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Kurzfassung

Die Magnetresonanzspektroskopie (MR) ist eine leistungsfdahige spektrosko-
pische Methode zur Aufkldrung der Struktur von Molekiilen mit einer Auflosung
bis zur atomaren Ebene. Bisher ist sie jedoch blind fiir die direkte Unterschei-
dung der Chiralitit. Konventionelle MR-Detektoren sind auf die Erzeugung
sowie Detektion magnetischer Felder optimiert. Elektrische Felder spielen je-
doch eine notwendige Rolle in der Chiralitdtsdetektion. Das zeigt sich in der
Tatsache, dass die Terme im MR Hamiltonianoperator unvollstindig und damit
in Summe unter Paritidt gerade sind. Lediglich indirekte Methoden zur Chiral-
itatsdifferenzierung wurden bisher in der MR implementiert. Dadurch ist die MR
fiir die Stereochemie nur bedingt geeignet um chirale Molekiile zu unterscheiden.
Die meisten hergestellten Arzneimittel sind chiral und damit wird insbeson-
dere in der pharmazeutischen Industrie das grundlegende Potential der MR nicht
genutzt. Chirale Molekiile sind in den biologischen Wissenschaften von grof3er
Bedeutung, da ein Enantiomer je nach der Héndigkeit eines chiralen Molekiils
entweder eine therapeutische oder toxische Wirkung auf den Korper haben kann.
Ein prominentes Beispiel ist der Contergan-Skandal, bei dem ein Enantiomer
die morgendliche Ubelkeit bei Schwangeren lindern konnte, wihrend das andere
Enantiomer Geburtsfehler bei Neugeborenen verursachte.

Um die MR fiir die direkte chirale Unterscheidung nutzen zu kénnen, besteht eine
Losung darin, den Hamiltonoperator so zu erweitern, dass er einen Term unger-
ader Paritit enthilt. Wie von A.D. Buckingham vorhergesagt, sind in einem chi-
ralen Molekiil der elektrische und der magnetische Dipol mit einem ungeraden
Paritidtstensor aneinander gekoppelt. Daher kann durch die Verwendung eines

Konjugats aus magnetischen (B) und elektrischen (E) Feldern in der Prisenz



Zusammenfasung

starker statischer Magnetfelder (By) ein ungerader Paritétsterm in den MR Hamil-
tonianoperator eingefiihrt werden, der fiir jedes Enantiomerenpaar einen entge-
gengesetztes Vorzeichen hat.

In dieser Dissertation wird die Theorie diskutiert, die die Einfithrung des unger-
aden Paritétsterms in den Hamiltonianoperator ermoglicht. Da das nachweisbare
chirale Signal im Vergleich zu einem herkémmlichen MR-Signal schwach ist,
werden verschiedene Techniken vorgestellt, um es auf der Grundlage der En-
twicklung der Spinzustinde zu verstirken. Als diese Arbeit geschrieben wurde,
gab es noch keine Berichte tiber Messungen eines direkten chiralen Signals mit-
tels der MR. Dies ist darauf zuriickzufithren, dass noch keine funktionsfihi-
gen Detektoren fiir diesen Zweck entwickelt worden waren. Daher werden ver-
schiedene Resonatordesigns studiert und die Entwicklung sowie schlielich der
Weg, der zum erfolgreichen Detektorentwurf fithrt im Detail diskutiert.

Die erzielten theoretischen sowie experimentellen Ergebnisse werden vorgestellt
und analysiert. AbschlieBend werden in einem Ausblick das Potenzial des en-

twickelten Detektors sowie weitere zu untersuchende Aspekte diskutiert.
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Abstract

Nuclear magnetic resonance (NMR) spectroscopy is a powerful spectroscopic
tool used to elucidate the structure of molecules with resolution down to the
atomic level. However, it is normally blind to direct chirality distinction. The
reason is that all terms in the NMR Hamiltonian are even under parity. There-
fore, for stereo-chemistry-related measurements, NMR does not directly provide
information about the difference between the enantiomer pairs.

This limitation creates a void for NMR, especially in the pharmacological indus-
try, as most drugs manufactured are chiral. Chiral molecules find great impor-
tance in the life sciences, as depending on the handedness of a chiral molecule,
its enantiomer can have either therapeutic or toxic effects on the host body. The
most infamous example is the thalidomide (or Contergan) scandal, where one
enantiomer remedied morning sickness in pregnant women, and its other coun-
terpart caused birth defects in newborns.

To use NMR for direct chiral distinction, the solution is to alter the Hamilto-
nian to include an odd parity term. A.D. Buckingham predicted that, in a chiral
molecule, the electric and magnetic dipole are coupled to each other with an odd
parity tensor. Therefore, by using a conjugate of radio-frequency magnetic (B1)
and electric (E») fields in the presence of a strong static magnetic field (By), this
odd parity tensor mentioned as chirality tensor is included in the NMR Hamilto-
nian. This tensor has an opposite sense for either enantiomer, making an enan-
tiomeric distinction possible.

This dissertation begins with the theory of NMR and the introduction of the chiral
tensor in the Hamiltonian. Since the detectable chiral signal is comparatively

weaker than a conventional NMR signal, various techniques to enhance it using
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Abstract

the evolution of the magnetisations are explored. When this dissertation was
written, no measurements using a direct method with NMR were reported. This
can be attributed to the fact that no suitable detectors had been invented for this
purpose. Therefore, various attempted designs of resonators, their evolution, and
finally, the path that led to a successful detector design are explained.

In the end, the dissertation presents the results obtained using this detector, and
concludes with a future outlook and further improvement for the technique de-

veloped.
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Acronym
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EM electromagnetic
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1 Introduction

This dissertation deals with the method of development for direct chirality dis-
tinction in nuclear magnetic resonance (NMR). As this constitutes the first-ever
successful attempt reported, the purpose of this dissertation was to clarify the
path from theoretical prediction to results obtained. Therefore, to start the expla-
nation we first need to address the question: "why NMR spectroscopy?”

NMR is a widely used structure elucidation technique with resolution up to the
atomic level of the molecule. Since its first introduction [1], various techniques
have been developed to broaden its application. Most of these techniques for
example HSQC [2], WATERGATE [3,4], COSY [5], waterLOGSY [6] have now
become standard routines in the measurement.

Though, the concept of chirality distinction in NMR, is not something new; how-
ever, they rely on indirect methods. Some of them are using chiral alignment
medium [7, 8], chiral derivatization agent [9, 10], chiral solvating agents [9—12].
Unfortunately, none of them can be regarded as a direct distinction method.

The absence of a direct distinction method can be regarded as a fact that the
Zeeman effect, the phenomenon responsible for NMR signal, is an even parity
tensor [13]. Therefore, regardless of the handedness of the enantiomer under
observation the NMR signal intensity and the frequency shift on a frequency
scale will be the same for a pair of enantiomers; hence, it can righteously be
stated that NMR is blind to chirality.

This dissertation takes the brevity to introduce an odd parity tensor to the NMR
Hamiltonian followed from the derivation presented by [13, 14]. This allows the

distinction of the enantiomer pair in NMR directly; hence, making it sensitive to



1 Introduction

the handedness of chiral molecules. To understand, why the odd parity tensor is
important for chiral molecules distinction, we need to properly define chirality.

1.1 Chirality

Chirality is a property of asymmetry of an object with respect to its mirror trans-
formation. The word chiral derives from an ancient Greek word y€i1p (cheir),
meaning hand, which perfectly defines the phenomena. The left hand is a mirror
image of the right hand, which cannot be superimposed on each other, or it can
never coincide with the other one.

Lord Kelvin, during his lecture in 1893, at the Oxford University Junior Science
Club, stated that "I call any geometrical figure, or group of points, ’chiral’,
and say that it has chirality if its image in a plane mirror, ideally realized,
cannot be brought to coincide with itself." [15].

To understand it in a broader context, chirality can have different meanings de-
pending on the context and field in which an object is defined as chiral. In the

following text use of the word chirality in different fields is explained briefly.

1.1.1 Chirality in geometrical shapes

To explain chiral geometries, we use a three-dimensional (3-D) Euclidean space,
such that any point P; can be defined by a set of coordinates {x;,y;,z;}. Therefore,
to define the corner points of geometry we use a set of points P;, such that 7 =
{P1,P,,P;...}, where P, # P; for i # j. If we now define two functions Ry, and
M, where Ry defines the rotation of the 7 by an angle 8 along an axis, and M
defines the mirror transformation along a plane parallel to the rotation axis. Then
a geometry is said to be chiral if T #M[Ry[T]], where V6 € {0,271}

For a two-dimensional (2-D) Euclidean space a point P;, defined by a set of co-
ordinates {x;,y;} , forming the corner of the geometry T={P;,P,,Ps...}, will be
chiral if and only if there doesn’t exist a symmetry axis. E.g. an equilateral and

an isosceles triangle are achiral whereas all other triangles are chiral in 2-D space.



1.1 Chirality

1.1.2 Chirality in physics

Chirality in physics can be explained via the propagation of a circularly polarised
electromagnetic (EM) wave. An EM-wave consists of an electric and magnetic
field oscillating at a certain frequency. They will be always orthogonal to each
other, as well as to the direction of propagation. If another EM-wave oscillating
at the same frequency is superimposed on the original wave, it produces a circular
polarisation, if the two waves have the same magnitude, and have a phase shift
of /2 between them. Depending on the direction of the phase shift between the
two waves, it can either produce a clockwise (right-handed) or an anticlockwise
(left-handed) polarised wave. These two polarisation are chiral, i.e., they are
mirror images of each other and are invariant in space.

The handedness of the light wave plays an important role in chiral distinction,
where one of the handedness can completely pass through an enantiomer, and
the other one will be absorbed. This phenomenon, called optical activity, laid the

basics of chiral distinction techniques in optics [16].

1.1.3 Chirality in chemistry

In Chemistry, a molecule is said to be chiral if its mirror image cannot be super-
imposed on it. The two pairs are called enantiomers and have different physical
and chemical behaviour due to their structural orientation.

We observe chiral molecules in our daily lives and can be quite fascinating. For
example, the concentration of enantiomer of carvone defines the smell difference
between the spearmints and caraway. In spearmints, the enantiomeric excess of
(R)-carvone is responsible for the smell whereas, in caraway, the enantiomeric
excess of (S)-carvone is responsible for different smells.

The difference in the smell can be attributed to the olfactory receptors in our
nose, which may be chiral in nature as well [17-19]. The molecules that are liv-
ing organisms’ building blocks, such as carbohydrates, amino acids, and nucleic
acids, are chiral. Therefore, a living organism consists of a large number of chiral

compounds [20].
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The difference in geometrical arrangement makes chiral molecules highly se-
lective, where a specific enantiomer can interact with the host molecules. This
allows chiral molecules to find great importance in the field of pharmacology.
This can be supported by the fact that it is estimated that more than half of the
drugs manufactured are synthesized from chiral molecules [21, 22]. Since one
of the stereoisomers called the active enantiomer may bind to the receptor site,
while the other one remains inactive. As each enantiomer can be metabolized
differently, it can either be therapeutic, ineffective or in the worst case toxic. If
one looks at history, chirality led to an infamous scandal involving thalidomide,
where the active enantiomer was used to cure morning sickness, anxiety, trouble
sleeping and tensions, but its counterpart caused birth defects [23,24]. Another
example is ethambutol, where one of the enantiomers is used in the treatment of
tuberculosis while its counterpart can cause blindness [25].

Therefore, it becomes crucial to distinct chiral molecules (or drugs), to make
them safe for public consumption or to have the beneficial properties of one of
the enantiomers. There exist several techniques for chiral distinction some of
which are through circular dichroism [26-28], Raman optical activity [28-31],
gas chromatography [32] etc. Though there also exists chiral distinction methods
using NMR, they involve alteration of the sample under test. At the moment,
when this dissertation was written, there were no direct methods to distinguish
chiral molecules.

1.2 Chiral distinction in NMR

The general methodology for distinguishing chiral compounds in NMR involves
an auxiliary compound called chiral reagents. They react differently with the
enantiomer pairs. This causes signal suppression or change in signal intensity
from the reaction site. Using this, the enantiomer type can be determined. De-
pending on the chemical bonds formed by the auxiliary compounds the technique

is further divided into two parts as described below [33].



1.2 Chiral distinction in NMR

a) b)
® (i) ® (i)
) d)
¢ Hydrogen
@ Carbon
@ Nitrogen
e Oxygen
¢
() (if) () (i)

Figure 1.1: Example of chirality in different fields of study. (i) and (ii) in each of the subfigures
(a-d) represent the mirror image. As can be seen from the figures no two chiral pairs
can be superimposed on each other. (a) A 2-D chiral geometry of an 'L’ alphabet
of the English language. (b) A 3-D chiral geometry example of Trefoil Knot. (c)
Left-handed (i) and right-handed (ii) circularly polarised light propagating in vertical
direction. (d) An example of an enantiomer pair of thalidomide. (i) (R)-thalidomide is
a toxic molecule which can cause birth defects. (ii) (S)-thalidomide was used as a drug
for morning sicknesses.

1.2.1 Chiral derivatising agents (CDA)

CDA results in the formation of a covalent bond between the chiral molecule
and the molecule used for differentiation. This method has two drawbacks, the
kinetic of the reaction for both the enantiomer needs to be maintained at the same

rate, and to avoid the racemisation of the enantiopure compounds [33].
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1.2.2 Chiral solvating agents (CSA)

CSA involves the formation of non-covalent bonds between the chiral and the
probing molecule. CSA is usually used to determine the enantiopurity [33]. One
of the drawbacks of this method is that not all chiral compounds may react with
the molecule used for testing. Therefore, in some cases, selector molecules need

to be synthesised.

1.3 Motivation

Over the years, improvements to the NMR systems and the introduction of sev-
eral techniques such as multi-dimensional spectroscopy [34], diffusion measure-
ments [35], Nuclear Overhauser spectroscopy technique [36] etc. have broadened
the field of application for NMR compared to other spectroscopic techniques.
However, there is still more to be discovered and invented.

As chirality has never been distinguished with NMR using the instrumentation
method, it motivated us to discover ways and to invent the equipment which
would have enabled us to achieve this feat.

In this dissertation, the focus is on the development of a method which combines
electric and magnetic fields. Doing so helped to add an odd parity term in the
NMR Hamiltonian.

The reason for applying an electric field is because of a property inherent to
the chiral molecules, optical activity. It was due to the optical activity of chiral
molecules, that enabled them to distinguish the enantiomer pairs.

The reason for optical activity in chiral molecules is:

Electromagnetic waves consist of an electric field and a magnetic field. When
they propagate through a molecule, the interaction of light with the molecules
induces an electric and magnetic polarisation given as [37]

—

P=Nak-NpO (L1)



1.4 Overview of the dissertation

where, P is the strength of electric field polarisation, ¢ is the electric polarisabil-
ity of a molecule, N is the number of molecules per volume, and 3 is the electric
dipole moment induced by the magnetic field. For an achiral molecule, it is zero
due to it being symmetric. The resultant of electric polarisation due to electric
field and magnetic field causes a linearly polarised light to rotate in an optically
active medium [37].

Similarly, it was shown by [13] and [14] that, a rotating nuclear magnetic mo-
ment induces a rotating electric dipole which is orthogonal to the magnetic mo-
ment and static magnetic field. The direction of the electric dipole generated is
opposite for different enantiomer pairs.

Going by the reciprocity principle of Maxwell’s equation, the converse will also
be true that, in an asymmetric molecule, a rotating E-field will induce a rotating
magnetic dipole which will be opposite in sense for the enantiomers.

This was the motivation to establish a spectroscopic technique which would help

cure NMR blindness towards the chiral molecules.

1.4 Overview of the dissertation

e In chapter 2, we establish the theory for the case when an electric field
is applied in an NMR environment. From the Hamiltonian, we derive the
evolution of the spin and discuss various conditions which can be useful

for chiral detection.

* In chapter 3, we demonstrate the present state of the art and based on var-
ious experimental conditions discussed in chapter 2, the design of chiral

detectors is discussed in detail.

e In chapter 4 we show the experimental setup and characterise the NMR

properties of the detector.

 In chapter 5 we conclude the thesis and give an overview of future aspects

of chirality measurement.






2 Introduction to nuclear magnetic
resonance spectroscopy and the
odd-parity chiral tensor

In this chapter, the fundamental theory behind the NMR based on a quantum me-
chanical approach is explained. Most of the equations and explanations are taken
from [38] and [39]. This chapter aims to introduce the chirality-dependent term
in the NMR Hamiltonian. The chiral-dependent tensor defines the coupling be-
tween the electric and magnetic dipole around the chiral centre of the molecule.
With the introduction of the odd-parity term into an NMR Hamiltonian of a spin-
1/2 system, the evolution of the net magnetisation under the presence of an ra-
diofrequency (RF) electric field is derived. From this, different scenarios and

techniques are presented which enable the detection of chiral signals.

2.1 The basics concepts of nuclear magnetic
resonance

2.1.1 Quantum mechanical description of NMR

To explain NMR, we will first have to understand the spins in an atom. Atoms
consist of electrons orbiting around the nucleus, which contain neutrons and pro-
tons (or nucleons). The electrons, neutrons and protons have spin angular mo-
mentum, an intrinsic property. Each atom including its isotopes has a certain
number of electrons, neutrons and protons. The number of neutrons and protons

defines the net nuclear spin, which defines the spin number of the atom



2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

A particle with a spin can be denoted by the quantum number [38]
Sp=13. 2.1)

For a fermion (electron, proton and neutron), the spins are half-integer. There-
fore, for a system with n number of protons and neutrons, each can be a source
of spin angular momentum with nuclear spin quantum number S1,52,- - -,S,. The

nuclear spin number that such a system can have is given as

I=|S1+8S24--+8,, (2.2)
IS14 St Su| = 1o [S1 = S — o — 5, 2.3)

where I usually denotes the nuclear spin quantum number [38]. An atom with
one proton will have a nuclear spin quantum number / = 1/2, and an atom with
one proton and one neutron will have nuclear spin quantum numbers / = 1 and

I = 0. The total magnitude of the angular momentum for a spin system / is given

7] =ny/a+1), (24)

where 7 is Plank’s constant [38].

as

To describe the spins in more detail, another quantum number m; is used, which
defines the projection of a spin. As the description suggests, m; is called the spin
projection quantum number.

If a spin system is placed in a static magnetic field (By), where the field is along
the z-direction (the convention used in the dissertation unless specified), then the
projection is given by m;. The two quantum numbers, m; and I, are related to
each other such that m; can only have 27 4 1 values, i.e., between —I to +/.
Therefore, nuclear spins have 27 4 1 energy degeneracy [38].

For example, a spin system with / = 1/2 can have two energy levels denoted
by m;y = [—1/2,1/2]. A spin system with / = 1 can have three energy levels,
m; = [—1,0,1] [38].

10



2.1 The basics concepts of nuclear magnetic resonance

The angular momentum of the spins parallel to the z-direction is given as [38]

~

i, = mh. 2.5)

The table 2.1 represents the different scenarios depending on the number of nu-

cleons.

Table 2.1: Nuclear spin and spin direction quantum numbers (for the first spin system) based on
the number of nucleons and an example of an isotope [38].

# Neutrons # Protons Ground-state Projection directions Isotope

) (my)
0dd 0dd 1 -1,0, 1 2H
Even Even 0 0 160
Even 0dd 1/2 —1/2,1/2 ISN
Zero Even 1/2 —1/2,1/2 'H

Therefore, all the nuclei where I # 0 have an NMR signal for example 'H, ?H
B3¢, N, BN, etc [38].

Nuclei with 7 = 1/2 are called spin-1/2 systems. Further discussions and the
derivation of the Hamiltonian are based on a spin-1/2 system.

As spins have angular momentum (D), and a magnetic moment (f1), they are re-
lated to each other as

o=yl (2.6)

where ¥, is the gyromagnetic ratio [38]. Depending on the direction of [ and fI,
7 can either have a positive or a negative magnitude. If they are both parallel to
each other, then 7 is positive, else negative [38].
When the spins are placed in By, they experience a torque induced on them. This
torque is defined as [38]

%=1 x By. 2.7

11
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The torque causes the spin to precess around the By direction. The frequency
with which the spins precess is called the Larmor frequency. The angular Larmor
frequency (wp) depends directly on the magnitude of the By. The @y and the By
are related as [38,39]

@ = ¥-Bo. (2.8)

Depending on the direction of the spin, i.e., m; = £1/2, the spins can either attain
energy [38,39]
Ey = —3hay, (2.9)

or
E, = Shay. (2.10)

Therefore, this creates a degeneracy for a spin-1/2 system and splits the energy

into two sub-levels, with a total energy difference of
AE = hay, (2.11)

which is the Zeeman splitting [38,39].

When such a system is irradiated with an RF-wave, with an angular frequency
of y, the spins are excited from the ground level to a higher energy level fol-
lowed by their relaxation. During the relaxation process, they release photons
corresponding to the energy of @y. The acquisition of the photons is then con-
verted into a voltage signal, which is the NMR signal [38,39]. The ¥, and @y in
a 11.74 T static magnetic field is summarised for a few NMR relevant isotopes in
table 2.2.

2.1.2 Wave function of the ensemble of spins and the observable in
the NMR

As defined above, NMR is a quantum effect. Since the distribution of the spins in
the energy level can be determined statistically, one can with assumptions deduce

the the classical equations that govern the spins dynamic. Since it is difficult to

12



2.1 The basics concepts of nuclear magnetic resonance

Spin - 1/2 system

a) my=-172 b) 1,=-1/2h
, w e E = -1/2/0, LD . o
Relative energy gl N N
-~ Va
”
/,/
// —
AE=0 éé;é@-g AE = hoy
\\\ @y =By, ©)

B=0 N i, =12

Sso 0
\\

Cb o - state

() B - state

Figure 2.1:

E, = 1/2h0, ‘_# o

m=1/2

Magnetic field strength

(a) Represents the Zeeman splitting effect for a I = 1/2 system. In the absence of
a magnetic field, there is no degeneracy. After applying a magnetic field of strength
By a two-level degeneracy is created, where the ground-state (o), corresponds to the
spin aligned along the direction of By and higher energy state () corresponds to anti-
parallel aligned spins. The difference between the two energy levels can be equated by
the angular frequency @y, where @y is the product of By and gyromagnetic ratio ¥;. (b)
& (c) Shows the spin nutating around the z-axis by @y, where I, is the corresponding
angular momentum operator.

Table 2.2: The value of ¥ and corresponding @y for different isotopes when placed in a By of

11.74T [38,39].

Isotope Y wy/2m
radus™'T-! MHz

'H 267.522 500

19F 251.815  470.5
3¢ 67.283  125.75
BN 27.116  50.67

predict the behaviour of each spin, the calculation is made easier by assuming

that the ensemble of spins has a net effect. However, to do so it is important to

find a function which describes the ensemble of spins. For the explanation, it is

assumed that we have an isolated and uncoupled spin-1/2 system.

13



2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

If there are N spins in a system, each of them can be represented by their own
Hamiltonian. Averaging over each of their behaviour will give the macroscopic
behaviour. Since a wave function can be represented as a summation of other
wave functions, it is possible to represent the entire spin system from individual

spins. The wave function for N spins is

N
W)=Y cul¥n), (2.12)
n=1

which is the superposition of N states [38,39]. ¢,, which is a complex number,
is the superposition coefficient of 7" state [38,39]. Since in a spin-1/2 system,
placed under the By, there exist only two eigenstates. The wave function of
the system is then expressed as a superposition of the two energy states such
that [38,39]

W) = cala) +c51B). (2.13)

where |ot) and |B) are given as [38,39]

), (2.14)
). (2.15)

w\»— N\»—
N\— N\'—‘

=2+
2.~
Since |a) and | B) are orthonormal basis sets, therefore, the probability of finding
a spin in either of the state will be given as [38,39]
(W|¥) = cacy +cpep, (2.16)
where, if the term is normalised then [38, 39]
CaCly +Cﬁc2§ =1. (2.17)

This means that the probability of finding spins in either one of the states is
unity; whereas, the probability of the spins existing in either of the states is the

magnitude of the complex number ¢ and cg.

14



2.1 The basics concepts of nuclear magnetic resonance

To calculate the evolution of the spins over time, the Schrodinger’s equation is
used. Using the wave function it is written as

L dY N

1h% =H|¥), (2.18)
where A is the Hamiltonian of the system [40].
The calculated wave function of the system is then used to define a density oper-
ator. The density operator describes the quantum mechanical state of the entire
system. As assumed earlier if we have N number of spins, by taking the ensem-
ble average of the wave function we can calculate the density operator, which is
given as [38,39]

p =) (¥ (2.19)

On solving the equation we get

P =cacy, —|—ch2§ —|—cac§ +cpcy, (2.20)

where the first two terms define the population of the state and the last two terms
define the coherence between the energy states [38,39].
The density operator, when used in the Schrodinger’s equation, is given as

ih——L =HIp). (2.21)

On solving the equation we get the time evolution of the density operator as [39]

ap i

—=——|H,p 222
5 = 7 H:P]; (2.22)
which is the Liouville-von Neumann equation, where the solution of the equation
is given as

p(t) = exp(—iHt)p(0)exp(ift). (2.23)

15



2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

a)

5 b)) — — c) T _ =S
CyC > CpC p CuCq <CCp cucﬁ=cmcﬁ¢0

¥ gy ¢
POS| | o
"7 Ipday 1S5

Figure 2.2: Representation of net magnetisation My resulting from the net spin polarisation, where

coCy and cﬂcz are the population of @ and f3 states. cac;; and cj,cg are the coherence

B, M,
— 2 5

£~

between @ and f3 states [38]. (a) When the population of spins in @ state is more than
in f3 state. (b) Shows the condition to (a), where the spins are aligned anti-parallel to
By. (c) When an RF-pulse is applied, the spins flip in the transverse plane. If there is a
net magnetisation the spins are in coherence.

p(0) is the initial condition of the density operator, and p(z) is the state of the
density operator after a time ¢ on being driven by a time independent Hamiltonian
H [39,41]. Once the state of the density operator is known, taking its trace with an
observable operator gives the measurable observable signal of the entire system.
Therefore, the average of all the spins ensemble for an observable state X is given
as [38,39]

(X)=Tr{pX}. (2.24)

Since in the case of NMR, the observable operators are the spin operators, in the

next section we will define the spin operators for a spin-1/2 system.

2.1.3 Spin projection operators

Since we now know that for a spin-1/2 system placed in a By, there exist two

possible orientations of the spins given by m; = +1/2. Therefore, there exist two

16



2.1 The basics concepts of nuclear magnetic resonance

I

-i

e D R A

=

Figure 2.3: Cyclic property of the commutator operator, where the commutation of two angular
momentum operators results in the imaginary number of the third. If the order of
commutation is reversed, a negative sign represents it [39].

states, which can be represented by « representing |1/2,—1/2), and f represent-
ing |1/2,+1/2). We can write them in matrix form as [38,39]

o) = : , (2.25)
0
0

B=1 ] (2.26)

If we assume B to be along the z-direction, then the angular momentum operator
for the two spin states in the z-direction is

L\ my) = myh|Lmy) . (2.27)

The I and m; quantum numbers are unaffected, and m; defines the direction of
the angular momentum [38,39].

Similarly, the /, and fy angular momentum operators can be defined in the x and
y-directions, respectively [38,39]. One important property to note here is that
these operators are cyclic [39] as shown in fig. 2.3 and table 2.3. This is an

important property, which is used extensively for further derivations.

17



2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

Table 2.3: Commutator operation on the spin angular momentum is cyclic. The results from the
table are used in the further derivation to determine the spin evolution [39].

Commutator Result
0.5 il
i)

A A

|:IZva] ljv

From eq. (2.25) and (2.26), I} for the I = % system in a static magnetic field in
the matrix form is [38,39]

;i _ [(elkle) (alLIp)) (2.28)

© \(BIL]a) (B|LIB)

As the terms 3, and o are orthogonal, (ct| L, |B) and (B|I, |ct) reduce to zero and
using eq. (2.27) we get [38,39]

.~ h
I, == . 2.29
=3 (2:29)

Now to find the  and fy, the ladder-up (/) and ladder-down (/™) operators are
used, which are related as [38,39]

S A o
i = + , (2.30)
2
R A o
i = 231
g TR (23D
where [38,39],
Iy = i/ (I —my)(I+mp41) [Img + 1), (2.32)
I~ \Lmy) = /(T +my) (I —mp+1) [I,my — 1) . (2.33)

18



2.1 The basics concepts of nuclear magnetic resonance

Since, |&) and | B) are the eigenstates, therefore, the I, and [~ when operated on

the eigenstates, are given as [38,39]

I |a) =0, (2.34)
I"|B) =nla), (2.35)
I~ oy =h(B), (2.36)
I~|g)=o0. (2.37)

The solution from these equations is then used in the matrix representation of /*
and /-, where [38,39]

(alI"a) (alI"|B)

It = , (2.38)
(BII" o) (B|I"|B)
and
. all” |o all™
o [telrie B 30
(BI1"|a) (BII"IB)
Simplifying eq. (2.38) the result is,
N 0 1
It=n , (2.40)
0 0
and for eq. (2.39) the solution is
. 0 0
I =h . (2.41)
1 0

19



2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

As we have the solution of the /™ and I~, we can find the fx and I; operators
by solving eq. (2.30) and (2.31) respectively. In the matrix form, the solution
is [38,39]

. 0 1

Pt (2.42)
2\1 o

. hi [0 —1

== . (2.43)
2\1 o

With the spin operators I, I; and I, found, we can now calculate the evolution of

the spins in the Liouville-von Neumann space.

2.1.4 Transformation of the Hamiltonian in the rotating frame and
solution of the Liouville-von Neumann equation

To find the solution for the Liouville-von Neumann equation as shown in eq. (2.22)
we need to first convert the NMR Hamiltonian from the laboratory frame of refer-
ence to the rotating frame of reference. The perturbed Hamiltonian for a spin-1/2

isolated system in the laboratory frame of reference is given as [38,39]

A

A, (1) = ol + op, cos (01 + ¢)L; + wp, sin (1 + ¢, (2.44)

where the first term of the equation represents the Zeeman effect such that [38,39]
o = 7,Bo. (2.45)

The second and third terms represent the RF magnetic field perturbation such that
ws, = ¥B1/2, (2.46)

where Bj is the RF magnetic field applied along the x-y plane [38,39]. The B,

magnetic field is assumed to be circularly polarised such that there is a constant
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2.1 The basics concepts of nuclear magnetic resonance

phase difference of 7/2 between the x and y-component of the magnetic field
vector.

To transform the Hamiltonian to a rotating frame of reference, we assume a uni-
tary operator U such that [38,39]

p=Up0~". (2.47)

ap  I(UpU!
a—‘t’ _ gt ) (2.48)
the expansion is
8;3_8UAA,1 0P A~ QU]
E——tpU +UWU +Up T (2.49)

if we rewrite the second term from eq. (2.22) and do some rearrangement by
writing U ~! in the first and third term, the re-arrangement is
ap v N oU~!

P 0p0 +0ilp. A 0+ 00O
5= 3 pU +Ui[p.H U +0p p

, (2.50)

NS

by cancelling the unitary operator with its inverse in the first, and third terms of
the above equation, and rearranging the terms

ap 9

-1
5 1o (2.51)

O~ 'p+pU
t pEp ot

v

Since UU~! = E , where E is an identity matrix; therefore, the time derivative is

(OO
— - 0. (2.52)
On solving,
U . LU}
a5 = —Uiat , (2.53)
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

and rewriting eq. (2.51) again,

ap AU 0
E—(—pU 3 +pU y )+0i[p,H 0" (2.54)

The first and second terms in the brackets are the result of a commutator, there-
fore,
ap .U ! A Al

If we now include U and U~!, inside the commutator, the term U pU ~1 from

eq. (2.47) becomes p, which simplifies the above equation to

ap [ A0 o
at{p,U 5 ]Jrl[p,UHLabU ] (2.56)
By using the commutation properties,

ip . .~ AU}
at—l[p,—lU

—+ UFILabUl] : 2.57)

if we take the second term to be equal to ﬁRot, then
. i B
Hy = —iU T +UH, U™ (2.58)

Here we assumed that I-AIROt is the Hamiltonian in a rotating frame of reference
[39].

ap ..o~

5 0. Hy,, ], (2.59)

whose solution is [39,41],

p(t) =exp(—iHy 1) p(0)exp(iHy 1) (2.60)
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2.1 The basics concepts of nuclear magnetic resonance

As I-AIRot was assumed to be the transformation of I-AIL,db in rotating frame of ref-
erence. Therefore, a suitable unitary operator needs to be used which will allow

this transformation.

2.1.5 Unitary operator to transform the Hamiltonian from the
laboratory to a rotating frame of reference

From the discussions in subsection 2.1.1, we know that the spins precess around
the z-axis with @y. It is possible to transform the spatial coordinates systems from
a laboratory frame of reference to a rotatory frame of reference with a suitable
unitary operator. Therefore, the unitary operator is chosen to be close to the @y.

As the applied RF pulse’s frequency is closer to @y, we can write
U =exp(iol), (2.61)

such that
00" = —exp(io L) exp(io i) = E, (2.62)

where @ is the angular frequency of the RF pulse applied [39]. This allows us
to fix the frame of the spins with respect to the RF field oscillations.
To find the transformed Hamiltonian we use eq. (2.58) and (2.61), where from

eq. (2.58) we have
.  ~dU07!
Hp = —1U

+UH, U (2.63)

The eq. is split into two parts for the ease of solving it, such that

H, =A+B, (2.64)
where Sp-1
~ U~
A=-il——, (2.65)
and
B=UH U (2.66)
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a) laboratory frame b) transformation with ¢ c¢)rotating frame
Z (i) Z (i) 4]
A Q=0 - 0
O <= Qo= =
- ~ - ~ - ~
~_L_~ e T ~_L_~
X (1)
é
Y dy) Yy

Figure 2.4: (a) When a spin system is placed under an external magnetic field (By along the z-

axis), the net magnetisation of the system precesses around the By with the Larmor
frequency. (b) If the RF pulse is applied with the angular frequency, @, then for ease
of calculation it is possible to transform the laboratory frame of reference to a rotating
frame. To do so, the axes are rotated with 0. (c) This leads to the transformation in
the rotating frame of reference, where the net magnetisation precesses around By axis
with an angular frequency of  [38,39].

Eq. (2.65) is straightforward and on solving we get

d (exp(—ia)rftfz)

A=—iexp(io )L 5 . (2.67)
The derivative of the above eq. is
A=—iexp(io L) (—io L) exp(—io L) (2.68)
The exponential terms cancel each other out and the result for A is
A=—o,l. (2.69)
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2.1 The basics concepts of nuclear magnetic resonance

If we now look at eq. (2.66),

B=exp (ia)rftfz) (ol + wp, cos (01 + 01,

) . . ~ (2.70)
+ g, sin (@1 + ¢)Iy) exp(—io L),
where the Hamiltonian is an NMR Hamiltonian mentioned in eq. (2.44)
B=exp (ia)rftfz) (wol;) exp (—iwrftfz)
+exp(iwrftfz)(w31 cos(a)rft—i—(p)fx 2.71)

+ g, sin (@1 + ¢)Iy) exp(—iwrftfz).
Splitting the above equation into two parts C and D, and solving first for C, where
C =exp(io L) (k) exp(—im L), (2.72)

this equation can be expanded using the Baker-Campbell-Hausdorf (BCH) for-

mula, which gives the expansion series for [42]

exp(—at)Aexp(at), 2.73)
as 0 (1)? (1)
A— i [a,A] + o1 la,[a,A]] — ?[a, [a,[a,Al]] +--- ., (2.74)

therefore, using eq. (2.72), and (2.74), the part C simplifies to
C = wl;, (2.75)

since commutation [I;, 1] = 0.

To solve D, we have

D = exp(io L) (wp, cos (@, + )L (2.76)
+ g, sin(a)rftJr¢)f),)exp(—ia)rftfz), .
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

where for the ease of calculation, we will split D into F and G such that
F =exp(io_ L) (wp, cos (o1 + ¢)I;) exp(—iw L), (2.77)

and
G =exp (ia)rftfz) (@3, sin (@t + 0)I) exp(fia)rftfz) . (2.78)

Since @p, is constant, we can rewrite eq. (2.77) as
F = wp, (exp(io L) [rexp(—iw L) ) (cos (@ 1 +9)). (2.79)

The part F' is now similar to eq. (2.73), except for the order of the terms. There-

fore, we can use the BCH formula [42] to solve it which gives

F = op, (1~ 1 [0, 0.1

2

O Lo ko, 250
i3

O o Lok 0] s (00 ).

3!

Since IAX,I},IAZ, have cyclic commutation, therefore, [iz,fx] = ify. Simplifying the

above eq. using this we get

I |
F:wBl(Ix_i(_]wrf[),)
(it)? A
+ 5 [mopl —io ] (2.81)

ir)3 . PO
- % [~ L, [-o L —io ]| +--)cos (o +9).

26



2.1 The basics concepts of nuclear magnetic resonance

~

Similarly, [, ;] = —il,, since it is in the reverse direction

N .l .

F =g, (I — Trf( y)
: 2
(m;,“) (L) (2.82)

Tf( ) (2.83)
(iro,)? .
— —(ify) +---)cos (@ t+9).

We obtain alternating terms of [, and I; Re-writing them separately we get

(to,)?*  (to,)*

2! 4! (2.84)

R t (tw.)?
(Ot MO cos (w1 +9),

~—

F = op, (I,(1 -

The multiplication terms of f; and fy are Taylor series expansions for cos and sin

respectively, where the angle is @ ;. Therefore,
F = wp, (I;cos (@) — Iysin (@t))cos (@ 1+ 9). (2.85)
Similarly, if we solve for G we get

G = o, (I;sin (01) +1Iycos (1)) sin (@t +¢). (2.86)
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Adding F and G to get D

D = g, (I;cos (@) — Iysin (@,1))cos (@ 1+ 9)

R R (2.87)
+ @, (I;sin (@ 1) +Iycos (@ 1)) sin (@t + ).
Expanding the terms and separating the 7, and fy terms we get
D = wp, (I;(cos (@) cos (@t +¢) +sin (o t)sin (@ 1+ )) 2.88)

+1,(cos (@ t)sin (@t + ) —sin(@ 1) cos (@ +9)))
Using trigonometric properties the equation reduces to
D = wp, (I,(cos (¢ + @ 1 — @ 1) + [y (sin (—0 1) + @ 1+ 9))), (2.89)

— (£ (cos (¢) + Iy (sin (9))). (2.90)

Now combining C and D to get B
B = axl, + wp, (I,(cos (¢) + y(sin (¢))), (2.91)
and finally combining A and B to get ﬁRot the result is
Ay, = (00 — @)L + g, (I(cos (9) +L,(sin (9))) (2.92)
.Ifa)o—a)rf:Q,then
A, = QI+ wg, (I(cos (¢) + I, (sin(9))). (2.93)

In this section, we found the NMR Hamiltonian in the rotating frame of reference,
which is used in the Liouville-von Neumann equation to find spin evolution [38,
39].
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2.1.6 Spin density operator in the equilibrium state

To find the evolution of the spins with time ¢, we need to know their initial con-
dition at time ¢ = 0, or at the beginning of the experiment.
To find the initial condition we assume that the sample is placed in By, which
is not yet perturbed by an external RF field. Another assumption is that it is an
isolated system; therefore, at thermal equilibrium, the spin population obeys the
Boltzmann distribution and there is no coherence among the states. Therefore,
with these assumptions the population probability of the spins for such a system
is

sy = (N0 ), (2.94)

0 ng/N

where ng is the number of spins in the state o, ng is the number of spins in the
state 3, and N is the total number of spins. The population in any one of the
states is [38,39]

1
Ng = iNexp(—Ea/kBT), (2.95)

and |
ng = ENexp(—EB /kBT), (2.96)

as the spins obey the Boltzmann distribution. Using high-temperature approxi-
mation
E/kpT < 1, (2.97)

and Taylor series expansion the spin populations simplified for & and f3 states are
1
ng = EN(l —Eq/kpT), (2.98)

and |
}’lﬁ = EN(l —EB/kBT), (299)

respectively [38,39].
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The energy of the o and f3 states are given as

1
Eq = —hon, (2.100)

and 1
E - 7ha)(;. 2.1()1

and inserting them in eq. (2.100) and (2.101) gives
1
Ng = EN(I +hawy /2kpT), (2.102)

and |
ng = EN(l —hawy/2kpT), (2.103)

respectively [38,39]. Using the numbers of spins in their o and f states in
eq. (2.94) will give the equilibrium distribution in a matrix form as

1
L4 hioy /4ksT 0
p1(0) = [ 2 /4 . (2.104)
0 1 —hoo/4ksT
Simplifying it
1
! th/2 0
pe0)= | * + oo /ksT / . (2.105)
0o ! 0 —h2

Since the first matrix is invariable to any operation and the second matrix is pro-
portional to the I, operator (from eq. (2.29)), the initial density of states can be
approximated to [38,39]

~

pe4(0) o< I, (2.106)

where the constant terms can be introduced later.
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From the above derivation, it can be concluded that the net magnetisation for a
spin system is aligned along the By direction when it is at its equilibrium condi-

tion.

2.1.7 Evolution of the magnetisation in NMR

As seen from the derivation till now, it is possible to represent the ensemble of
spins and form a density matrix. The density matrix represents the net magneti-
sation of the system. The evolution of the density matrix in the Schrodinger’s
equation results in the Liouville-von Neumann equations [39,41]. Since the so-
lution of the Liouville-von Neumann equations consists of Hamiltonian terms in
a rotating frame of reference. The transformation from a laboratory frame to a
rotating frame was done with respect to the RF oscillation. Finally, in the previ-
ous section, we derived the net magnetisation at the equilibrium position, i.e., at

the initial stage of the experiment, which was given as

p(0) o< 1. (2.107)

Now to find the observable NMR signal we will follow the sequence as shown
in fig. 2.5. For a conventional NMR experiment there exists mainly three states,
first: the equilibrium condition at t = 0, second: irradiation of an 7/2 RF pulse
for time #;, and third: relaxation and free induction decay (FID) of the magneti-
sation during time #,. By recording the signal during the FID, we can observe an
NMR signal [38,39].

Since we know p(0), we can calculate p(z), from the Liouville-von Neumann
equation [39]. Therefore, from eq. (2.93) the Hamiltonian in rotating frame for

an RF perturbation is given as

N

Hyoy o = 08, (Licos(9) + Iysin(9)). (2.108)
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a)
[o1(0) Jn— > P(tx2)
@\ Fourier transformjk

o [ppm]

Figure 2.5: (a) Evolution of the magnetisation during a conventional NMR process. In the equilib-
rium state, the density of states or the net magnetisation (p(0)) are aligned along the
By, in the z-direction. When a 7/2 RF-pulse is applied, it causes the magnetisation to
flip in the x-y plane. The density function p (¢, /2) represents the magnetisation in this

state. The relaxation of the magnetisation from the state p(/,) to p(0) is called free

induction decay (FID), which is recorded by a receiver coil. (b) The Fourier transfor-
mation of the time-dependent signal acquired by the coil reveals the NMR signal in
the frequency domain, where ppm scale is the relative frequency shift, with respect to
a referenced frequency.

At the beginning of the derivation, we assumed a circularly polarised RF By. If

we now assume a uni-directional B;. The above equation reduces to

A

A, . = op . (2.109)

From the solution Liouville-von Neumann given by eq. (2.60), we can find the
state of the magnetisation after time #; as

p(t1) = exp(—iws, Lyt ) p(0) exp(iws, Lt (2.110)

p(t1) = exp(—iwp, L1 ) Lexp(iwp, Lty), (2.111)
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and by using the BCH expansion [42] we get

) ooin o
ple) =L~y [on, . 1]
(il1)2 N RN
+ X s, Iy, [p, 1), L] ] (2.112)
(it1)3

Y [wBlfy’ [wBliy’ [wBliyviZH] +oe

Simplifying the above eq. similar to the steps from eq. (2.79) to (2.85) [38,39]
ﬁ(h) :fz(cos(wgltl))+I}(sin(a)31t1)). (2.113)

Since the pulse applied is to flip the spins by 7/2; therefore, from the equation
of flip angle
gt =m/2 (2.114)

the above equation is further reduced to
p(n) =1I. (2.115)

Now to find p(z), during the FID, the Hamiltonian in the rotating frame will be
given as [38,39]

A ~

Ay = O (2.116)

and using the same procedure to calculate the state of the magnetisation after
time 7, we get
p(12) = exp(—iQLn) I exp(iQLn). (2.117)

Following the BCH expansion [42] and simplifying the equation gives [38,39]
p(12) = Li(cos (1)) + I, (sin (Q12)). (2.118)

We now know the density operator at the end of the NMR experiment. From

eq. (2.118) it can be seen that the net magnetisation is freely precessing in an x-y
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

plane. To find the NMR signal or the observable we need to observe the spins in
the x-y plane. This can be presented by a ladder-plus operator as [38,39]

A

I" =L+il, (2.119)

therefore, the observable signal can be determined by taking the trace of the

ladder plus operator with the density operator during the FID [38,39],

(FID) =Tr{I"p (1)} . (2.120)
Since
Te{I"p(t)} =Te{p(t)I"}, (2.121)
therefore,
Te{I"p(n)} =17 p(na). (2.122)

On writing the operator terms we get
Tr{I*p(12)} = (L(cos Q1)) + Ly(sin (Q12))) (L, + i), (2.123)
and expanding the equation we get

Tr{I"p(tr)} = I} cos (Q) + L Jy (sin (Q2))

* (2.124)
+illy(cos Q1)) + iI;Q. (sin (Q12).

Using the equation from the I..f; and IA) operator, i.e, from eq. (2.29),(2.30),
and (2.31) respectively, the terms can be solved with normal matrix multipli-

cation. On simplification

2

Te{I*p(n)} = %(cos (Q1) +isin (Qn)), (2.125)
or
. n
Tr{l"p(n)} = ZeIQ’Z. (2.126)
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2.2 NMR for a chiral molecule in the presence of an RF electric field

After applying an RF pulse, the spins will tend to relax to a lower energy state or
their initial state. Therefore, the only term missing in the observation equation is
the relaxation term. Since the relaxation can be defined by an exponential func-
tion, we assume R as the decay rate for transverse relaxation [38,39]. Therefore,

the final equation is
R n
Tr{l"p(n)} = Zel%e—f% (2.127)

If we plot this equation we get the FID, and by taking the Fourier transformation
from time to frequency space we get the spectrum, where R, determines the line-
width assuming everything else is in perfect conditions [38, 39].

To summarise the discussion so far, the section explained the evolutionary phase
of the net magnetisation in a conventional NMR experiment. The magnetisation
conditions were derived for a simple isolated / = 1/2 system. However, taking
into account other parameters such as nuclear shielding tensor, J-coupling, more
than two levels of degeneracy etc., the Hamiltonian and the spin operators can be
modified. Since this is out of the scope of the dissertation, these conditions are
not derived here.

In the next section, we will use the approach discussed for determining the NMR
signal and try to derive the Hamiltonian and conditions which would lead to a
chiral signal.

2.2 NMR for a chiral molecule in the presence of an RF
electric field

NMR cannot reveal the handedness of a chiral molecule directly. The reason is
that the nuclear shielding tensor and the J-coupling tensor are even under par-
ity [13]. Therefore, regardless of the handedness of the molecule the NMR spec-
tra will be same for the enantiomer pairs. If we take an example of a chiral
molecule 1,1,1-trifluoropropan-2-ol. If a spectroscopist acquires spectra for (R)
and (S)-enantiomer, it will be similar to if one needs to distinguish between (R)-
C3HSF30 and (S)-C3HSF30 just by looking at their chemical formulae. The
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

task seems impossible without additional information. Similarly, the task of
distinguishing chiral molecules directly cannot be achieved with simple NMR
measurement. To solve the problem, there needs to be additional information
provided, i.e., detail of a three-dimensional (3-D) structure of the enantiomers.
Similarly, an odd parity term needs to be present in the NMR Hamiltonian, which
would then automatically take care of the handedness of the enantiomers.

As discussed in chapter 1, optical activity is an inherent property of chiral
molecules. One of the first experiments, where optical activity in chiral molecules
was observed by Jean-Baptiste Biot in 1812. The polarization of plane-polarised
light passing through the enantiomer produced a rotation [43].

Following a similar approach, in 2004 A.D. Buckingham [13] theoretically
showed that when a chiral molecule is placed in a strong magnetic field, the spins
are coupled to an electric dipole, where the coupling factor is an odd parity tensor.
The assumption was based on the findings of the experiments of [44], where a ro-
tating electric polarisation was detected for the 33CI at noncentrosymmetric sites
and relative silence when placed at centrosymmetric sites. This combined with
the theory of optics laid the basis of the derivation by A.D. Buckingham [13],
where he postulated that an odd parity tensor is produced for chiral molecules,
which acts as a coupling factor between an electric dipole, and rotating magnetic
moment of a nucleus in a molecule. It was also postulated that a magnetic field
is produced around the nucleus in the presence of an oscillating electric field for

the chiral molecules. The dependencies were postulated by the equations below,

_ ) o)
™ — VM By o le (N)argt Foe, (2.128)
B — (1-o™Mp —EVE X B0 - w*lg’W)aa—If T (2.129)

The above equations are taken from [13] eq. (11) and (12), where V)

represents
- i ) (N
the nucleus, B” represents the static magnetic field, and 5( represents the odd

parity tensor which vanishes for achiral molecules.
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Figure 2.6: The figure summarises the discussion for chiral detection schemes with different pos-
sibilities under a strong static magnetic field (By) as suggested by [14]. (a) The chiral
distinction is made possible by sensing the electric dipole induced by placing two
capacitor plates close to the sample. The direction of the electric dipole will be op-
posite in sense for the enantiomer pairs. (b) The chiral distinction is made possible
by the chemical shift produced. For this type of measurement, the system needs to
be shimmed finely to produce linewidths in the range of a few Hz as the chemical
shifts are predicted to be in the range of mHz. (c) The final possibility is by detecting
any changes produced in the magnetic dipole for the enantiomer pairs, when an E, is
applied.

From these relations, it was shown by [14], that similar to the magnetic field, the
oscillating electric field produces a magnetic moment which is related as

™ = (1= ™)™ _EME « ) _ p-1g'™ S (2130)

Therefore, there are three ways to detect the chiral molecules which are [14]:
e Measure the direction of the electric dipole induced, which would be op-
posite in sense for the enantiomer pairs.

* Measure the chemical shift produced due to the magnetic field produced

around the nucleus when an RF electric field is applied.

e Measure the change in the magnetic dipole for the two enantiomers when

an RF electric field is applied.

From the three possibilities discussed above, the dissertation focuses on the later
part, i.e., the measurement of the magnetic moment induced when an RF electric
field is applied (E5). The reason is that the NMR spectroscopy setup is prepared
for this kind of measurement setup. To measure the chemical shifts would have

been a challenge, since shimming precisely to few Hz depends on lots of fac-
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

tors, some of which are not in user-controlled e.g., the shim coil temperature,
sample temperature, exact sample filling volume etc [38]. This technique would
have also required contaminating the chiral sample for referencing the shifts to a
known value.

Since, there can be two forms of electric field sources, namely, oscillating and
non-oscillating, it was shown by [45], that when an oscillating electric field is
applied, the chiral signal is enhanced by an order proportional to the frequency
of oscillation. A significant enhancement when compared to a non-oscillating
source, as the @y is in the range of MHz.

By applying an RF Ej, for a chiral molecule, we can now introduce the odd parity
tensor in the NMR Hamiltonian as [45],

A

A, o=l + op cos(o 1)L +o. 1 (Ex(t)sin (1) x Bo) - I, (2.131)

which is similar to the NMR Hamiltonian, but instead, there is an additional term
representing E, perturbation, which is present only in a chiral molecule. The
tensor O, is opposite in sign for the pair of enantiomers and vanishes for achiral
molecules. In the dissertation, +' represents the difference in the signs produced
due to the structure of the enantiomer pairs. The second term is the B; and can
be regarded as noise or an unwanted part of the signal for chiral detection. For
further derivations, it was assumed that the phase difference between the E; and
B due to the change in the material properties is negligible.

Similar to the spin evolution defined for the NMR, we will use the density func-
tion approach to find the state of the net magnetisation at each evolution step of
the measurement. The solution of the Liouville-von Neumann equation for the
calculation is used. In order to do that, we need to again transform the Hamilto-

nian from a laboratory frame of reference to a rotating frame of reference.

!+ is used for the enantiomer pair in the Hamiltonian, since the electrical dipoles of the enantiomer
pair are in the opposite direction due to asymmetry. The additional term in the Hamiltonian flips
the net magnetisation, either along the flip direction (indicated by "+"), or in the opposite direction
(indicated by "—").
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2.2 NMR for a chiral molecule in the presence of an RF electric field

2.2.1 Transformation of the chiral Hamiltonian from the laboratory
to a rotating frame of reference

The Hamiltonian for a spin-1/2 system, with an E; applied to it, was defined by
eq. (2.131). The simplified form of this Hamiltonian is

A

A, =l + op, cos (o)l +0g, sin (o). (2.132)

Here we have assumed that the magnetic field due to the E; in the z-direction is
negligible compared to the By field. Similar to the magnetic nutation frequency
defined by eq. (2.46), an analogous electrical nutation frequency @, is defined,
which is

|0g,| = |0.E2BoYr|/2, (2.133)

where, o, (in the order of 1 x 1079 m /V) [46] is opposite in magnitude for the
enantiomer pairs. Similar to the NMR Hamiltonian transformation, we will trans-
form the NMR chiral Hamiltonian from the laboratory frame of reference to the
rotating frame of reference using @ as the unitary operator. The Zeeman term
converts to

Ay = (0— o). (2.134)

For the RF terms, the magnetic and the electric part of the Hamiltonian were
transformed separately. First for the associated magnetic field

N

Ay, = €xp (ia)rftfz) (op, cos (a)rft)fx) exp(—ia)rftfz) , (2.135)

which is similar to eq. (2.77); therefore, the transformation leads to

FIRot_Bl = wp, (I;cos (@) — Iysin (@ t))cos (@ t). (2.136)

Similarly, for the Hamiltonian part due to E> perturbation

A~

Ayop, = exp (1oL ) +op, sin (o 1) exp(—iorl) (2.137)
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

using the BCH approximation [42],

A

Hy g, = 0k, (I cos (01) = I;sin (1)) sin (@ ). (2.138)

From equation (2.136) and (2.138), if we combine the RF perturbations, the re-

sultant Hamiltonian is

N

Hy p,g, =Tk, (I cos (@) — I;sin (1)) sin (o)

) . (2.139)
+ 3, (Iycos (@ 1) — Iysin (@ 1)) cos (@ 1).

To simplify the equation we use the trigonometric properties defined below,

1
cosasina = E(sinZa), (2.140)
. 2 1
sin“a = 5(17(:032a)7 (2.141)
and |
cos’a = 5(cos 2a—1). (2.142)

On solving the RF perturbation Hamiltonian, based on the above properties there
will be a 20 oscillation produced in the Hamiltonian. To simplify the calcu-
lations, we assume that the terms, which generate frequencies of Zwrf, can be
neglected. The reason for this is that the detectors would be matched and tuned
tow,, therefore, Zwrf will not be transmitted or detected by the resonator. Hence,
the RF perturbation part of the chiral Hamiltonian then is

N

HRot»BlEz = _wBlix$wE2iy (2.143)

Combining the Zeeman term and the RF part of the chiral Hamiltonian, the final
result is

A

= (0 — o). — op [T 0p, 1), (2.144)

Hchiral—Rot -
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2.2 NMR for a chiral molecule in the presence of an RF electric field

which, is in good agreement with the Hamiltonian derived by [45]. However, B
was neglected in the Hamiltonian by [45]. This can be realised if the detector
is designed such that B; is aligned along the By direction. The problems and
challenges of designing such detectors are discussed in chapter 3. Therefore,
for to study the evolution of the magnetisation, we have taken the effect of the
associated B field into account. Based on it, we presented different scenarios that
could enable chiral signal detection, and also scenarios that should be avoided as

they could have led to the weakening of the detectable chiral signal.

2.2.2 Calculation of the net magnetisation for a chiral molecule in
the presence of an RF electric fields

After transforming the chiral Hamiltonian to a rotating frame of reference, we can
now calculate the density operator over time as we did for the NMR experiment.
When the spin-1/2 isolated system is placed in By, similar to section 2.1.6, the

initial density of states can be approximated to
p(0)oc I (2.145)

When the system is perturbed by an RF pulse, the magnetic moments are influ-
enced due to E> and Bj. The net magnetisation is the result of the influence of
the magnetic moment produced by these two fields.

The z-components of the RF magnetic fields have been ignored, as it is negligible
compared to the magnitude of By, in which the samples was placed. For this ex-
ample, we consider that the chiral molecule is placed in a magnetic field strength
of 11.74 T. For the chiral distinction, we assume that the RF pulse applied is for

time ¢1. The RF perturbation Hamiltonian will be given as

A

HpoipiE, = *(”Buix:Fsziy (2.146)
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

The density operator from an initial state after time #; can be found from the

solution of the Liouville-von Neumann equation [39], which is

p(11) = exp( =il 11 ) Eexp (il .11 ) (2.147)
which leads to
p(t1) = exp(i(wp, Ltwg, 1)t ) L exp(—i(wp, Lt 0p, )1 ). (2.148)

Further simplifying the equation by separating the E-field and B-field perturba-

tion we get

p(t1) = exp(iwg,iit; ) exp(iwp, L1 ) I exp(—iwp, L1 ) exp (Fiwg, Lty ).
(2.149)

For ease, we solve B perturbation first, i.e.,
P, (t1) = exp(iop, Lty ) L exp(—iog, Lity). (2.150)

Expanding using the BCH formula [42], and simplifying the above equation we
get
ps, (t1) = (I, cos (wp,t) + I, sin (wp,1)), (2.151)

and adding the missing terms

p(t1) = exp (Hiowg,Iyty) - (L.cos (wp, 1) + Iy sin (wp, 1)) - exp (Fiwg, Lt ) -
(2.152)
From here, we assumed three scenarios that can be produced due to the B; per-
turbations. These are; flipping the net magnetisation by an arbitrary angle, /2
flipping of the magnetisation, and finally, 7 flipping. Based on these cases, the
above equation was solved to find the best possible scenario to detect a chiral

signal generated. All these cases are discussed in the following subsections.
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2.2 NMR for a chiral molecule in the presence of an RF electric field

2.2.3 Net magnetisation flipped at an arbitrary angle

A closer approximation to the real-world environment would be to consider an

arbitrary flipping of the magnetisation by the combination of £, and B pertur-

bations. Therefore, for this particular case starting from eq. (2.152)

p(t1) = exp (Hiwg, Iyt - (I cos wp, 1) + Iy sinwp, 1) -exp (Fiwg, [t) . (2.153)

Solving the two parts separately, first for the spin projection along the y-direction

exp (Hiwg,Lit1) - (Iysinwg, 1) - exp (Fiog, L),

(2.154)

since the self-commutation of an operator with itself is zero, the above equation

simplifies to

=1, sinwp, 1.

On solving the second part of the equation
exp (:tinzfytl) . (fz COS Wp, 1) - XP (:Finzfytl) ,
and using the BCH expansion [42], and simplifying the equation,
p(t1) = (I, cos OE, 1 ¥, sin g, 1) cos W, 11 + fy, sin g, 11.
Adding the two parts of the equations we get
p(t1) = (I,cos O, 1 =+, sin O, 11 ) cos Wp, 1 + fy sin g, 1.

Separating the projection operators

pt) = I.cos g, 1| COs Wp, 1| ¥/, sin g, 1 cos Wp, 1 + I; sin wg, 1.

(2.155)

(2.156)

(2.157)

(2.158)

(2.159)
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2 Introduction to nuclear magnetic resonance spectroscopy and the odd-parity chiral tensor

Now during relaxation, the magnetisation precesses around the z-axis, which is
represented by the Hamiltonian [38,39]

A, = QL. (2.160)

To find the density of states, we will solve each term of eq. (2.159) separately.

For the first term, since the commutation 7. with £, is zero, we get
fzcoswgztl COS W, 1. (2.161)
Solving the second term,
F sin 0, 11 cos g, 1] e*iQiZ’ZI}eiQiZ’Z7 (2.162)
which is similar to equation (2.117), therefore, on simplification
F sin @, 11 cos wp, 11 (I (cos (Q1)) + Iy (sin (Qh))). (2.163)
Finally, for the projection along the y-axis, we get
sin g, 1) (e L2, 190 (2.164)
Expanding using the BCH formula [42], and simplifying the equation we get
sin @, 1 (I, cos Qt — I, sin Q). (2.165)
Adding back the terms from the solutions

p(t2) = sin wp, 11 (I, cos Qt, — I, sin Q1)
F sin @g, 11 cOS Wp, 1 (I(cos (Q1y)) + fy(sin (Q1))) (2.166)

+fzcos WE,11 COS Wp, 1.
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2.2 NMR for a chiral molecule in the presence of an RF electric field

Separating the projection operators, for the X,y and z directions, the equation

simplifies to

p(t2) =I,(sin (wg, 1) cos (Qt2)F sin (g, 1) cos (wp, 1) sin (Q12))
— fx(sin (g, 11) sin (Q>) = sin @, 11 cos Wp, 1 cos (Q12) (2.167)

+ fzcos g, 1 COS Wp, 1.

To estimate the observable of the signal, we would need to take the trace of the
density matrix with respect to the /* operator, as the spins are rotating in the x-y
plane, i.e., [38,39]

(FIDchiral) = Tr {I"p(t2) } . (2.168)

Therefore,

Tr{I"p(12) } =(L(sin (wp, 1) cos (Q1,)F sin (@, 1) cos (0, 1) sin (Q12))
— I (sin (g, 11) sin (Q# )+ sin @g, 1] cos Wp, 11 cos (Q1)
+1I.cos 0,11 COS (B, 1) (I + iiy).
(2.169)

Using the same property as before, i.e., the trace of an operator with another
operator will lead to zero, therefore, the equation simplifies to
R n?
Te{I*p(1)} -7 (i(sin (g, 1) cos (Q)F sin (wg,t1 ) cos (@, 1) sin (Q12))
—sin (g, 11) sin () T sin W, 11 cos wp, 11 cos (Q1)).
(2.170)

Separating the chiral terms from the non-chiral terms, the rearrangement of the
equation is,
. n?
Tr{l p(t2) } =—((sin(@p,1)(icos (Qtp) — sin (2,
{I7p(12) } =7 ((sin (@, 1) i cos (Q12) (Qn)) 2.171)
Fsin (g, 1 )(cos (wg, 1) (isin (Qr) +cos (Q1)).
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Figure 2.7: (a) Represents a situation in an enantiopure chiral molecule, when an RF-pulse applied
is such that it flips the net magnetisation close to 7. The relaxation of the (R)- and
the (S)- enantiomer magnetisation will follow a different path to the equilibrium state.
(b) (R)-enantiomer is represented by blue, and the (S)-enantiomer by red. (c) Fourier
transformation for a signal from the enantiomer pairs will have a magnitude difference.

From the equation above, it can be seen that the chiral signal is projected only
along the x-direction. Therefore, to be able to distinguish a chiral molecule it is
necessary to have a receiver coil, which is sensitive to the magnetic fields in the
x-direction.

If we now consider the design of the chiral exciter/detector, it needs to have
certain characteristics, which are, that the E, which is responsible for the spin
excitation should be perpendicular to the By. If we assume that the By is in the
z-direction, and the E, is in the y-direction, then a detector should be sensitive
in the x-direction. The design of the detectors based on the scenarios derived is

discussed in more detail in the next chapter.

2.2.4 Net magnetisation flipped by 7/2

If the RF pulse duration is such that it produces a 7 /2 flipping of the net mag-
netisation, then the magnetic nutation frequency and the pulse duration can be
related as

gt =T/2, (2.172)
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Fi gure 2.8: (a) Represents a situation, when an 7r/2 RF-pulse is applied to an enantiopure chiral
molecule. For the (R) and the (S) enantiomers, the FID is exactly same. b) (R)-
enantiomer is represented by blue, and the (S)-enantiomer by red. (c) Therefore, a

Fourier transform for a signal from enantiomer pairs is equal and no distinction is
observed.

which, when used in equation (2.152) simplifies to
p(t1) = exp(Fiog, ity ) (I,) exp(Fiwg, Litr). (2.173)

Since the Commutation of the operator with itself results in zero, using the BCH
expansion [42] and the simplification is

p(t1) =1, (2.174)

As can be seen from the solution of the equation, the chiral term in this case
vanishes and the signal for the two enantiomers will be indistinguishable. In
such a scenario, if a spectroscopist excites the spins such that By part of the RF
perturbation flips the magnetisation by 7 /2, then the observed chiral signal will

be non-existent.
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2.2.5 Net magnetisation flipped by ©

Another scenario can be that the net magnetisation is flipped by =, i.e., in the
opposite direction with respect to the By. Therefore, the spin alignment from
the initial state will be reserved. For this particular case, the magnetic nutation

frequency and the pulse duration can be related as
g1 =T, (2.175)
and the equation (2.152) simplifies to
exp (:tia)Ezfytl) I; COS (Wp, 11 - EXP (:Finziytl) . (2.176)

. Solving the above equation using the BCH expansion [42] and the simplification
is

p(t1) = —(I.cos OF, 1 ¥, sin Op,11). (2.177)

Therefore, the density function now contains a chiral distinction term which is
opposite in the sense for an enantiomeric pair.

If we look at the above equation, it is similar to transforming the density of states
from the initial condition if the B; was neglected. The spin evolution for these
two cases is similar, i.e., the case where the magnetic fields are neglected and
when the net magnetisation is flipped by 7 due to magnetic perturbation. The
evolution of the density operator can be considered under single derivation.
After the RF perturbation, the spins relax from the excited state to the ground
state. This is followed by a precession around the z-axis. Therefore, the Hamil-

tonian for spins in precession is
A, =QlL, (2.178)

and hence the evolution of the density operator is

pr) = exp(—isztz) (—1; COS WE, 1 +/,sin g, t1) exp (isztz) . (2.179)
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2.2 NMR for a chiral molecule in the presence of an RF electric field

Since the commutation of an operator with itself is zero, therefore, the term
with the projection operator along the z-axis remains unaffected. For the pro-
jection along the x-direction, the equation can be simplified using the BCH ex-

pansion [42], similar to equation (2.117),
p(t2) = —I,cos g, 1) £ sin g, t1 (L, cos (Qt2) + Ly sin (Q12)). (2.180)

Now since the magnetisation is precessing in the x-y plane, therefore, to measure

the signal we need to find the trace of the density matrix with respect to the /*,

1.€.,
(FID) chiras = Tr {I*p(12) } , (2.181)
where,
I =L +il,. (2.182)
Therefore,

Tr{I"p(t2)} = Tr{—L cos ot = sin (wg, )

. . A (2.183)
(Ie(cos (Qr2)) + Ly (sin (Q12)) ) (L + i) }.

The equation can be simplified using the property, that the trace of an operator
with a different operator (in this case here), is zero. Therefore, the simplified

equation is

2

Tr{fﬂS(tg)} = isin(sztl)(%)(cothz +isinQs), (2.184)
or,
. n?
Te{l"p(r)} = j:sin(a)Ezt])(Z)exp(iQtz). (2.185)

Therefore, if one compares the FID for the NMR and chiral NMR process, the
additional term, i.e., sin ((DEzll) defines the strength of the chiral signal that can
be acquired. Since the analogous electrical nutation frequency will be in an op-

posite sense for the enantiomeric pairs, the magnetisation will be flipped to the
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Figure 2.9: (a) Represents a situation, when an exact & RF-pulse applied to an enantiopure chiral
molecule. The relaxation of the (R)- and the (S)- enantiomer spins is in a different
quadrant. b) (R)-enantiomer is represented by blue, and the (S)-enantiomer by red.
(c) Therefore, a Fourier transform for a signal from enantiomer pairs is going to be
opposite in phase and equal in magnitude.

x-y plane, but in different quadratures. Hence, the precession of the two chiral
molecules will be exactly 7 out of phase with each other.

From the above derivations, it can be seen that the strength of the chiral sig-
nal will depend on the magnitude of the E», By, ¥, and the RF pulse duration.
However, there is a limit up to which the magnitude of E; can be used, which
is limited by the dielectric breakdown of the surrounding materials, as well as,
that of the sample. By increasing the RF pulse duration the chiral signal can be
enhanced, but the duration time will be limited by the spin transverse relaxation
time. Increasing the amplitude of By after a certain value also has its drawback,
which is explained in chapter 3. The dependence of the chiral strength on the 7,
suggests that the chiral centre should be around a nucleus with a higher ¥,. The

choice of suitable molecule is explained in chapter 4
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In the previous chapter, it was shown that three possible scenarios can occur when
exciting the spins using E, and Bj. It was shown that, when the B; perturbation
produces a 7 /2-flip, the chiral signal was not distinguishable and was the same
for an enantiomer pair. However, if the magnetisation is flipped by 7« or the B
perturbation is negligible, the chiral signal detection probability is higher. As it
was difficult to produce an exact z-flip due to stray fields, another case, where
the magnetisation was flipped at an arbitrary angle with respect to the By. In all
of these cases, there was a need to design a chiral detector which could produce
an E, and simultaneously be sensitive to the magnetisation detection.

Since the chiral signal is embedded in the magnetisation projected along the x-
direction. The E> needs to be produced along the y-direction, and finally, these
two should be perpendicular to By in the z-direction. Therefore, By, E>, and By
should be orthogonal to each other.

In this chapter, we explore the current state of the art for direct chiral detection,
and based on the scenarios discussed in chapter 2, optimise and design a suitable
chiral exciter and detector geometry. Since the functioning of the detectors was
based on the RF pulse, therefore, we need to understand the behaviour of the

EM-waves for a suitable geometry.

3.1 Electromagnetic waves description based on
Maxwell’s equations

EM-waves is an inherent part of NMR [38]. Since the alignment of the magneti-
sation, and its detection during relaxation depends on the magnetic perturbation

in the frequency range of MHz. The magnetic field propagation at this frequency
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range is governed by Maxwell’s equation. Depending upon the strength of By,
the wy can be calculated using eq. (2.45). Table 3.1, shows different values of
@y /27 corresponding to By amplitudes for 'H. At present, for the commercially

Table 3.1: Corresponding values of @y /27 for H at different By magnitude [38].

wy/27 (MHz)
By (T)

42.577 300 500 600
1 7.05 11.74 14.09

available spectrometers @y lies in the RF range.

Therefore, if a a device is built that can transmit EM-waves, and be sensitive to
them at the desired frequency; this will allow to excite the magnetisation and
detect the signal during their relaxation.

Since EM-waves consist of electric and magnetic fields, the relationship between

them can be defined using Maxwell’s equations. These are:

Gauss’ law,
V.-geE =p. (3.1)
Gauss’ law for magnetism
V.-B=0. (3.2)
Faraday’s law of induction
VXE = 9B (3.3)
o dt’ '
Ampere’s law
. - OE
V X B = upl, <J+808r8t> . 3.4

Of these four equations, the most relevant to the NMR process are eq. (3.3),
and (3.4), i.e., Ampere’s law, and Faraday’s law.

During the irradiation process, we use the principle behind Ampere’s law, i.e.,
the current flowing along a conductor produces a magnetic field. The direction
of the magnetic field will follow a circular loop, which is normal to the direction

of current flow. Since, the net magnetic field is the superimposition of the mag-
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9]

Figure 3.1: Few examples of volumetric detectors used in NMR and the direction of the magnetic
field produced shown with blue arrows. (a) A 15 mm Helmholtz coil arrangement [47].
(b) A 12 mm diameter saddle coil with a detection height of 15 mm [48]. (c) A 12 mm
diameter Aldermann-Grant coil with a detection height of 9 mm [49].

netic fields produced by the conductive parts, by finding an appropriate path for
the current flow or the shape of the conductor, the magnetic fields can be made
unidirectional. This is one of the basic requirements for the transmitter coil used
in the NMR. Figure 3.1, shows some examples of coils used for NMR.

The second phase of the NMR involves the detection of energy released when the
magnetisation relaxes to its ground state. The design of the detector is based on
the principle of Faraday’s law of induction. This is explained as, when there is a
change in a magnetic field (produced due to precession and transverse relaxation
of the magnetisation) experienced by a closed-loop conductor, there is voltage
induced in it. The magnitude of the voltage produced is proportional to the rate
of change of the magnetic flux in the conductor, and the direction of the voltage
produced is to oppose the change in the magnetic flux. Therefore, if spins precess
at @y, the voltage produced also oscillates at @y, and hence by measuring the
voltage one can acquire the NMR signal [38]. Though this is a simple explanation
of the process, for the enhancement of the signal strength and its quality, different
circuit techniques and instruments are used. The fig. 3.2 is a representation of
such an arrangement.

Similar to the transmission coil, the receiver coil is geometrically designed to

acquire a signal from a uni-directional, magnetic field. In principle, one can use
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Fi gure 3.2: Electrical circuit schematic of an NMR excitation and detection scheme [50]. (a) A
transceiver coil is placed near the sample under investigation. (b) The capacitor circuit
arrangement is connected to the coil to tune the coil to the desired @y using C.., and

C,; to match the impedance of the coil to 50Q. Cj is used to balance the electrical

length of the coil at @y. (c) The detector and tuning-matching circuit is connected to
the single pole double throw RF-switch via a transmission line. (d) The RF-switch is
used to switch between the power amplifier (PA) and low-noise amplifier (LNA). (e)
At the control of the spectrometer the RF-switch switches between the PA during the
excitation phase, and to the LNA during signal acquisition.

a single coil for transmission as well as detection of the signal. This is achieved
by switching between the transmission and receiver circuit using appropriate RF
switches [50] as shown in fig. 3.2. In general, Maxwell’s equation follows the
reciprocity principle, i.e., the two processes are reciprocal to each other. There-
fore, the electric field produces the desired magnetic field to flip the magnetisa-
tion, and the magnetic field radiated by the spins is detected as a voltage signal
by the coil. As discussed in chapter 2, the NMR process can be defined in three
phases; the initial or equilibrium phase, the excitation phase and finally the detec-
tion phase. If the excitation and the detection phases are performed sequentially,
then the coil can be used for transmission as well as for receiving the signal.

From the above discussion, it was shown how to direct the magnetic fields based
on the electrical path of the currents. For the chiral NMR measurements we
have three dependants that affect the signal, which are E,, B; and By. Based on
this, the experimental and the current state of the art described from the literature

are explained, and as to why they were not used for the detection. Following
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this, the designs of the chiral detectors and their shortcomings before reaching a

successful detector design are described.

3.2 Direct NMR chiral distinction methods proposed in
the literature

At present, there are no successful methods proposed for direct chiral signal de-
tection using NMR; however, there were some methods ideas, which could have
led to chiral detection, and are discussed below.

The first method was proposed by [14], which was, after applying a 7/2 pulse, if
the setup is designed in a way such that the sample is placed between two metal
plates, then these metal plates would detect a signal from electric polarisation
due to their precession. The precession of the electric dipole would be opposite
in sense for enantiomers. One particular problem in this setup would have been
that the chirality constant is of a lower order of magnitude, i.e., in the range
of 1 x 107 Vm~! [46, 51]; therefore, the detection of the electric polarisation
might be difficult.

To overcome this problem, it was proposed by [45], that instead of detecting
electric polarisation after the application of 7 /2 pulse, another way could be to
excite the electric dipole using E5. Since, electric dipole and magnetic moment,
are coupled to each other in a chiral molecule, it will induce the flipping of the
magnetisation, and then by detecting the magnetisation during their relaxation,
we would detect a chiral signal.

One of the advantages of this process was that using an E, oscillating at @y
instead of a DC field could enhance the chiral signal by a factor of 10 — 103 [45].
However, using a RF field instead of a DC field comes with its challenges. As
can be seen from eq. (3.4), the rate of change of electric field with respect to
time, produces a magnetic field. The amplitude of the magnetic field produced
directly depends on the frequency of the oscillation. Therefore, the higher wy
is, the higher is the amplitude of the magnetic fields. As explained in chapter 2,

the magnetic field perturbations are a source of noise for a chiral signal and need
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Figure 3.3: One of the first proposed experimental setups with oscillating electric fields was rec-
ommended to be used for chiral detection. (a) Shows a solenoid coil, which was to be
used for the E, source. The By produced from the solenoid was directed towards By.
A receiver coil was to be placed next to the sample, which would detect the magnetic
dipole altercations. (b) Proposed pulse sequence for the setup in (a), assuming that
there were no stray magnetic fields produced from the solenoid coil in the transverse
plane. (Reprinted from [45] fig.1, with the permission of AIP Publishing).

to be suppressed to be able to observe the chiral signal. This limits the strength
of By in which a sample can be placed, as with increasing field strengths the @y
increases. Hence, there is a trade-off between the By strengths, and the amount
of spin polarisation required.

One approach was, instead of suppressing the magnetic fields, to design the cur-
rent path in a way that they are in the direction of By. Since the B; when operated
by I, operator doesn’t contribute to an NMR signal [38,39]. In this situation, one
can simply ignore their effect on the evolution the magnetisation.

Based on this idea, there was a setup proposed by [45] as shown in fig. 3.3,
where it was shown that instead of suppressing the magnetic fields associated
with oscillating electric fields, one could design the exciter in such a way that
the magnetic fields are aligned along the direction of the By. Hence, the effect of
stray Bj could be neglected.
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Nevertheless, one of the shortcomings of this design was that the amplitude of
the E, produced is lower. As shown in eq. (2.133) the strength of the chiral
signal depends on the amplitude of the E», therefore the exciter would not have
performed efficiently.

Another drawback of this design was that the resonator used for excitation would
have been different than a receiver coil. Since the sample would have been en-
closed by a detection coil it would be difficult to place or position an excitation
coil.

Another issue was that since the metal acts as a reflector for the magnetic fields,

which can be explained by the boundary conditions equations,

ii-Ba=1i-Bg =0, (3.5)
7i x By =i X B, (3.6)
ii-Eq =1i-Ep, 3.7
and
ixEs=0ixEg=0. (3.8)

where, 7, is the normal vector between material A and material B as shown in
fig. 3.4 [52]. These equations hold for a perfect conductor boundary where the
electric field parallel to the boundary is zero; therefore, by Faraday’s law, the
time-dependent magnetic field outside the metal boundary will be zero [52]. If
we assume the metal used is copper and not perfectly conductive, i.e., has fi-
nite conductivity then the magnetic field picked up by the receiver coil will be
attenuated [53]. Another challenge was the formation of eddy currents due to
oscillating fields in the two conductors. Though the eddy currents eventually de-
cay and the signal could be recorded after a delay, this would have led to the loss
of coherence for the chiral signal [38]. As the magnetic moment produced due
to a chiral signal is already weak, the setup would not have been ideal for the

measurement of the chiral signals.
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Figure 3.4: EM-wave boundary condition on a perfect electric conductor [52].

Based on the design proposed by [45], there was an improvement by [54], as
shown in fig 3.5. The design was based on a ring loop resonator, where the
detector has a capacitor plate and conductive ring loop surrounding it in either
direction to maintain symmetry. The reason for including the loop was that the
displacement current, flowing through the copper, has a conductive path that pro-
duces a magnetic field between the capacitor plates. The superposition of the
magnetic fields between the capacitor plates, and that produced by the ring, was
such that it directs the magnetic fields in the By’s direction. This arrangement
produces a region asteroidea shape, which is the chiral-sensitive area, where E;
is more dominant than the B; in the x-y plane. The chiral-sensitive region’s

boundary was limited by the equation

C\ /B?( + E%
k= ——— (3.9)

\ EZ+E?
where ¢ is the speed of light in vacuum, E and B, represent the electric field and
the magnetic field, respectively, in their respective directions [46, 54]. The unit

less factor k defined the chiral sensitive region, where the chiral signal could be
expected for volumes where k < 1074 [46,54].
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The limiting value of k£ was calculated from the chiral NMR Hamiltonian. To find
this value it was assumed by [46,54] if the normal NMR signal generated and the
chiral NMR signal generated are equal then

ky = c|o| B, (3.10)

This value was calculated to be ~ 10~* in [54] for 1,1,1-trifluoropropan-2-ol.
Though a promising setup, the resonator had its challenges which made the de-
tection of the chiral signal difficult. The challenges were acknowledged by the
authors, which were: dielectric heating, alignment of the resonator, shimming
the small sample volume (in pl) below a Hz, and permittivity inhomogeneity.

Of all the problems mentioned above the permittivity inhomogeneity was the
biggest issue since the asteroidea shape produced by the resonator was sensitive
to any permittivity changes. A difference of 1%, between the dielectric constant
of the material, would have reduced the chiral-sensitive region [54].

This produces two major roadblocks: first, the sample concealment, which
should have a similar dielectric constant to the container, and second, the in-
troduction of a sensor to detect the magnetisation.

Since the detector cannot be introduced between the parallel plates for the reason
stated above, one option could be to transport the sample between the resonator
and the detector. However, the detector could not be placed close to the resonator
due to its size and limited By homogeneity region (around 3 cm). The length of
the resonator was 7 cm, therefore, one option was to use two spectrometers or
magnets to transfer the samples. This would have had its limitation since the
chiral signal is weak, which meant fast sample shuttling time.

The alignment of the resonator was also important since it was reported that even
a tilt of 0.1°, reduces the signal by 10%. Though not a major issue it could still
create problems in the detection of enantiomers, where the chiral coupling tensor
is weak.

And final biggest challenge considering all the points mentioned above was the
application of the E,. Since there were no ports for RF excitation, it was not
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Flgure 3.5: Ring loop resonator design developed by [54], where the function of the resonator was
to maintain a high magnitude E, while reducing the stray magnetic fields produced.
The dimension of the resonator in length and width was 70 mm by 40 mm respectively.
(Reprinted from [54] fig. 5(A), with the permission of AIP Publishing).

reported by the authors on how this would be achieved. If one assumes that
an antenna which couples with the ring loop of the detector could be used for
excitation, this would require, a high current flowing through the antenna, to
achieve the target fields in the range of kVm~!.

To overcome the challenges discussed in the two present states of art, the im-
provement of the detector designed in this dissertation is discussed further.

3.3 Miniaturised ring loop resonator

In section 3.2, it was discussed that one of the issues was to place a detector inside

the chiral sensitive region, as it disturbed the asteroidea shape. To overcome this
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Figure 3.6: (a) Two conductors arranged as a parallel plate capacitor used to define the capacitor
geometry. The length of the capacitor plate is 10 mm, and the distance between them
is 0.5 mm. The capacitor plates are placed on a glass substrate, so that the dimension
of the glass substrate could fit in a 10 mm saddle coil. (b) Magnetic field generated
around the metal plates. The contour produced at a field value of 0.0018 uT was used
to define the geometry of the compensating loop. (c) The ring loop resonator defining
the compensating field. The lower inserts (d) and (e) show a comparison of the profile
of the k-value, d) with and e) without the compensating conductive loop.

problem, a miniaturised ring loop resonator was designed such that the resonator
could be placed inside the detector.

To design such a resonator, two metal plates were placed parallel to each other to
produce electric fields, i.e., they act as a capacitor. The geometry of the design

was as shown in the fig 3.6 (a). The length of the plates was set to 10 mm, based
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on the sensitive region of interest of a commercially available Bruker’s 10 mm
saddle coil. The metal plates were separated by a distance of 0.5 mm.

The resonator aimed to have a uniform k-value distribution given by the eq. (3.9).
The reason was to increase the sensitive volume, which would have led to en-
hancement of the chiral signal generated.

To design the k-value compensating conductive loops similar to as shown in
fig 3.5, the first step was to excite the metal plates such that they had an elec-
tric field present between them. This was achieved by setting a source of electric
field at the metal boundaries. As the metal feature size was much greater than
the skin depth of copper at 470 MHz, the boundaries of the metal domains were
truncated using the impedance boundary condition. The impedance boundary

condition and the setting of a source of electric field was defined as

1

-_')ﬁ: (7i-Ey)7ii— Ey on dQ1,
n(e+3)

fix B+E— (i
0 on 8QM — BQMl.

(3.11)

The source field on the boundary d€,1, was set to 1 MVm~! [55].

The electric fields were then used to compute the magnetic fields surrounding the
metallic boundaries. The magnetic field value at the boundary of the red domain
(0.0018 uT) was used to set as the boundary for the placement, and shape of the
compensating loop.

The working principle behind the design was that the metal tracks placed around
the capacitor would have a current induced in them from the capacitor plates’
stray magnetic field. This current induced will produce a magnetic field distribu-
tion between the capacitor plates. Since the position of the loops is located where
the magnetic fields are produced by the capacitor, this would help to compensate
the magnetic fields between the plates and homogenise k-value distribution. Fig-
ure 3.6 (d) and (e) compare the k-value distribution for the two cases.

The final k-value is uniform compared to without the loops due to the magnetic

field components added from the loops.
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This was the first design approach, which was abandoned. Since the coupling of
the energy into the resonator, would require high powers.

A possible solution could be to connect the capacitor from the side via an RF port
rather than exciting with a coupling antenna. This approach would produce a curl
of the magnetic field between the plates governed by eq. (3.4). To compensate
magnetic fields in such a case we would require, 3-D arrangement such that loops
protrude outside the plan of paper, which in itself will be difficult to fabricate for
geometries with small dimensions. However, this is something achievable with
larger dimensions which led to the second resonator design, which overcomes
these limitations, i.e., excitation of the ring resonator, and compensation of the

magnetic field between the metal.

3.4 Active ring loop resonator

In the above section, the approach to fitting a chiral-sensitive resonator inside a
detector was discussed. However, one of the challenges was to excite the res-
onator such that the parallel plates could have an electric field between them.
Since coupling the energy to excite the resonator was not an efficient approach,
to overcome this issue an active RF port was included, which could produce the
same behaviour as discussed in [54], and at the same time could be excited using
an RF source. In this section, we discuss how the design was achieved and its
limitations.

In this resonator design the rectangular metal plates were replaced with the cir-
cular parallel plates as shown in fig 3.7 (a). The circular plates were connected
through a current feeding wire at its centre. The reason for making the plates cir-
cular was to allow smooth distribution of the currents on the plates as shown in
fig 3.7 (b), which produces a symmetric distribution of the current on the surface.
If we now look inside the capacitor, between the metal plates, there is an electric

field, which can be represented by a displacement current density Jp such that,

-

JE
Jp = 808,5. (3.12)
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a)

Qsample

Figure 3.7: (a) Shows a circular plate capacitor, where the sample is placed between the metal
plates. Two wire extending from the circular metal disk is used as a feed line for RF
excitation. (b) When the circular disks are excited they produce a magnetic field be-
tween the metal plates. The direction of the magnetic field produced depends upon the
direction of the electric fields (displacement current), which is the curl of the electric
field direction. (c) Since the magnetic field in the By direction can be neglected, and
the field in the x-y plane is the noise for the chiral signal, it needs to be minimised.
This is done by placing a conductive loop around the circular disk, where the parame-
ters w and R affect the magnetic field compensation. The RF ports are placed on either
side to uniformise the field distribution. (d) Shows the final fabricated active ring loop
resonator, where the loop is excited using a U.FL RF connector. (e) Is the boundary
of k-value produced for regions where k < 10~ in red. (f) Shows the magnetic field
direction produced by the compensating loops. The field direction around the detection
zone is in the B direction. (g) The NMR coil used for the magnetic dipole detection
is mounted on a probe head. (h) The side-view of the setup showing the ring-loop res-
onator placed between the coil. The dimension of the ring-loop resonator fabricated,
and its feature shown in this figure is taken from the highlighted row of table 3.2

Therefore, the capacitor plates are analogous to a large wire carrying a current.
From Ampere’s law, we know that a straight current-carrying wire has a magnetic
field, where the vector is given as the curl in the direction of current flow as shown
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in eq (3.4). Therefore, for an electric field in the y-direction, the magnetic field
will be along the x- and, z-direction.

From the previous discussion, orienting B; along By helps in the detection of the
chiral signal. Therefore, aligning the magnetic fields inside the capacitor such
that the component along the x-direction is cancelled and the effective field is
along the z-direction can improve chiral NMR detection.

This effect was achieved by placing two parallel wires such that the current flow-
ing along them is in the opposite direction as the displacement current. Figure 3.7
(c) shows the effect of parallel current wires and the direction of the current. Us-
ing the same principle, the goal was to minimise the x-component of the magnetic
fields.

The computation was setup with the geometric dimensions shown in fig 3.7 (c),
where the distance between the plates and the wire was swept to find the best
suitable conditions for chiral detection. The optimal geometric conditions were
chosen such that, it is the one which produces an asteroidea-shaped k-value dis-
tribution, and fulfils the condition set in eq. (3.9). Table 3.2 summarises the
outcome of the computational results

Table 3.2: Comparison of different parameters for the active ring loop resonator. The highlighted

row represents the optimised geometry, where the averaged k-value was the lowest, and
the detection volume the highest.

Plate radius Distance between averaged k-value

the circular plates and the wires  (in a volume)

mm mm

2.5 3.97 5.5 (0.56 mm?)
5.0 6.57 -6.0 (1.57 mm?)
8.0 9.66 -7.0 (4.0mm?)
10.0 11.57 -7.4 (3.53mm?)
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From the above results, the capacitor plates with the radius 8.0 mm were selected,
as they had the features desired for chirality detection, which was uniform k-value
in a larger volume.

The metal plates were fabricated using an Ultraviolet (UV) laser source (Pirahna,
ACSYS GmbH). The parameters for the laser cutting procedure are discussed in
Appendix A.1.

The sample holder was fabricated from 500 um borosilicate glass (Mempax,
Schott AG) and was cut using the UV laser source (Pirahna, ACSYS GmbH).
The parameters of the UV laser and the dimensions of the parts used for the
detectors assembly are detailed in Appendix A.1 and A.2 respectively.

The coil as shown in fig. 3.7 (d), was fabricated on FR4 substrate. It was tuned
to 500 MHz, and matched to 50 Q. To test the sensitivity of the coil a 'H spec-
troscopy with water was performed. An NMR signal could not be observed.

Possible reasons for the failure of the device were:

e As was shown by [56], the NMR signal depends upon the projection of
the magnetic field on the sample region (or the filling). In this case, the
filling factor was quite low. The effective volume of the sample sensitive

to magnetic field excitation was mm?

e The reduction in effective sample volume followed by the sample sur-
rounded by the metallic walls, further reduced the sensitivity of the mag-
netic detection of the setup. As was discussed in section 3.2, the metal

boundaries act as magnetic insulation.

Therefore, to overcome the above two limitations it was important to have a larger
volume with sufficient filling factor, which is not affected by the orientation of
the magnetic and electric fields. The magnetic detection of the detector should
be sensitive enough to detect a weak chiral signal. This led to the invention of the
micro-stripline-based transceiver chiral detector, which could achieve the above-

mentioned shortcomings.
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3.5 Chiral sensitive transciever

So far the resonator designs discussed were based on a separate excitation and
detection method. As shown in fig 3.1, there are several possibilities to design
an NMR detector. From the shortcomings of the above design approach, the

requirements for a chiral-sensitive transceiver can be listed as
e The E, produced should be perpendicular to the By.

¢ The detector should be sensitive to spins’ detection in the direction orthog-
onal to E», and By.

¢ The metal plates should be placed as close to each other since the amplitude

of E, required is large.

* The device should be able to tuned and matched to improve the signal-to-

noise ratio (SNR) of the signal.

* The detector should have sufficient sample volume to increase the number

of spins which would improve the probability of detecting the chiral signal.

* The magnetic field detection, and electric field detection part should be in
the same region where the sample is placed to accommodate the detector

in the bore of the spectrometer and position the sample at its iso-centre.

» Fabrication ease of the detector itself. Which should be easy to reproduce
to maintain proper alignment between the E», By and By.

From these requirements, an obvious fact is that, the transceiver should have
metal plates, where the sample is placed between these plates. The problem with
this arrangement is to make this type of detector sensitive to magnetic fields. This
was a major limitation for abandoning the previous designs proposed.

One of the NMR sensors which has metal plates surrounding it is the microstrip
configuration [57, 58]. The principle behind the working of the microstrip is
shown in fig. 3.8.

From the fig. 3.8, it is clear that EM-wave propagates through the microstrip, in
a quasi-TEM mode [53], i.e., the B; will always be orthogonal to the electric
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Figure 3.8: EM-field lines produced in a microstrip when excited with an RF source. The top
conductive layer is the signal line, and the bottom conductive layer is the ground
plane [53].

fields. The reason behind this is that the thickness of the dielectric layer is much
lower than the wavelength of EM-wave, which allows the magnetic fields to be
concentrated between the conductive layers [53]. To understand the design of the

microstrip for chiral detection we need to first understand their working.

3.5.1 Microstrip transmission line

Most of the equations and the text explanation for the transmission lines are taken
from the book [53].

The propagation of EM-wave through a transmission line is related by the eq. (3.3),
and eq. (3.4). The propagation of the field is given by a propagation constant
which is

[3 =@,/ UrlUyEré&, (3.13)

where, o is the angular frequency of oscillation, p, is the relative permeability
of the material between the metal plates, and €, is the relative permittivity of the
dielectric between the metal plates [53].
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Since for most materials u, = 1, and

c= , (3.14)

where c is the velocity of light in a vacuum.
Therefore, the phase velocity of the propagation can be related as [53]

yo= . (3.15)

"R

These equations hold when the wave propagates in TEM mode; however, as

stated above in the case of the microstrip, the wave propagates in a quasi-TEM
mode [53]. As shown in fig 3.8, there are stray electric fields on the edges, and
since the cross-section of the microstrip is finite, one needs to apply a correction
factor to take the stray field effect into account.

The stray fields are taken into account by applying the necessary changes in the
relative permittivity of the dielectric, as some parts of the electric fields propagate

through free medium and some through the dielectric material.

—1
e+1 &—1 d
€= > + 5 <\/1+12W> , (3.16)

where, L is the effective permittivity [59, 60]. Therefore, the eq. (3.13) and
eq. (3.15) can be replaced with the £ and the modified terms will be [59, 60].

B = @,/UoEes€o, (3.17)

and

v, = . (3.18)
eff

Another important parameter to take into consideration is the characteristics

impedance of the microstrip (Zp), which depends on the ratio of the width of
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the microstrip conductor (w) to the height of the dielectric layer (d). The Zy for

the two cases is given as [59, 60]

60 d
Zo = In (8+0.25W>, (3.19)
€. w d

when w < d, and

1207
[€5 [ +1.393+ 5In (¥ +1.444)]

Zy = (3.20)
when w > d.

These equations are important because to have a transmission of the EM-waves
with low reflection it is important to match the Z, of the microstrip to the Zj of the
feed line which is used for feeding the microstrip. For example, if the microstrip
with a characteristic impedance of Z; of length / is connected to a feed line of
impedance Z , then the input impedance that the microstrip will see is given by

the equation [53]

Z, +Zptanh (1) (321)
in =07+ 7, tanh (BI)’ '
and the reflection coefficient as [53]
Z —Z
[=-Lt 0 (3.22)
Z + ZO

If the feed line represents the ZL, then to have minimum reflection, the Z0 should
be equal to the ZL. In this case, the reflection coefficient will be zero. Therefore,
from eq. (3.19) and (3.20) depending on the w and d of the microstrip, it is im-
portant to find the correct dimension to have the microstrip as impedance close
to the feed line impedance.

Generally, the microstrip is designed for lengths much less than a quarter of the
effective wavelength, to avoid standing waves on it [53]. It is possible to define

the functioning of the microstrip with the width of the conductor. Depending
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3.5 Chiral sensitive transciever

a) b)

Dielectric layer
—
Conductive layer

—>» RF excitation direction

Magnetic field

T

Figure 3.9: (a) and (b) show the effect on the direction of the magnetic field produced depending
on the excitation direction. The arrow shows the position where the signal line is fed
through, and the side opposite to it is either electrically shorted or open to the ground
plane [53].

on the dimensions of the width, it can either act as an inductor or a capacitor.
As shown in eq. (3.20) and (3.19), by defining the width the impedance of the
microstrip can be set. For the region of the microstrip to work as an inductor it
should have a higher impedance, and to work as a capacitive element it should
have a lower impedance. The narrower section will have more current density;
therefore, this particular region will produce a higher magnetic field compared
to the capacitive section of the microstrip. Based on this principle, the NMR
microstrip detectors are designed, where the sensitive region is made narrower
than the rest of the section of the microstrip [57,58].

Therefore, by adjusting the width of the conductor, a section of a microstrip can
be made sensitive to magnetic moments, or electric dipoles. This feature is quite
useful for designing the chiral detector since it is required to be sensitive to E;
and B;.
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3 NMR chiral signal exciter and receiver

In chapter 2, in the chiral NMR Hamiltonian, it was shown that the RF pertur-
bation had E» and B component which had a phase difference of /2, between
them. A general question arises, since the magnetic and electric fields in the EM-
waves are in phase with each other, then how come the fields were considered
to be out of phase? To explain this, the microstrip needs to be considered as an
antenna, as they radiate EM-waves. The equations used to explain this behaviour
are taken from the book [61] chapter 9.

If we consider the RF’s wavelength used for the experiments, then the wavelength
associated with it is in the range of meters. The region of interest, i.e., where the

sample will be placed on the microstrip will exhibit near-field effects since,
D<A, (3.23)

where, D is the maximum dimension of the microstrip, and A is the wavelength of
the RF excitation [61]. In this case, the reactive field with the radiating field will
also need to be considered since there will be strong inductive and capacitive
effects (or electric dipole moment in the case of antennas). To determine the
effective field we will need to consider the magnetic vector potential which is

related to the magnetic field by the following relation [61]
VxA=B. (3.24)

Therefore, for an RF current flowing through the conductor, the solution for the
magnetic vector potential can be found at position ¥’ using the current density in

the Lorenz gauge [61] (to find a unique solution for the EM-wave)

. T( 7 ik (F—17)
Mazl/ﬁji——dw, (3.25)

where, k is the wavenumber.
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3.5 Chiral sensitive transciever

From the continuity equation, the charge density and the current density will

be [61]

ap =
e =V-J, (3.26)

and the electric dipole moment as [61]
= /?/p(#)d%’. (3.27)

Using eq. (3.24), and (3.4) the electric field and the magnetic field will be [61]

. ‘UC‘kz . ﬂeik? 1
B=" ~(1-— 2
2 P i) (3.28)
and
Fo_L k2<*x*>x~eik?+3*<* 5—5) (= — ) o7 (3.29)
= ine nxp nr nnpp;gﬁe . .

where c is the speed of light in vacuum and 7 is the normal vector
From eq. (3.28) and eq. (3.29) it can be seen that for smaller values of 7' the two

fields can be approximated as [61]

T N Ly
B= — .
an (i x p) pal (3.30)
and | |
E:m (3n(n-p—p) (73)> . (3.31)

Therefore, the two fields will oscillate with a phase difference of /2, hence
the reason for considering the out-of-phase E> and Bj in the RF perturbation in
eq. (2.132).

The next step in the design series is to design the microstrip which is sensitive to

electric dipole and magnetic moment.
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Microstrip design for sensitivity to electric dipoles

As explained in the previous section, if the width of the microstrip is widened, it
behaves as a capacitive element.

One of the methods to excite electric dipoles is to place the sample between the
capacitive plates. The voltage applied will charge the metal plates and hence an
electric field is produced. The magnitude of the electric field produced will be
inversely proportional to the distance between the plates. To have a sufficient
volume of the sample, and to have a sensitive detector, the distance between the
plates was fixed to 0.5 mm.

Since the Maxwell equations are reciprocal, therefore, the device which is sensi-
tive to the electric dipole excitation is also sensitive to detect the electric dipole.
Figure 3.10, shows the conductor arrangement to obtain such characteristics from
the device, where the wider part produces more electric field than the narrow part.
Another important factor that plays a role here is the direction along which the
current is fed to the conductors. As it was seen from the fig. 3.9, the direction of
the magnetic fields will depend on the direction of the current; therefore, the feed
ports for the conductors are placed horizontally, with respect to the direction of
By.

This ensured that the magnetic field produced was in the direction of the By.
Since the fields produced due to the E, will be negligible compared to the magni-
tude of By, therefore, it could be neglected. This ensures that the magnetic field
perturbation during the chiral spin excitation is limited, which will help reduce
the noise in the chiral signal.

It was also important to feed the conductor simultaneously from the opposite di-
rection, this ensured that the current flowing in the sample region was minimised
and the symmetry of the current distribution was maintained.

This did not affect the potential difference between the plates, hence the E; be-
tween the metal plates is maintained.

After designing the electric dipole-sensitive part of the detector, the next step was

to design the magnetic moment sensitive section of the microstrip.
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3.6 Optimising the chiral signal sensitive microstrip design for maximising detection volume

Microstrip design for sensitivity to magnetic moment dipoles

After having designed the capacitor part of the detector, we need to design the
section which was sensitive to magnetic dipole moments. As seen from the pre-
vious section, by adjusting the width of the microstrip, the section can be made
to exhibit the property of an inductor. The fig. 3.10, shows the typical design for
a conventional NMR experiment. The metal conductor is broader at the ends,
which narrows itself towards the region of interest, i.e., where the sample would
be placed. The optimisation of the detector and the computation was done using
the commercially available software, COMSOL Multiphysics v5.4.

However, it needs to be integrated with the electric dipole-sensitive part. This was
done by introducing a small gap between the magnetic section, and the remaining
microstrip as shown in the fig. 3.11. Since, the current flowing sees a higher
magnitude of impedance at this cross-section, than a directly connected path,
the flow of the current is restricted. Therefore, when the magnetic section of
the microstrip is active, the continuous current flow path is maintained along
the length, which restricts the flow of the current in the electrical section of the
microstrip. In this way, the condition that By, B| and E, need to be perpendicular
to each other is maintained.

The conductor geometry was now optimised to have a sensitive detector with
a maximum detection volume, where the k-value [46] condition was satisfied in
the detection region. With this, a detector which obeys the properties required for
chiral signal detection was designed. The design rules and the implementation

are explained in the next section.

3.6 Optimising the chiral signal sensitive microstrip
design for maximising detection volume

In the previous section, the integration of the electric dipole and magnetic moment-
sensitive section of a microstrip was explained. However, the design which gave
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Figure 3.10: Typical design for a microstrip detector used in NMR [57,58]. (a) Plot of the mag-

nitude of the electric field and the magnetic field produced along the detector in (b)
between the two conductive layers. As can be seen, the inductive region produces
a high-magnitude magnetic field, and is sensitive to magnetic dipoles, whereas the
capacitive region produces high-order electric fields.

the strongest signal still needed to be found. The objective function was to find

the maximum detection volume which satisfies the k-value condition.

The initial geometric notations are shown in the fig. 3.11. Based on this, the

geometrical coordinates of the conductor geometry for the region of interest, i.e.,

where the sample was placed were defined on the width (wg,,) and the length

(Igop) Of the detection region. By sweeping the length of the detection region, the

optimum sample length was found. The relations between the coordinates and

the detection region dimensions were
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Figure 3.11: Geometrical definition.

X = (8.5-0.5 wp ) tan(0) —0.5 L.,
x, =8.5.

V2= (8.5—0.5 o) tan0 —0.5 [,
V2 =8.5.

x3 = 0.5 wp o — gap sin(6),

y3 = 0.5 [y, +gap cos ().

x-centre line

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)
(3.39)
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For x4,

8.5—0.5 wyq; +gap sin(6)

x4 =0.5 wp; — gap sin(0) + @n (8) , (3.40)
if x4 > 8.5 then,
x4 =8.5. (3.41)
For y4,
8.5—0.5 wy,, + gap sin(0)
_ : ROI
ya=0.5 wp, — gap sin(6) + tan (0) , (3.42)
if y4 > 8.5 then,
y4 = 8.5. (3.43)

where the values of the variables defined are summarised in table 3.3.

Table 3.3: Values of the variable fixed for the microstrip geometry

Variable Value

Wrol 2 mm
0 70°
gap 0.2mm
1 17 mm
w 17 mm

After defining the first four coordinates, the other coordinates’ definition became

easier. Since the detector is symmetric about the x- and y-axis, therefore, the
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3.6 Optimising the chiral signal sensitive microstrip design for maximising detection volume

other points were mirror symmetries along the centre planes. For the remaining

coordinates

(x5,y5) = My [x1, 1], (3.44)
(x6,6) = My [x2,y2], (3.45)
(x7,y7) = My [x3,y3], (3.46)
(x8,y8) = My [x4,y4], (3.47)

where, My is the mirror transformation about the y-axis. Similarly, for the ge-
ometry below the centre lines, the coordinates are the reflection of points 1-8
respectively, about the x-axis.

To, interface the detector with the RF ports, the microstrip was adjusted to have
a characteristic impedance of 50 Q. The reason for doing this was explained
in section 3.5.1, i.e., to reduce reflection losses. Another reason for having the
extruded impedance line was that the RF port connections should not interfere
with the electric and magnetic field profile produced by the detector. The width
of the RF ports was calculated from eq. (3.19) and (3.20). The geometry with the
interface lines is shown in fig 3.12

After finding the optimum length, the swept boundaries were made smaller and
the sweep steps finer. The final search was carried between the length of 9 mm
to 9.5 mm, in the steps of 0.1 mm. Table 3.4 summarises the result of the length
adjustment, and fig 3.13 shows the k-value distribution in the sample region.
From the results, the length of the sample chosen was 9.2 mm, since at this length
the k-value is minimum which satisfies the equation, and the volume where the
sample could be placed, or the chiral sensitive region is larger compared to the
other lengths.

The final step in the design optimisation series, was to minimise the current den-
sity distribution, as it directly relates to the B produced, which is something that

needs to be avoided at the E; ports of the detector. This was done by tapering the
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a) b)

. Teflon . Glass

. Copper Sample

Figure 3.12: (a) Final microstrip geometry with the 50 Q transmission line connected to the detec-
tion zones. (b) Side sectional view of the stacked microstrip detectors.

Table 3.4: The sensitive volume obtained with the averaged k for different sample lengths.

Sample Length ~ ROI Volume Averaged k-value

mm mm?> in Qqample
log;o

9.0 6.088 -4.177

9.1 6.403 -4.165

9.3 6.672 -4.036

9.4 5.937 -3.967

9.5 3.476 -3.899

conductor from the 50 Q connection to the detection region. Figure 3.12 shows

the final design of the detector.
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3.7 Setup for electromagnetic field calculation for the
chiral sensitive microstrip detector

The figure 3.12, shows the cross-section of the device with different layers. The

domain and the material used are defined in the table 3.5

Table 3.5: Computational domains and the material properties assigned to mimic the electromag-
netic behaviour of the material [53]

Domain material Conductivity dielectric constant
(Sm™")
Qpcp Teflon 0 2.55
Qu Copper 5.998 x 107 1
Qp glass 0 4.6
Qgample €nantiomeric sample 0 1

E> and By, can be represented with a time-harmonic behaviour, where the ampli-
tude is proportional to exp(i®r), where @, is the angular frequency of oscillation,
and ¢ is the time. The eq. (3.3) and (3.4) can be transformed to frequency domain

such that the EM-wave propagation can be defined by the following equations
-1 2 2 io
Vxu (VXE)= &~ | & — %E €Q, (3.48)

where,
Q= QpcpUQyU Qsp U Qxamplea (3.49)

and 1, is assumed to be unity for the calculation. &, is the relative permittivity
and o is the electrical conductivity [55] . The values for different domains (or
materials) are taken from table 3.5. The simulation domain Q is truncated by a
perfectly electric conductor, such that on its boundary [55]

ix E =0 ondQ. (3.50)
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Since the electric field dependence on the current density is defined in the equa-
tion above, and there are no free charges; therefore, from eq (3.48) one can derive
a divergence-free condition to find a unique solution for the EM-field, which will
be given as [55]

V.E=0€Q. (3.51)

Generally, for RF simulation in COMSOL Multiphysics, to define a conductive
material the domain is truncated by an impedance boundary condition. By doing
so0, the decay of current is mimicked by assigning electric current on the exterior
of its boundary. This excludes the metallic domain and the number of nodes for
calculation. Though it is a good approximation, where the metal thickness is
much larger than the skin depth, in this calculation we used a transition boundary
condition. The reason was, the design of the detector and the eventual chiral
signal measurement is sensitive to the magnetic field produced by the electric
field, it was important to calculate the effects of the decaying current as well.
The metal thickness was 35 um, and the skin depth corresponding to 500 MHz is
approx. 3 um.

This doubles, the mesh node points for the calculation, but ensures an accurate
output to a real-world environment. The transition boundary condition was im-

plemented using the equation below

7 ivo+iwe [E, cosyd—E,
T Vion cos?yd — 1

:| on 8QM1, (352)

and

7 - ivo+iwe [E,cosyd—E,
2T Jion cos?yd — 1

where Qy1, and Q> are the boundaries on either side of the metallic domain,

} on dQy. (3.53)

and E |, E, are the tangential component of electric fields on its surface [55].
The final setup in the computation was to add the excitation ports for £, and B as

shown in fig 3.13. When the E; ports were active, the B ports were turned off and
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Figure 3.13: (a) Electric field sensitivity of the detector for a kV of voltage applied. (b) k-value dis-
tribution of the detector. At the sensitive region where the sample will be placed, it is
less than —4. (c) Magnetic field sensitivity of the detector. The sensitivity was calcu-
lated by exciting the ports with an RF current of 1 A, and determining the magnitude
of the magnetic field produced (d) Circuit schematic for the electric field excitation
and magnetic field detection.

vice-versa. Both the ports were set such that the termination has a characteristic
impedance of 50 Q.

The E, ports were excited with a voltage of 1kV. Figure 3.13, shows the E-field
sensitivity of the detector for 1kV of the voltage applied.

To find the sensitivity of the detector for the magnetic moment the reciprocity
principle of Maxwell’s equation was used, i.e., by calculating the magnetic field
produced at 1 A, we calculated the uyT A~! field produced, as shown in fig 3.13.

3.8 Electric and magnetic field decoupled microstrip
detector

One of the major drawbacks of all the detectors discussed above was the depen-
dence on the electric field and the magnetic field for the chiral signal measure-
ment. This poses a challenge for chirality detection, since any altercations in the
design due to fabrication limitations, positioning of the detector, mounting of the

detector on a probe head, or changes in the dielectric permittivity of either the
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sample or the printed circuit board (PCB) material affects the k-sensitive region
of the detector.

Therefore, it was important to have a detector which overcomes these challenges
while having separate ports for the E; and Bj.

From the discussions for the microstrip, and as shown in the fig. 3.14 most of the
microstrip-based NMR detectors have certain geometry, i.e., a wider capacitive
region, a narrow inductive region followed by a wider region.

By adjusting the length of the total conductive part, and the width of the different
regions it was possible to design the microstrips for the required eigenfrequency.
Another important aspect of the microstrip was that depending upon the angle
of the conductive part between the capacitive and the inductive region, it was
possible to optimise the shape of the microstrip to minimise By inhomogeneity.
This gave design flexibility to optimise the detector for high RF efficiency while
reducing inhomogeneity due to the susceptibility mismatch.

Figure 3.14 summarises the above discussion while showing the computation
setup.

Another advantage of having a microstrip for chiral NMR measurement is that
the sample is placed between two metallic plates. This gave a perfect opportunity
for high magnitude E» excitation, while allowing independent control over the E-
field and the B-field excitation.

One remaining challenge was that the microstrip circuit was optimised for the
B excitation, using the same RF port for the £, would require electrical compo-
nents which could handle high voltages (in the range of kV). Switching between
the transmitter and receiver circuit, and finally taking care of the magnetic field
produced between the metal plates.

To overcome these challenges, we place the microstrip between metallic plates
used for E; production as shown in fig. 3.14. The excitation of the outer metal
plates produced the required E; between the metal surfaces on the microstrip.
This allows for a higher magnitude of the £, which depends inversely on the

distance between the metal plates.
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Figure 3.14: (a) Simulation setup for measuring the eigenfrequency of the microstrip design
used for chiral measurements. The computational domain was set up in a quad-
rant, where the symmetry conditions were set with a perfect magnetic conductor
boundary (PMC), and perfect electric conductor (PEC) boundary conditions. The
entire computational domain was truncated with a PEC boundary condition. The
eigenfrequency was computed using COMSOL and was determined to be 684 MHz.
(b) Magnetic field distortion in the sample region to characterise the intrinsic in-
homogeneities caused by the detector’s design. The values in parts per million (ppm)
correspond to a difference in the magnetic field values relative to 11.74 T. The mag-
netic susceptibility values were taken from [62], and the computational error toler-
ance was set to 0.01 parts per billion (ppb). The magnetic field inhomogeneity was
calculated using COMSOL, and from the results, the difference between maximum

and minimum distortion corresponds to 10.64 Hz for 'H at 11.74 T.

One of the cases discussed in chapter 2 for chirality detection was that it was
possible to achieve a high chiral signal by flipping the net magnetisation to 7.
With the detector design mentioned in this section, it is now possible to achieve
that by the combination of the B| produced by the magnetic port, superimposed
by the magnetic fields produced due to the E».

To achieve the condition of the detection it was important to design a circuit such
that the magnetic port of the circuit is tuned and matched to the desired frequency,

while the impedance of the electrical port of the circuit remains capacitive. These
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Figure 3.15: (a) Microstrip-based chiral detector mounted on a customised probe head. The sam-
ple, sealed in a glass capillary was placed between the metal plates. (b) Reflection
curve of the magnetic field port. (c) Smith chart for the magnetic and electric field
ports plotted in the frequency range 440 MHz to 500 MHz. (d) Circuit schematic of
the chiral microstrip detector.

characteristics of the detector were achieved using the circuit design shown in
fig. 3.15 (d).

The designed circuit was fabricated on a 2-layer printed circuit board (PCB) with
FR4 as the core material. The PCB was ordered from Multi Leiterplatten GmbH,
Germany.

Figure 3.15 shows the measurement results acquired using vector network anal-
yser E5071C, (Keysight, Germany), with the coaxial cable calibrated to mimic a
50 Q port.

To summarise the discussion in this chapter, we started with the design proposed
by [54]. It had its shortcoming of which the main factor was placement of the
magnetic moment detector. This was overcome by the design of a miniaturised
version of the detector explained in section 3.3. One of the major challenges with
this approach was the coupling of energy into the resonator, as the magnitude E»
required for chiral distinction was in the range of kV. To overcome this chal-

lenge the miniaturised ring loop resonator was designed to have active RF ports
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to overcome the challenge of field excitation, which is explained in section 3.4.
As the filling factor of the coil in this approach was very low, it was at the limits
to detect magnetic moment dipole. Hence, the resonator design was abandoned
to a microstrip-based design. The first microstrip-based resonator design was ex-
plained in section 3.6, where it was possible to maintain the k-value requirement
by switching between B; and E, ports. Since this was difficult to achieve the
final design was based on a conventional NMR microstrip-based detector with
additional capacitor plates for E; excitation. This allowed decoupling the B and
E>. The proposed the approach of flipping the magnetisation by 7. The results

of this approach and the final detector design are discussed in the next chapter.
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4 Chiral distinction in NMR using a
microstrip based transceiver

In the previous chapter, the design of a chiral transceiver is explained. In this
chapter, the setup and the experimental routines that were used for chirality dis-
tinction are described.

The detector has three RF-ports. One for the exciting and detecting magnetic
dipoles, mentioned as B port, and two for the excitation of the electric dipoles,
mentioned as E; port.

As the detection of the signal is from the B port, it was important to make it as
sensitive as possible to the magnetic dipole. This was achieved by tuning to the
desired frequency and matching it as close as possible to 50 Q. Proper matching
ensured low reflection losses.

Since the detector also has electric ports, it was necessary to ensure that these
ports remains capacitive. This helps to reduce stray magnetic fields, and increases
the excitation sensitivity of the electric dipoles. The fig. 3.15 shows the smith of
the By and E; ports.

The tuned and matched detector was mounted on a probe provided by Voxalytic
GmbH, Germany. The probe was used as a interface between the detector, and
the spectrometer. The spectrometer was a vertical bore superconducting mag-
net, AVANCE III, from Bruker, Germany, and had a magnetic field strength of
11.74T. The 'H Larmor frequency was 500.13 MHz

The magnetic and electric fields were generated using the pre-amplifier IH LNA
MODULE 500, from Bruker, Germany. For the E; since the impedance of the
port was measured, the voltage delivered to the port could be calculated from the

power applied to the ports.

&9



4 Chiral distinction in NMR using a microstrip based transceiver

4.1 NMR characterisation of the detector’s magnetic
moment detection capabilities

The first step was to characterise the By port of the detector. The NMR signal
acquired was used to shim the sample region. The shimming procedure was done
to homogenise the By fields.

The sample used for the characterisation was a racemate (equal concentration
of enantiomer pairs) of 1,1,1-trifluoropropan-2-ol. The sample was sealed in a
square glass capillary of inner dimension 0.7 mm, up to a height of 6 mm. This
gave an effective volume of 2.94 uL.

The 7/2 pulse calibration was done on the signal at -85 ppm. The power used
for the pulse calibration was 20 W. The pulse length for the 7/2 flipping of
magnetisation was measured to be at 7 ps.

The nutation plot was also used to measure the RF homogeneity of the microstrip.
It was calculated as the ratio of the amplitude at 97 /2 with the amplitude at /2,
which was 98.46%.

The next step was to repeat the measurement when an electric field was applied
to the detector.

4.2 Proof of principle using 19 spectroscopy on
1,1,1-trifluoropropano-2-ol

As discussed in Chapter 2, the probability of detecting a chiral signal increases,
when the net magnetization is flipped by 7 rad. Since it was impossible to con-
trol the magnetic fields produced by the E,, the magnetic port was used to add
additional field strength to obtain the required B; flip. The pulse lengths for the
E> and B were set at 14 us because from the nutation plot in fig 4.1 this was the
pulse length for 7 rad flipping. Though there were stray magnetic fields from
E»; however, they were not strong enough to produce a large deviation from 7.
Hence, the measurements can be considered as discussed in chapter 2, "Magneti-

sation flipped at an arbitrary angle".
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Figure 4.1: Nutation plot of 1,1,1-trifluoropropano-2-ol using 19F NMRspectroscopy. The differ-
ence in the amplitude ratio at 77/2 and 97/2 was 3%. The signal obtained at /2 was
used as a reference for NMR characterisation, where the linewidth measured at full
width at half maximum (FWHM) was approx. 35 Hz.

For the experiments, a new pulse program was developed. The logic behind
the pulse program was that it excites B; with a certain phase and the E, with a
respective phase difference of 7/2 from By, and only detects the magnetisation
relaxation from the B port. The receiver phase was set equal to the excitation
phase of By. The pulse program was written in the TopSpin version 4.1.3 from
Bruker, Germany and is shown in the listing below

I ;zg equivalent of chiral detection
> ;developed by S. Wadhwa & J.G. Korvink
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;March 2023
#include <Avance.incl>
#include <De.incl>

"acqtO=-p1%2/3.1416"

1 zel
30m

2 dl pli:f1 pl2:£f2
(ralign (pl phil):f1 (p2 phl):£2)
ACQ_START1 (ph30,ph31)
0.1u DWELL_GEN1
(aql)
eoscl
;rcyc=2
lo to 2 times ns
30m wrl #0

exit

ph1=0
ph2=1
ph31=0

;Fl:magnetic port, transceive operations

;F2:electric port, transmission operations

Listing 4.1: Pulse program for chiral distinction.

After finding the pulse parameters that produce the desired result with the racemic
mixture, it was replaced with a 100% enantiomeric excess (ee) sample. The
enantiomer used for the measurement was (R)-1,1,1,-trifluoropropan-2-ol (from
Merck, Germany).

Before starting the measurement for the chirality detection, a standard NMR rou-
tine was repeated to shim the sample. This was necessary as any orientation
changes because of unloading and loading the probe had to be corrected to en-

sure that the line width and shape were similar in all the experiments.
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4.2 Proof of principle using '°F spectroscopy on 1,1,1-trifluoropropano-2-ol

a)

[Tiry(ten)|

b)

[Ty (t)]
[Lry(to) - Lresy (8]

Les(ts
Mir+s)(t)] |I[R7S](EQ|_J/\\
-85 -85
8"°F [ppm] 8"F [ppm]

Figure 4.2: (a) The comparison of the spectrum obtained for a racemic, and the enantiopure sam-
ple at 7r/2 pulse length. The signal magnitude for both samples was equal. The spectra
were obtained with identical pulse parameters. (b) The comparison of the signal mag-
nitude when an electric field is applied together with a 7 pulse. The red curve is the
difference between the magnitude of racemic, and the (R)-. The intensity of the curve

= (0 was the proof for the chiral signal.

The fig. 4.2, shows the spectra acquired and the table 4.1 compares the relative

intensity values for different scenarios.

The results showed a difference in the

Table 4.1: Ratio of the intensities compared to the intensity obtained by a /2 pulse on racemic

sample.

Intensity (|1])

1|/[Tir+s7 (t2/2)]

TR} (t/2)]

1

TRy (t2)| =T jr+s) ()| 0.08

TR; (1) ]

0.1

magnitude observed between the racemic, and the 100% ee sample for the same

pulse parameters. This is a clear indication of the presence of a chiral signal,

where the coupling between the electric dipole and the magnetic field led to a

change in the flip angle of the net magnetisation.
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4 Chiral distinction in NMR using a microstrip based transceiver

To calculate the chirality constant eq. (2.159) was used, where the magnitude of

intensity for a sample with ee can be related as
Tee o< $I}sina)52t1 COs Wp, 1] +I}sina)31t1. “.1)
Since for a racemic sample, the chirality constant should cancel out, therefore,
Lacemic o< Ly sin oy, 11, 4.2)

The signal acquired for this sample at 7-pulse had intensity # 0, and was roughly
2.5% of the intensity at /2 pulse lengths. From these observations, the actual
angle by which the net magnetisation was flipped in the presence of E; is calcu-
lated, where the pulse lengths for both the ports were 14 s,

.025 = sin (g, x), (4.3)

where, g, is known from the /2 pulse calibration to be, wp, = 7/14. Using
this in the above equation

14arcsin (.025
x= arc+() — 13.889 s, (4.4)

assuming that the analogous pulse length should be close to 14 us. With this, the
effect of applying the E, with the B; is known. If we use this in the eq. (2.159)

13.8897 . ,13.8897w

ljg)|(tz) = Fsin (@, 14) cos ( T )+ sin ( 1 ) 4.5)
the ratio of the intensities results in
I | (2 1
\ [R]l( 7r/2) . 4.6)

g |(tx) — sin(@g,14)(—0.999) 4-0.0249°

The ratio of the intensity from table 4.1 was 10%, which results in @g, =0.053 radus™ I

Using it in eq. (2.133) where, 7, for 1°Fis 251.815radus~ ' T~!, By was 11.74 T.
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4.3 1,1,1-trifluoropropano-2-ol using 'H spectroscopy

The magnitude of E, was calculated by calculating the port impedance of the
electric port from the Smith’s chart shown in fig. 3.15 (c) and the power ap-
plied for the excitation. For 1 W of power the voltage drop across the port was
25.721V. Since the distance between the metal plates was 1 mm, this corre-
sponds to electric field of 25.721kVm~! Using these values in eq. (2.133), the
value of the chirality constant (c,)is 1.4 x 10710mV~1,

Compared to the value estimated by [46] the chirality constant was 10° times
more. Due to the deviation from the theoretical value, and lack of measure-
ment data to compare, additional experiments were performed to investigate the
method.

The results obtained from these measurements are discussed further.

4.3 1,1,1-trifluoropropano-2-ol using 'H spectroscopy

In the previous section, the theory of chirality distinction explained in chapter 2
was proved, i.e., for the magnetisation flipped by approximately 7 in the presence
of an electric field produces a chiral signal, and for the magnetisation flipped by
7 /2 the chiral signal vanishes. To check the method’s applicability range a new
set of measurements were acquired using 'H spectroscopy. The measurements
were started by standard NMR routines which include pulse calibration for 7 /2
flip angle, shimming and intensity adjustment for the racemic and (R)- sample.
Figure 4.3 shows the comparison of spectra acquired at 7r/2 pulse time for the
racemic and (R)- sample. These acquisitions were done in the absence of E».
A difference to the '°F spectroscopy was that instead of single peak there were
multiple peaks from 'H nuclei. Since the relative intensities of B and C with
respect to A were different for the two samples, another technique was used to
determine the chiral constant. In this method, the spectra for calculating the chiral
constant were done in the presence of an E field with different E; pulse lengths.
The pulse program used for this measurement was

;zg equivalent of chiral detection with independent electric

and magnetic field pulse lengths
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4 Chiral distinction in NMR using a microstrip based transceiver

A

[irisy(te2)

r T T 1

10 5 5'H [ppm] -5

Figure 4.3: "H NMR spectrum acquired for 1,1,1-trifluoropropan-2-ol at /2 pulse length for the
racemic and a (R)- sample. The letter labelled on top of the peaks represents the signal

from the 'H labelled in the chemical structure. The chemical structure shown is a 2-D
representation of (R)-1,1,1-trifluoropropan-2-ol.

> j;developed by S. Wadhwa, R.Kampmann & J.G. Korvink
;0ctober 2023
4 #include <Avance.incl>

5 #include <De.incl>
7 "acqtO=-p1*2/3.1416"

9 1 zel

10 30m

12 dl pli:f1

12 (ralign (pl phl):f1)
13 d2 pl2:f2

14 (ralign (p2 ph2):£2)
15 ACQ_START1 (ph30,ph31)
16 0.1u DWELL_GEN1

17 (aql)

18 eoscl
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4.3 1,1,1-trifluoropropano-2-ol using 'H spectroscopy

;rcyc=2
lo to 2 times ns
30m wrl #0

exit

ph1=0
ph2=1
ph30=0
ph31=0

;Fl:magnetic port, trasnceive operations

;F2:electric port, transmission operations

Listing 4.2: Pulse program for chiral distinction with independent electric and magnetic field pulse
lengths.

The intensities obtained were a function of two variables ¢; and #, such that
lee (l] s tz) o< $ix sin WE, 1> COS Wp, 11 + iy sin Wp, 1. 4.7

Here the interaction between different 'H nuclei was neglected for the ease of
explanation and calculation. The pulse length at the By port was set fixed at

10 us, the above equation could be rewritten as
Iee (t2) o F 1, sin O, 1> cos(wp, 10us) + I; sin g, 10ps. (4.8)
From the normal routine the 7/2 pulse was found to be at 5.5 ps, therefore,
T
wg, = ————, 4.9)
b(2)(5:5ms)

which simplifies the chiral intensity equation to

Iee (12) o< FLsin g, 1 cos(0.917) + I, sin(0.917). (4.10)
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4 Chiral distinction in NMR using a microstrip based transceiver

A
i 0.23 106 0
1.0 c B
0.28
0.95
0.18 \
0.22 0.90
VK 470 B
AN K 1.4 1.2
054 55 --._50 450N, / A
— Ir; (5 ps)| \\-\\ \“\ ,
— [Ir; (6 )| T K
- “[m (7 ps)| C
- “[R] (9 ps)|
—\IW(I() us) B
0.0
T T T 1
15.0 10.0 5.0 0.0 -5.0
3'H [ppm]

Figure 4.4: "H NMR spectrum acquired for 1,1,1-trifluoropropan-2-ol close to 7 pulse length for
the (R)- sample. The letter labelled on top of the peaks represents the signal from
the 'H labelled in the chemical structure. The blue arrows on the chemical structure
show the direction of the electric dipoles. The length of the arrows is not scaled to the
actual magnitudes. The intensity of the peak labelled A increases with increasing pulse
lengths of E», and the intensity of peaks labelled B and C reduces.

The spectra acquired for different 7, values and the behaviour of different peaks

are shown in the fig. 4.4 for the (R)- and in fig. 4.5 for the racemic sample. The

table 4.2 and 4.3 summarises the measurement relative intensities for different

frequency shifts and different #, values. As observed from the measurement, the

intensities of the peaks labelled B, and C in fig 4.4 reduced when increasing the

E, pulse duration. This trend was opposite to the one observed in the '°F acquisi-

tions. However, the intensity of the peak labelled A increased with increasing the

E5 pulse duration. These phenomena can be explained if instead of 2-D, we look

at the 3-D structure of the molecule as shown in the fig. 4.4, the electric dipoles
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4.3 1,1,1-trifluoropropano-2-ol using 'H spectroscopy

Table 4.2: Ratio of the intensities compared to the intensity obtained at different E, pulse lengths

for the (R)- sample. The intensity from the 'H position is referred from fig. 4.4 and all
the peak intensities were calculated relative to the peak intensity at 1.3 ppm for #, = Sps.

Intensity A B C

ir) (12)] (@1.3 ppm) (@4.5 ppm) (@5.04 ppm)
Tiry (Sps)| 1 0.2353 0.2977

Tir; (6115)| 1.0056 0.2283 0.2843

gy (7s)| 1.0151 0.2229 0.2743

Tir; (9us)| 1.0538 0.2199 0.2597

Tiry (10ps)| 1.0814 0.2208 0.2559

Table 4.3: Ratio of the intensities compared to the intensity obtained at different E, pulse lengths

for the racemic sample. The intensity from the 'H position is referred from fig. 4.5
and all the peak intensities were calculated relative to the peak intensity at 1.3 ppm for

th =5ups.

Intensity A B C

Mir+sy (22)] (@1.3 ppm) (@4.05 ppm) (@5.04 ppm)
ras (Sus)] 1 0.1401 0.1635
Ras] (61)] 1.0612 0.1434 0.1549
Lres) (71s))| 1.1343 0.1502 0.1526
Lires) (Ous))| 1.2664 0.1705 0.1675

res; (10ps)|  1.3349 0.1823 0.1840

associated with peaks B and C are in the opposite directions as compared to the
peak of A, which is in the same direction as I9F atoms.

We can now use the relative intensities values from the table 4.2, to measure the
chirality constant. The general form for the calculating wg was

Ie(t;)  Lisin(@g,t)cos(0.917) + £,sin(0.917)

X
lee(12) I, sin(wg,12)cos(0.917) + Iy sin(0.917)

.11
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4 Chiral distinction in NMR using a microstrip based transceiver

1.0 5 .
0.1875 [ A
B 1.000
I 0.1500 >
” 0.1125 N
0.13 | .875
0.0750 K
0.09
0.5 5.5‘\\ 5.0 4.5 o
— [lres) (5 1s)| \\\ A
— [liresy (6 1s)| s
- “|R‘S\(7 us)|
- “[R»S] (9 ps)| y
— |Ijr+sy (10 ps) B
0.0
T T T 1
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Figure 4.5: 'H NMR spectrum acquired for 1,1,1-trifluoropropan-2-ol close to 7 pulse length for
the racemic sample. The letter labelled on top of the peaks represents the signal from
the 'H labelled in the chemical structure. The blue arrows on the chemical structure
show the direction of the electric dipoles are not scaled to the actual values. The
intensity of the peak labelled A, B, and C increases with increasing pulse lengths of
E.

The tables 4.4, 4.5, 4.6 shows the results from solving eq. (4.11) for different
E5 pulse lengths. The power applied to the E> port was 20 W, the voltage de-
livered to the port was calculated by using the impedance value from Smith’s
chart in 3.15 (c) at 500 MHz. The voltage magnitude was 54 V. This resulted in
the electric field magnitude of 54kVm~!. By was 11.74T, and the 7, for 'H is
267.522radps ' T~!. Using eq. (2.133) the chiral constant at different frequency
shifts was calculated and is shown in the table 4.7. Therefore, from the values
calculated in the table 4.7, the o, values for 'H is a magnitude of 10 lower than
the o, value calculated for '°F. In [46] the chirality constant at different posi-

tions was calculated for *C and '°F atoms of 1,1,1-trifluoropropan-2-ol. Due to

100



4.3 1,1,1-trifluoropropano-2-ol using 'H spectroscopy

Table 4.4: Value of wg radpus~! calculated using the eq. (4.11) for the peak at 1.3 ppm.

Pulse length of E; S pus 6 us 7 us 9us 10 us

Sus - -0.0017 -0.0023 -0.0042 -0.0052
6 us -0.0017 - -0.0029 -0.0052 -0.0062
7 us -0.0023 -0.0029 - -0.0064 -0.0075
9us -0.0042 -0.0052 -0.0064 - -0.01
10 us -0.0052 -0.0062 -0.0075 -0.01 -

Table 4.5: Value of @g radps~' calculated using the eq. (4.11) for the peak at 4.05 ppm.

Pulse length of £,  Sus 6 us 7 us 9us 10 us

Sus - 0.0076 0.0068 0.0044 0.0034
6 us 0.0076 -  0.0062 0.0057 0.0023
7 us 0.0068 0.0062 - 0.0019 0.0010
9us 0.0044 0.0057 0.0019 - -0.0012
10 us 0.0034 0.0023 0.0010 -0.0012 -

the lower natural abundance of 'C, and the inability to use decoupling sequence
to enhance the '3C signal due to the single nucleus device, the measurements at
13C could not be recorded. Therefore, comparing the o, values is impossible.
However, the isotropic component of the nuclear magnetic shielding polarizabil-
ity tensor W(M (as denoted in [14]), first computed by [14] was found to have
a magnitude difference of approximately 10 times between 'H and '°F nuclei.
Following this, the calculation for the same tensor by [46] reported in Table 2
had the same order of difference between 'H and '°F. Therefore, the effect of
the permanent electric dipole in chiral signals as reported by [46,51, 63] were
not observed or the magnitudes were similar to the isotropic component of the

nuclear magnetic shielding polarizability tensor.
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4 Chiral distinction in NMR using a microstrip based transceiver

Table 4.6: Value of wg radus™! calculated using the eq. (4.11) for the peak at 5 ppm.

Pulse length of £, Sus 6 us 7 us 9us  10us

Sus - 0.01 0.0097 0.0081 0.0072
6 us 0.01 - 0.0085 0.0072 0.0064
7 s 0.0097 0.0085 -  0.0066 0.0057
9us 0.0081 0.0072 0.0066 -  0.0038
10 us 0.0072 0.0064 0.0057 0.0038 -

Table 4.7: The average value of o, calculated using the eq. (2.133) for all the peaks at different
frequency shifts. The other variables in the equation and their values used were, E, was

54kVm~!, with the sample placed in the magnetic field of 11.74 T, and the gyromag-
netic ratio of 'H is 267.522radus~! T~!. The o, value obtained from 'H spectroscopy
is compared to the o, value calculated from '°F spectroscopy.

Frequency shift [eA

1.3ppm 6x 10" mv-!
4.05ppm  4.8x 107" mv~!
5ppm 8.6x10""'mv~!

44 2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion
(thalidomide or Contergan) using 'H spectroscopy

The next set of molecules which were used for the chiral distinction were the
enantiomers of 2-(2,6-Dioxo-3-piperidinyl)-1H-isoindole-1,3(2H)-dione. The
molecule is also known as thalidomide or Contergan. It is infamous as one of its
enantiomer was found to be teratogenic [23]. This was the motivation to use this
chemical for the investigation to explore if it would be possible to distinguish its
enantiomers. The samples were the racemic, (S)-, and (R)-. Since thalidomide
is a solid powder, it was dissolved in Dimethylsulfoxid-dg (DMSO-dg) with the

concentration of 0.113 M.
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4.4 2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion (thalidomide or Contergan) using 'H spectroscopy
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Figure 4.6: Plot of the '"H NMR spectra of (R)-, (S)-, and the racemic of 0.113 M thalidomide in

DMSO-dg at /2 pulse length in the absence of E,. The 'H labelling on the chemical
structure represents the frequency shifts. The frequency shifts were calibrated from the
supplementary information in [64]. The peak assignment was referred from [65].

The first steps in the measurements were the conventional NMR-routines, i.e.,
shimming, frequency shifts alignment, pulse calibrations etc. The fig. 4.6 shows
the spectra acquired for all three sample types, and the frequency shifts for differ-
ent 'H positions. The spectra were recorded with 4 dummy scans, 4 scans with a

delay of 5's between each acquisition.

441 (R)-2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion

The next step in the measurements was similar to the one repeated in 4.3, i.e.,
applying E; fields with different pulse lengths. The pulse program used for the
measurements is shown in the listing 4.2. The measurement results are shown in

the fig 4.7. As can be seen from the acquisitions the only peak, which showed
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4 Chiral distinction in NMR using a microstrip based transceiver

0.0

-1.0

2.0 0.0 A

— x5 us)|

— I (6 ps)| 9.0 8.0 7.0

— |lﬂ<](7 us)|
-3.07 — [l (9 ps)|

— [Ty (10 ps)|

T T T
14.0 9.0 4.0 -1.0
8'H [ppm]

Figure 4.7: "H NMR spectrum acquired for (R)-thalidomide close to 7 pulse lengths. Only the
peak at 8 ppm showed sensitivity to the varying E, pulse lengths. The intensity of
this peak is reduced with the increasing pulse lengths of E, and reaches almost zero at
10 ps.

a sensitivity to the E, fields was the peak at 8 ppm, which is labelled C in the

spectrum.

4.4.2 (S)-2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion

The measurements were then repeated for (S)-. The measurement results are
shown in the fig 4.8. Similar to the (R)- measurements, the peak labelled C in the

spectrum was sensitive to the E».
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4.4 2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion (thalidomide or Contergan) using 'H spectroscopy
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Figure 4.8: '"H NMR spectrum acquired for (S)-thalidomide close to 7 pulse lengths. Only the
peak at 8 ppm showed sensitivity to the varying E, pulse lengths. The intensity of this

peak is reduced with the increasing pulse lengths of E>, however, did not reach zero at
10 ps like the (R)-Thalidomid.

4.4.3 Chiral constant calculation for
2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion

From the measurement for the (R)-, and (S)- the peak values at 10 ps are different.
The reason is that depending on the handedness chiral constant the time taken to
reach the effective 7 flipping will be more for one enantiomer than the other, and
the value for the racemic sample should lie between the two. This is also shown
in the fig. 4.9, where the spectra plotted are using 10 us pulse length of E> and
B,.

Therefore, to estimate the exact value of the chirality constant, a pulse optimi-

sation algorithm was run, where the pulse length of E; was set at 10 us, and the
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4 Chiral distinction in NMR using a microstrip based transceiver
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Figure 4.9: "TH NMR spectra comparison for (S)-thalidomide, (R)-thalidomide and racemic for a
pulse length of 10 ps for the By and the E; port. The signal at 8 ppm was then used to
run the pulse calibration to find the exact 7-pulse lengths for each sample.

pulse length of By was varied in the steps of 0.25 us. The 7 flip values for the
three samples measured are shown in fig. 4.9, and the exact values in the table 4.8,
which was calculated from the nutation plot shown in the fig. A.4.

Table 4.8: z-pulse length values measured for different samples, with an E; pulse length 10 ps.
The power used to excite the By and E, ports was 20 W.

Sample pulse length

(R)- 9.875 us
racemic  10.0pus
(S)- 10.25us
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4.4 2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion (thalidomide or Contergan) using 'H spectroscopy

Since o, for a racemic mixture should cancel each other out, therefore, simplify-
ing eq. (2.159) results in
Lracemic = iy sin g, 1. 4.12)

Using the value of 7 pulse length from the table 4.8 in the eq. (4.12)

T
O, = 5 (4.13)

With the value of @p,, and the 7 pulse length we can calculate the electrical

nutation frequencies, which are

9.875m ~ . ,9875¢%

I sin (@, 10) cos ( 0 )+ Iy sin ( ) = 0, for (R)-, (4.14)
A 10257, . 1025
f,sin (@p,10.25) cos (—nl) 4+ By sin (—ok) = 0,for S)-. (415

The value of the wg, on solving the above two equations was 0.0039 rad us~! for
(R)-enantiomer, and —0.0078 radps~! for (S)-enantiomer. The value of o, was
calculated using the eq. (2.133). The other variables in the equation and their
values used were, E; was 54kVm~!, with the sample placed in the magnetic
field of 11.74 T, and the gyromagnetic ratio of 'H is 267.522radps~! T~!. This
resulted in 0, of 4.6 x 10" mV~! and —9.2x 107! mV~! for (R)- and (S)-
enantiomers respectively.

The difference in the chirality tensor can be explained by the fact that the enan-
tiomer went under racemisation over time. For thalidomide it is now a well-
documented process where the (R)-enantiomer converts to the (S)-enantiomer [66].
However, since the sample were stored in a sealed capillaries, it may have slowed
down the conversion process due to which an enantiomeric excess of (R)- still

shows a deviation from the racemic.
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4 Chiral distinction in NMR using a microstrip based transceiver

4.5 2-(4-(2-methylpropyl)phenyl)propanoic acid
(ibuprofen) using 'H spectroscopy

The next molecule tested was ibuprofen, an easily available over-the-counter
drug. Ibuprofen is used as a non-steroidal anti-inflammatory medicine (NSAIM)
[67]. The (S)-enantiomer has a therapeutic effect, and the (R)-enantiomer, though
non-toxic, has no beneficiary effect on human body. The salts were mixed in
CDCl; with a molar concentration of 0.5 M, where the racemic was self-prepared
by mixing 50:50 by weight of (R)-, and (S)-.

The first set of measurements were the routine NMR experiments to shim the
system, calibrate the pulse lengths, and adjust the receiver gain. Figure 4.10
shows the acquired spectra for the (R)-ibuprofen,(S)-ibuprofen and the racemic

of ibuprofen at 7 /2-pulse lengths.

4.5.1 (R)-2-(4-(2-methylpropyl)phenyl)propanoic acid

The next steps in the measurements were similar to the one repeated in 4.3, i.e.,
applying E, fields with different pulse lengths. The pulse program used for the
measurements is shown in listing 4.2. The measurement results are shown in the
fig 4.11. The spectra were plotted without any phase correction applied. Only the
peak at 1.48 ppm (peak labelled B) was examined as this was at the chiral centre.
As can be seen from the image, with increasing pulse of the E,, the spectrum
intensity increased. However, since E, has some stray field, the spectrum inten-
sity should have decreased since the 7 flipping of the magnetisation was found
to be at 11.7 ps for the By at E; pulse length of 10 us. Therefore, each spectrum
recorded at a pulse length lower than 10 ps should have increased the signal in-

tensity. This meant that the chiral tensor deferred the net magnetisation flipping.
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4.5 2-(4-(2-methylpropyl)phenyl)propanoic acid (ibuprofen) using 'H spectroscopy
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Figure 4.10: Plot of the '"H NMR spectra of (R)-, (S)-, and the racemic of 0.5M ibuprofen in

CDClsat /2 pulse length in the absence of E». The 'H labelling on the chemical
structure represents the frequency shifts.

4.5.2 (S)-2-(4-(2-methylpropyl)phenyl)propanoic acid

Similar to thalidomide, the measurements were repeated for (S)-enantiomer. The
measurement results are plotted in fig 4.12, without any phase corrections. Also
for these measurements only the peak at 1.48 ppm (peak labelled B) was exam-
ined. In these measurements, with the increasing £, pulse length, no intensity
variations were observed. This variation can be explained by the fact that the &
flipping of the magnetisation was found to be at 10.85 us for the B; at E, pulse
length of 10 us. This value was close to the value found for the racemic sample
which was 11 ps. This meant that even though the electric field variation affected
the chiral tensor, it was not strong enough and if there were no electric field ap-
plied the 7 flip should be close to the 11 ps mark. Therefore, for E; pulse lengths

from 5 ps to 9 us there is no intensity variation observed, and for the pulse length
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Figure 4.11: '"H NMR spectrum acquired for (R)-ibuprofen. Only the peak at 1.48 ppm was ob-

served for analysis. The intensity of all the peaks increased with the increasing pulse
lengths of E;.

10 ps the intensity increases. This spectrum if plotted with phase correction will

be inverted relative to the other peaks.

4.5.3 chiral constant calculation for
2-(4-(2-methylpropyl)phenyl)propanoic acid

The measurement result comparison amongst the (R)-,(S)-, and the racemic for
different E, pulse lengths showed different behaviour. This can be due to the fact
that the duration of the 7-pulse lengths were different as compared to the thalido-
mide experiments, which indicates different chiral coupling strengths. The (R)-
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Figure 4.12: '"H NMR spectrum acquired for (S)-ibuprofen close to 7 pulse lengths. Only the
peak at 1.48 ppm was used for analysis as varying E; pulse lengths had different
effects on each frequency shift. The intensity of this peak remained unaffected with

the increasing pulse lengths of E;, however, did not increase uniformly like the (R)-
ibuprofen.

enantiomer was found to be more sensitive to changes than the (S)-enantiomer.
Table 4.9 shows the pulse length required on the By port, where the pulse length
of the E, port was kept constant at 10 us. The power applied to both the ports
was kept constant at 20 W. The pulse lengths were measured for the peak labelled
with a frequency shift of 1.48 ppm. As can be seen from the table above, the (R)

had a larger difference from the racemic, as compared to the (S) enantiomer. To
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Table 4.9: z-pulse length values measured for different samples, with an E, pulse length 10 ps.
The power used to excite the By and E, ports was 20 W.

Sample pulse length

R)- 11.5ps
racemic 11pus
(S)- 10.85 us

calculate the chiral constant (o.), we use the same method as for the thalidomide.
There using eq. (4.12), and table 4.9

op, = == 4.16)
Therefore,
. 10857, . 10.85
i,sin (g, 10) cos (——22) + f sin ( Hn):O,for(S)—, @.17)
. 1157, . 115
I,sin (@g,10) cos (—2) + £, sin (—22) = 0, for (R)-. (4.18)

The value of the wg, on solving the above two equations was —0.014 rad us~!

for (R) and 0.0042rad ps’l for (S). The value of o, was calculated using the
eq. (2.133). The other variables in the equation and their values used were, E>
was 54kVm~!, with the sample placed in the magnetic field of 11.74 T, and
the gyromagnetic ratio of 'H is 267.522radus™' T~'. This resulted in o, of
—1.65 x 10719 mV~! for (R)- and 4.89 x 10~ m V~! for (S)-. The difference in
the value of the chirality constant could be due to the (S)-enantiomer going under
structural change as certain conformers of ibuprofen are preferred in a solution
of CDCI3 as shown by [68]. The quality report from the supplier shows that
the peak around 12 ppm from the carboxyl group should not be present for the

(S)-enantiomer [69]. However, it was observed over time that the peak started to
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appear as shown in fig. A.5. This may have altered the electric dipole interaction

and the difference in the chirality constant measured.
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5 Conclusions and future outlook

5.1 Conclusion

This dissertation deals with the invention of a detector and methods which made
direct chirality distinction in NMR possible. It started with the explanation of
the NMR and its Hamiltonian. Using the NMR Hamiltonian, the evolution of
the magnetisation during conventional NMR routine was described mathemati-
cally. The explanation was used for deriving a NMR Hamiltonian with the chi-
ral coupling tensor. The difference to a conventional Hamiltonian was an odd-
parity term o, included in it. The chiral NMR Hamiltonian was then transformed
from a laboratory to a rotating frame of reference. The transformation enabled
the derivation for the evolution of the magnetisation coupled with the o, tensor,

which led to three scenarios:
* flipping of the magnetisation by an arbitrary angle but close to 7,
* flipping of the magnetisation by 7 /2,
* flipping of the magnetisation by 7.

From these possibilities, it was shown that the chiral signal vanishes for the sec-
ond case, i.e., when the magnetisation is flipped by 7/2. It was also shown that
the chiral signal will be the strongest when the magnetisation flip angle is exactly
7. Based on the theory established we started with the design of the detector.

The first series of detector designs were based on the ring loop resonator pre-
sented by [54]. The design had its limitations, mainly the placement of a mag-
netic moment-sensitive transponder. This was due to the size of the detector.
Hence, an improvement to the design was suggested, which was the miniaturised

version of the ring loop resonator. It fulfilled all the requirements for chiral detec-
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tion and could have fit inside a 10 mm saddle coil. However, a method to excite
the resonator remained unresolved, as the magnitude of E, required was in the
order of kV, which would have been difficult to achieve using an energy coupler.
This led to the evolution of the second design series, which was the active ring
loop resonator. The design of the resonator and its functioning was similar to the
ones described above, in addition, it had an excitation port to achieve the required
E> magnitudes. The resonator was placed between the magnetic detector and a
spectrum was recorded, but the spectrum did not have a sufficient SNR. The rea-
son was due to the low-filling factor of the coil. This was the last design tried
with ring loop resonators, and the next designs were based on the microstrips.
The microstrip-based detector was designed to have a target k-value (< 10~%) [46,
54]. This was to be achieved by switching between B; and E> ports during the de-
tector’s excitation and detection phase. As maintaining the k-value volume when
placing material with different dielectric constants and fast switching between
the circuits was technically challenging the detector design was abandoned.

The final design, which led to successful signal detection was based on the mi-
crostrip design. The improvement to all the previous approaches was that it had
independent control of the E> and Bj. This helped to overcome the issue of
maintaining a detection-sensitive region (k < 10~%), which was influenced by
the mismatch of dielectric constants making sample placement challenging. The
flexibility of independently controlling E, and Bj, allowed inversion of the mag-
netisation by a 7-RF pulse and simultaneously applying a £, on larger volumes
as compared to ring loop resonators. As the SNR depends directly on the sam-
ple volume, this directly helped in solving the sensitivity challenges. Therefore,
the detector design has all the features required for chiral signal detection, i.e.,
it could apply high-magnitude E;, detect oscillating magnetic dipoles, accom-
modate large sample volumes, and flexibly handle pulse sequences for signal
enhancement.

With this detector, we were able to distinguish chiral molecules. The measure-

ments were recorded for three chiral molecules which were,
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+ 1,1,1-trifluoropropan-2-ol: The chiral signal were recorded using '°F,
and 'H spectroscopy. The magnitude of the chirality tensor was calculated
to be larger than what was previously predicted by [14,46]. Though the ra-
tio of chirality tensor of '°F, and 'H were in the same order of magnitudes

as calculated by [14].
¢ 2-(2,6-Dioxo-3-piperidyl)isoindol-1,3-dion (thalidomide): The next mole-

cule chosen was thalidomide. From the measurement results it was shown
that it was possible to distinguish its enantiomers, however, it was observed
that (R)-enantiomer may have undergone racemisation. This phenomenon

is a known physical effect which led to the infamous thalidomide scandal.

¢ 2-(4-(2-methylpropyl)phenyl)propanoic acid (ibuprofen): ibuprofen was
chosen for the next tests as it is one of the widely known NSAIM, where
only one of the enantiomer is effective. The measurement results showed a
difference in the chiraliy constant for the (R)- and the (S)-enantiomers. The
reason for this could be due to the structural changes in the (S)-enantiomer,
where one conformed is preferred over the other. This may have led to a

change in the chiral tensor which correlates the spin-electric dipole cou-

pling.

5.2 Future works

The detector developed in this dissertation allowed for the first time the direct
distinction of enantiomers in NMR. The function of the detector was proven with
three different molecules. However, there are some important aspects which still
need to be studied, investigated and developed. Some of these points are:

* Pulse sequence: The pulse sequence used can be considered as a basic
one, which would be analogous to the NMR sequence with a single hard
RF pulse. A routine needs to be developed which would help in enhancing

the chiral signal.
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e Pulse optimisation: Similar to a multi-spin system, we have a bi-dipole

system, i.e., investigation of coupling between electric and magnetic dipole
moment. Therefore, similar to pulse sequences like INEPT [70] it should
be possible to optimise the pulse to enhance only the signal obtained from

the chiral centre.

Detection method optimisation: The gradients were not used as the space
limitation did not allow its integration. Another improvement to the detec-
tion method could be the use of gradients. They help to create a de-phasing
and refocusing of the spins. If we assume that the coupling between the
spins and electric dipole have different diffusion coefficients than a non-
chiral spins we may have a chance to saturate the non-chiral spin and ob-

serve only the signal due to chirality.

Detector optimisation: It was shown by [4] (List of Own Publications,
Journal articles) that it is possible to optimise a detector to enhance the
magnetic field topologically. Following the same principle by tweaking the
target function it may be possible to design a chiral-detector, which has the
function of enhancing the chiral signal. One approach could be to enhance
E», while minimising B;. Therefore, the detection scheme followed will

be similar to the one described for the ring loop resonators.

Study of different molecules and nuclei: Within the scope of the disserta-
tion, to prove the theory and the functioning of the detectors the molecule,
1,1,1-trifluoropropan-2-ol, suggested by [46, 54] to have the strongest chi-
ral signal was measured. This was followed by two other molecules;
thalidomide and ibuprofen. From the measurements and calculations, it
was found that the chirality tensor is several orders of magnitudes higher
than reported by [46]. This creates a hope that it may be possible to ob-
serve chiral signals for other molecules, and even for nuclei other than '°F
and 'H. The interesting nuclei to be investigated would be '>C and °N,
which are the building blocks for amino acids. This would help to study
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the interaction between chiral-based drugs and proteins to make drug use
safe and avoid another thalidomide-like misjudgment.

Chiral detection in solid-state NMR: The chiral detection theory pro-
posed by A.D. Buckingham, and presented in this dissertation is for the
liquid-state NMR. However, it was observed by [71] that the magnitude of
signal acquired for different enantiomers were different. The author con-
cluded the effect to CISS (chiral induced spin-selectivity). Therefore, it
may be possible to probe the enantiomers in solid-state using the detector

presented, and an appropriate pulse-sequence.
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A Appendix

A.1 Laser parameters

The parameters given were found using UV-source laser Pirhana from ACSYS,

Germany.

Table A.1: Laser cutting parameter for copper (Cu) plate of 500 um thick and borosilicate glass
(MEMpax from Schott AG) of thickness 500 um. The laser repetition rate used was
20kHz with pulse width of 1.2 us and cutting speed of 100 mms~!. The laser power
was set to 80% of the total output power, which resulted in 2.4 W.

Material Line spacing No. of lines No. of receptions
(um)

Cu 5 35 50

Fused Silica glass 10 10 12

A.2 Technical drawings for active ring loop resonator
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Figure A.1: Technical drawings for the components used to mount the active ring loop resonator
on Micro5 probe head from Bruker, Germany. (a) The top plate where the detector
and the sample holder are mounted. (b) The bottom plate is the interface between
the probe head and the detector’s assembly. (c) The sample holder. (d) The spacer
disk was used to align the centre of the active ring loop centre to the iso-centre of the

magnet.

A.3 NMR spectrum plots
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A.3 NMR spectrum plots

time (ps)

Figure A.2: Nutation spectra of different enantiomers and racemic of thalidomide. The parameter
search was performed by keeping the E> magnitude and pulse length constant at 20 W,
and 10pus respectively, and varying the B; pulse length from 10us to 12 us in the
steps of 0.25 us. The power on the B port was kept constant at 20 W.The dotted line
represents the curve plotted from the equation (4.1), with the values used from the
measurement results to show the exact point at which the curve reaches zero signal
intensity.
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Figure A.3: "H NMR spectrum acquired for racemate ibuprofen. Only the peak at 1.48 ppm was
observed for analysis. The intensity of all the peaks decreased with the increasing
pulse lengths of E;.
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Figure A.4: Nutation spectra of different enantiomers and racemic of ibuprofen. The parameter
search was performed by keeping the E> magnitude and pulse length constant at 20 W,
and 10 ps respectively, and varying the B; pulse length from 10 s to 12 ps in the steps
of 0.1ps. The power on the B; port was kept constant at 20 W. The dotted line
represents the curve plotted from the equation (4.1), with the values used from the
measurement results to show the exact point at which the curve reaches zero signal
intensity.
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Figure A.5: 'H NMR spectra of (R)-, (S)-, of 0.5 M ibuprofen in CDClsat 7t /2 pulse length in the

absence of E, recorded on the date mentioned in the figure. The 'H highlighted on the
chemical structure is on the carboxyl group. It was observed that after a certain time

duration, the signal from this particular 'H in (S)- started to appear, whereas it was
not present in the initial measurements. According to the manufacturer’s datasheet,

for the (S)-, the 'H at this site should be silent [69].
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