good choice to penetrate inside the samples which contain conductive ele-
ments. In its extreme case, the whole adaptor can be designed to simultaneously
function as both flux concentrating element and, for example, an energy storage
device. In contrary to the standard NMR experiments on the energy storage
devices, where field attenuation by the electrodes is considerable, employing
broadband stripline amplifies the field and enhances sensitivity remarkably.
This enhancement enables higher temporal and/or spatial resolutions, which is
extremely advantageous for in situ experiments. Considering all these features,
broadband stripline is a good candidate for analysing and studying small sam-
ple volumes, can enhance the NMR experiments on the hard geometries, and

unlocks new applications for NMR.

5.2.1 Experimental set-up

The experimental setup is designed based on a conventional NMR experiment.
An 11.74 T superconducting magnet, a standard NMR probe, and the signal
processing chain have been used as depicted in Figure 5.1. In addition, a
conventional 10 mm saddle coil similar to the commercially available coils
was used in this experiment. The coil is oriented so that the RF field at the

centre of the coil is along the x-axis. A broadband stripline adaptor is used in
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Figure 5.1: The experimental setup consisting of the standard NMR hardware (saddle coil, probe,
superconducting magnet, etc.) and broadband stripline insert. The insert is designed so that it has an
outer geometry similar to the 10 mm tube and consists of two PCBs patterned for the metallic loops
and a membrane to hold the sample.

this experiment instead of the 10 mm sample tube. As shown in Figure 5.1,
the proposed adaptor consists of three elements: i) a dielectric membrane in
which the microfluidic channel is defined; ii) a pair of PCBs with broadband
stripline patterns; iii) a pair of PMMA pieces which serves to fix PCBs and the
microfluidic membrane.

The metallic loops patterned on the PCBs consist of two main segments: the
straight stripline which is along the nominal z-axis, and the flux collection
segment which can be in a rounded or rectangular shape. In order to achieve
the best performance, the loops shall be identical with the straight segments
facing each other at two sides of the microfluidic channel and the flux collector

segments at the opposite sides of the channel.

5.3 Theory
5.3.1 Working principle of Lenz lenses

Lenz lens is a metallic structure, being inductively coupled to an external coil.

This add-on works based on the Lenz law and collects the flux at a wide area
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(corresponding to a closed loop) and generates a secondary field according
to the current induced in the loop [222]. This tool has been exploited as an
intermediate stage to adapt the sample and coil geometries and enhance the
sensitivity of the NMR detector [50-52, 56]. Figure 5.2 depicts different Lenz
lens structures, being studied in the literature. These add-ons have been proved
useful in extreme situations (extra high pressure or temperature), where NMR
coils fail to operate, in order to guide and concentrate the flux at the detection
point [53-55]. Although their flux collection and concentration performance
are poorer compared to the resonator circuits [52], the broadband performance
of the Lenz lens structures makes them a unique tool for multinuclear detection

experiments.

Figure 5.2: Different Lenz lens structures reported in the literature; a. a disk structure (reproduced
from Ref. [222]). b. Two disk structures coupled to Helmholtz coil (reproduced from Ref. [50]).
c. A wireframe structure based on PCB technology (reproduced from Ref. [52]). d. A topology-
optimised structure couple to a Helmholtz coil (reproduced from Ref. [56]). e. A disk structure
(reproduced from Ref. [53]). f. A two-stage disk structure couple to a solenoid coil (reproduced
from Ref. [54]). g. A three-stage disk structure (reproduced from Ref. [55]).

Unlike the previously studied Lenz lenses, broadband stripline consists of two
identical lobes. Each lobe of broadband stripline acts as an obstacle for the
incident flux and deforms it to circumvent the lobe. Considering just one lobe,
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the flux is more concentrated around its periphery and returns to the primary
distribution at far distances from the lobe. By adding the secondary lobe to the
system, in a configuration illustrated in Figure 5.1, the flux is compressed in
between the two lobes at their overlapping edge. As shown in Figure 5.3, this
compression results in a high-intensity laminar flux, which is 90° rotated with
respect to the primary flux. This region can be exploited as the sample volume
in order to take advantage of the field amplification. Moreover, projection
of the B into a second direction can be employed to circumvent conductive
objects shielding the sample, e.g. electrodes in the energy storage device,
electrochemistry experiments, electrophoresis, dielectrophoresis.

—Without BBSL

—With BBSL — TS
.
NNVttt PN
NS EEEEEE] RN
Nyt YN
vty \RERRE
L i
+ +
HH\{ {th:
vy tivas
b, T
TNVE Ry IR RN

Figure 5.3: Distribution of the magnetic flux in the absence and the presence of the BSLL at
different cross-sections. BSLL flips the flux by 90° and also concentrates it at the detection zone
(highlighted with light blue). The insets show the flux distribution at the sample volume. In order to
facilitate the comparison, the flux in the absence of broadband stripline is multiplied by seven in the
insets.

5.3.2 Figures of merit

In order to evaluate the performance of the proposed design and optimise the
geometry, four figures of merit have been considered. Accordingly, the results
of the RF simulations were post-processed to generate the nutation signal
corresponding to each design. Bg simulations were also performed for different
geometries and the results were processed together with the RF simulations to
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produce the NMR spectra. The effect of T, relaxation was not considered here.
Therefore, the width of the spectrum at its half-height (FWHM) is not a reliable
parameter to determine the spectral resolution. Instead, the ratio between the
amplitude of the highest peak and the integral of the spectrum for each geometry
is considered as the measure for the spectral resolution. The calculated spectra
are in the absence of any shim. Additionally, By in the absence of the saddle

coil and the inserts was assumed perfectly uniform.

5.3.3 Pre-adjustments

Geometrical settings

As the main NMR coil, a saddle coil with 12 mm diameter, 120° loop opening
angle, 20 mm height, and 100 um wire diameter was considered. In order to
collect maximum flux using the loops and simultaneously be compatible with
the standard 10 mm NMR tube geometry, the flux collectors were assumed
rectangular with the width equal to 4 mm. The thickness of the stripline and the
flux collector segments were set 40 um to be consistent with the metal thickness
in PCB technology (35 um). The other parameters to be evaluated were the
stripline length, the stripline width, the width of the flux collector track, and
the distance between the lobes. Without loss of generality, all the analysis were
performed assuming a total sample volume of 600 nl.

The stripline width determines the field homogeneity, field magnification, and
the power dissipation in that segment. Nevertheless, the width of the flux
collector track is of less importance and should be selected more than the
stripline width in order to reduce the total power dissipation in the loops and
consequently the noise level. In this case, it was selected 3 x the stripline width.
The stripline length was adjusted based on the total sample volume, the width
of the sample volume, and the height of the sample volume. The upper limit for
the stripline length is the coil height. RF field maps at different configurations
reveal that the homogeneous RF field region, generated by the striplines, can
be extended to about 50 % beyond the stripline width. It means that the width
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of the sample volume can be adjusted accordingly. The channel height was

assumed the same as the distance between the two striplines.

Simulation preferences and settings

RF simulations: Electromagnetic Waves, Frequency Domain interface of RF
module of COMSOL MultiPhysics® 5.5 (COMSOL AB, Sweden) was
used to perform the RF simulations. The maximum tolerable relative error
for these simulations was adjusted to 0.01 %. Geometry optimisations
were performed at 500 MHz corresponding to the 'H Larmor frequency
at 11.74T. The final design was then also simulated at 150 MHz and
200 MHz to evaluate the frequency response of the device. These values
were selected considering three frequency bands in which NMR active
nuclei are distributed in (see Figure 2.1 and Section 4.3.2 for more de-
tails). All the simulations were performed using 1 W applied power to
the coil terminals. In RF simulations for the geometry optimisation, the
effects of the PCB substrate, sample, and the membrane were ignored
to reduce the computation costs. The corresponding material properties,
e.g., permittivity and permeability values, were assigned according to
Sections Al.

Susceptibility simulations: Magnetic Fields, No Currents (MFNC) interface
of AC/DC module of COMSOL MultiPhysics® 5.5 (COMSOL AB, Swe-
den) was employed for the susceptibility simulations. The maximum
tolerable relative error of these simulations was set to 0.01 ppb. The

permeability values of different materials are listed in Section Al.

5.3.4 Geometry optimisation

Both stripline width (w) and spacing between the loops (k) were swept from
150 um to 420 um with steps of 90 um. The simulation results for 16 different
combinations of w and & are given in Figure 5.4. Since the structures are

symmetric with respect to the xy-plane, just half of the sample volume is plotted.
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Figure 5.4: Bp and B, distribution of broadband stripline with different # and w. The plots
correspond to just half of the sample volume and to the middle of the channel.

In By plots just the z component of the field is illustrated whereas in B plots
the projection of the field on the xy-plane is shown. By simulation results reveal
that there is an almost uniform field all over the sample volume except at the
extremes where the flux collection segment meets the straight stripline and also
the stripline ends. Considering B; simulations, the field amplitude reduces by
w and h. Besides, the sample volume corresponding to the joint has a lower
field amplitude, compared to the rest of the sample. It is mainly because of the
direction of current in that region which results in a field along the z-axis.

The simulation results, in the sample region, were post-processed with MAT-
LAB® R2018a (Mathworks Inc., USA) to calculate the nutation signals and the
NMR spectra. The spatial sampling (7 um) was performed on the simulation
results while collecting the data for post-processing. Figure 5.5 summarises
the results. In addition, similar sample geometries were simulated and post-
processed for the case where no broadband stripline adaptor exists. These
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Figure 5.5: 16 different configurations for the broadband stripline adaptor have been simulated
in order to determine the optimum combination of the width of the strips (w) and the spacing
between the lobes (). The simulation results were processed to calculate: a. nutation signals for
different configurations in comparison with the case where no broadband stripline adaptor is used
(grey signals); b. NMR spectra following a 90°-pulse and collected for different configurations
together with the case where no broadband stripline adaptor is employed (grey spectra); c. excitation

efficiency; d. B homogeneity; e. relative SNR, f. By homogeneity (indicated by the sharpness of
the spectra).

simulations (shown in grey colour) serve as the reference to evaluate the perfor-
mance of broadband stripline adaptor. The results, presented in Figure 5.5, show
that the excitation efficiency and the relative SNR decrease with strip width and
spacing between the loops. B; homogeneity is maximum when the strip width
is 240 um for all spacings between the loops. Nevertheless, the spacing between
the loops degrades B; homogeneity.

The spectral sharpness is a more complex parameter. While there are two distinct
peaks in the first spectrum (corresponding to w =150 um and & =150 pm),

these peaks merge into one by increasing either the strip width or the spacing
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5 Broadband NMR stripline

between the loops. According to the results, the best spectral sharpness belongs
to the case with w =330um and 2 =150 pm. It corresponds to the fact that
for h =150 um, the whole sample volume is distorted almost uniformly as a
result of copper tracks. In addition, distance between the edges of tracks is so
that the distortions resulting from microfluidic walls is negligible. As a good
compromise and also considering the restrictions imposed by the fabrication
(given in Section 5.4), a strip width of 200 um and the spacing between the
loops equal to 230 um were selected. Consequently, the length of the strip is
8.7mm.

In order to further improve the spectral resolution, Bg distribution at the sample
region was further investigated. As depicted in Figure 5.4, the material disconti-
nuity at two extremes of the stripline is one of the reasons of the susceptibility
distortions and line broadening. Therefore, the straight segments were extended
20 % along the z-axis at each side (see Figure 5.6) to push these distortions
out of the detection zone. As these segments do not carry current and do not
produce any RF field, they do not contribute to the signal. Accordingly, Bg
distortions in their vicinity do not have a destructive effect on the performance
of the system. According to the simulation results presented in Figure 5.6, the
spectral sharpness is enhanced (by 33 %) in the presence of the extensions while
the other parameters are intact.

In the next step, the broadband performance of the final design was studied.
In order to decouple the performance of the adaptor from the performance of
the saddle coil, the same sample volume and coil have been simulated with-
out considering the broadband stripline insert in a secondary simulation. The
sample geometries in the second simulations were considered to be the same
as broadband stripline case but the PCB and copper tracks were replaced with
the membrane. For this purpose, the performance was studied at 150 MHz,
200 MHz, and 500 MHz. Figure 5.6 depicts the simulation results for these
configurations. The figures of merit are also listed in Table 5.1. According
to these results, the nutation frequency increases ~5.8 x regardless of fre-

quency whereas SNR experiences ~5.3 x enhancement. The improvements are
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Figure 5.6: a. CAD design of the broadband stripline with the extensions on a PCB. b. By and B
simulations for the optimum geometry compared to the case where no broadband stripline adaptor
exists and where the broadband stripline adaptor does not have any extensions. B simulations at
different frequencies prove that the performance of the broadband stripline adaptor is frequency
independent. Bg simulations show improvement at the extremes of the sample volume when the
extension is adapted. c¢. NMR spectra (at 500 MHz) and nutation signals also reveal superior
performance of the case where a broadband stripline adaptor is equipped with the extensions.

achieved with the cost of a lower B; homogeneity. The spectral resolution is
also enhanced according to the simulation results. It is attributed to the fact that
the optimised geometry was selected so that the copper tracks and PCBs have a

constructive effect on the overall field distribution inside the sample region.

Table 5.1: Figures of merit of a broadband stripline Lenz lens in comparison to the saddle coil (in
brackets) for the same sample volume.

150 MHz 200 MHz 500 MHz

excitation efficiency (Mrad s7h  75[13] 100 [17] 249 [43]
B homogeneity (%) 52 [100] 53 [100] 54 [100]
Relative SNR (-) 5.3[1] 5.3[1] 5.31[1]
Spectral sharpness (Hz_l) 0.10[0.03] 0.10[0.03] 0.10[0.03]
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5.4 Fabrication and assembly
5.4.1 PCB

The final geometry discussed and evaluated in the previous section was selected
for the fabrication. The PCB layout was designed by EAGLE® (Autodesk Inc.,
USA). PCBs were manufactured by multi-cb® (Poole, GB). The PCB specifi-
cations are: substrate material-FR4, substrate thickness-0.3 mm, metallisation
layers- 1, metallisation thickness-35 um, metallisation surface finish-chemical
silver, with a passivisation layer on top of the metallic layers and markings on
the backside of the PCBs.

Material selection

In order to avoid oxidisation of the copper structures, a surface finish layer is
employed. Although the electroless nickel immersion gold (chemical gold) and
electroless nickel electroless palladium immersion gold offer better performance
in terms of mechanical and chemical stability, the Nickel content in those mate-
rials can hinder the NMR performance. Instead, chemical silver is employed as

the surface finish.

5.4.2 Membrane

The membrane is a double-sided clear polyester tape (HB397F, hi-bond® tapes
Itd., UK) with 230 um thickness. Engraving the channel in the membrane
and cutting it into the required size was performed using an infrared Laser
(VLS3.50, UNIVERSAL® Laser Systems Itd., Austria). The membrane was
then sandwiched between two PCBs as depicted in Figure 5.1.

5.4.3 Holder

The holder is supposed to form a geometry similar to the 10 mm sample tube.
It consists of two sides with especial grooves for the PCBs and membrane,
as well as the inlet and outlet for the microfluidics. These two sides were
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5.5 Characterisation

tightened together as shown in Figure 5.1. For the proof-of-concept experiments
a simplified holder was employed. This holder (shown in Figure 5.7) consists of
a PMMAA stick to carry the PCB assembly and fix its location inside the 10 mm
NMR tube. In addition, the membrane was also eliminated to allow the sample
all around the PCBs.

10 mm NMR tube

filled with sample \

BBSL adaptor /o
PMMA holder /O

for the adaptor

Figure 5.7: A photograph of the configuration for the MRI experiment consisting of a 10 mm tube
filled with the sample, the broadband stripline Lenz lens adaptor, and the PPMA holder.

5.5 Characterisation
5.5.1 Experiment configuration

The simplified assembly was inserted inside a 10 mm sample tube and the
tube was filled with 4 mM copper sulphate (CuSOy4 - 5H;0) and 75 mM sodium
chloride (NaCl) in deionised water. All the chemicals were purchased from
Sigma Aldrich® (Germany). Since the sample is not limited by the membrane,
the MRI experiment can reveal the field distribution all over the space between
the PCBs and around them.
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5 Broadband NMR stripline

The experiments were performed with an 11.74T Avance III Bruker NMR
system (Bruker BioSpin, Rheinstetten, Germany) and using ParaVision 6.0.1
(Bruker, Germany) at 30 °C. The standard 10 mm saddle coil was mounted on
top of the probe. Signal was routed through a narrow-band pre-amplifier (1H
LNA MODULE 500, Bruker BioSpin, Rheinstetten, Germany) with 1 dB noise
figure. The gradient sleeve was inserted afterwards and the tube was fixed to
the gradient so that the broadband stripline insert is located inside the saddle
coil and its wings are perpendicular to the field generated by the coil.

A 3D FLASH sequence was performed to evaluate the distribution of B field.
The settings for the sequence are: TR/TE - 100 ms/4 ms, isotropic resolution -
50 um, Tscan - 850 min, FOV -2 x 2 x 2 mm?, bandwidth - 7.5 kHz, and 325

averages. Duration of the excitation pulse was fixed at 1.4 ms.

5.5.2 MRI results

The reference power for a block pulse of 1 ms was automatically calculated
by ParaVision to be 0.183 W. This value determines the average B; field all
over the sample volume. Since B; field at the space between the loops is
much higher than the rest of the sample, the flip angle was adjusted manually
to have the best contrast between the volume under-study and the rest of the
sample. The best contrast was achieved at 1° flip angle corresponding to an
excitation power of 0.18 mW. Figure 5.8 shows the reconstructed sensitive
region. 3D reconstruction of the image was performed using Slicer 14.10.2
(https://www.slicer.org/) [223]. According to this result, the sensitive volume
is a cuboid with the average cross-section of 300 x 250 um?. The length of
the cuboid is limited by the FOV set in the MRI experiment (2 mm). The zx-
cross-section shows a steep contrast which is defined by the PCBs and strips.
In contrary, the yz-cross-section shows a gradual transition from bright to dark
voxels at the margins. It is attributed to the presence of the sample around the
PCBs and gradual decay of the field amplitude.
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5.6 Discussion and conclusion

300 pm
I

Figure 5.8: The reconstructed 3D image of the sensitive volume of the broadband stripline together
with the cross-sections of the sensitive volume at different planes.

5.6 Discussion and conclusion

Lenz lens structures found to be useful in NMR experiments specially if in-
vestigation on a certain location of the sample is required. In addition to their
simple geometry, their broadband performance paves the road for their wide-
use. Despite their interesting performance, they have not been exploited for the
standard NMR coils, where these adaptors can be especially helpful to adapt
the micro-samples to the macro-coils. In this work, a novel topology of the
Lenz lens structures is proposed to address this need. In addition to RF field
concentration and filling factor improvement, this design also flips the RF field
at the region of interest. This feature facilitates hyphenated NMR experiments
where conductor elements are required inside the detection zone. The stripline
based design of these add-ons results in minor susceptibility distortions and
compatibility with thin-film samples. The broadband stripline structure is de-

signed to look like a 10 mm sample tube and can be treated similarly. Therefore,
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the sample handling issues, e.g., being time-consuming and not efficient, for
micro-coils can be eliminated.

Performance of the broadband stripline have been simulated considering both
By and B, fields. The simulation results were processed to extract four figures of
merit. Based on these figures of merit and restrictions imposed by the fabrication,
an optimum geometry for the broadband stripline has been selected for a total
sample volume of 600 nl. Moreover, it was shown that extending the striplines
length beyond the loops enhances spectral resolution. The broadband behaviour
of the broadband stripline was also studied through the simulations. The MRI
experiment performed using the optimum geometry is in good agreement with
the simulation results and clearly shows field concentrating at the region of

interest.

5.6.1 Challenges
Alignment of the strips to By and B4

Similar to the stripline based NMR coils, alignment of the adaptor to By field is
crucial. Additionally, in this design, the sample is relatively long and therefore
a slight misalignment can influence the results considerably. Moreover, the
alignment of the insert to B field plays a major role. Misalignment in this case

reduces the collected flux by the loops and the RF field at the sample region.

Sealing the channel and inlet/outlet

This works relies on low-cost manufacturing processes to fabricate the inserts.
Therefore, PCB and off-the-shelf materials (PMMA, and double-sided polyester
tape) were used. As one of the disadvantages, the channel could not be sealed
efficiently. Therefore, sample leakage and air bubbles formation can happen dur-
ing the experiment. The bubbles destroy the results by introducing susceptibility
mismatches. As the second issue, the alignment of the two lobes was not precise.
The other challenge is the susceptibility issues arising from the PCB material
and the voids happening between the membrane and the PCBs. The background
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signal stemming from the PCBs, the membrane, and the PMMA structures is
also another disadvantage of this technique. In order to eliminate these issues,
the assembly can be fabricated using MEMS techniques. Thanks to the planar
geometry of the assembly, the fabrication process is straight forward. Integra-
tion of the microfluidic channel is also easier in this case. Moreover, smaller
strip width and spacing between the loops is achievable when migrating to the
cleanroom-based techniques. Microfabrication also allows for proper material
selection considering both background signals and susceptibility matching.

Another source of By distortions is the surface of the metallic tracks. As the RF
field is very strong at the surface, even a slight Bg distortion at those locations
contributes to the spectral resolution. The effect of metal roughness for stripline
coils has been thoroughly studied by Chen [39]. A surface treatment procedure
can be helpful to address this issue. A secondary option is to eliminate sample at
those regions by employing a thin passivisation layer which is transparent to the

NMR application and has a susceptibility matched to that of metallic structures.

Sample loading inside the channel

Hydrophobicity of the PCB surface and microfluidic channel exacerbate the
filling process of the microfluidic channel. Besides, it increases the possibility
of trapped air bubbles inside the channel. In order to ensure reliable filling of
the sample, the PCB surface was treated with O,-Plasma before manufacturing
the assembly. As a complimentary process, after filling the channel with sample,
the assembly was left inside a vacuum chamber for few minutes to remove air
bubbles.

5.6.2 Suggestions

As mentioned in the previous section, fabricating the structures using clean-
room techniques can enhance the performance of the system considerably. The

main improvements which can be expected are better alignment of the struc-
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tures, higher spectral resolution, finer structures, enhanced hydrophilicity of the
microfluidic channel, less trapped air bubbles, and less background signal.

These structures can also be designed to have tapered shape in order to enhance
sensitivity at certain locations. Tijssen [40] has proposed a tapered stripline
coil to generate a field gradient. Similar geometries can be employed using the

broadband stripline inserts.
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6.1 Conclusion

Since its first successful demonstration in 1995, micro-NMR has been evolved
to push the boundaries of NMR applications beyond standard techniques. One of
the main advantages of micro-NMR is its customizability. It means that, contrary
to the conventional NMR, the hardware developer has the freedom to modify
and optimise the detection hardware according to the specific problem. As a
result, numerous types of detectors and hardware can be found in the literature.
Building upon this advantage, this thesis has studied and demonstrated three
solutions for different micro-NMR applications.

In the third chapter, a miniaturised electrochemistry cell is discussed which is
compatible to the Helmholtz coil. Out of eight potential geometries introduced
and studied theoretically, four were fabricated and tested experimentally. The
ultra-thin electrode geometry, with electrode thickness 0.001 x the skin depth,
was found to be fully compatible with NMR. Besides, mindful design of the
narrow-channel sidewall geometry exhibited an even superior performance
compared to the case were no electrode exists. Thanks to these two geometries,
NMR was employed for the first time to monitor in situ electrodeposition
processes and localised multi-enzyme reactions in micro-scales.

The fourth chapter reports on a broadband detector, consisting of a coil and a
microfluidic channel, which enables NMR measurements at a wide bandwidth.
A thorough study of the excitation and the detection process was performed
in order to investigate the performance of the broadband coils. The coil geom-

etry and microfluidic channel were optimised accordingly. NMR spectra of
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seven different nuclei, which is already a record, were collected without any
modification to the hardware using this detector.

The fifth chapter introduces a broadband adaptor, being employed together with
a standard NMR coil, in order to focus the field at a small sample volume.
This adaptor additionally flips the RF field at the detection region. This feature
makes this add-on especially advantageous in order to circumvent obstacles,
such as conductive elements, in the detection region. Simulations reveal 5.3 x
improvements in the SNR of the collected signal. MRI experiments confirm
this enhancement.

In parallel to these milestones, a simulation toolkit was developed to predict
and optimise these micro-devices reliably. Thanks to this simulation toolkit,
’digital twin’s of the NMR spectra were obtained and NMR figures of merit
were calculated as the objective functions for the geometrical optimisation. This
process accelerated the development phase by avoiding unnecessary iterations
of fabrication and experiments.

Considering the ultimate goal of studying proteins using NMR, the achievements
of this research can be considered as a leap towards a hybrid lab-on-a-chip
solution. Nevertheless, multiple other steps should be taken in order to fulfil

this ambitious goal.

6.2 Outlook

Several directions can be taken in order to continue on the achievements of this
thesis. The potential hardware enhancements or applications were discussed in
each chapter individually. Various other interesting applications are anticipated
by combining the achievements of different chapters.

The simulation toolkit discussed in this thesis can be adapted to topology optimi-
sation procedures to improve design performance. Furthermore, fabrication and
physical constraints can be included in the topology optimisation procedures.
Considering the customizability of the micro-NMR devices, this automation

process can fuel future progress in the field.
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The electrode structures of the electrochemistry platform can be readily in-
tegrated into the broadband stripline add-on. For this purpose, the striplines
of the add-on can be exploited as both electrochemistry sites and RF current
paths. This system can be employed in numerous micro-NMR applications,
e.g., energy storage devices or electrochemical process, with no modification to
the standard NMR hardware. Nevertheless, the additional filters are required to
block the RF signals from leaking to the DC lines.

Employing both sidewall and ultra-thin planar electrodes enable a more so-
phisticated electrode array structure. This structure, being supplied with a
programmable demultiplexer circuit, can be employed to generate arbitrary gel
topologies. Coupling various enzymes to different segments of the gel arrays
would unlock new features towards organ-on-a-chip systems. This system can
be integrated into a broadband NMR detector to perform multi-dimensional
NMR experiments. Observation of the mimicked biochemical reactions of the
organs, employing multi-dimensional NMR, would be a breakthrough in the
field.

Integrating the electrochemistry platform and the broadband detector is a wish
towards the ultimate goal of this research. In this case, multi-nuclear NMR tech-
niques can be applied to monitor the on-going reactions or study enzymes and,
in a more ambitious case, proteins. Nevertheless, in this case, the spectral reso-
lution considerations are stricter. Consequently, the system should be equipped
with proper shim-on-chip structures. Moreover, the multi-dimensional NMR
experiments mandate additional filter stages between the coil and the electronics
to route the signals and prevent any damage to the hardware. Employing an
on-chip LNA, which is "co-optimised" for the broadband coil and integrating
all the required filter elements into the LNA, would be a further step towards

the ultimate goal.
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Appendix

A1 Material properties

Table A1: Material properties employed for COMSOL simulations.

Material X (ppm) & (-) o (S/m) ref.

Air 0 1 0 [189]

Glass —11.059 4.6 1x10°° [198], www.schott.com
(BF33)

Water —9.035 80 55%x107% [198]

SU-8 -9.735 3 3x107%  [198]

Gold -34 1 4.1x 107  [189], COMSOL library
Copper —9.63 1 6.0 x 107 [189], COMSOL library
FR4 PCB —3.745 4.6 4x107*  [198], COMSOL library
Membrane  8.035 2.7 55%x107° [198], www.momentive.
(RTV 615) com
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Appendix

A2 Fabrication process details

Plasma cleaning

Pressure: 10 mTorr, Power: 120 W, O flow rate: 50 sccm.

Modified plasma cleaning
Pressure: 100 mTorr, Bias: —170V, O» flow rate: 50 sccm.

Spincoat SU-8 3005 for 5 um height

Duration (sec)

Acceleration (rpm/ sec)

Speed (rpm)

10 100 500

60 1000 3000

10 500 0
Spincoat SU-8 3025 for 20 um height

Duration (sec) Acceleration (rpm/ sec) Speed (rpm)

10 100 500

60 1000 4000

10 500 0
Spincoat SU-8 3025 for 25 um height

Duration (sec) Acceleration (rpm/ sec) Speed (rpm)

10 100 500

60 1000 3000

10 500 0
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A2 Fabrication process details

Spincoat SU-8 3025 for 70 um height

Duration (sec) Acceleration (rpm/ sec) Speed (rpm)
30 100 500
60 100 0
60 300 1200
60 100 0
Spincoat SU-8 3025 for 90 um height
Duration (sec) Acceleration (rpm/ sec) Speed (rpm)
30 100 500
60 100 0
60 300 1000
60 100 0

Softbake 5 um-thick SU-8 3005 as adhesive medium

Raise time (min)

Temperature (°C)

Stall time (min)

1
5

95
22

4.5

Softbake 70 um-thick SU-8 3025

Raise time (min)

Temperature (°C)

Stall time (min)

30
30
330

75
95
22

60
70
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Softbake 90 um-thick SU-8 3025

Raise time (min) Temperature (°C) Stall time (min)
30 75 60

30 95 90

360 22 -

Post exposure bake 70 um-thick SU-8 3025

Raise time (min) Temperature (°C) Stall time (min)
30 65 20
120 22 -

Post exposure bake 90 um-thick SU-8 3025

Raise time (min) Temperature (°C) Stall time (min)
30 65 30
120 22 -

Gold electrodeposition
Duty cycle: 33 % , Frequency: 0.67 Hz, Current density: 3 mAmm ™2,
Deposition rate: 52.1 nm/ min.

0O,-Plasma stripping
Pressure: 10 mTorr, Power:1200 W, Temperature: 22 °C, N2 flow rate:
70 sccm, CF4 flow rate: 70 sccm, Frequency: 2.45 GHz.

Wafer bonding
Temperature: 55 °C, Force: 5 kN, Duration: 300 min, Cool down duration:
300 min.
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Figure A1: Different insert geometries employed for in situ electrochemistry experiments. a. Planar
electrode. b. Wide channel sidewall electrode. c. Narrow channel sidewall electrode. d. The top
glass layer which seals different inserts. The top layer is bounded to each individual insert however
for the illustration purposes, it has been shown separately. Dimensions are in mm.
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Figure A2: Broadband detector chip. Dimensions are in mm.




A4 Matlab codes

A4 Matlab codes

An exemplary Matlab code to generate the digital twins of NMR signals and

calculate the figures of merit

i clear all;

2 clc
s prompt = { , ,
s
6 d]g_tltle = 0
; num_lines = 1;
¢ defaultans = { s 5 . 2 > he

ans = inputdlg (prompt,dlg_title ,num_lines,

defaultans) ;
n LarmorFreq=str2num (ans {1})*1e6;
2 P=str2num (ans {2});
5 spec_resolution=str2num (ans {3})«le-9;
s w=str2num (ans {4});
is I=str2num (ans {5});
s h=6e—-10/(w=*1);

s B00=11.74;
o t=(7/scale)*[0:0.3e-6:150e-6];
» nut_signal (:,1)=t’;
: NMRspectra=[—-10:spec_resolution+1e6:10]’;
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s %o Setting the sampling datapoints

stepsize=10e-6;

x00=stepsize : stepsize :0.9+w/2;
x0=[-fliplr (x00),0,x00];
y00=stepsize:stepsize:0.9«1/2;
yO=[-fliplr (y00),0,y00];

> z00=stepsize :stepsize :0.9+h/2;
5 z0=[-fliplr (z00),0,z00];

[x,y,z]=meshgrid (x0,y0,z0);

sample=[x(:),y(:),z(:)]1";

% GUI: Read Bl simulation file and import data

% Bl field simulations performed for A current
applied to the coil

[file] = uigetfile({  .mph’},  Select a simulation
file for B1’);

> model_Bl=mphopen(file);

Bl = mphinterp (model_B1, "abs(sqrt ((emw.Bx) 2+ (emw.
By)”2))’,’coord’ ,sample) ’;

impedance = mphglobal (model_B1, ‘emw. Zport 1| 7);

I= sqrt(P/real (impedance));

% GUI: Read BO simulation file and import data

[file] = uigetfile({  .mph’},’ Select a simulation
file for BO’);

model_BO=mphopen(file0);

196



A4 Matlab codes

61

62

64

BO = 1/B00*round (1/spec_resolution+abs (( mphinterp (
model_BO, "mfnc.Bz", coord’ ,sample) ’)))«

spec_resolution ; % normalised to BOO

2 % Generate the nuttion curve

5 theta=Bl*t+I_inuse *gamma;

nut_sig=Bl’xsin (2« pixtheta);
nut_signal (:,i+1)=nut_sig ’;

% Generate the NMR spectrum
tau=nut_signal (find (nut_signal (:,i+1)==max(
nut_signal (:,i+1))),1);
weight= Bl.xsin(2+*pi*Bl+xtau*I_inuse *gamma) ;
Y%amplitude of signal from each voxel
at 90degree flip angel
subs=round (1/spec_resolution *(BO-min(B0))+1);
% generate bins for spectrum
bins=round (1/spec_resolution «(max(B0O)-min(B0))+1);
histw = accumarray (subs,weight ,[bins ,1]);
%signal intensity considering Bl homogeneity

as a function of BO

s xx=(min(BO)+[1:bins ]*spec_resolution)x*1e6;

Yoppm
xx= xX—xX(find (histw==max(histw))); % adjust

the chimacal shift

» lowerband=[-10:spec_resolution*le6: min(xx) ];
; upperband=[max(xx)+spec_resolution=*le6:

spec_resolution+1e6:10+2*spec_resolution ];
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« NMRspectrum=[lowerband, xx, upperband; O«
lowerband , histw ’, Oxupperband]’;
n NMRspectra (:,i+1)=NMRspectrum (1: round (20/(

spec_resolution*le6)+1),2);

7 subplot(2,1,1), plot(nut_signal (:,1),nut_signal
(:,2))

» hold on

s subplot(2,1,2), plot(NMRspectra(:,1) ,NMRspectra
(:,2))

% Blu=mean (B1) ;

v F=107(1/10);
so. V_FID=max(nut_signal (:,2:3));
s etta=V_FID ./ sqrt(F+real (Z));

$s [111 ,190m]=max(nut_signal (:,2:3));
s« Tm=t (190m) ;

ss exc_eff=pi/2/Tm;

v [1111 ,1450m]=max(nut_signal (3*i90m:5+i90m ,2));

s« Bl_hom(i)=iiii/iii ;

990 SS=max(nut_signal (:,2:3)) ./max(NMRspectra(:,2:3));
o Output=[w, 1, h, real(Z)’, Blu’, etta’, Tm’,

exc_eff’, Bl _hom’, SS’];
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s [FileName , PathName, FilterIndex] = uiputfile (
)

oo 1f ~ischar (FileName)

95 disp (

s

)
s else
97 exportfilename =strcat (FileName,
i
08 File= fullfile (PathName, exportfilename);
99 dimwrite (File , nut_signal ,
, 6)

s il

101 exportfilename =strcat (FileName,
)

102 File= fullfile (PathName, exportfilename);

103 dimwrite (File , NMRspectra,

s )

, 6)
105 exportfilename =strcat (FileName, )
106 File= fullfile (PathName, exportfilename);
107 dlmwrite (File ,Output, , ,
)
109 dlSp(Strcat( 5 { }9
FileName , A }, FileName ,

-
}, PathName)) ;

o end
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A5 RF field distribution for different electrode
geometries

Wide-channel Narrow-channel

Electrode-free 34 nm-thick disk 3 nm-thick disk N )
sidewall sidewall

I 1 mm

9.4 uyW 3.3 pW 0.3 pW

19.2 W

« 33.6 pW

L,

X

Figure A3: B; map at the sample volume and for different flip angles. The figure is reproduced
from [HD2]
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A6 RF field distribution of the broadband spiral coil
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A7 Benchmarking experiments on borate-glucose

complex
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A7 Benchmarking experiments on borate-glucose complex

C.
T
o
H | L L
Lo
| o
- u I
L2
T T T T T
100 90 80 70 60 [ppm
Samples:
50% H20, 50% D20, 0.05M TSP
Em— 50% H20, 50% D20, 0.5M boric acid+ 0.05M TSP
W 50% H20, 50% D20, 0.5M 13-C labeled glucose +0.05M TSP
Em 50% H20, 50% D20, 0.5M 13-C labeled glucose + 0.5M boric acid + 0.05M TSP
EEN  50% H20, 50% D20, 0.5M 13-C labeled glucose + 0.5M boric acid + 0.05M TSP + 0.5M NaHPO3+ 0.5M PBS

Figure A5: Benchmarking experiments reveal a reaction between boric acid and glucose in the
presence of the buffer at three different frequencies ( corresponding to 'H: a, ''B: b, and '3C: ¢).
The experiments were performed with different samples and in a 9.4 T superconductive magnet
(Bruker Avance III HD spectrometer, IH/19F,X BBI.). As a result, 1B has three individual peaks.
Accordingly, new peaks appeared in both 'H and '3C spectra and the amplitude of the glucose peaks
is reduced. The broad background signal in ''B stems from the boron content in the glass capillary.
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