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Chapter 1
Nuclear Magnetic Resonance

The phenomenon of nuclear magnetic resonance (NMR) was first detected
by Rabi? and colleagues in 1938, though Gorter* had almost discovered this
effect one year prior. In 1946, independent demonstrations of NMR in con-

densed matter were contemporarily made by Bloch®, and Purcell®.

NMR spectroscopy exploits the magnetic properties of nuclei to obtain
valuable information regarding the structure and dynamics of the molecules
being studied. The proton (*H), deuterium (*H), carbon (**C), nitrogen
(1N), fluorine (**F), and phosphorus (*'P) nuclei may all be studied using
NMR. Since these nuclei can all be found, or introduced relatively easily into
biologically relevant systems, NMR is widely used in the pharmaceutical

industry in the context of ligand and protein-based screening methods”.

The most widely known application of NMR is, however, magnetic res-
onance imaging®1® (MRI), where the spatial distribution of nuclei can be
mapped out using magnetic field gradients. This non-invasive technique is
used to create detailed images of soft tissues and organs, which revolutionised
medical diagnostics. The technique can also be applied to study lithium-ion

batteries!!, and has found use in the oil and gas industry 2.

In this chapter, some foundational concepts of NMR are introduced. The
Levitt!3, Freeman!*, Keeler'®, and Kowalewski'® seminal textbooks were

consulted to provide a basic overview of the mechanics underpinning NMR.



1.1 Introduction

In quantum mechanics, mathematical operators represent physical observ-
ables!”. In some cases, operators are applied to a function, and the outcome
is the same function, multiplied by a numerical factor. This type of equation
is an eigenquation, where the function is an eigenfunction of the operator, and
the numerical factor is an eigenvalue. Quantum mechanical operators, de-
noted by @, are hermitian: Q = QT, where T indicates the adjoint/conjugate

transpose. Consequently, these operators have real eigenvalues.

Position, momentum, and energy are all examples of observables. The
quantum mechanical operator that corresponds to the total energy of the
system is given by the Hamiltonian, denoted by H. Electronic motion and
nuclear motion occur on different timescales. In NMR, it is possible to sim-
plify 13 the overall Hamiltonian, by removing terms that do not depend from

the direction of the nuclear spin polarisations.

The time-dependent Schrédinger equation is written as follows'®:

— (1) = —iH ¢ (1)), (1.1)

in angular frequency units, therefore A does not appear. The spin state of

the nuclei [¢ (t)) can be expressed as the following linear combination:

[ () =Y alt)]i), (1.2)

where ¢;(t) is the time-dependent coefficient, and n is the dimension of this

space, called Hilbert space, H. The evolution of a state in time is given by:

[ (1) = U() [ (0), (1.3)

where U(t) is the propagator, which is unitary, U = U~', and is given by:

U(t) :exp{—if[t}. (1.4)



1.2 Nuclear Spin

Spin is a form of angular momentum that does not arise from the rotation of
a particle, but is an intrinsic property of the particle itself, much like mass,
electric charge, and magnetism. The nuclear dipole magnetic moment g, and
the nuclear spin angular momentum I operators are related to each other.

The equation is given as follows:

=, (L5)

where 7 is the magnetogyric ratio of the nucleus, specified in units of rad s~ T—1.
Most atomic nuclei have v > 0, meaning that the magnetic moment and
the angular momentum have the same direction. The nuclear spin quantum
number [ represents the total angular momentum of an atomic nucleus, which
can be obtained by combining the spins of its nucleons. An odd number of
nucleons leads to nuclei / > 0, which are detectable by NMR spectroscopy.
However, many isotopes that are present in high natural abundance in
nature, such as '2C, and 'O, have nuclear spin I = 0. Such spins are de-
nominated NMR silent /non-magnetic, since they do not possess a magnetic
moment. One of the most important nuclei used in NMR spectroscopy is the

proton, *H, which has nuclear spin I = % Protons, electrons, and neutrons
3
spin S = 1, and are bosons. Figure 1.1 depicts the concept of nuclear spin.

are elementary particles with spin S = 3, and are fermions. Photons have

a b

Figure 1.1: Visualisation of the spin angular momentum properties. (a) A
nucleus with / = 0 does not have a magnetic moment. (b) A nucleus with
I = % has a magnetic moment, and generates a magnetic field around itself.



1.3 Larmor Precession

Each spin I > 0 is associated with a tiny magnetic moment. The magnetic
moment, summed over all the spins present in the sample, is given by the
macroscopic'* magnetisation vector M, which has the following z,y, and
z-components: {M,, M,, M.}

In the absence of an external magnetic field, the direction of each spin
angular momentum present in a sample containing nuclei with I > 0 is evenly
distributed in space/isotropic. In the presence of an external magnetic field
B, a degree of polarisation is acquired, and the vector M becomes aligned
to the direction of the magnetic field.

The interaction between the nuclear magnetic dipole moment g, with the
external field B, imposes a torque 7 = f1 x B = vI x B on the magnetic
moment. As a result, the vector M starts precessing in a conical trajectory
around the direction of the magnetic field, keeping a constant angle with it.

In practice, the z-axis of this laboratory frame is chosen to be aligned
with the magnetic field. The z-component of the external field B is denoted
BY. The frequency of precession of the bulk magnetisation vector is given by
the following equation:

w’ = —yB°, (1.6)

where w? is the Larmor frequency. For v > 0, the direction of the precession

is clockwise, and therefore negative. Figure 1.2 illustrates this concept.

Figure 1.2: Larmor precession of a 7 > 0 nucleus. The macroscopic mag-
netisation vector M precesses in a clockwise direction around the magnetic
field applied along the z-axis, BY, at the Larmor frequency, w®.



1.4 Boltzmann Distribution

For a single spin-1/2 nucleus, the number of degenerate states is equal to 27+
1 = 2, in the absence of a magnetic field. The degeneracy of the states is lifted
once the magnetic field B is applied, and the energy levels become separated
by AE = hw°. The splitting of the energy levels, and the quantisation of
energy in the presence of a magnetic field is named Zeeman effect. If the
system is irradiated using electromagnetic radiation that matches AFE, the
resonance condition has been met, inducing an energy transition. In NMR,

this is induced by a radiofrequency (rf) field, denoted B!.

The Boltzmann equation governs the population distribution:

N AE ~hBO
_ e _ 1.
N, P ( kBT> eXP ( kT ) ’ (1.7)

where Ng and N, are the populations within the upper and lower energy
level, respectively, kg is the Boltzmann constant, and T' the temperature. At
room temperature, the lower energy state |«) is slightly more populated than
the upper energy state |3). The population difference between the two states

gives rise to net magnetisation along the z-axis, where M, o (N, — Npg).

_ Q|ﬁ>
~
5 [N
(&)
5
ﬁ )
B=0 ”
B/ T

Figure 1.3: The Zeeman effect for a single spin-1/2 system as a function of
the external magnetic field BP.



1.5 Spin Angular Momentum Operators

Within a system of isolated spin-1/2 nuclei, the x, y, and z-components
of the nuclear spin angular momentum operator I are represented by their
respective Cartesian angular momentum operators I, _fy, and I,. They are

related by the following commutation relations:

~ A A ~

L., 1] =il, (1.8)

~

L, 1) =4, (I, L]=il,
The total spin angular momentum I? is equal to the following:
F2 72 72, 72
r=rIr+1I+1I (1.9)

and:
I’I, = I.I* (1.10)

which means that the two operators commute. As a consequence, they share

the same eigenfunctions |/, m). The following eigenequation applies for I
I*|I,m)=I(I+1)|I,m). (1.11)

The following eigenequation applies for I:
L|I,m)=ml|I,m), (1.12)

where m is the magnetic spin quantum number, and m = {—I, —I+1, ..., +1}.

This is associated with the projection of I , along a specific axis.

The Zeeman eigenstates are given in the following |/, m) notation:

11 1 1
o =|53) 9 =|3-3) (113)
The following eigenequations are obeyed:

1

I.1o) = +3 |o) L16) =5 16). (1.14)



A spin that is in the state |«) is said to be polarised along the z-axis, i.e.
“spin up”, while a spin that is in the state |3) is said to be polarised along the
—z-axis, i.e. “spin down”. The Hilbert space, H, spanned by the two states

has a dimension of 2V, where NN is the number of spins.

The matrix representations of the three angular momentum operators in

the Zeeman eigenbasis {|a) ,|5)} are given in the following:

. 1{0 1 . 1({0 i . 1{1 0
I, =~ I, == I.== 1.15
2 (1 0) Y 2(—@' 0) 2 (o —1> (1.15)

where each matrix is a Pauli spin matrix, o,, o,, and o, respectively. The

unity operator 1 is given by the following;

1. 1(1 0
-1=- . 1.16
1) o

The raising (f *) operator increases the quantum number m in steps of 1,

~

whereas the lowering (/) operator decreases m in steps of 1:

It =1, +il, I~ =1,—il, (1.17)
where: X
I |a) =0,
f_ o) = ,
@) =16) .
I*6) = |ay,
I"B)=0

The operators have the following matrix representations:

It = (O 1) I~ = (0 O) (1.19)
00 10

The operators I, and fy are related to the shift operators, as follows:

~ 1 - ~
L= 50" +17) I,=—(I*—1) (1.20)



It is convenient to define the projection operators, I @ and I? as well:

A

=141, P =21-1, (1.21)

N | —

The operators have the following matrix representations:

I* = (1 O) 17 = (0 O) (1.22)
00 01

where: )
I*]a) = |a),
I’ |a) =0,
N (1.23)
I*18) =0
1718) = 18) .

The operators fx, fy, fz, and half the unity operator 1, are related to the

shift and polarisation operators, as follows:

b= S+ 1) = 3010 (81 +19) fal)
Iy = 21"~ 1) = (e} (8]~ |8) {al)
A 1Z ) ) ] ¢ (1.24)
I = 5(0° = %) = 5(1a) (ol = 18) (61
S1= S(+ 1) = 5(1a) {al + 18) {5)).

Generally, the spin-1/2 particle exists in a superposition of the two energy

eigenstates, of the following form:

V) = cola) +c58), (1.25)

where ¢, and cg are the complex superposition coefficients. Note that the

following normalisation condition must apply:
lcal® + |cs]® = 1. (1.26)

8



The state |1)) may be written as the following vector:

¥) = <CQ>. (1.27)
Cs

Consequently, the Zeeman eigenstates can be written in the following form:

1 0
) = (0) 8) = (1) . (1.28)

The state |¢) of a pair of coupled spins-1/2 is described by the following:

|¢> = Caa |O{Oé> + Cap |C¥B> + CBa |BO[> + Cpp |5B> ) (129>

where |aa), |af), |Sa), and |55) are the four Zeeman product states, since

the Hilbert space has now a dimension of 22 = 4.

In the case of the |a3) notation, o means that the z-angular momentum
of the spin I; has a value of %, whereas [ indicates a value of —% of the same
quantity in the case of the spin I,. The complex coefficients caa, Cag; Csa,

and cgg are normalised, as follows:
[Caal* + Icapl” + [cgal* + [cssl* = 1. (1.30)

The total angular momentum operators are given by the following:

~

[A:c = Alx + f2x Iy - Aly + f2y jz - [Alz + f2z (131)
The matrix representation of the I;, operator is given by the Kronecker

product of the matrices of the single-spin z-angular momentum operator, and

the unity operator, as follows:

: (1.32)



where the following convention!® was used:
" a f b a f ac aff ba bf
(a b) ® (a ﬁ) _ v 0 v 0 _ | ad by bd
c d v oo . a [ g a f ca cff da dp
) v o0 cy c¢d dy do
(1.33)

In NMR, a pulse sequence consists of a series of rf pulses and delays that
are designed to manipulate the nuclear spins to give a desired experimental
outcome. When dealing with multiple spins, it is helpful to use Cartesian
product operators %2 to describe the quantum states during the experiment,

as shown in Table 1.1 for a two spin-1/2 system. The multiple-quantum

coherence terms are not observable during acquisition.

Table 1.1: Cartesian product operators for a two spin-1/2 system.

Operator Description
%i unity operator
I 12 z-magnetisation on [
Lo, I 1y x and y-in-phase magnetisation on

2j1mj227 leijZ

5

x and y-antiphase magnetisation
on [;

IQZ

]2337 IQy

2[A1zj2x7 lezf2y

z-magnetisation on I

x and y-in-phase magnetisation on
I

x and y-antiphase magnetisation
on [2

2flzf22
2flmf2za 2f1yj2y7 2j1rf2y7 2IAlyIA2z

longitudinal zz-order

multiple-quantum coherence

10



1.6 Spin Density Operator

The quantum state of the system can be described as a statistical ensemble?!

of spin systems by the density matrix operator p, defined as follows:

p= 1) (], (1.34)

where the overbar indicates the ensemble average, and [¢) is the quantum
state of one individual spin system. The average contribution of each ensem-
ble member to the observable is defined by the expectation value. For an

operator Q, this is given by the following:
(@) = T{pQ}. (1.35)

The matrix representation of the density operator can be obtained by
calculating the matrix elements p,s = (a|p|3), for the |a) and |5) basis
states. The matrix representation of the density operator for these two states

is given as follows, for a single spin-1/2:

ﬁa=|a><a|=<(1)>®(1 o>=<(1) g)
ﬁ/a:W:((l))@(o 1):<8 2)

For an ensemble of single spin-1/2 nuclei, the matrix representation of

(1.36)

the density matrix in Hilbert space takes the following form:

p= (pw W) , (1.37)

Ppa PBB
where the diagonal elements of the density matrix p,, and pgg represent the
populations of the states |o) and |3), respectively. On the other hand, the

off-diagonal elements of the density matrix p,s and pg, are the coherences
between the |a) and |5) states.
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The thermal equilibrium density matrix for isolated spins-1/2 is given by,

approximately:
1,1
) 5+ 7B 0
RS (2 4 Lo ) , (1.38)
0 3 — 3B
where the Boltzmann factor is given by the compact notation B = ?—BTO. This
B
corresponds to:
1, 1_-
1= -1+ —-BIL,, 1.39
p=51+ (1.39)

which is the thermal equilibrium density operator that is the starting point

of most NMR experiments and simulations.

A quantum system evolves in time according to the time-dependent Schrédinger
equation (Equation 1.1). The evolution of the density matrix is given by the

Liouville von Neumann equation of motion, as follows:

d

%ﬁ(t) = _i[]f[(t)a ﬁ(t)]a (1'4())

which has the following solution:

A~

plt) = Ut)p"U (1), (1.41)

where pY is the density matrix at ¢ = 0, and U is the propagator (Equa-
tion 1.4).

The Liouville von Neumann equation in Liouville space takes the following

form:

o (1) = £1p(0). (1.42)

where £ is the commutator with the Hamiltonian £ = [H,e], known as
the Liouvillian superoperator. In Liouville space, which has a dimension of

2 are able to transform operators into other

2N) N-spins, superoperators?
operators. In Hilbert space, the dimension is given by 2V N-spins, and

operators transform vectors into other vectors.

In the absence of a radiofrequency field being applied, the populations

reach thermal equilibrium, and the coherences progressively decay to zero.

12



1.7 The NMR Signal

The precessing transverse magnetisation generated after the application of a
radiofrequency pulse induces a current in the coil that is arranged perpen-
dicularly to the static magnetic field BY. This oscillating electric current is
the NMR signal, or Free Induction Decay (FID). For easier analysis, this
time-domain signal is converted into a frequency-domain signal by Fourier

Transformation (FT).

The Fourier transform of the FID signal generates the familiar absorption

Lorentzian that is characteristic of NMR spectra:

A
S(w) = 1.43
© = o= (143
where A\ is the coherence decay rate constant, and is given by:
A= ! (1.44)
=T :

The intensity of the peak is maximised when the frequency parameter is equal
to the Larmor frequency. In addition, the full-width at half-height of a peak

contains information regarding the 75, relaxation time constant, as shown in

Figure 1.4.
a b
F'T 1
EE— — «— —
7TT2
Time W’ f2m Frequency

Figure 1.4: Fourier transform of the FID, into the characteristic NMR
absorption Lorentzian peak.
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1.8 Relaxation

Relaxation governs the return of a spin system to thermal equilibrium, which
is described by the T, and T, relaxation time constants. The longitudinal
relaxation time 7} governs the return to equilibrium of the component of the
magnetisation vector that is aligned along the direction of the static magnetic
field BY, usually the longitudinal magnetisation.

The energy levels of a homonuclear two spin-1/2 system of the AX type
(see Figure 1.8) are arranged as illustrated in Figure 1.5. Relaxation pro-

cesses are governed by the 77 time constant.

Figure 1.5: Energy levels of a homonuclear two spin-1/2 system with v > 0,
in the case of strong magnetic inequivalence (AX type). The forbidden zero
and double-quantum transitions are indicated by the dashed lines.

The transverse relaxation time 75 governs the rate at which the trans-
verse magnetisation components decay to zero, and lose phase coherence. In
addition, 75 determines the width of the NMR resonance line, as seen in
Figure 1.4. Generally, T} > T5.

The evolution of the magnetisation vector is given by the Bloch equa-

5,18,23

tions , given as following:

M(t) =~vM (t) x B(t) — —=i — —Yj— —=—k, (1.45)

where M, denotes the thermal equilibrium z-magnetisation.

14



1.8.1 Spin-Lattice Relaxation Time

The solution of the Bloch equations involving the longitudinal magnetisation

component is given in the following:

M(t) = MZ* + (M.(0) — MZ?) exp{—t/T}. (1.46)

The inversion recovery pulse sequence allows the determination of the T}

relaxation time, as follows:
(M) — 7 — (7/2)4, (1.47)

where the delay 7 is varied incrementally. Starting from thermal equilibrium
conditions, a 7 pulse is applied. After the magnetisation is inverted, this is
allowed to recover for a time 7, after which a /2 pulse, of the same phase, is
applied. The integral of each peak is plotted along a time-axis, after which
the T3 time is extracted by linear least squares fitting. A typical experiment

is shown in Figure 1.6.

a b
1.0 P @ D @ o
1803 90; : ;
v - E 05) °?
R= ‘
T . {
> 0.0f?
S _05(?
¢
®
-1.0m
0 2 4 8 10 12

6
T /s
Figure 1.6: (a) The inversion recovery pulse sequence. (b) A typical
inversion recovery experiment. The data points were simulated to obtain

T, ~ 0.48 s.
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1.8.2 Spin-Spin Relaxation Time

The solutions of the Bloch equations involving the transverse magnetisation

components are given in the following:

M, (t) = M, (0) exp{—t/T5},

M,

(1.48)
y(t) = My(0) exp{—t/T>}.

To measure the Th relaxation time, the Hahn spin echo?* method was

first used. The pulse sequence is as follows:
(m/2)y — 71— (m), —T. (1.49)

However, this method is prone to artefacts arising from diffusion due to the
spins experiencing inhomogeneities in the magnetic field, leading to imper-
fect refocusing of the magnetisation, and a shorter 75 than the true value.
To reduce the error arising from diffusion, Carr and Purcell®® proposed the

following scheme:
(7/2)y = [7/2 = (m)y = 7/2]n, (1.50)

where n is the repetition number. In this experiment, the n parameter is
incrementally varied. The amplitude of the successive echoes decays expo-
nentially with the 7, time constant. A significant drawback of this method,
however, is that deviations in the amplitude of the rf field of the m-pulses
leads to the accumulation of errors over the course of the echo train being
applied, because the successive echoes rotate the polarisation vectors further
away from the xy-plane.

A modification of this method was proposed by Meiboom and Gill?%, as

follows:
(m/2)y —[7/2 = (7)s — 7/2]n. (1.51)

A simple phase shift by 7 /2 of the m-pulse. During the sequence, the ampli-
tude of the echoes decreases with the T, relaxation time. A typical T5 spin

echo decay experiment is shown in Figure 1.7.

The Carr-Purcell-Meiboom-Gill (CPMG) spin echo?26 is one of the most
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Figure 1.7: (a) CPMG spin echo decay sequence for the determination of
the Ty relaxation time constant. (b) A typical spin echo decay experiment.
The data points were simulated to obtain 75 ~ 1.01 s.

important pulse sequence building blocks in NMR.

1.9 Coupling Regimes

The relationship between the chemical shift frequency difference A, and the
J-coupling is important, as it governs the behaviour of homonuclear spin-1/2
pairs of nuclei. There are three such cases, as illustrated in Figure 1.8.

The first case is that of weak-coupling, or strong magnetic inequivalence.
In these conditions, the chemical shift difference is much larger than the
J-coupling. This type of system is labelled AX, using the Pople notation?®.

The second case is that of strong-coupling. In this regime, the chemical
shift difference is of approximately the same magnitude, or smaller than the
J-coupling. This type of system is labelled AB. In the case where A < J,
such a system is said to belong to the near-equivalence regime. Much of the
work described in this thesis was carried out in these conditions.

The third case is that of identical chemical shifts. This type of system
is given the Ay label. In the case where the two spins also have identical
couplings to all the other spins within the molecule, the two spins are said to
be magnetically equivalent™®. In the case where two spins belong to the same
isotopic species, and the two spins can be exchanged by a molecular symmetry

operation, then the two spins are said to be chemically equivalent*3.

17



] l 500 Hz

AX l ] 400 Hz

| |
| J I | 200 Hz

| l l | 100 Hz

1}11 75 Hz
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Figure 1.8: Spectra of a two spin-1/2 homonuclear system in an isotropic
liquid as a function of the chemical shift difference A. The simulations were
carried out using SpinDynamica®’, where J = 50 Hz.
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1.10 The NMR Hamiltonians

29-31

In this section, a brief overview of the Hamiltonians relevant to the

treatment of spin systems in isotropic liquid media is presented.

1.10.1 Rotating Frame

To remove the time-dependence of the spin Hamiltonian under the effect of
an external rf field, the laboratory frame of reference is transformed into a
rotating frame.

In the laboratory frame, the magnetisation vector precesses very fast at
the Larmor frequency w’. In a rotating frame, however, the precession occurs
at a much reduced frequency €°, denoted the resonance offset, or offset

frequency. This is the difference between the Larmor frequency, and the

f 3

frequency of the frame w™!, written as follows!3:

Q° =0 — Wt (1.52)

The exact resonance condition applies when w® = w*f, and therefore Q° = 0.

1.10.2 Spin Hamiltonian

The Zeeman Hamiltonian, in the absence of an rf field, is given by:

~ ~ ~

Hy, = H' = —yB°I, = u°I.. (1.53)

The rotating frame spin Hamiltonian is expressed as follows:

= ~

HY=Q°]., (1.54)
where the tilde denotes the rotating frame conditions.
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1.10.3 Chemical Shift Hamiltonian

Electrons surrounding nuclei generate their own magnetic field, which adds
or subtracts from the external applied field BY. The chemical shift therefore
accounts for the surrounding electronic environment around the nucleus3%33.

The chemical shift Hamiltonian can be written in the following form:
Heg=—~I-6- B, (1.55)

where § is the chemical shift tensor:

6$$ yx 521
=0 0, 0. (1.56)
5.1’2 5yz 52’2

The components of & depend on the orientation of the molecule. This rank 2
tensor can be written as the sum of three irreducible Cartesians operators, of
rank 0, 1, and 2. In isotropic liquids, the rapid molecular tumbling averages

out the rank 1 and 2 components.

The isotropic chemical shift is contained within the first part, where d;g, is
the mean of the three principal values, as follows: diso = [(0zz + 0yy + 0.2) /3],
where, if all three values are equal, § is said to be isotropic. If two, or more,
values are different, the tensor é is said to anisotropic. The chemical shift
anisotropy (CSA) is contained within the rank 2 component of the chemical

4 in chemical shift from

shift tensor, and is defined as the largest deviation?®
the isotropic value, daniso = 0.. — diso-

The biaxiality parameter, 0 < n < 1, quantifies the difference between
dyy and 0,5, and is given by the following:

5yy — Oz

= 1.57
! 5aniso ( )

The chemically shifted Larmor frequency is given by:
w? = —yB°(1 4 dis). (1.58)
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1.10.4 Hamiltonian During a Pulse

The rotating frame rf Hamiltonian is given by the following:

A~

H,j = Wyt (L cos ¢y + 1, sin ), (1.59)

where ¢, is the phase of the rf pulse, and wy, = |%yBrf| is the nutation

frequency, where By represents the amplitude of the applied rf field.

The frame transformation removes the time-dependent nature of this in-

teraction. The spin Hamiltonian takes the following form:

H= f[o+f~[rf = Qofz+wnut(fx cosqbp—i—fy sin ¢p,). (1.60)
In the case of an on-resonance (2° = 0), strong pulse of phase 0, the

rotating frame spin Hamiltonian during the pulse is reduced to the following;:

~

H = wai L. (1.61)

For a strong pulse of duration 7, the pulse flip angle [, is given by:
Bp = WnutTp- (1.62)

The pulse propagators are given as the following rotation operators, which

are the exponentials of the spin angular momentum operators:

Rx(ﬁp) = eXp{_iﬁpfx}a
y(ﬁp) = eXp{_iﬁp Ay}a (163)
}?Z(Bp) = eXp{_Zﬂp AZ}'

=5

The spin-1/2 matrix representation of R, (5,) is given as follows:

Ra(y) = ( 3/ ‘“m%ﬂp) . (1.64)

.. 1 1
—isin;f3, coszf;
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1.10.5 Scalar Coupling Hamiltonian

The scalar J-coupling arises from the interaction of pairs of nuclear spins
through bonding electrons. The J-coupling Hamiltonian for a single spin-

pair is given as follows:
ﬁ]w :27T_f1 'le'fz, (165)

where Ji5 is the J-coupling tensor. Like the chemical shift tensor, this rank
2 tensor can also be reduced to three components: a rank 0 component
containing the isotropic J-coupling, a rank 1 antisymmetric component, and
a rank 2 anisotropic component. In isotropic liquids, this tensor is averaged

out by molecular tumbling, and the Hamiltonian is written as follows:
1'—:[] :27TJ12(IA1 'fz), (166)

where Jip = [(J12 + J)2 + J12) /3], which is the isotropic J-coupling.

1.10.6 Dipolar Coupling Hamiltonian

Each nuclear spin-1/2 has a magnetic dipole moment, and generates a mag-
netic field that is experienced by another nucleus in close proximity. The

dipole-dipole Hamiltonian between a pair of spins is given as follows:

: 3 bia(fy - 712) (T2 - -
Hpp = ( 12( 1 7“12)( 2 7“12) —Il~I2>. (1.67)

2
712

The dipolar coupling constant b5 defines the magnitude of the through space

interaction between spins 1 and 2, and is given by:

_’71’7271@ (1.68)

b12 - 3 4 )

where g is the vacuum permittivity, r15 is the internuclear distance between
the two spins, and 7, 2 are the respective magnetogyric ratios.

In isotropic liquids, the short-range intermolecular dipolar couplings av-
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erage to zero. The contribution from the long-range dipole-dipole couplings

is very small, and can be neglected.

1.10.7 Total Hamiltonian

The isotropic3® part of the Hamiltonian H, is made up by H 7, Heg and
H;. The Zeeman contribution, along with the isotropic parts of the chemical
shift and scalar coupling Hamiltonians are rank 0. The rank 2 components
of the chemical shift and scalar coupling Hamiltonians are anisotropic, and
form some of the terms within the fluctuating part of the Hamiltonian H, (t),
which contains the relaxation terms and is time-dependent. The previously

mentioned dipole-dipole Hamiltonian Hpp is also of rank 2.

The total spin Hamiltonian, in the laboratory frame, is given by:

H(t) = Hy+ H, (t) + H, (1),
Hy= Hyz+ Hes + Hy,
Hy (t) = Hy (1),
H, (t) = Hpp (t) + HYE () + HY (t) + Hgr (t) + Hrpar (1),

(1.69)

where Hgp (t) is the spin-rotation Hamiltonian. The spin-rotation mecha-
nism arises due to the interaction between the nuclear spin, and the mag-
netic field generated by the rotation of the molecule itself. It is particularly
relevant in small molecules. An indicator of this relaxation mechanism is the

decrease in the 7} relaxation time as a sample is heated.

The random field motion Hamiltonian, Hppa (t), is given by the random
generation of localised magnetic fields due to molecular motion. For spin-1/2
nuclei, the quadrupolar spin Hamiltonian IEIQ is zero. It however becomes
important for non spin-1/2 nuclei, where the electric charge distribution is
not spherically symmetrical. Consequently, the interaction of the nuclear

quadrupole moment is orientation-dependent.
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1.11 Coherence Order Selection

In NMR experiments, a pulse sequence is applied to manipulate the spins to
obtain the desired effect. At the end of this pulse sequence, an NMR spectrum
is acquired. To obtain a better signal-to-noise ratio, the pulse sequence can
be applied several times, for as many transients as are required, and the
resulting free-induction decay (FID) signals are added to produce the final
spectrum. In this case, the pulse sequence is applied exactly in the same way
for each transient.

On the other hand, there is a technique called phase cycling, where the
pulse sequence is repeated, and all frequency and delays are identical, while
exclusively varying the phases of the pulses. After the experiment is repeated
multiple times, in proportion to the number of steps in the phase list, the re-
sulting FID signals are summed. If the phases are cycled correctly, unwanted
signals cancel out, and the desired spectrum is obtained.

This method has been used as a means to suppress imperfections in NMR
spectra due to artifacts, such as “phantom” and “ghost” signals due to imper-

35 The procedure,

fect refocusing pulses creating transverse magnetisation
however, is more importantly used for coherence pathway selection 3.

A coherence transfer pathway diagram can be used to visualise how the
coherences p are evolving as pulses are applied. Groups of pulses can be gath-
ered together in “blocks”, where the overall phase of the block is cycled with
other blocks’ phases. The coherence transfer pathway diagram in Figure 1.9
illustrates the principle for the refocused INADEQUATE pulse sequence37.

Radiofrequency pulses induce changes in the coherence order, and each
coherence p conserves its quantum number during free precession. The route
of a particular coherence forms a coherence transfer pathway. The system
starts at thermal equilibrium, where p = 0. For convenience, the " symbols
on operators will now be omitted. The zero order coherence level indicates
Zeeman polarisation, with the I;, and I, operators for a homonuclear two-
spin-1/2 system. Other terms are the longitudinal two-spin order 21,15,
and zero-quantum coherence I;7 I, or I I;7. Only single quantum coherences

p = £1 are observable. Specifically, the p = —1 coherence is what is detected
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Figure 1.9: Coherence transfer pathway diagram for the one-dimensional
refocused INADEQUATE pulse sequence, where 7 ~ (4J)~!. At thermal
equilibrium, p = 0. The first block, “A”, consists of 90;180,90; pulses, at the
end of which the double-quantum coherences p = £2 are obtained. This is
cycled with an overall phase ®5. The 907180; pulses form block “B”, with

an overall phase ®5. From double-quantum, the coherence level p = —1 is
reached for quadrature detection. The receiver is cycled with the phase ®,...

by quadrature detection. Part of the p = +1 coherence may be detected3®, if
the receiver channels are imbalanced (imperfect quadrature detection). We
are interested in the double-quantum coherences p = +2, where the relevant
operators are 211,15, and 21y,/5,. After a phase cycle is complete, single-
quantum coherences are suppressed, and double-quantum terms are made

observable.

Phase cycling proved fundamental in the resonance assignment of the
carbon backbone of organic molecules. INADEQUATE proved to be partic-
ularly useful, since it allowed the observation of natural abundance *C spins
in biologically relevant molecules, where *C isotopic labelling can be diffi-
cult, in some cases. The method traditionally works well for weakly-coupled

systems, with a double-quantum coherence excitation time 7"~ 1/ (2.J).

Using the refocused INADEQUATE sequence above (Figure 1.9) as our
example, we see that there are three blocks in total: A, B, and the receiver

rec”, with phases @5, g, and P, respectively. The change in coherence

order for the blocks is: Aps and Apg for A and B, respectively. These are
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written as following:
Apg =pap — 0= +2,
(1.70)
App = —1—pap = -3,
where we have chosen the coherence pathway passing through the p = 42
double-quantum coherence. The receiver phase is always set to ¢... = 1.

The “master equation” is written3® as follows:

®(™ (p) = constant, (1.71)

where m is the cycle counter, and p represents the coherence transfer path-
way.

The number of Ap = 4 steps in the coherence transfer diagram suggests
that our phase cycle needs four transients to complete one cycle. The phase
shift step in the phase cycle is given by: (27) /Ap = /2. This is a 90° step
between each successive transient.

For our system, we write the equation as following:

P (p> - ApA¢A + APB¢B + ¢reca

(1.72)
0= ApAQSA + APB¢B + ¢7‘ec-

Substituting the values, and keeping the phase of the block A stationary
(pa = 0) gives:
0= _3¢B + (brecu

¢rec — 3¢B

It is convenient to construct a table containing the phase list, such as the

(1.73)

one shown in Table 1.2. This particular phase cycle selects for both double-

quantum coherences Ap = +2.
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Table 1.2: Phase list for the selection of double-quantum coherences.

Phase O by P
counter m
1 0 0 0
s 3
3 0 T T
3 T

1.12 Composite Pulses

The Bloch sphere trajectories of the magnetisation after a 90°, and 180°
pulse are given in Figure 1.10. This is for the case of “perfect” pulses. The
first pulse rotates the magnetisation vector onto the x-axis, and the second

inverts it along the —z-axis.

a b

1 1
AR AR W

Z T

a

Figure 1.10: Bloch sphere trajectories of the I, I,,, and I, operators under
the influence of an exact rf field B, starting from the I, operator at thermal
equilibrium. The static magnetic field B? is oriented along the z-axis. (a) In
the case of a (7/2), pulse. (b) In the case of a (7), pulse.

In practice, however, B! inhomogeneity, and resonance offset errors can

lead to the rotation imposed being of a different angle to the desired one.
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This can be due to user error, such as missetting the length of the pulse due
to errors in calibration, or problematic hardware.
To compensate for these pulse imperfections, composite pulses were de-

vised, such as the Levitt composite® 180° pulse, of the following structure:

(1)y = (7/2)y(7)a(7/2)y. (1.74)

This simple scheme accounts for both rf misset, and resonance offset effects,

as depicted in Figure 1.11.

a b

— .y %(\y

Figure 1.11: Bloch sphere trajectories of the I, I,,, and I, operators during
a Levitt composite (), pulse’, starting from the I, operator at thermal
equilibrium. (a) In the case of misset radiofrequency pulse length. (b) In
the case of resonance offset.

Another type of composite pulse is the broadband (BB) composite*!42

pulse 1: BB;. For a pulse with an angle 6, the symmetrised sequence has the

following structure:
(0)y(m)er (27) 6, ()1 (0). (1.75)

where ¢, = arccos (—0/4m), and ¢ = 3¢;. For a 90° pulse, the sequence has

the following form:
BB1(90g00 ) = 45500 1804~ 50360591 50 18057 5045500 - (1.76)
The 180° pulse is given as follows:

BB (18050 ) = 90900 18094 5036035 40 180704 5090500 - (1.77)
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The contour plots shown in Figure 1.12 depict the performance of a 180°
pulse with respect to the B! field inhomogeneity, and resonance offset, for

an “ideal” pulse, a Levitt composite pulse, and a BB; composite pulse.
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Figure 1.12: Contour plots of various magnetisation inversion schemes,
showing the performance of the sequences with respect to B! field inhomo-
geneity, and resonance offset. The darker regions correspond to a better
magnetisation inversion. (a) A simple 180° pulse. (b) A Levitt composite
180° pulse (Equation 1.74). (c) A BB; 180° composite pulse (Equation 1.77).
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Chapter 2

Long-Lived Nuclear Spin States

Relaxation processes govern the return of a spin system to thermal equi-
librium with its surrounding environment. Two prominent relaxation time
constants are 77 and T5. The T} longitudinal, or spin-lattice, relaxation time
constant describes the time required for the spin-populations of a system to
reach thermal equilibrium. On the other hand the 75, or spin-spin, relax-
ation time constant describes the time required for the phase-coherence of

the spins in the system to be lost. Generally, 77 > T5.

Hence, the spin memory of the system in question, and therefore the
time available to perform the NMR experiments themselves are constrained
to a small multiple of T7. Beyond 3-5 T}, spin order is lost irreversibly. A
pathway that leads to extended relaxation lifetimes involves exploiting long-
lived states®3* (LLS). The singlet state is one such example, consisting of
non-magnetic (total spin quantum number I = 0) nuclear spin-1/2 pairs that
are resistant to prominent dissipation mechanisms, such as intramolecular

dipole-dipole relaxation.

In this chapter, singlet and triplet states are introduced, along with a
variety of pulse sequences that have been used to excite singlet order in the

past, and some of the most prominent singlet order relaxation mechanisms.
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2.1 Introduction

The Zeeman states discussed in the previous chapter may be combined to
construct one singlet state |Sy), with total nuclear spin / = 0 (antiparallel
arrangement ), and three triplet states |T.1), |To),|T-1), with I = 1 (parallel

arrangement). They are written in the following form:

Singlet state: [ =0 {|1> =|5) = % (laB) = |Ba)),
12) = [T41) = |aa)
1
7 (laB) +18a))
14) = |T_1) = |86) ,

where « and /3 denote the two spin angular momentum =4(%/2) projections

(2.1)
Triplet states: [ =1 13) = |To) =

along an external axis, and the subscripts {+1,0,—1} refer to the value of
the magnetic spin quantum number m = {I, I —1,...,—1I}.

The dihydrogen molecule, Hs, exists as two nuclear spin isomers. The
nuclear singlet state belongs to the para-hydrogen spin isomer, whereas the
three triplet states belong to the ortho-hydrogen spin isomer. The two pos-

sible arrangements of the spin angular momenta are shown in Figure 2.1.

o o0

Figure 2.1: The two spin isomers of dihydrogen. (a) The ortho-hydrogen
spin isomer, where [ = 1. (b) The para-hydrogen spm isomer, where I = 0.

The singlet state |Sp) behaves as a non-magnetic spin-0 particle®, and is
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invariant under rotation, as seen in the following eigenequations:

Iz |SO> - Oa

I?(Sy) = 0. (22)

Therefore, this state does not generate an NMR signal. In the dihydrogen
case, the signal observed is due to exclusively the triplet states, which behave
akin to the three states of a spin-1 particle. The following eigenquations apply

in this case:
LA\Tv) = M [Ty) (2.3)
I*|Ty) = 2|Tw)
where M = {+1,0,—1}.
The singlet and each of the triplet states have different symmetry under
exchange of the two spins 1 and 2 after the permutation operator (12) is

applied. The singlet state is antisymmetric with respect to exchange:

(12) [So) = — [S0) , (2.4)
whereas the three triplet states are symmetric under exchange:

(12) [Thr) = [Tar) - (2.5)

To convert the exchange antisymmetric singlet state, into any of the
triplet exchange symmetric states, the conversion mechanism itself must be
exchange antisymmetric. As mentioned in the previous chapter, through
space dipole-dipole couplings can be the most prominent source of spin order
relaxation. Highly magnetic nuclei, such as protons, generate strong dipolar

interactions due to their high ~.

The dipole-dipole Hamiltonian may be written® in the following form:
Hpp =11 - D12+ In = I - D2y - I, (2.6)

where D15 is the dipole-dipole coupling tensor between spins 1 and 2.

This Hamiltonian is symmetric upon exchange of the two spins 1 and

33



2, since there is no change in sign. Therefore, the singlet state remains
isolated, while the populations of the triplet states undergo rapid exchange
under the dipole-dipole relaxation mechanism. In practice, the decay of
singlet order, described by the relaxation constant Ts, occurs due to the slow
equilibration between either of the |T'.1),|Tp), and |T_1) populations, with
the |Sp) population.

Consequently, the singlet order relaxation lifetime Ty is generally Tg >
Ty, since T7 processes occur exclusively within the triplet manifold. The

diagram in Figure 2.2 illustrates this concept.

|T_1) y
1Ty : B
0 ‘?
" ‘ \ - |So>
|T4) - -

Figure 2.2: T relaxation occurs within the rapidly interchanging triplet
manifold |7%,) , |Tp), and |7";). The decay of singlet order, described by the
relaxation constant Tg, occurs due to the slow equilibration between either
of the |T1),|T0), and |7-;) populations, with the |Sy) population. Hence,
singlet order is generally longer-lived than longitudinal spin order.

Applications of singlet NMR have ranged from the study of chemical

47,48 49 50

exchange , slow diffusion processes®’, weak ligand-protein interactions®”,

to MRI imaging®!. Long-lived spin order has also been used for the storage
of hyperpolarised spin order 5254,

Singlet NMR methods are not constrained to exotic spin isomers, or com-
plicated molecular systems. In fact, long-lived states can be accessed within
relatively ordinary molecules, and using conventional radiofrequency pulses
that can be programmed in a standard NMR experiment. The later sections
will examine a few of the most common pulse sequences used to access and
manipulate the singlet state.

In historical singlet NMR experiments, a remarkable singlet order time
constant of almost 25 minutes was measured in nitrous oxide®®, and of over

one hour® in a naphthalene derivative at room temperature.
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2.2 Magnetically Equivalent Spin-Pairs

The spin Hamiltonian for a two spin-1/2 A, system can be written as follows:

H=WT, +2rJ(I - I). (2.7)

The matrix representation of H is given as follows, in the singlet-triplet

basis:
|S0) Th)  [To) T1)
3 0 0 0
g 0 w'4+357J 0 0 | 2:8)
0 0 i 0
0 0 0 —w'+1inJ

where the basis kets have been given above every matrix column.

At zero magnetic field, the Larmor frequency w” = 0, and the three triplet
states become degenerate, with a separation of |[yB°| between each other. The
separation between |Sy) and |Tj) is given by [27.J|. In this coupling regime,

the singlet and triplet states are eigenstates of the spin Hamiltonian.

Magnetic equivalence occurs when two spins have the same chemical and
magnetic environment 57, To exploit the singlet state, magnetic inequiva-

lence 57 between the two spins is required.

2.3 Magnetically Inequivalent Spin-Pairs

At high magnetic field, the spin Hamiltonian for a two spin-1/2 AB system

can be written as follows:
H:wo(l+51)]1Z+w0(1+(§2)122+27TJ(I1 'I2), (29)

where 07 is the chemical shift of spin 1, and d, is the chemical shift of spin 2.
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The matrix representation of H, in the singlet-triplet basis, is as follows:

—3nJ 0 swOA 0
01+ 1in 1
" 0 W(d+3X)+57J 0 0 210
TwOA 0 inJ 0
0 0 0 —w'(1+43%)+3nJ

where the sum ¥, and difference A between the chemical shifts is given, as

follows:
Y= 51 + 52;

2.11
A = 6§ — s ( )

The off-diagonal terms of the Hamiltonian contain the chemical shift dif-
ference term, which connect the |Sy) and |Tp) states, inducing transitions

between the two states.

The singlet and triplet states are not exact eigenstates of the Hamiltonian

at high magnetic field. The eigenstates are given by the following:

|So) = 1S0) cos (Bst/2) + |T) sin (Ost/2),

[Ty = Ts1). (2.12)
Ty) = |To) cos (Bs1/2) — |So) sin (Ast/2),

|Ti1> = ’T*1>7

where |S)), |T%,) |T3), and |T”,) are the perturbed states. These are equal
to the unperturbed states when the chemical shift difference A = 0. The

singlet-triplet mixing angle fgr is given®® by the following:

fs1 = arctan (%) (2.13)

This angle approaches /2 for weakly-coupled spins, and st < 30° for
strongly-coupled spins. A very strongly-coupled spin-pair is said to be near-

equivalent.
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2.4 Singlet Order

A spin state can be represented by [¢). The population operator for this
spin state is given by:

Py = 1¢) (¢l (2.14)

The population operator for the singlet state Pg, is can be written in all

the following forms®®:

Ps, = [S0) {Sol
= 2 (I8} (@8] ~ aB) (5ol ~ |5a) {af] +|5a) {Sal)
= 31—11 - I (2.15)
= il - %[(11 Iy Iy) + 2 (5 D)

1
= 11+ V3Tg;,

where Tg2 represents the rank 0 spherical tensor operator for the I; and
I, spins, and 1 is the identity operator. These equalities are expressed in
multiple bases for completeness. First is the singlet triplet basis, then the
Cartesian product operator basis, shift operator basis, and finally the spher-

ical tensor operator basis.

A table containing the spherical tensor operators for a homonuclear two-

spin-1/2 system can be found in Appendix A.

The remaining population operators Pr, , Pr, and Pr_, can be written
in an analogous manner, shown elsewhere. We focus our attention on the

population differences between the states.

Longitudinal order (LO) is the population difference between the outer
triplet states |7_1) and |1 1):

LO = Pr, — Py,
= |T1) (Tha| = [T21) (T4 (2.16)
- Ilz + 122'
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We define singlet order as the population difference between the singlet

state, and the mean of the three triplet states:

PT+1 + PTO + PT_1
3
= |So) (So| — | T 1) (Toq | + |To) (To| + |T-1) (T4

3
4
=—3hi I (2.17)
2
= —g[(ff A5 410 Iy) +2 (s - 1)

2
- 2o

V3

SO = Ps, —

The aim of singlet NMR experiments is to convert LO into SO at will,
and the reverse transformation to obtain observable magnetisation. However,
some of the routine pulse sequences that allow for magnetisation-to-singlet
and singlet-to-magnetisation conversion often do not produce pure singlet
order alone. These procedures exploit the |Sp), |Tp) population imbalance,

which generates pseudo-singlet order (pSO). This is calculated as following:

pSO = PSO — PTO
= [S0) (So| — |To) (To|
2[([f . [2+ + [1+ . [5) + 2 ([1z . IQZ)]+

V3 (2.18)
L (I 1) — I Iy +4 (1 - Iy)]

3
2 6
- S+ Y1y

/3 3

The presence of the spherical tensor operator of rank 2 can then be removed

by a filtering stage during experiments, such as the Ty filter, illustrated in
Figure 2.14. This allows only the isotropic magnetisation to pass, removing

any rank 1 and rank 2 spherical tensor operators®.

The theoretical maximum efficiency®®6! that can be achieved in experi-
ments with the conversion pathway LO — SO — LO is 2/3. The LO — SO
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pathway has a conversion efficiency of 1, however the backward SO —
LO transformation has a conversion efficiency of 2/3. The bounds® on
each transformation are different, since the two operators have two different

59,61

norms The two efficiencies are multiplied together to obtain the 2/3

conversion efficiency value for the overall conversion pathway.

2.5 Singlet Filtered NMR Spectroscopy

In the magnetic equivalence regime, the singlet state cannot be observed,
since it is non-magnetic. In this regime, the singlet and triplet states ex-
change rapidly, and the special long-lived character of the singlet state is not
revealed, since the triplet states undergo rapid relaxation.

To prepare, and then observe singlet order, the symmetry of the spin
Hamiltonian must be switched® at determined points during the experiment
by suppressing the chemical shift terms. The next stage involves reinstating
the symmetry to prevent further singlet-triplet coherences from occurring.
The equilibration of populations between the two states would destroy singlet
order, since the population imbalance is evened.

In the first demonstration of a singlet NMR, experiment in 2004 by Car-

ravetta 458

et al., the sample was adiabatically transported within the fringe
field of the spectrometer. Using this method, magnetic equivalence was im-
posed between the proton spin-pair within the 2,3-dibromothiophene AX
type molecular system. Doing so suppresses any chemical shift effects, main-

taining symmetry. The pulse sequence is given in Figure 2.3.

High Field

Low Field \. /

90 902, 905 1805 905

r.f. 71 TLF H T2 ﬂ T3
IS

Figure 2.3: The first pulse sequence used to excite singlet order*
magnetic field, between weakly-coupled pairs of spins.

4 at low
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The first part of the sequence creates the zero-quantum coherence between
the |Sp) and |T}) states, where 71 = 7/Ad. The second part of the sequence
allows the NMR signal readout, where 7 = 7/(2A0), and 73 = 1/(4.J).

During a low-field storage time 7, singlet order decays with its charac-
teristic longer lifetime Ts, compared to 77. While the exchange symmetry is
in force, singlet NMR signals cannot be observed, since this form of spin order
is not magnetic. As a consequence, the symmetry is broken again by applying
a high magnetic field, and the singlet-triplet transitions resume. Following
further rf pulses, singlet order is transformed into longitudinal order, which

can then be made observable by NMR.
At high magnetic field, the singlet and triplet states are eigenstates of

the Hamiltonian, provided that an rf spin-locking field of an amplitude larger

than the difference between the chemical shift frequency difference between

d64’65

the spins is applie In these conditions, the spin-lock suppresses the

43,65 ;

chemical shift terms within the spin Hamiltonian. The pulse sequence S

depicted in Figure 2.4.

905 1802 907 90°

|:| |:| |:| Ty |:|
T1 T2 7'3‘ '7'5

Figure 2.4: The first pulse sequence used to excite singlet order*® at high
magnetic field, between weakly-coupled pairs of spins.

At the start of the pulse sequence, the thermal equilibrium density oper-
ator p; = Iy, + I5,. The first part of the sequence consists of three pulses and
delays: 90, — 7 — 180, — 7 — 90, — 73, where 7y = 1/(4J), 7o = 1/(4J) +7/A,

and 73 = m/(2A). The density operator p, can be written as follows:
pr=—(ITLy + 1T L), (2.19)

which is a zero-quantum coherence. This state is allowed to evolve under a

resonant rf field of low power for a time 74, which suppresses the chemical
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shift difference. In the singlet-triplet basis, py is expressed as follows:
p2 = 150) (Sol — [To) (Tol , (2.20)

which corresponds to pseudo-singlet order (Equation 2.18). After the spin-
lock, the delay 75 = m/(2A) and a 905 pulse are applied, which convert the

singlet population into observable antiphase single-quantum coherences.

2.6 Singlet NMR of Near-Equivalent Spins

The pulse sequences introduced in the previous section work well in AX
molecular spin systems, where the chemical shifts are well-resolved in the
NMR spectrum. In this section, we briefly introduce pulse sequences that
are able to operate in the strong-coupling regime, where the chemical shifts
are not well-resolved. Such spectra display an AB pattern, or even a pseudo-
A, type single peak. Working within this regime presents some advantages,
such as not needing to suppress the chemical shift difference by field-cycling,
or applying a spin-lock.

To follow the transformation of one state into another during the appli-

cation of a pulse sequence, it is convenient to work with single-transition

operators®-%7. For a two-level subspace of the states |r) and |s), these are
defined as follows: |
;"= 5 (Ir) {s[ + Is) (r])
1
L = o () (s = Is) {r),
i (2.21)
2= 5 () {rl = 1s) (s1)
1 1
_1rs — .
S0 = 5 (1) ]+ ) (s

2.6.1 MZ2S-S2M

To generate an AB molecular system, the symmetry of the molecule can be
broken by several methods. One example consists of dissolving *Cy-oxalate®®

into a mixture of Dy'%0 and H,'O. The substitution of 'O nuclei for **O

41



nuclei within the molecule results in changes in the vibrational wavefunction.
The change in fractional mass results in small isotope shifts, of the order of
parts-per-billion, to be generated. Other symmetry-breaking mechanisms
employ a remote stereogenic centre within the molecule®, and a slightly
asymmetrical functional group distribution™ around the singlet spin-pair,
which we will encounter in the following chapters.

The small difference between the chemical shifts is sufficient for the M2S-
S2M pulse sequence to prepare singlet order. The full pulse sequence is drawn
in Figure 2.5. Generally, singlet NMR pulse sequences display this type of
structure. First, singlet order is prepared. This is followed by a relaxation
delay Tyelax, Where singlet order is allowed to evolve/decay. The Ts time may
be extracted by the incremental variation of the 7., delay, and subsequent
fitting of the integrated signal to an exponential decay function. The last step
of the sequence involves singlet order being converted back into longitudinal

magnetisation, after which the NMR signal is acquired.

i ii iii iv %
Magnetisation- ' pojayation  Filtration Singlet-to- Acquisition
to-singlet magnetisation
T n
relax
4 M2S Too H S2M UnUAVA"A"A"M

Figure 2.5: (i) The M2S pulse block excites singlet order. (ii) Singlet order
evolves during the relaxation time Tieayx. (iil) A Tog filter removes any non-
singlet operators. (iv) A time-reversed M2S sequence is applied: S2M, with
the omission of the final 90; pulse (see Figure 2.6). (v) The NMR signal is
acquired.

The magnetisation-to-singlet #7172 (M2S) part of the sequence employs
J-synchronised spin-echo train of pulses to induce singlet-triplet transitions.
The singlet-to-magnetisation (S2M) sequence is the time-reversed M2S se-
quence, which converts singlet order back into longitudinal magnetisation.
Figure 2.6 illustrates the M2S and S2M blocks of pulses.

The initial 90, pulse generates singlet-quantum coherences within the

triplet manifold. Then, a J-synchronised train of spin echoes (JSE) is applied
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M2S S2M

90; 1802 90, 180; 180; 90, 180; 90;
TJ ’_‘ TJ H TJ TJ ’_‘ TJ TJ ’_‘ TJ TJ H TJ ’_‘ TJ
U i i IS

%/—J ~————— ~—————— %/—J

N9 times ni times n; times N9 times

Figure 2.6: (a) Magnetisation-to-Singlet (M2S) pulse block structure. An
initial 90, pulse is applied, followed by a J-synchronised echo train, where
77 ~ (4J)71, is applied for ny &~ 2 x [round (7 /40sr)] times. After a 902
pulse and another delay 7, a second J-synchronised echo train is applied for
ne times, where ny = 2n,. (b) Singlet-to-Magnetisation (S2M) pulse block
structure. This is the chronological reverse of the M2S sequence.

ng times, which converts the single-quantum coherences into outer singlet-
triplet (OST) coherences™ (|T1)-]So) or |T-1)-|So)). The desired |Ty)-|So)
zero-quantum coherence is then generated by the 907 pulse. After a delay
77 &~ (4J)7, the second echo train is applied n; times to create the popula-

tion difference between |Ty) and |Sp), which is singlet order.

The procedure can be visualised as a trajectory taking place in the zero-
quantum subspace spanned by the |Sy) and |7T}) states. The overall effect of
the JSE train of pulses results in the |.Sy) and |Tj) states mixing. This is gov-
erned exclusively by the chemical shift difference, and the more magnetically-
equivalent the two spins, the longer the singlet-triplet conversion, increasing

the likelihood of encountering relaxation losses.

After an evolution time Tyey, the S2M sequence (without the final 90,
pulse) shown in Figure 2.6, is applied for readout. The trajectories of the
operators involved in the pulse sequence are illustrated in Figure 2.8. This
simple simulation does not include a Ty filtering step. In this case, the
spin order is fully converted back to transverse magnetisation I,, because

the norm of the density operator is preserved throughout the sequence. If
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JSE

1807

i i

Ny times

Figure 2.7: Bloch sphere trajectory of a JSE train of echoes, during the
M2S pulse sequence. (a) Structure of a J-synchronised echo (JSE). This is
repeated by an echo number ny. (b) The buildup of the echoes causes the |Sp)
and |Ty) states to mix. The overall effect is that of a 729 rotation in the zero-
quantum subspace spanned by the |Sy) and |Tp) states. The SpinDynamica®
parameters used were A = 4.05 Hz, J = 40.1 Hz, and n, = 16.

singlet order filtration had been employed at the midpoint of the sequence,
selecting for the operator —4/3 (I - Iz) (whose operator norm is 4/(2/3)
times the operator norm of I,), only a maximum of 2/3 of the magnetisation

could have been observed at the end of the sequence.

The M2S-S2M pulse sequence is designed to operate at high magnetic
field, and in the strong-coupling/near-equivalence regime. A modification
of the M2S sequence achieves robust singlet order excitation for systems
well into the intermediate coupling regime, where the chemical shift differ-
ence and the J-coupling are of similar magnitude. This is the generalised
magnetisation-to-singlet ™ (gM2S) procedure. For readout, the chronological

reverse of gM2S, gS2M is applied.

A pulse sequence devised to achieve magnetisation-to-singlet conversion
strictly within the weak-coupling/strong inequivalence regime is known as
the Sarkar?” pulse sequence, which involves a composite pulse decoupling ™
step. This procedure does not work very well outside strong inequivalence

conditions.
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M2S { S2M

90 1802 90° 180° 180° 905 180;
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Figure 2.8: Time evolution of the singlet order operator (—3(I; - I)),
the single-transition operator for one of the outer singlet-triplet coherences
2[;2, and the x-magnetisation operator during the M2S-S2M pulse sequence.
The SpinDynamica®’ parameters used are given in Table B.5 for 1,3-3C,-
squarate.
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2.6.2 SLIC

Spin-Lock Induced Crossing (SLIC) 768! is another method of exciting singlet
order. After an initial 903 pulse to generate transverse magnetisation, a spin-
lock is applied. This is the SLIC block. The sequence is depicted in Figure
2.9.

905
CWoyrgoe | | wSUC =y
e
TSLIC = ~— /=~
V2A

Figure 2.9: After an initial 907 pulse, a continuous-wave (CW) pulse is
applied, a spin-lock. This SLIC block must satisfy two requirements: First,

its nutation frequency wSL® = w;, and second, the duration of the pulse

msric = (V2A)~'. A 90° phase shift is applied with respect to the initial
excitation pulse.

76,82

The following matching conditions must be satisfied:

1. The nutation frequency w,,; of the SLIC pulse must equal the intra-pair

J-coupling w; = 27.J between the spin-pair being studied.

2. The duration 7gp1c is synchronised with the chemical shift difference A

between the spin-pair under consideration, as follows: 7g11c = (\/ﬁA)_l.

Figure 2.10 shows SLIC integrated inside a wider pulse sequence for the
purposes of singlet filtering and readout. After exciting singlet order, this
evolves during a storage time Tyax. This time can be varied in incremental
steps to ultimately extract the singlet relaxation lifetime Ts. The filtration
procedure removes any non rank 0 spin operators by the means of a Ty
filter (Figure 2.14). A second SLIC pulse generates observable magnetisation

again, and the signal can be readout.
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i ii iii iv \%

Magnetisation- oo ation = Filtration Singlet-to-
to-singlet magnetisation

SLIC JV%WW

Figure 2.10: (i) Following an initial 90° pulse, the first SLIC pulse block
excites singlet order, as described in Figure 2.9. (ii) Singlet order evolves
during the relaxation time Tyelay. (iii) A Ty filter (Figure 2.14) removes
any non-singlet operators. (iv) The second SLIC block allows the system
to return to observable magnetisation for readout. (v) The NMR signal is
acquired.

Acquisition

SLIC relax TOO

To draw an analogy with M2S, in this case the M2S echo trains have
been replaced by a spin-lock, whose nutation frequency is matched to the
J-coupling between the two spins. During the spin lock, polarisation trans-
fer occurs between the singlet and one of the triplet states. SLIC generates
singlet order faster compared to M2S, since 7gric = (\/§A)_1 > Tvmas =
[(37) / (8A)], where A is the chemical shift difference between the two spins.
However, the method is especially sensitive to rf field inhomogeneities and
resonance offset effects. Therefore, it is less robust with respect to experi-

mental imperfections, compared to M2S.

2.6.3 PulsePol

The PulsePol® sequence was originally engineered for optimal electron-nuclei
polarization transfer in the study of nitrogen-vacancy (NV) centres in dia-
mond®. Recently, it has been adapted by Sabba®® et al. for singlet order

85-88

excitation . The pulse sequence consists of R-elements, repeated in al-

ternating phases. This notation is already known3% from symmetry-based
recoupling theory, originally developed for MAS solid-state NMR %1794,

An RN} sequence is constructed from two basic R-elements: R and
R(L;a- Each element is required to induce a total 7w rotation of the spins

about the z-axis. The simplest R-element is therefore just a simple 180°
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pulse, with a phase ¢ = (7v)/N radians. Each R-element must achieve the
required rotation within a duration 7 = n/(N.J). The second R-element,
RY ¢ is built by changing the sign of all phases of the pulses belonging to the
first R-element. Each pair of elements is repeated N/2 times. The symmetry
numbers N, n, and v are integers. These define the selection rules by which
the RNY sequence operates, which are described elsewhere®92. Figure 2.11

shows the process of building an RN, sequence.

a b c
RN? RY RY,
| 90°,, 1805 907,  90°, , 180°, 90°,
Ry, | RY,
N/2 times | R | | TR

Figure 2.11: (a) A RN} sequence is constructed from two basic R-elements:
7?,2) and Rg’¢. The pair is repeated N/2 times.(b) Each R-element must have
the effect of generating an overall 7 rotation of the spins about the z-axis,
with a duration of the R-element 7 = n/(IN.J). This can be achieved by a
pulse, sandwiched between two /2 pulses, each shifted by 90° in phase. The
phase ¢ is given by ¢ = (7v)/N radians.(c) The second R-clement, R‘l’(ﬁ, is
built by giving a sign change to all the phases of the first R-element, Rg.

Although other combinations of symmetry numbers were examined®®, the
R4} specific R-element has shown the highest efficiency in exciting singlet
order in solution, especially in its “rifled” implementation®. This is achieved
by introducing an additional 180° phase shift on the central pulse within the
second R-element. As a result, this sequence is more robust compared to
M2S-S2M with respect to rf error compensation. Figure 2.12 shows the
general structure of the riffled implementation mode of PulsePol.

Similarly to other singlet NMR pulse sequences, PulsePol can also be in-
cluded inside a pulse sequence module that allows for singlet order excitation,

storage, filtration, and readout, as depicted in Figure 2.13.
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riffled RN;; (R)e (R%)-

90°,, 1805 905,  90°, ,180°, ,90°,

4

(RYe | (RE)—s

L J

N/2 times TR TR

Figure 2.12: (a) A RN} sequence is constructed from two basic R-elements:
(RY%)s and (Rg),¢. The pair is repeated N/2 times. (b) Each R-element
must have the effect of generating an overall 7 rotation of the spins about
the z-axis, with a duration of the R-element 7 = n/(NJ). This can be
achieved by a 7 pulse, sandwiched between two 7/2 pulses, each shifted by
90° in phase. The phase ¢ is given by ¢ = (7v)/N radians. (c) The second
R-element, (Rg),d), is built by giving a 7w phase shift to the central 180°
pulse, and a sign change to all the phases compared to the first R-element.

i ii iii iv \Y
Magnetisation- ) ; ] Singlet-to- I
to-singlet Relaxation Filtration magnetisation Acquisition

|

R4:1)) relax TOO H R4§

Figure 2.13: (i) The R4} sequence, known as “PulsePol”, excites singlet
order. This can be the standard implementation, or riffled. (ii) Singlet order
evolves during the relaxation time Tyeax. (iii) A Too filter removes any non-
singlet operators. (iv) PulsePol is applied again to return to z-magnetisation,
and a final 90° pulse is applied for readout. (v) The NMR signal is acquired.
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Chapter 4 illustrates a new application of the PulsePol and SLIC pulse se-
quences. These procedures are well-established in the singlet NMR of nearly-
equivalent spins, and have now been adapted? to excite double-quantum co-
herence in this coupling regime, since the standard methods are inefficient.
We present a new variant of SLIC that is more robust with respect to devi-
ations in the 1f field amplitude®®, compared to the standard SLIC method.

2.6.4 Rank 0 Spin Order Selection/Suppression

In cases where singlet NMR experiments require repetition, such as when
acquiring multiple transients, or measuring the singlet order decay time con-
stant Ty, a waiting time of 3-5 Ts between transients is recommended. This
exceeds the ordinary 3-5 77 requirement, since singlet relaxation is generally

slower than longitudinal relaxation.

A time-efficient way of carrying out such experiments involves removing
residual singlet order by applying a Singlet Order Destruction® (SOD) filter

prior to the start of the pulse sequence, as described in Figure 2.14.

Firstly, the populations of the three triplet states are equalised with a Ty
filter. This consists of a series of alternating hard pulses with well-defined
phases, and gradient pulses, resulting in any non-singlet order being de-
stroyed. Secondly, the populations between the singlet state, and the central

triplet state are exchanged via a J-synchronised CPMG-based sequence.

This is repeated a number of m ~ (27/3)/(20st) times to achieve max-
imum destruction of singlet order. The j parameter is optional, and where
it is included in the sequence, its value is chosen to be between 3 — 5. The
Too filter and J-synchronised block can be further repeated as a whole for j

times optionally, usually up to five loops, to maximise the SOD effectiveness.

The Ty filter consists of a series of alternating pulsed field gradients
and radio-frequency pulses that aim to dephase any operators that do not
have the symmetry of the Ty operator indicative of singlet order, thereby

allowing only singlet operators to pass through. It can be written in the
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following form:
G —90%,, — G2 —90; —90°, —Gj, (2.22)

where 6, ~ arctan y/2, or the magic-angle (54.7°).

a b
Too SOD
905, 905, 90°, 1803
H TOO T T
I

.
‘_._‘ 7 times

Figure 2.14: Singlet order filtering modules. (a) Description of the Ty, fil-
ter used in singlet NMR experiments, where the phase 6,, =~ 54.7°, the magic
angle, and G, Gy and Gj3 indicate field gradients. (b) Singlet order destruc-
tion?® (SOD) filter, used to remove residual singlet order from the system.
The delay 7 ~ (4.J)~!. The darker colour indicates the implementation of
a composite 180° pulse?’. Adapted from Heramun et al.!, J. Chem. Phys.
163, 074201 (2025), Supporting Info; licensed under a Creative Commons
Attribution (CC BY) license.

2.7 Singlet Order Relaxation Mechanisms

The following sections briefly summarise the major singlet order relaxation
mechanisms. These are the dipole-dipole, chemical shift anisotropy, and spin
rotation mechanisms. Other mechanisms that contribute to singlet order
relaxation include interactions with paramagnetic species, such as oxygen,

and fast-relaxing quadrupolar nuclei®”.
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2.7.1 Intra-Pair Dipole-Dipole Mechanism

This mechanism involves the dipole-dipole interactions between the two spins
in the singlet pair. The contributions to the longitudinal relaxation rate

RIPP | and the singlet order relaxation rate RiS’DD are given® as follows:

, 3
RI—DD — —b2 T,

: 2127 (2.23)
RPP =0,

where 73 is the rotational correlation time for this rank 2 interaction. Singlet

order is unaffected by the intra-pair dipole-dipole relaxation mechanism.

The rotational correlation time 7, corresponds, roughly, to the mean time
required for the molecule to perform a rotation by one radian. In the extreme

narrowing limit, w’7, < 1, and 7} is inversely proportional to ..

2.7.2 Out-of-Pair Dipole-Dipole Mechanism

This mechanism presents itself from the dipole-dipole coupling of spins 1
and 2 within the singlet pair, and a third spin 3, within the same molecule.

The contributions to the longitudinal relaxation rate R(fp*DD, and the singlet

. —DD . .
order relaxation rate Rg are given®® as follows, for spins 1, 2, and 3:

1
RPTPP = S(3b, + by + b3y) 7o,
1 2( 12 13 23) 2 (2.24)

RgprD = (bi), + b%& — 2b13b23P2 COS (@13723))7'2,
where Py(x) = 1/2(32? — 1) is a Legendre polynomial®®, and ©;3,3 is the

angle between the vectors connecting spins 1 and 3, and spins 2 and 3.

The contribution of the out-of-pair dipole-dipole mechanism decreases
with a 778 dependence, where r is the distance between spin 3, and the
centre of the singlet spin-pair. In the context of synthesising ideal molecules
containing spin-pairs that are able to form a long-lived state, it is important

that the singlet spin-pair is sufficiently isolated from other spins.
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2.7.3 Chemical Shift Anisotropy Mechanism

As previously mentioned in Chapter 1, the chemical shift tensor § (Equa-
tion 1.56) can be further reduced to three components: a rank 0 isotropic
component dis,, a rank 1 antisymmetric component 6—, and a rank 2 sym-

metric component 6, written as follows for a single spin:

100 0 Ay Ay
6 — 5150 0 1 0 + —Azy O Ayz +

(2.25)
5.1’1‘ - 5130 (dcy + 5y$)/2 (61’2 + 6z$)/2

(5901/ + 5yw)/2 5yy — Jiso (5yz + 5zy)/2 )
<5a:z + 52:{:)/2 ((Syz + 5zy)/2 5zz - (5iso

Where Am/ = (5:53/ - 5yx)/27 Azz - (5232 - 5zz)/27 and Ayz - (61/2 - 62’3/)/2

Both the symmetric and antisymmetric components cause the relaxation
of longitudinal and singlet order. In special circumstances, however, singlet
order remains unaffected by this relaxation mechanism. The detailed deriva-

5998 “and is herein

tion of the expressions given below is explored elsewhere
reported to provide a better understanding of the mechanisms underlying

singlet order relaxation.

If the 6" symmetric component of the chemical shift tensor is identical for
two spins, 1 and 2, the contribution of the CSA™ mechanism to singlet order
relaxation vanishes, while the contribution to longitudinal order relaxation

persists, as follows®:

9
RCSA+ _ 7 BY)?2 Samico 2(3 2
1 457172( ) 72( )*(3+1), (2.26)

RSN =0,

If the biaxiality parameter n; for spin 1, and 7, for spin 2 are both zero, the
contribution of the CSA™ mechanism to the singlet order relaxation depends

exclusively on the angle © between the two principal z-axes of the 0T tensors
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of each nucleus making up the singlet spin-pair, as follows%:

2
RgSA+ - 2_’77172(8(])27-2 [2(6almiso)2 + 2(5Zni50)2 - 5inisodgniso(1 + 3 008(2@))} :
(2.27)

The contribution of the CSA™ mechanism to the longitudinal and singlet

order relaxation rates is given as follows®, for two spins 1 and 2:

-1
R?SA = 57172<BO)2T1[(Aiy)2 + (Aiy)Q + (Aalvz)2 + (A§z>2 + (Aiz)Q + (Azz)zL

REA = Synal(BOPml(AL, — A% + (AL, — AZ)" + (AL, — AL,

(2.28)
where 7 is the rotational correlation time for this rank 1 interaction. The
contribution of the CSA™ mechanism to singlet order relaxation can therefore
be minimised, if the antisymmetric part of the chemical shift tensor for each

of the two nuclei making up the spin-pair is similar to the other.

Note that the rotational correlation times for interactions of differing

ranks are different®, as follows:
™ = 37’2, (229)

which may result in the CSA™ mechanism having a greater effect on longitu-

dinal and singlet order relaxation, compared to the CSA™ mechanism.

The expressions for the CSA* ! mechanisms on the rate of singlet order
relaxation can be written as follows?:
CSAT 4 0\2 +112
RGN =SBVl A6,
5 (2.30)
R = 57172(30)271||A5_||27
where AdT and Ao~ are the difference between the symmetric/antisymmetric
parts of the chemical shift tensor, and are calculated as follows for spins 1
and 2:
AST =61 — 6,

2.31
Ad™ = 51_ — 09, ( )
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in the molecular reference frame, and where the Frobenius norm applies. For

a 4x4 matrix Q, ||Q|| = /Tr(QQ").

2.7.4 Spin-Rotation Mechanism

The spin-rotation relaxation mechanism is especially prominent in small,
symmetrical molecules in non-viscous solvents, or in the gas phase. It arises
due to the coupling between the singlet spin-pair nuclei, and the magnetic
field generated due to the rotation of the molecule itself as it tumbles.

One of the most notable examples of a molecule that displays a dominant
spin-rotation contribution to the relaxation of its singlet order is *N,O,
nitrous oxide. It has been shown®%% that, in the case of pure spin-rotation,

the following ratio between Ts and 77 applies:

Ts  Ci+C3

T~ 3G - G 23

where C] and Cy are the magnitudes of the spin-rotation couplings for the

two inequivalent °N sites within nitrous oxide.
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Chapter 3

Singlet NMR in a Case of High

Molecular Symmetry

Coupled pairs of spin-1/2 nuclei support one singlet state, and three triplet
states. Singlet order is defined as the mean population difference between the
singlet and triplet manifolds. Nuclear singlet order decays with a relaxation
time constant Tg, that in suitable conditions may be slower than the decay of

longitudinal magnetisation, characterised by the 7} relaxation time constant.

In this chapter, we explore the nuclear singlet relaxation of a highly sym-
metrical isotopologue of the squarate molecule in high pH conditions. The
1,3-13Cy-squarate species of interest is present in minor quantities in an aque-
ous solution of *C;-squarate. To break the symmetry of this molecule, 8O-
enrichment was used, providing access to *Cy double-quantum coherence,
and '3C, singlet order. Secondary isotope shifts of the *C NMR resonance

were measured in high and low pH solutions.

The 3C signals from the '8O-enriched 1,2-'3Cs-squarate and 1,3-3C,-
squarate species were selectively acquired by applying the geometric double-
quantum (GeoDQ) filtering pulse sequence. The double-quantum coher-
ence was subsequently converted to singlet order, and back again, using the
double-quantum-to-singlet (DQ2S) and singlet-to-double-quantum (S2DQ)
pulse sequences. We report the 3Cs-singlet lifetime measurement of *O-

enriched 1,3-13Csy-squarate in high pH conditions, and at high magnetic field.
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3.1 Introduction

The squarate dianion is the conjugate base of squaric acid. Squarate is planar
and rigid, thanks to resonance stabilisation from m-electron delocalisation
within the ring, as shown in Figure 3.1. This highly symmetric structure

possesses Dy, point group symmetry %:

— —_ 2-
O,}, 3 /O
A
Ji.d 2
04' 1 ‘\"O

Figure 3.1: Molecular structure of the squarate dianion (IUPAC: 3,4-
Dihydroxycyclobut-3-ene-1,2-dione).

Within this molecule, the long-lived state of two different pairs of 3C,-
spins in solution is available to access: 1,2-'3Csy-squarate, or 1,3-13Cy-squarate.
The first structure has previously been studied*® by singlet NMR, where
proton exchange effects were shown to induce premature singlet relaxation.
When the exchange effects were minimised, namely at high pH, singlet order
was successfully generated, and the singlet lifetime relaxation constant Tg
was measured. The second species remains unexplored so far.

The two 13C sites within 1,2-3Cy-squarate are related to each other by a
7/2 rotation about the Cy principal rotation axis perpendicular to the centre
of squarate. Their respective CSA tensors have the same values. However,
the principal axes of the two CSA tensors are not identical, since they are
also related by a /2 rotation about the C axis. The *C CSA tensors of 1,2-
13Cy-squarate were calculated using ORCA !, and are represented by oval-
0ids192193 " These are overlaid with the squarate backbone in Figure 3.3(a).
Since the two 3C tensors have different orientations, the difference between
the two CSA tensors, which contributes to singlet order relaxation 931047106
is non-zero. Therefore, even though the squarate dianion itself is highly sym-
metrical, the two C nuclei of 1,2-13C,-squarate are not positioned in the

favourable configuration that results in the suppression of the CSA contribu-

o8



) 13C

Figure 3.2: Molecular structures of the squarate dianion, containing one
or two '3C atoms, indicated by filled circles. The squarate dianion is the
dominant species in high-pH solutions of squaric acid. (a) 3C;-squarate;
(b) 1,2-13Cy-squarate, as studied in Ref.?®; (c) 1,3-1*Cy-squarate. In the
current work, double-quantum filtering is used to suppress the *C NMR
signals of 13C;-squarate, allowing the observation of signals from the 1,2-3C,-
squarate and 1,3-'3Cy-squarate isotopologues. Adapted from Heramun et
al.', J. Chem. Phys. 163, 074201 (2025); licensed under a Creative Commons
Attribution (CC BY) license.

tion to singlet relaxation. This applies to the contribution of the spin-rotation
mechanism® to singlet relaxation as well.

On the other hand, the ¥C, nuclei within the 1,3-3C,-squarate isotopo-
logue, shown in Figure 3.2(c), are arranged in the optimal symmetry required
for the effective suppression of CSA relaxation. The two 3C sites are related
by inversion of symmetry operation about the inversion centre ¢ lying in the
centre of squarate, in addition to a 7 rotation about the two (5 rotation axes,
and 2  7/2 rotations about the Cj principal rotation axis. Generally, any
two molecular sites related by inversion have identical CSA and spin-rotation

07 as shown in Figure 3.3(b). As a consequence, the CSA and spin-

tensors?
rotation contributions to the ¥*Cj, singlet relaxation of 1,3-*Csy-squarate is
completely eliminated, assuming the molecule remains rigid.

To ultimately study the *C, singlet order of 1,3-13C,-squarate by experi-
ment, a few more steps are required. First of all, the 1,3-13Cs-squarate species
could not be synthesised directly, due to difficulties during the synthesis. In
order to overcome this challenge, we instead examined a sample containing
13C,-squarate where, of the four positions in the carbon skeleton (C1-C4 (Fig-

ure 3.1)), one was carbon-13 labelled (C1) during the synthetic procedure.
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Figure 3.3: Ovaloid representations!¥>19 of the *C CSA tensors, super-
imposed on the structure of the squarate dianion (C;0,%7). (a) The *C
CSA tensors of 1,2-1¥Cy-squarate. (b) The *C CSA tensors of 1,3-13Cy-
squarate. Further details on the tensor calculations are given in Appendix
B.1.1. Adapted from Heramun et al.!, J. Chem. Phys. 163, 074201 (2025);
licensed under a Creative Commons Attribution (CC BY) license.

However, this results in the smaller signals arising from the 3Cy-squarate iso-
topologues being obscured by the strong signals given by the *C;-squarate
species in the *C NMR spectrum. Fortunately, double-quantum filtration
methods such as the INADEQUATE pulse sequence!®® have been used ex-
tensively to selectively detect natural-abundance '3C signals from coupled
130, species, while suppressing the large signals from 3C; uncoupled species.
This pulse sequence is shown in Figure 3.4, and was previously encountered

in Chapter 1 to explain phase cycling.

905 1807 902902 1807

DHH i I

(DA (DB rec

Figure 3.4: Refocused INADEQUATE pulse sequence. For weakly-coupled
systems, 7 ~ (4J)7!. For near-equivalent and strongly-coupled systems,
7 ~ J/(2A?). The phases of the pulses may be grouped in “blocks™ ®,, ®p
and @ as the receiver phase.

Second, the symmetrical structure of squarate must be broken prior to ap-

plying suitable rf pulses to generate double-quantum coherences. To this end,
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random oxygen-18 enrichment was used, as previously done for the singlet
NMR studies of *Cy-oxalate®, 1,2-13Cy-squarate®®, and ®>Rhy-paddlewheel
complexes®”. The substitution of the lighter '°0O isotope for the *O heav-
ier isotope modifies the vibronic motion within the molecular environment,
causing small secondary isotope shifts of the *C chemical shift value!09115,

The upcoming section examines the properties of the isotope shifts in NMR.

3.2 Isotope Shifts in NMR

Isotopes of the same element have the same atomic number, but differ in
their mass number, since heavier isotopes contain additional neutrons.

Changes in the chemical shift (Subsection 1.10.3) due to the perturbation
of the vibrational wavefunction of the molecule upon substitution of one or
more atoms for one of its isotopes are denoted isotope shift effects.

Primary isotope shift effects occur when the nucleus directly under ob-
servation is substituted. Secondary isotope shift effects are those where a
nucleus in proximity to the resonant NMR nucleus is switched for one of its
isotopes.

The following observations and general trends were reported in a review*°
of the isotope shifts in NMR by Batiz-Hernandez in the 1960s, and later
verified in the work of Jameson!!!:

1. Heavier isotope substitution shifts the NMR signal of the nucleus under

observation to a higher magnetic field (i.e. upfield).

2. The magnitude of the isotope shift depends on the distance from the
isotopically substituted site to the nucleus under observation. The
largest isotope shifts are observed for a substitution site one bond away

from the resonant nucleus.

3. The magnitude of the isotope shift reflects the range of chemical shifts
that a particular nucleus experiences. Resonant nuclei with higher sen-
sitivity to shielding will experience an isotope shift higher in magnitude

than nuclei with narrower chemical shift ranges. For example, isotope
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shifts in ®*Co are of the order of parts-per-million!!¢, whereas in 3C

and 'H, the observed isotope shifts are of the order of parts-per-billion.

4. The magnitude of the isotope shift is the largest where the change in the

mass fraction upon isotopic substitution has been the most substantial.

5. The magnitude of the isotope shift is generally proportional to the
amount of atoms (of the same type) within the molecule that have

undergone substitution.

In addition to the through-bond isotope shift effects, solvent-induced iso-
tope shift effects for F-substituted derivatives of benzene have been ob-

served 17

in mixtures containing 1:1 HoO:D50. The change in chemical shift is
caused by hydrogen bonding of the fluorobenzene with the solvent, since deu-
terium has a different vibrational behaviour than water. Electron-donating
substituents attached to the benzene ring, especially in the ortho-positions,
have been observed to increase solvent-induced isotope shift effects. This
is due to the additional negative charge placed on the F-nucleus by me-
somerism, which strengthens intermolecular hydrogen bonding.

Pinchas and Meshulan first observed!!® 8O-induced isotope shifts of the
'H nucleus in 'H NMR spectra. Later in the same decade, Risley and van
Etten observed!!® ®Q-induced isotope shifts of *C in ¥*C NMR. Isotope
shifts arising from the presence of 80 have been observed!? to affect *>Mn
and Mo NMR spectra, as well as >'P spectra'?!.

Attempts at predicting isotope shifts have been made!??, however these
effects depend on too many variables to allow for a systematic prediction
method to be established.
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3.3 Double-Quantum Excitation in the Near-

Equivalence Regime

The standard double-quantum filtering method is not suitable for our par-
ticular case. The INADEQUATE sequence requires a large chemical shift
difference A between the two coupled spins, relative to the scalar coupling

123 Figure 3.5 illustrates

J between them. This is the weak-coupling case
the theoretical amplitude buildup of the double-quantum coherence opera-
tor, written as —2([y, 1o, + I1,15,) in Cartesian form, as a function of the

chemical shift difference A for the INADEQUATE pulse sequence.

=
=)
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Figure 3.5: Dependence of the double-quantum amplitude buildup (Equa-
tion 3.1) on the chemical shift difference A for the INADEQUATE pulse
sequence (Figure 1.9). The SpinDynamica®’ simulation used J = 40.1 Hz.

This simulation employs the TransformationAmplitude routine within
SpinDynamica®’, which outputs the amplitude for the conversion of operator
A, in this case the thermal equilibrium z-magnetisation, into operator B,
the double-quantum coherence, by the unitary transformation U. This is the

transformation amplitude'?* operation (A LA B), which is defined as follows:

(BIUAUT)
AL By =2 (3.1)
(B|B)
where the Liouville bracket?? is given by:
(B|A) = Tr{B'A}. (3.2)
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The rotating-frame spin Hamiltonian for a homonuclear spin-1/2 pair, in

the absence of a radiofrequency field, is given by the following:
H° =01, + Q0. + Hy. (3.3)

The J-coupling Hamiltonian H is given by:

HJ:CUJll'IQ, (34)
where:
Wy = 27TJ,
WA = 27TA,

Qgr = 2mV/J2 + A2, (3.5)

The chemical shift difference is A, and the effective frequency of the system

is Qg1. The resonance offset frequencies for the spins are defined as follows:

Ql - wo((sl - ref)>
QQ = w0(52 — 5ref)- (36)

The terms {07, 0o, 0y } indicate the chemical shift of spin I3, spin I, and the

rf reference frequency, respectively.

The Hamiltonian can be expressed in the following form as well:

Q .
1 = 9% in (650) (I — ) + Qsreos () (- T). (3.)

Systems where Ogp = 70° are said to be weakly coupled. Systems where

~

Osr < 70° are said to be strongly coupled. The extreme strong-coupling

56,69 ase. The

regime st < 30° is the main focus here, the near-equivalence
singlet-triplet mixing angle is small in magnitude for a near-equivalent AB

system, approaching 7/2 for the weak-coupling AX case.

The '80-induced secondary isotope shifts of 3C-squarate are small, of

the order of a few parts-per-billion (ppb). The *Cy coupled systems sub-

64



sequently generated are of the near-equivalence or extreme strong coupling
type. This means that the chemical shift frequency difference is much smaller
compared to the J-coupling®. The standard INADEQUATE (Figure 3.4)
pulse sequence!?® has very poor efficiency in the near-equivalence regime.
The simulation in Figure 3.6 shows the buildup of the double-quantum op-

erator as a function of the singlet-triplet mixing angle fsr (Equation 2.13).

=70 30 60 70 75
Osr / °

Figure 3.6: Dependence of the double-quantum amplitude buildup (Equa-
tion 3.1) on the singlet-triplet mixing angle fgr for the refocused INADE-
QUATE pulse sequence. The SpinDynamica®’ simulation used J = 40.1 Hz.

The Nakai-McDowell modified implementation'?® of the INADEQUATE
pulse sequence was devised to excite double-quantum coherence in strongly-
coupled spin systems, as depicted in Figure 3.7(b).

Figure 3.8 shows the time evolution of the double-quantum precursor
DQP operator for the traditional INADEQUATE sequence in part (a), and
the Nakai-McDowell method in part (b). In the Cartesian operator form,
this is written as 2([1, 1o, + [1212,), or 2(I1,12, + I1.15,), depending on the
phase of the initial rf pulse. Following a 90° pulse, the double-quantum
operator is obtained, explaining the name. The standard INADEQUATE
sequence fails to generate the double-quantum precursor operator required,
but by greatly extending the double-quantum excitation time, it is possible to
obtain a maximum amplitude of the DQP operator. This however massively
extends the time employed to excite double-quantum coherence, leading to

considerable T3 relaxation losses.
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Figure 3.7: Dependence of the double-quantum amplitude buildup (Equa-
tion 3.1) on the singlet-triplet mixing angle fgr for the refocused INAD-
EQUATE pulse sequence (Figure 1.9), applied to a strongly-coupled /near-
equivalent spin system. The SpinDynamica®’ parameters used were A =
4.05 Hz and J = 40.1 Hz to create these conditions, where the resulting
Ost ~ 5.8° is indicated by a dashed line. (a) Traditional INADEQUATE
implementation, where 7 ~ (4J)~!. (b) Nakai-McDowell implementation of
the INADEQUATE sequence, where 7 >~ J/(2A%).
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0.5

5 -0.5

(2L 1. + 11:15y))
o
(2(L1, 1o + I 15,))
o

_1'00 5 10 15 20 0 1000 2000 3000 4000 5000

Time / ms Time / ms

Figure 3.8: Time evolution of the double-quantum precursor amplitude
operator (Equation 3.1) for the refocused INADEQUATE pulse sequence
(Figure 1.9), applied to a strongly-coupled /near-equivalent spin system. The
SpinDynamica®” parameters used were A = 4.05 Hz and J = 40.1 Hz to cre-
ate these conditions. (a) Traditional INADEQUATE implementation, where
7~ (4J)7'. (b) Nakai-McDowell implementation of the INADEQUATE se-
quence, where T ~ J/(2A?).
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Fortunately, a technique known as geometric double-quantum excitation

126,127

(GeoDQ) exploits the geometric Aharanov-Anandan quantum phase to

generate double-quantum coherences with high efficiency in near-equivalent

128 130,131

spin-1/2 pairs This is a generalisation!®® of the Berry phase , for

non-adiabatic systems, which is the regime that applies to NMR experiments.

In the work described below, we used GeoDQ to selectively detect the
small 13C, signals from a sample containing '3C,-squarate, while suppressing
the intense signals from the uncoupled *C nuclei. The DQCs were converted
into singlet order by manipulating the spins further, allowing study of the

13C, long-lived state of 1,2-13Cs-squarate, and 1,3-3C,-squarate.

The O enrichment employed as the symmetry-breaking mechanism gen-
erates a multitude of isotopologues. We measured pH dependent secondary
isotope shifts due to the ¥O substitution at low and high pH, and 3C-induced
isotope shifts from the natural abundance second *C site for the high pH
case. The evidence suggests that an additional mechanism is present at low
pH, where the acid-base equilibrium is perturbed by the O to *O substitu-
tion in sites where protonation occurs. The combination of the dynamic and

vibronic mechanisms result in the measured secondary isotope shift values.

The GeoDQ sequence was successfully implemented to selectively de-
tect the ¥C NMR signals from the *®O-enriched isotopologues of 1,2-13C,-
squarate and 1,3-'3Cy-squarate, which are AB type molecular systems. In
both cases, the chemical shift difference between the two 3C spins is not

well-resolved.

The GeoDQ pulse sequence was further modified, and the GeoDQ-singlet
variant allowed the excitation of double-quantum filtered singlet order, and
back for readout. This procedure allowed the measurement of the 3C, singlet
lifetimes of 1,2-13Cs-squarate, and 1,3-'3Csy-squarate, the latter for the first
time, in high magnetic field.
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3.4 Materials and Methods

3.4.1 Sample Preparation

The samples consisted of 4.6 mg of 3C;-squaric acid, dissolved in 400 pL
of a 1:1 mixture of Hy'¥0:D5'%O to make up a 0.1 M solution. The isotopic
purity of Hy'¥O was 97.1 %. The solutions were incubated at 80°C for two
hours, to allow the 0 /0 exchange process to reach a dynamic equilibrium.
Samples with differing pH values were prepared by step-wise addition of
a 2 M solution of sodium hydroxide. For each instance, the volume did
not exceed 65 pL, and therefore any effects on sample concentration were
deemed negligible. The pH measurements were carried out with a Hamilton
SpinTrode pH electrode (www.hamiltoncompany.com). The calibration of
the pH meter was verified over the full pH range, using standard buffers.
Where degassed relaxation lifetimes are shown, this was achieved using the

standard freeze-thaw procedure under inert atmosphere.

3.4.2 Instrumental Details

The solution-state NMR experiments used Bruker Neo Avance systems of 400
MHz and 700 MHz. The first is equipped with a 5 mm Bruker BBO probe,
the second with a Bruker TCI prodigy 5 mm cryoprobe. The 90° pulse length
was optimised to (9.2+0.1) us at 400 MHz, and (12.8 £0.1) us at 700 MHz.

3.5 Results

Squaric acid (C4O4Hs), the hydrogen squarate (C4O4H") monoanion, and
the squarate (C404%*) dianion are in a dynamic equilibrium with each other.
Squaric acid is most abundant below the pKa; = 1.5. Beyond pKa, = 3.4,
squarate prevails. Between pKa; and pKay hydrogen squarate dominates the
distribution of species in solution. Figure 3.9 shows the fractional composi-
tion of the three species in solution.

We observed the ¥C NMR signal position of ¥0-enriched 3C;-squarate

68



1.00
g
o 0o £ 0.75}
1:{ T 0.50}
HO S
B 0.25}
SqH 2
. L 0.00

pH

Figure 3.9: (a) Dynamic equilibrium displayed by !3Ci-squaric acid in
solution. The diprotic squaric acid SqH, (red) is most abundant below
pKa, = 1.5, while the squarate dianion Sq*~ (blue) dominates beyond
pKa, = 3.4. Between the two extremes is the singly-protonated species hy-
drogen squarate SqgH™ (green). (b) Fractional composition diagram showing
the distribution of the various species of squaric acid at different pH values.
Each pKa value equals the pH at the corresponding half-equivalence point.
Adapted from Heramun et al.', J. Chem. Phys. 163, 074201 (2025); licensed
under a Creative Commons Attribution (CC BY) license.

shifting downfield (i.e. to higher values of the chemical shift §;s,) as the pH is
increased, as shown in Figure 3.10(a). The mean '*C chemical shift changed
by ~ +7.7 ppm as the pH increased from 0.9 to 13.3. The aromatic character
of the molecule increases with more electron delocalisation as the protons
ionise, leaving the 3C nucleus under observation increasingly deshielded.

The ®O-enrichment gives rise to isotope shifts of the 1*C signal extending
over one, two, and three bonds. Furthermore, we observed one and two-bond
isotope shifts of the '3C resonance due to the presence of natural abundance
carbon-13 nuclei one or two bonds away from the 3C isotopic label.

Contrary to the fact that isotope shift effects generally weaken in strength
with increasing distance from the substituted nucleus, the ¥O-induced two-
bond secondary isotope shift of *C at pH 0.9 was observed to be smaller in
magnitude than the three-bond ®O-induced isotope shift of 3C. Secondly,
the observed peak pattern of the pH 13.3 sample suggests that the '80-
induced two-bond secondary isotope shift of 13C is very small.

The experimentally measured isotope shift values at pH 0.9 and pH 13.3

are summarised in Tables 3.1, and 3.2, respectively. The change of the 3C
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Figure 3.10: (a) Variation in the *C chemical shift positions as a func-
tion of pH for samples of 80-enriched '3C;-squaric acid dissolved in 1:1
H,'80:D,'%0. Each spectrum was acquired for 200 transients at 9.4 T and
298 K. (b) Expansion of the relevant spectral region for each pH point shown,
spanning 120 ppb. The chemical shift scale at pH 0.9 is centred around 195.32
ppm, 201.12 ppm at pH 3.4, and 203.05 ppm at pH 12.6 and pH 13.3. The
vertical scales are given with respect to the pH 13.3 spectrum. Adapted from
Heramun et al.', J. Chem. Phys. 163, 074201 (2025); licensed under a Cre-
ative Commons Attribution (CC BY) license.

chemical shift as a function of pH is due to the dynamic equilibrium be-
tween the squarate dianion, hydrogen squarate (C,O4H™), and squaric acid
(C04H,) molecules, as shown in Figure 3.9. The observed 3C chemical shift
is a population-weighted average of the *C chemical shifts of the rapidly ex-
changing species in solution. This leads to a strong pH dependence of the
mean 3C chemical shift, as shown in Figure 3.10(a).

There are two relevant mechanisms that govern the secondary isotope
shifts, the wvibronic and dynamic mechanisms, as explored in Section 3.2.
In the low pH case, both mechanisms are active, which could explain the
unusually low value of the two bond 2AC(*®0) isotope shift. In the high

pH case, the isotope shifts are largely due to the vibronic mechanism alone,
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since there are very few protonation events.
The secondary isotope shifts are described according to the convention
previously set by the studies concerning ®O-enriched oxalate®, 1,2-3C,-

squarate®®, and rhodium paddlewheel complexes®”, as following:
"AX(h) = dx(h) = ox(1), (3.8)

where A represents the chemical shift difference after substitution, X the
nucleus being observed, h the heavier isotope, [ the lighter isotope, and n
the number of chemical bonds separating X and h.

The upcoming spectra show stylised squarate structures that are not rep-
resentative of the exact ionic species in solution, but merely indicate the

positions of the 80, 0O and '3C nuclei with respect to each other.

3.5.1 pH 0.9

The 3C spectrum of ¥O-enriched squarate at pH 0.9 is shown in Figure 3.11.

Peaks 1-12 were successfully matched to their corresponding isotopomer
by measuring the displacement of the NMR resonance from the left-most
peak. The isotope shifts are additive, therefore the peak that was most
downfield /less shielded was taken as the reference isotopomer, since it is not
affected by any isotope shift interactions. The other peaks were referenced
to the left-most peak according to the number of isotope shift interactions
that are present in each isotopomer, subsequently matching each peak. The
carbon-13 “satellite” peaks indicative of coupled *C nuclei were not directly
visible from this spectrum. Therefore, only the isotope shifts of *C due to
180 substitution were measurable.

The detailed assignment procedure for each isotopomer is illustrated in
Appendix B.2.1. The experimentally measured isotope shifts are reported in
Table 3.1, where the uncertainties were estimated using half of the width of
the NMR signal at half of the height of the peak. Using these values, the

spectrum was simulated to a close approximation with SpinDynamica®".

Generally, 'AC(1*0) > 2ABC(180) > 3AC(*®*0). However, in this
case the two bond isotope shift 2ABC(*¥0) was smaller than the three bond
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Table 3.1: Experimentally measured secondary isotope shifts of 80-
enriched 13Cj-squarate at pH 0.9 (Figure 3.11), in a magnetic field of 9.4 T
and a sample temperature of 298 K. The isotope shift convention is given in
Equation 3.8.

13C Isotope Shift Value /ppb Value /Hz
TABC(120) —40.140.5 —4.03 £ 0.05
2A13C(150) 149405 150 £ 0.05
SABC(180) —22.14+0.5 —2.231+0.05

60 40 20 0 -20 -40 -60

Relative *3C chemical shift / ppb
() 13C . 160 o 180

Figure 3.11: The isotopologues of ¥O-enriched '*C;-squarate, and their
correspondence with the 3C spectrum at pH 0.9. The filled black circles
denote 3C atoms. The filled orange circles denote O atoms, while the
blue stars denote O atoms. The experimental spectrum at 9.4 T (black,
512 scans), is compared with a SpinDynamica®’ simulation of the spectrum
(red). The 3C chemical shift scale is centred at 195.32 ppm. Adapted from
Heramun et al.', J. Chem. Phys. 163, 074201 (2025); licensed under a
Creative Commons Attribution (CC BY) license.
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shift 3A3C(80). The explanation behind this effect was attributed to the
complex interplay between the dynamic and vibronic isotope shift mecha-

nisms, and was not analysed further.

3.5.2 pH 3.4

The 3C spectrum of '¥O-enriched squarate at pH 3.4 is shown in Fig-
ure 3.10(b). The broad peaks arise due to the rapid protonation events

occurring at this pH.

3.5.3 pH 13.3

The BC spectrum of 80-enriched squarate at pH 13.3 is shown in Fig-
ure 3.12(a), showing four intense peaks. These signals arise from the Cy-
squarate isotopologues, and that we aim to suppress using DQF methods.
This particular splitting pattern is unusual, since it corresponds to a neg-
ligibly small two bond 'O isotope shift 2AC(180), for reasons that are
currently unknown. The stylised squarate structures in Figure 3.12 show the
the positions two bonds away from the *C nucleus under observation can
contain either O or 0. These are greyed out, since it was not possible to

confirm which oxygen isotope is present.

Table 3.2: Estimated values of the ¥0 and '3C-induced '3C isotope shifts
of 180-enriched !3Ci-squarate at pH 13.3 (Figure 3.12) at 9.4 T and 298
K. Note the negligible magnitude of the two-bond *O-induced isotope shift
2ABC(*80). The isotope shift convention is given in Equation 3.8.

13C Isotope Shift Value /ppb Value /Hz
LABC(180) 257405 259 £ 0.05
2A13C(150) 0.0£0.5 0.00 % 0.05
BABC(180) 27405 —0.28 £ 0.05
TABC(3C) 213405 ~2.15 £ 0.05
2ABC(130) 71405 —0.72+ 0.05
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Figure 3.12(b) shows the placements of the *Cy-squarate isotopologues.
These are the species that generate the smaller signals surrounding the
pseudo doublet of doublets indicative of the *C;-squarate isotopologues, and
that we aim to magnify. Peak 4 and Peak 7 contain the ¥C, species of in-
terest: 80-enriched 1,3-13Cy-squarate, and 1,2-13C,-squarate, respectively.

The detailed assignment procedure for each isotopomer is illustrated in
Appendix B.2.2. The experimentally measured isotope shifts are reported in
Table 3.2, where the uncertainties were estimated using half of the width of
the NMR signal at half of the height of the peak. Using these values, the

spectrum was simulated to a close approximation with SpinDynamica®".

3.6 Double-Quantum Filtered NMR

The intense signals arising from the '3C;-squarate isotopologues in the pH
13.3 spectrum (Figure 3.12), posed a significant challenge to the goal of
observing the small signals from the 1,3-3Cy-squarate isotopologue. To sup-
press the NMR signals from the ¥C; uncoupled spin-1/2 nuclei, and select
those from '3Cy coupled spin-1/2 pairs, two methods may be used.

One method employs double-quantum filtered NMR techniques, such as
the INADEQUATE pulse sequence (Figure 3.4), which has been used ex-
tensively to selectively observe 3C, signals37198123.132  The other method

4445 The choice of parameters allows the suppression

exploits singlet order
of unwanted background NMR signals, while selecting those from the desired
spin-pair capable of supporting singlet order.

Although both avenues were explored (see Appendix B.4), the double-
quantum filtering route was found to be more effective in selecting either the
1,2-13Cy-squarate or 1,3-13Cy-squarate species, and efficiently suppressing the
large signals from the '*C;-squarate isotopologues.

There is however a challenge ahead. In our particular systems of interest,
the chemical shift difference A between the two 3C nuclei was estimated
to be approximately 4.1 Hz at 9.4 T field strength. This was calculated by
subtracting the one-bond 'A¥C(180) ~ —25.7 ppb secondary isotope shift

from the three-bond secondary isotope shift SABC(1#0) ~ —2.7 ppb, as
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Relative *3C chemical shift / ppb Relative *3C chemical shift / ppb
e 13C (@) 16Q (%] 180 (@) 180/160 e 13C (@) 160 (%] 180 (@) 180/160

Figure 3.12: (a) The 'O isotopologues of ¥*C;-squarate, and their corre-
spondence with the 3C spectrum at pH 13.3. (b) The 80 isotopologues of
13C,-squarate, and their correspondence with the 3C spectrum at pH 13.3.
The filled black circles denote *C atoms. The filled orange circles denote
160 atoms, while the white stars denote *O atoms. Filled grey circles denote
oxygen atoms which may be either O or 180, since the two-bond isotope
shift 2ABC(*®0) is negligible (see Table 3.2), the isotopic nature of these
oxygen atoms does not affect the '3C spectrum. The experimental spectrum
at 9.4 T (black, 512 scans), is compared with a SpinDynamica®’ simulation
of the spectrum (red). The 3C chemical shift scale is centred at 203.05 ppm.
Singlet NMR can be performed on the isotopologues further enclosed in a sec-
ond box. This is pink for 1,3-3Cy-squarate, and blue for 1,2-13C,-squarate.
Adapted from Heramun et al.', J. Chem. Phys. 163, 074201 (2025); licensed
under a Creative Commons Attribution (CC BY) license.
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follows:

A =[(FAPC(FO0) = *APC(P0))] - W] | (3.9)

where |w?| is the absolute value of the Larmor frequency of *C in Hertz, for

an external magnetic field B® = 9.4 T (see Equation 1.6):
|w°| ~ (1.01 - 10°) Hz . (3.10)

For 1,2-13Cy-squarate, 'Joc ~ 55.0 Hz, and for 1,3-'3Cy-squarate, 2Joc o~
40.1 Hz. Hence, the chemical shift difference A ~ 4.1 Hz is much smaller in
magnitude, than the J-coupling. Consequently, each *C, isotopologue is in

the near-equivalence coupling regime (see Figure 1.8).

The standard INADEQUATE method!? is unsuitable for this strong-
coupling regime, and although the double-quantum excitation time can be
greatly extended in the Nakai-McDowell implementation of the pulse se-
quence'?® (see Figure 3.8(b)), this leads to significant relaxation losses, and

therefore poor signal quality.

To overcome this difficulty, we chose to use a method that was recently
shown to be effective for the double-quantum excitation in nearly-equivalent
AB type spin systems. This is the geometric double-quantum (GeoDQ) ex-

citation pulse sequence!?®, shown in Figure 3.13.

Theoretical expressions for the pulse sequence intervals 77 and 75,

and the loop number n, are given by !28:
T8 — 71 /(2Qg7),
T = 27, (3.11)

n = 2 x round(7/(46sr)).

The last equation ensures that n is an even number, which leads to the most
robust performance of the sequence 3. In practice, these parameters were op-
timised experimentally to selectively filter the ¥*O-enriched 1,2-3Cs-squarate
signal, or the ¥O-enriched 1,3-3Cs-squarate signal. The two isotopologues
have the same chemical shift difference A, but different J-couplings, and

therefore different 75, 75*° and n parameters.
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Figure 3.13: (a) Geometric double-quantum-filtering pulse sequence. The
phases of the blocks were cycled as an overall four-step cycle: &, =
{0,0,0,0}, &g = {0,7/2,7,37/2} and . = {0,37/2,m,7/2}. (b) Struc-
ture of the IT%Q sequence. The darker colour indicates the implementation
of a composite 180° pulse?’. Theoretical expressions for 77, 75 and n are

given in Equation 3.11. The parameters used in the experiments are given
in Table 3.3. Adapted from Heramun et al.', J. Chem. Phys. 163, 074201
(2025); licensed under a Creative Commons Attribution (CC BY) license.

The density operator transformations performed by the sequence shown
in Figure 3.13 are detailed below, and graphically illustrated in Figure 3.14.
The thermal equilibrium density operator p; is characterised by a population
excess in the |2) = |T},) state, and a depleted population in the |4) = |T";)

state, for v > 0. It may be written as follows:

pr=1 =207 = (3.12)

o O O O
o O = O
o O o O

—1

This state is depicted in Pane 1 of Figure 3.14, where the darker balls rep-
resent an enhanced population, while the lighter balls represent a depleted
population. The GeoDQ sequence starts by applying an initial (7/2), strong
pulse, as shown in Figure 3.13(b). This generates single-quantum coherences

between adjacent pairs of triplet states. The corresponding operator may be
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Figure 3.14: Geometric double-quantum excitation. An ensemble of spin-
1/2 pairs is at thermal equilibrium in a strong magnetic field (pane 1).
In-phase single-quantum triplet-triplet coherences are generated by a /2
y-pulse (pane 2). This is converted into a double-quantum precursor state
of antiphase triplet-triplet coherences (pane 3). A final 7/2 y-pulse gen-
erates double-quantum coherence between the states |T41) (pane 4). The
transformation from the state in pane 2 to that in pane 3 is achieved by
generating a cyclic trajectory with geometric phase 7 in the zero-quantum
subspace spanned by the singlet state |Sp) = |1) and the central triplet state
|To) = |3). This transformation corresponds to a rotation through = about
the z-axis of the zero-quantum subspace. Adapted from Heramun et al.?,
J. Chem. Phys. 164, 064201 (2026); licensed under a Creative Commons
Attribution (CC BY) license.
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written using Cartesian, and single-transition operators, as follows:

P2 = Ry(W/Q)PlRy(W/2)T
=1, (3.13)
= VAR + 1)

1
— E{m (3 4 13) (2 + I3) (4] + |4) (3]}

1

V2

o O O O
o = O O
= o = O
o = O O

where the [T01) (To| = [2) (3, |To) (Tha| = [3) (2I, [To) (T-1] = [3) (4], and
|T_1) (To| = |4) (3] single-quantum triplet-triplet coherences are all generated
with the same sign. This is depicted in Pane 2 of Figure 3.14.

In order to excite double-quantum coherence, the density operator ps,
which has the same signs for all the triplet-triplet SQCs, must be converted
into a state p3 where the SQCs have opposite signs. These are the desired
antiphase triplet-triplet single-quantum coherences, also called the double-

quantum precursor state, DQP, as seen earlier in the chapter.

This important transformation is accomplished during the 122 section
of the GeoDQ sequence (Figure 3.13). A sequence of m pulses with timings
roeo 18 and n repetitions (Equation 3.11), generates a cyclic trajectory
in the zero-quantum (ZQ) subspace {|So) , |To)} spanned by the singlet state
|1) = |Sp) and the central triplet state |3) = |Tj), as depicted in the central

pane of Figure 3.14.

The cyclic trajectory encloses a solid angle of 7 subtended by the zero-
quantum Bloch-sphere trajectory, which leads to a geometric Aharonov-
Anandan phase — a generalisation of the Berry phase3%!34 for non-adiabatic
conditions — of 7/2 for the states |1) and |3). The overall effect is equiva-
lent to a z-rotation on the Bloch sphere of the |Tj) and |Sy) zero-quantum
transition 2 indicated by R!3(7). In this instance, the specific trajectory

8

shape traced by the system is a spherical lune'?8, or orange slice'3®, which
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has an opening angle of 7 = 7/2, so that the trajectory subtends a solid

angle 2 = 7 at the origin.

The triplet-triplet coherences |3) (4| and |2) (3| acquire opposite phase
shifts of +7/2 upon completion of the cyclic zero-quantum trajectory, leading
to a state with triplet-triplet coherences of opposite sign, as shown in Pane
3 of Figure 3.14).

A visual representation of this process is depicted in Figure 3.15.

T-1) —¢

[-

$

>
Ty) —>——

S ZQ

T S |So)
+1

Figure 3.15: A zero-quantum cycle between the |Tp) and |Sp) states cre-
ates the desired triplet-triplet antiphase single-quantum coherences required
to excite double-quantum coherence. The phase difference is denoted by dif-
ferent colours, and coherences by the wavy lines.

The density operator of the DQP state p3 is given as follows:

P = R (m) po RY (m)'
= V2R3 (r) (I2 + I2*) RB(7)!
— 20y Iy, + 21,1, (3.14)
o 23 34
- \/5 (]y - Iy )

1
- E{_ 12) (3] +[3) (2] + [3) (4] — |4) (3}

00 0 0
i oo -1 0
v2lo 1 o0 1

00 —1 0

This transformation is possible thanks to the commutation relationships
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of single-transition operators%6-67:

129, 1) = il
12,1 = i1,
(12 1) = 4l
(112,134 = il (3.15)

The double-quantum precursor state ps is then converted into double-

quantum coherence by the second (7/2), pulse shown in Figure 3.13(b):

ps = Ry (m/2) ps, Ry(ﬂ'/Q)T
= R,(7/2) (2L, I5, + 21,15, R, (7/2)"
=211, Iy, + 21,15, (3.16)
=21
=—i([ Iy = 1)
= —i(|2) (4] —14) (2])
0 0
-1

l

V2

o O o O
_ o O O

0
0
0

The corresponding graphical representation of this transformation is shown
in Pane 4 of Figure 3.14. The double-quantum excitation procedure generates
a unitary transformation U of the density operator, where UT = U™, with-
out taking into account relaxation effects. The double-quantum excitation

amplitude apq for a particular sequence is defined as follows:

apq = (2| Up UT |4), (3.17)
which may also be written in the following form:

apq = (L. 2 12) (4] ). (3.18)
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The transformation amplitude was previously defined in Equation 3.1. The
final state corresponds to double-quantum excitation of maximal amplitude,
assuming a correct implementation of the pulse sequence, ignoring certain

numerical factors, and without relaxation effects being taken into account.

apq = (2| ps|4) = —i,

) ‘ (3.19)
abo = (4] p1[2) = +i.

The time evolution of the DQP operator during the GeoD(Q sequence, us-
ing the 1,3-13Cy-squarate parameters at pH 13.3, is explored in Figure 3.16.
As described above, the sequence successfully generates the maximum ampli-
tude of the 2(1y,15, + I1.15,) operator, which is then converted into double-

quantum coherence after the final (7/2), pulse.

The GeoDQ pulse sequence was successfully applied to detect the 2Co-
squarate isotopologues (Figure 3.2(b-c)) from a sample of '®O-enriched ?C;-
squarate at pH 13.3. The DQF 3C NMR spectrum of #*O-enriched 1,2-13C,-
squarate is shown in Figure 3.17(b), while the DQF ¥C NMR spectrum of
180-enriched 1,3-3Cy-squarate is shown in Figure 3.17(e). In both cases, the
degree of selectivity and the suppression of the intense signals due to the

13(C-squarate isotopologues was excellent.

In Figure 3.17(e), the 1,2-1¥Cy-squarate signal also appears in this spec-
trum, though with reduced intensity. This is expected, since the double-
quantum filter allows the signals from both !3C, species to pass through
it. The experimentally optimised parameters for both systems are given in
Table 3.3. In all cases, the DQF efficiencies could not be determined, since
each peak position was indicative of other isotopologues as well, as previously
illustrated in Figure 3.12(b).

The J-couplings were also estimated using DFT calculations, given in

Table 3.3 as Jea.. Further details are given in Appendix B.1.2.
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Figure 3.16: Time evolution of the x-magnetisation operator, the double-
quantum precursor operator (2(Iy,1s, + I1,15,)), and the outer singlet-triplet
coherence operator (2([1,ls, — I1,15,)) during the GeoDQ pulse sequence.
The SpinDynamica®’ parameters used are described in Table 3.3, for the

1,3-13Cy-squarate species.
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Figure 3.17: Selective 3C NMR of squarate. All spectra are of a solution
of BC; squarate at pH 13.3 and 298 K. The chemical shift scale is centred at
203.05 ppm. Blue dagger: 1,2-13C, squarate signals; Magenta double-dagger:
1,3-13C, squarate signals. The experimentally optimised pulse sequence pa-
rameters are given in Table 3.3. (a),(d) A 90° pulse-acquire *C NMR spec-
trum of the 3Cj-squarate solution at 9.4 T, averaged over 512 transients.
Only given as a positional reference for the 1,2-13C,-squarate and 1,3-13Co-
squarate signals. (b) Double-quantum filtered spectrum obtained using the
GeoDQ pulse sequence (1024 transients at 16.4 T), using parameters opti-
mised for 1,2-13Cy-squarate. (c) Singlet-filtered spectrum obtained using the
GeoDQ-singlet pulse sequence (1024 transients at 16.4 T), using parameters
optimised for 1,2-'3Cy-squarate. (e) Double-quantum filtered spectrum ob-
tained using the GeoDQ pulse sequence (1024 transients at 16.4 T), using
parameters optimised for 1,3-13Cy-squarate. (f) Singlet-filtered spectrum ob-
tained using the GeoDQ-singlet pulse sequence (1024 transients at 16.4 T),
using parameters optimised for 1,3-13C,-squarate. Adapted from Heramun
et al.l, J. Chem. Phys. 163, 074201 (2025); licensed under a Creative Com-
mons Attribution (CC BY) license.
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Table 3.3: First three rows: Pulse sequence parameters used for the ge-
ometric double-quantum filtration experiments at 16.4 T and 298 K for a
pH 13.3 sample. Next five rows: spin system parameters deduced from the
optimised values of the pulse sequence parameters, using Equation 3.11. The
small values of fgr indicate 3C, spin-pairs in the near-equivalence regime.
Last row: estimated values of the ¥C-3C J-couplings using computational
chemistry methods (see Appendix B.1.2). Adapted from Heramun et al.!,
J. Chem. Phys. 163, 074201 (2025); licensed under a Creative Commons
Attribution (CC BY) license.

Parameter 1,2-13C,-sq. 1,3-13C5-sq.
T2 /ms 4.53 6.21
757 /ms 9.06 12.42

n 20 16
J /Hz 55.0 £ 0.1 40.140.1
A /Hz 4140.1 4140.1

Qgr/(27) /Hz 55.0 £ 0.1 40.1+0.1

AS /ppb 58+0.1 5840.1
Os7/° 42402 58+0.2
Jeate /Hz 56.5 4 0.5 47.84 0.5

85



3.7 Double-Quantum Filtered Singlet NMR

The geometric double-quantum filtering scheme (Figure 3.13) can be inte-
grated into a wider module that enables the excitation of singlet order, from
double-quantum coherence. This is especially useful to study the singlet or-
der relaxation of the 1,2-13C, squarate and 1,3-3C,-squarate isotopologues,
without the signals arising from the 3C;-squarate isotopologues interfering.
The phase cycle is identical to that of the GeoDQ sequence, where the
second GeoDQ) blocks and the receiver phases are cycled in a four-step cycle to
filter for double-quantum coherences, suppressing undesired operators. The
geometric double-quantum-filtered singlet (GeoDQ-singlet) pulse sequence is
shown in Figure 3.18.
i i iii iv \Y Vi Vii Viii
Singlet to

Relaxation Filtration double-
quantum

Singlet order Double-quantum Singlet
destruction excitation excitation

Double-quantum

to magnetisation | Acquisition

T

4 SOD IV H?Q } DQ2S relax Too H S2DQ |: HEQ ﬂ“nvfwv,,.

I 1
1

I 1L
I LI | 1

[0 dp (I)rec

Figure 3.18: Geometric double-quantum filtering singlet pulse sequence.
(i) The singlet-order destruction (SOD) block? removes any longitudinal
magnetisation and residual singlet order. (ii) Following a relaxation delay to
re-establish longitudinal magnetisation, double-quantum coherence is gener-
ated by a geometric double-quantum excitation block, with an overall phase
shift ®4. (iii) The double-quantum-to-singlet (DQ2S) block converts double-
quantum coherence to singlet order. (iv) Singlet order decays during the
relaxation interval Tielax. (V) A Tog filter removes signals which do not pass
through any rank-0 spherical tensor operators. (vi) The singlet-to-double-
quantum (S2DQ) block converts singlet order to double-quantum coherence.
(vii) A second geometric double-quantum pulse block is applied, with an
overall phase shift ®g. (viii) The NMR signal is acquired and digitised, with
receiver phase ®,... The phases of the blocks are cycled as an overall four-step
cycle: &5 = {0,0,0,0}, &g = {0,7/2,7,37/2} and P, = {0,37/2, 7w, 7/2}.
Adapted from Heramun et al.', J. Chem. Phys. 163, 074201 (2025); licensed
under a Creative Commons Attribution (CC BY) license.

The pulse sequence is subdivided into eight sections, as follows:
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(i)

(ii)

(iii)

(iv)

(vi)

Singlet Order Destruction (SOD). This pulse block consists of a se-
quence of 1f pulses and gradients®® employed to remove residual longi-
tudinal and singlet order (see Figure 2.14(b)). This step is especially
important as a time-saving measure in experiments with extended Tg
relaxation lifetimes, and to ensure that every transient acquired begins
from the same starting point. Further details on the parameters used

in the experiments are given in Appendix B.3.

Geometric Double-Quantum Excitation. Following a relaxation delay
of 3-5 times 77 to allow the system to reach thermal equilibrium, a geo-
metric double-quantum excitation sequence IT%9 is applied to generate

double-quantum coherence (Figure 3.13(b)).

Double-Quantum To Singlet (DQ2S) conversion. A 90° and 457 pulses
are initially applied, followed by a J-synchronised spin echo sequence
(JSE), repeated for n times. Analogously to the JSE used in the M2S
pulse sequence (Figure 2.6(a)) for converting longitudinal magnetisa-
tion into singlet order ™, this completes the steps to access singlet order,

from double-quantum coherence. This block is shown in Figure 3.19(a).

Relaxation. Singlet order can be allowed to evolve/decay for a time
Trelax- 1his relaxation interval 7., 1S varied in a series of experiments
in order to study the decay of *Cs,-singlet order in 1,2-3C,-squarate

and 1,3-'3Cy-squarate, described later in Figure 3.21.

Filtration. The Ty filter consists of a sequence of rf pulses and gra-

68,136 sed to suppress any non rank O spherical tensor operator

dients
signals (see Figure 2.14(a)). Consequently, signals arising from the
1,2-13Cy-squarate and 1,3-3Cy-squarate singlet order pass through the
filter, while other magnetisation components are suppressed instead.
Further details on the parameters used in the experiments are given in

Appendix B.3.

Singlet To Double-Quantum (S2DQ) conversion. This sequence con-

verts singlet order back into double-quantum coherence by acting in the
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reverse chronological order of the DQ2S sequence, similar to the S2M
sequence (see Figure 2.6(b)). This pulse sequence block is shown in

Figure 3.19(b), and is the chronological reverse of the DQ2S sequence.

(vii) Double-Quantum to Magnetisation. A second geometric double-quantum
sequence 1149 converts the double-quantum coherence into observable
magnetisation. The sequence was illustrated in Figure 3.13(b). The pa-
rameters used for the singlet-filtered experiments of 1,2-13C,-squarate

and 1,3-13Cy-squarate are given in Table 3.3.

(viii) Acquisition. The 3C NMR signal is observed.

3.7.1 DQ2S-S2DQ

The DQ2S and S2DQ pulse blocks are described in Figure 3.19(a). The
theoretical value of 7°°°, and the loop number n were given in Equation 3.11.

The transformations performed by these singlet excitation modules can be

a b
DQ2S S2DQ
90%45; 180; 180; 45;90%
7_lGeo I 7_lGreo 7_lGeo 7_lGeo
. ) -
n times n times

Figure 3.19: (a) The double-quantum to singlet (DQ2S) block converts
double-quantum coherence into singlet order. (b) The singlet to double-
quantum (S2DQ) block is the chronological reverse of the DQ2S block, and
converts singlet order back to double-quantum coherence. The darker colour
indicates the implementation of a composite 180° pulse*?. The theoretical
values of 77¢° and n are given in Equation 3.11. The parameters used in the
experiments are given in Table 3.3. Adapted from Heramun et al.!, J. Chem.
Phys. 163, 074201 (2025); licensed under a Creative Commons Attribution

(CC BY) license.
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explored using density operators. The density operator p, that contains the
DQC generated by the GeoDQ sequence was given in Equation 3.16. The first
(m/2)_, pulse within the DQ2S block converts double-quantum coherence,

back into antiphase triplet-triplet coherences:

0 0 0 0
¢ 10 0 -1 0
0 0 -1 0

The subsequent (7/4), pulse converts ps, into the state pg. This has the
effect of depleting the population of the central triplet state |Tp), compared
to the two outer triplet states |77 ;) and |T_4):

0 0 0 O
110 41 0 +1
0 +1 0 +1

The next element of the DQ2S sequence is a J-synchronised multiple spin
echo sequence, as shown in Figure 3.19(a). A JSE of a suitable duration (i.e.
J-synchronous), induces a 7 rotation about the x-axis of the ZQ subspace
made up by the [Sp),|Tp) states® ™. This transformation results in a popu-

lation exchange between the singlet |Sp) and central triplet |Tj) states:

-2 0 0 0
110 +1 0 +1

R g A — L 3.22
0O +1 0 +1

The state p; contains the desired singlet order. Therefore, the sequence of
pulses shown in Figure 3.19(a) are able to convert double-quantum coher-
ence into singlet order. The S2DQ sequence (see Figure 3.19(b)), operates
by reversing the transformations performed by the DQ2S block, allowing a

return to double-quantum coherence.

89



The time evolution of several operators during the GeoDQ-singlet pulse
sequence, using the 1,3-'3Cy-squarate parameters at pH 13.3, is explored in
Figure 3.16. As described above, the sequence successfully generates the
maximum amplitude of the double-quantum precursor operator, which is
then converted into the unobservable double-quantum operator, then into
the singlet order operator, and ultimately back into transverse magnetisation

for readout.

907 90; 90;

7% DQ2S | S2DQ 7%

\ N I N
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Figure 3.20: Time evolution of the singlet order operator (—3(I; - I)), the
double-quantum precursor operator (2(l1yls, + I1.15,)), the outer singlet-
triplet coherence operator (2(/1,15. — I1.12;)), and the z-magnetisation op-

erator during the GeoDQ-singlet pulse sequence. The SpinDynamica®’ pa-
rameters used are described in Table 3.3, for the 1,3-13Cy-squarate species.

The overall theoretical efficiency for the DQ2S-S2D(Q) sequences to convert
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double-quantum coherence into singlet order, and back to double-quantum
coherence again, is 2/3. This is the maximum achievable by consecutive

61,62 " as previously explained in Chapter 2. However,

unitary transformations
as previously described in Subsection 2.6.1, the absence of the Ty filtering
step in this simulation results in the maximum reconversion of singlet order,

into transverse magnetisation.

Figure 3.17(c) and (f) show *C NMR spectra acquired after applying the
pulse sequence shown in Figure 3.18, without a relaxation delay Teax. These
NMR signals derive from the !'3C magnetisation of the 1,2-*Cs-squarate
and 1,3-13Cy-squarate isotopologues which have passed through both double-
quantum coherence and singlet order, sequentially. The sequences are seen
to be highly selective and efficient. Additional NMR spectra, showing com-
parisons with the refocused INADEQUATE, and M2S-S2M pulse sequences
are given in Figures B.1 and B.2 in Appendix B.4.

3.8 Relaxation Measurements

To study the decay of ¥Cy-singlet order in 1,2-13Cs-squarate and 1,3-3C,-
squarate, the relaxation interval T,e.x shown in Figure 3.18(iv) was varied in

a series of experiments. The decay curves are shown in Figure 3.21.

Singlet order was observed to decay faster in the 1,2-13Cy-squarate iso-
topologue (Ts ~ (125 #+ 20) s), compared to the 1,3-13Cy-squarate isotopo-
logue (Ts ~ (200 £ 26) s). This is due to the higher degree of symmetry
of 1,3-13Cy-squarate, compared to 1,2-13C,-squarate. The presence of the
inversion centre ¢ removes the prominent contribution of relaxation arising
from CSA to the decay of '*Cy singlet order. Paramagnetic impurities were
removed via degassing. The T) time constants were estimated by using a
standard inversion-recovery sequence (see Figure 1.6), followed by geometric
double-quantum filtration. This method allowed the selective observation of
either 1,2-3Cy-squarate, or 1,3-1*Cy-squarate, where (T} =~ (29 £ 1) s) for
both isotopologues, suggesting that the longitudinal magnetisation of both

species decayed between 6 to 10 times faster than singlet order.
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Figure 3.21: (a) Decay curve for the 3Cy-singlet order of the 1,2-!3C,-
squarate isotopologue. (b) Decay curve for the ¥Cy-singlet order of the
1,3-13Cy-squarate isotopologue. All results were obtained on a degassed so-
lution of 13C;-squarate at 16.4 T and 298 K, by applying the GeoDQ-singlet
pulse sequence shown in Figure 3.18. The monoexponential decays of the
signal intensities were fitted using non-linear least squares. Adapted from
Heramun et al.!, J. Chem. Phys. 163, 074201 (2025); licensed under a Cre-
ative Commons Attribution (CC BY) license.

3.9 Discussion

The squarate dianion molecular system is attractive due to its high degree
of molecular symmetry and the absence of other NMR active nuclei sur-
rounding the spins of interest, thereby removing any sources of intramolec-
ular relaxation in singlet NMR experiments. Carbon-13 labelling of one site
within the structure creates *C;-squarate. Further **O random enrichment
of 3C;-squarate breaks the symmetry of the molecule due to the difference
in mass between °0O and 80, allowing the study of the 1,2-3Cy-squarate
and 1,3-13Cy-squarate isotopologues in a high pH aqueous solution.

We observed numerous isotopologues due to the variety of *O-induced
and 3C-induced '3C secondary isotope shifts that change the position of the
13C NMR resonance by a few parts-per-billion. The 3C isotope shifts were
measured over one and two bonds at high pH. The 80 isotope shifts were
measured over one, two, and three bonds in both high and low pH cases,
demonstrating a strong pH dependence. This is due to a combination of the

vibronic and dynamic isotope shift mechanisms, which creates the complex
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peak splitting that was observed in the pH 0.9 and pH 13.3 *C spectra.

In the dynamic mechanism, the substitution of one **O atom by O at
a location where protonation occurs changes the average *C chemical shifts
throughout the molecule by moving the acid-base equilibrium. The dynamic
mechanism’s contribution to the isotope shifts vanishes at high pH, since the
squarate dianion C,O7 is most abundant in solution, with minimal protona-
tion events occurring. In this pH regime the vibronic two-bond 2A3C(*¥0)
secondary isotope shift is negligibly small, unlike the one-bond, 'AC(**0),
and the three-bond 2A¥C(*80) shifts, for unknown reasons.

The GeoDQ pulse sequence was successfully applied to selectively de-
tect the signals from the 1,2-3Cy-squarate and 1,3-13Cy-squarate isotopo-
logues, while efficiently suppressing the more intense signals from the 3C;
species. This procedure was demonstrated to be more effective in excit-
ing double-quantum coherences in the near-equivalence regime, compared to
the traditional INADEQUATE pulse sequence. Using this method, we were
able to study the 1,3-*Csy-squarate species that was previously inaccessible.
The customised DQ2S and S2DQ procedures were integrated into the wider
GeoDQ-singlet excitation sequence for the geometric double-quantum singlet
filtered experiments. The conversion of *Cy double-quantum coherence into
13C, singlet order, and backwards, was demonstrated with good efficiency.

The singlet relaxation time constants Ts for both the 1,2-3Cy-squarate
and 1,3-3Cy-squarate isotopologues greatly exceeded the T} values. The Tg
value for 1,3-13Cy-squarate was measured to be ~ 200 s in a high pH aqueous
solution, at 16.4 T field strength. The long 75 time may be due to the inver-
sion symmetry of 1,3-'3Cs-squarate, which removes the large contribution of
the chemical shift anisotropy mechanism to singlet relaxation, even at high
magnetic fields. However, even though Ts is unusually long for a species in
high magnetic field in aqueous solution, the intermolecular interactions with
solvent protons and other species, combined with the relatively high viscosity
of the aqueous environment, still limit the singlet relaxation time to a few

minutes, even for this highly favourable species.
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Chapter 4

Spinor Double-Quantum

Excitation

A family of double-quantum excitation schemes is described for the solution
nuclear magnetic resonance (NMR) of near-equivalent spin-1/2 pairs. These
new methods exploit the spinor behaviour of 2-level systems, whose signature

is the change of sign of a quantum state upon a 27 rotation.

The spinor behaviour is used to manipulate the phases of single-quantum
coherences, in order to prepare a double-quantum precursor state which is
rapidly converted into double-quantum coherence by a straightforward /2

rotation.

One set of spinor-based methods exploits symmetry-based pulse sequences,
while the other set exploits SLIC (Spin-Lock Induced Crossing), in which
the nutation frequency under a resonant radiofrequency field is matched
to the spin-spin coupling. A variant of SLIC is introduced which is well-

compensated for deviations in the radiofrequency field amplitude.

The methods are demonstrated by performing double-quantum-filtered
YF NMR on two different molecular systems containing a pair of diastereotopic
YF nuclei each, and **C NMR on a naphthalene derivative. We compare the

new methods with existing techniques.
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4.1 Introduction

In the previous chapter, the geometric double-quantum excitation pulse se-
quence (see Figure 3.13) was used to selectively detect the signals from near-
equivalent *Cy-pairs in *C NMR spectra!'?®. This method facilitates DQ-
excitation in this coupling regime through a 7 rotation about the z-axis
in the zero-quantum subspace (R!3(7)) to generate a geometric Aharonov-
Anandan phase. Despite its superior performance to the INADEQUATE
sequence (Figure 3.4), the set-up of the GeoDQ sequence requires detailed
knowledge of the spin-system parameters, complicating its optimisation.

A group of procedures which operate differently to the GeoDQ tech-
nique, but which also achieve efficient double-quantum excitation in the near-
equivalence regime are introduced in this chapter. This is the Spinor-DQ
excitation technique, named after its mechanism, which exploits the spinor
property of two-level quantum systems. This DQ-excitation pathway involves
a 27 rotation of a quantum state in the singlet-outer triplet state manifold
(C'?) to create the antiphase triplet-triplet coherences required for double-
quantum excitation, as illustrated in Figure 4.1. This operation returns the

127,137 {5 char-

system to the original state, with a sign change. This property
acteristic of a spinor, which requires a 47 rotation to restore its original state.

Spinor behaviour has been reported numerous times in NMR 138143,

1T1) -
[
$
4
|T0> 2 b
1: /\— S
Lot W

Figure 4.1: Outer Singlet-Triplet (OST) transitions”™ may be induced be-
tween the |T.;) and |Sy) states. A 27w cycle between the states leads to a
sign change for one of the triplet-triplet coherences. This creates the desired
triplet-triplet antiphase single-quantum coherences required to excite double-
quantum coherence. The phase difference is denoted by different colours, and
coherences by the wavy lines. Another 27 rotation between the states returns
the system to its original state, adding up to a 47 rotation in total.

96



Two different implementations of Spinor-D(Q) excitation are herein demon-
strated. The first implementation involves the PulsePol sequence, first de-
vised for the transfer of polarisation from the electron to the nucleus in
nitrogen-vacancy centres in diamonds®44. Additionally, PulsePol has been
effectively adapted for singlet NMR studies of coupled spin-1/2 pairs in so-

85-88 as described in Subsection 2.6.3.

lution
The second implementation of Spinor-D(Q) excitation uses the SLIC method,
as described in Subsection 2.6.2. This pulse sequence was originally devel-
oped to excite singlet order by applying a resonant radiofrequency field, such
that the nutation frequency of the spins matches the J-coupling between
them 7376,77,80-82,97,124,145°152  The STIC sequence shows high selectivity, but
is disadvantaged by its high sensitivity to rf amplitude mismatch. An rf-
compensated variant, “cSLIC”, was devised by Sabba® et al., which is more
robust with respect to deviations from the radiofrequency field amplitude.
The structures of the INADEQUATE, geometric DQ-excitation, and spinor

DQ-excitation schemes are illustrated in Figure 4.2.

a b C

005 1802 905 90° 905 907 902

T1 ’_‘ T1 Rif} (7_‘_) 012

i

Figure 4.2: Double-quantum excitation schemes for spin-1/2 pairs. (a) The
INADEQUATE three-pulse method. (b) The geometric double-quantum ex-
citation method. (c) One version of the spinor double-quantum-excitation
method. Adapted from Heramun et al.?, J. Chem. Phys. 164, 064201 (2026);
licensed under a Creative Commons Attribution (CC BY) license.

The experimental demonstrations given further along this chapter ex-
amine YF, and '¥*C, near-equivalent molecular systems. The correspond-
ing double-quantum filtered spectra obtained from applying the INADE-
QUATE, Spinor-DQ, and GeoDQ sequences are compared. Both Spinor-D(Q
and GeoDQ) procedures excite DQC in all the spin systems examined, with
much higher efficiency than the conventional INADEQUATE sequence.
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4.1.1 Spin Hamiltonian

The rotating-frame spin Hamiltonian for a homonuclear spin-1/2 pair in the

absence of a radiofrequency field is written as follows:
H =01, + L, + Hy, (4.1)
where the J-coupling Hamiltonian is given by:
H;y=w,;1; 1, (4.2)
and the resonance offset frequencies for the two spins are defined as follows:

Ql - wo(él - ref)7
QQ - WO((52 — 6ref)- (43)

The terms {01, 02, bt} are the chemical shift of spins I3, spin I, and the rf
reference frequency, respectively. The other symbols are specified in Equa-
tion 3.5.

The spin Hamiltonian may be written as the sum of two terms, as follows:

H® = Hy + (Hp + Hy). (4.4)
where:

HE = Wy % (Ilz + IQz) 5

HA = WA % (Ilz - [Qz) .. (45)

The sum and difference of the resonance offset frequencies are defined as

follows:

wy, = O + €y,
WA = Ql - QQ. (46)

The singlet and triplet states were defined and numbered in Equation 2.1.
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Rotation operators for single transitions are defined as follows:

R} (B) = exp(—ifl}’), (4.7)

where € {z,y,z} denotes the axis of rotation. The operator for a cycle
C, i.e. a rotation through an angle of 27, is particularly relevant. A cycle
in the {|r),|s)} subspace is independent of the axis, and is described by the
following operator:

C™* = Rr*(2m), (4.8)

which may be written as follows:

C=—=1"4 > |u)(ul, (4.9)

u#{r,s}

where the second term involves a summation over all states which are outside
the rotated 2-level system. The cycle operator C'? for the {|Sy),|T1)} =
{|1),]2)} subspace, is given by:

C'? = 1" 4 1% (4.10)

The negative sign of the first term is a consequence of spinor behaviour.

The spin Hamiltonian H° can be expressed in terms of single-transition

operators, as follows:

H® = —Qs1R*(—0s7) IR} (+0s1) + ws 2!
+ Lw, (17— 1", (4.11)

where Qg1 and fs1 were given in Equation 3.5.
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4.2 Double-Quantum Filtering Schemes

The double-quantum filtering amplitude apqr is equal to the absolute squared

124,153

of the double-quantum excitation amplitude apq, as follows:

U
apqr = lang|* = | (2| Up U 4) |2 = (o1 = [2) (4] )[*. (4.12)

Although apq (Equation 3.18) is a complex number in general, the double-
quantum filtering amplitude apqr is a real and positive value, which ap-
proaches 1 for a DQ-excitation sequence of maximum efficiency.

The double-quantum excitation time is denoted by 7" in all the schemes
illustrated in this chapter. Ideally, 7" should be as short as possible to min-
imise relaxation losses. For near-equivalent systems, however, large values of

apqr often require a long 7.

4.2.1 INADEQUATE

The INADEQUATE pulse sequence is shown in Figure 4.2(a), and given in

Figure 4.3 as it was implemented in the current experiments.

90, 1807 90, 90, 180; 90, 902,

(I)A CI)B (I)rec
G,

Figure 4.3: Refocused INADEQUATE pulse sequence, including a z-
filtering step before signal acquisition. The phases ®,, &g and P, are
cycled in 4 steps to implement double-quantum filtering. Adapted from Her-
amun et al.?, J. Chem. Phys. 164, 064201 (2026); licensed under a Creative
Commons Attribution (CC BY) license.

Although the standard INADEQUATE sequence performs well for weakly-
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coupled spin-1/2 pairs (T =~ (2J)71), significant double-quantum excitation
is only achieved in the near-equivalence regime when the total duration 7" of

INADEQUATE is inversely proportional to the inner peak splitting:
T ~ |7/ Awinner| =~ |/ A?]. (4.13)

This implementation, as discussed in Chapter 3, leads to a large value of
T in the near-equivalence limit, and correspondingly large relaxation losses.
Several authors!08:125:154.155 haye independently derived an expression for the
double-quantum excitation amplitude of INADEQUATE in the general case.
This may be written as follows:

ag\gDQ = i cos(fst) sin(Qsr1) cos(w )

— i (sin®(st) + cos®(Ost) cos(Qsrm)) sin(w,ymr).  (4.14)

Two methods can be used to achieve faster double-quantum excitation
in the near-equivalence regime: geometric double-quantum excitation, de-
scribed in Chapter 3, and spinor double-quantum excitation, described in

this chapter.
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4.2.2 GeoDQ

The geometric double-quantum excitation pulse sequence (GeoDQ) previ-
ously introduced in Chapter 3 is shown in Figure 4.2(b), and given in Fig-
ure 4.4 as it was implemented in the current experiments. The GeoDQ
sequence employs a cyclic trajectory between the |Tp) and |Sp) states to
ultimately create a phase difference between the |1%4) (Ty| = |2) (3], and
|To) (T-1| = |3) (4| coherences, as depicted in Figure 3.14.

a b
902 902 90; 902 90°_x 180; 180;
Geo Geo Geo
1129 149 1%Q - T2 ’_‘71 ’_‘71 |
' ' . I J
D P Prec n times n times
G.

Figure 4.4: (a) GeoDQ pulse sequence, including a z-filtering step before
signal acquisition. (b) Structure of the IT#? block. Theoretical expressions
for 70 75 and n are given in Equation 3.11. The phases ®,, ®p and
®,.. are cycled in 4 steps to implement double-quantum filtering. Adapted
from Heramun et al.?, J. Chem. Phys. 164, 064201 (2026); licensed under a
Creative Commons Attribution (CC BY) license.

4.2.3 Spinor Double-Quantum Excitation Schemes

The first two steps of the spinor DQ excitation scheme are the same as for

geometric DQ excitation. The starting point is thermal equilibrium, which is

associated with the density operator p; shown in Equation 3.12. Following a

7 /2 pulse, ps is obtained, described in Equation 3.13. The in-phase SQCs are

depicted in Pane 2 of Figure 3.14 for GeoDQ), and Figure 4.5 for Spinor-DQ).
The spinor double-quantum excitation method prepares the double-quantum

precursor state using a different method to that used in GeoDQ. Instead of
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implementing a 7 rotation in the {|1),]3)} subspace, Spinor-DQ implements
a 27 rotation in an outer singlet-triplet subspace. This can be either of
two subspaces. The lower subspace, spanned by the states {|Sy) ,|T%1)} =
{|1),]2)}, and the upper subspace, spanned by the states {|So),|T-1)} =

{15, 14)}.

In this chapter, it is assumed that a cycle is implemented in the {|1),|2)}
subspace, as shown in the central pane in Figure 4.5. The key element to
implement this rotation is shown as C'?(7) in Figure 4.2(c). The relevant

transformation of the spin density operator is as follows:

p;pinor _ 012 Do 012’[
— \/5012 (]23 + ]34) 0121'
= V2 (=1 + 1)
= —QleIQZ - 2[1z[2x (415)

1
= 5= 12) (81~ 13) 20+ I3 (4] + 4) 31)

0 0 0
1o 10
vV2lo -1 0 1

00 1 0

This transformation follows from the properties of the single-transition

cycle operator previously given in Equation 4.10:

C*12) = —2),
C[3) = +13),
C™ |4) = +14). (4.16)

The change in sign of state |2) after applying the cycle operator C'? to it
is a manifestation of spinor behaviour. A graphical representation of pi>™"

is shown in Pane 3 of Figure 4.5. The DQP state pi"™ is converted into
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double-quantum coherence by a final (7/2), pulse, as follows:

ps = Ry(m/2) p¥™ R, (m/2)!
= — Ry (7/2) (211,15, + 211, 15,) Ry (/2)T
= 20,1y, + 21,15, (4.17)
24
=2I;
=—i(I I — I Iy)
= —i(|2) (4] — [4) (2])

000 0
i oo o -
Valooo o

010 0

This is the same final state that was obtained for the geometric double-
quantum excitation (Equation 3.16) sequence. A graphical representation is
shown in Pane 4 of Figure 4.5. Therefore, both GeoDQ and Spinor-D(Q gen-
erate double-quantum coherence with maximum amplitude, without taking
into account pulse imperfections and relaxation losses.

In singlet NMR, two pulse sequences excite OST to populate the singlet
state, ultimately accessing singlet order. These are the SLIC™7 and Pulse-
Pol® pulse sequences. We adapt these sequences to excite DQC in systems
in the near-equivalence coupling regime. The OST cycle described earlier

requires a 4m-rotation to return to its original state, like a spinor.

4.2.4 PulsePol/Symmetry-Based Implementation

The first implementation of Spinor-DQ involves the PulsePol/symmetry-
based R4} sequence. PulsePol consists of the following sequence of delays

and pulses®, as follows:
PulsePol = 9090 — Ty — 1800 — Ty — 9090 — 90180 — T2 — 18090 — T2 — 90180' (418)

As discussed by Sabba® et al., PulsePol is closely related to the R4}
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Figure 4.5: Spinor double-quantum excitation. An ensemble of spin-1/2
pairs is at thermal equilibrium in a strong magnetic field (pane 1). In-
phase single-quantum triplet-triplet coherences are generated by a /2 y-
pulse (pane 2). This is converted into a double-quantum precursor state of
antiphase triplet-triplet coherences (pane 3). A final 7/2 z-pulse generates
double-quantum coherence between the states |T4;) (pane 4). This method
uses a rotation through 27 in the single-quantum subspace spanned by the
singlet state |Sp) = |1) and the outer triplet state |T;1) = |2). The rota-
tion corresponds to the single-transition cycle operator C''? (Equation 4.10).
Adapted from Heramun et al.?, J. Chem. Phys. 164, 064201 (2026); licensed
under a Creative Commons Attribution (CC BY) license.
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symmetry-based sequence:

R4} = [90135 — 72 — 18045 — T2 — 90135 — 90_135 — 72 — 180135 — 72 — 907135]27

(4.19)
where the superscript indicates 2 repetitions. This sequence conforms to R4}
symmetry when applied to spin-1/2 pairs in solution NMR if the delay 7
obeys the following:

Ty = %TJ, (420)

in the limit of short rf pulses. The J-coupling period 7; is given by:

27 1
T =——=|J|"". 4.21
=11 (4.21)
The construction of an R-sequence was explained in Chapter 2. The basic

R-element of R4} in Equation 4.19, is given by:
RO = 9090 — T — 1800 — Ty — 9090 . (422)

For R4}, the symmetry numbers are {N,n,v} = {4,3,1}. Therefore, the
complete R43 sequence consists of four R-elements, with a duration of three
J-periods. The phases of the R-elements alternate between the values +¢,
where ¢ = /N = 7/4 in the case of R4}. The total duration of the R4}
sequence is given by:

TR4 = 37’J. (423)

Several alternative combinations of symmetry numbers are also possible, as
specified in Table 1 of Ref.8%. This rational, symmetry-based, construction
procedure leads to well-defined selection rules for the average Hamiltonian
(1)
H

certain approximations

, which governs the dynamical properties of the pulse sequence, within
93,94

The R4} and PulsePol sequences are related as follows:

2

R4% = |(PulsePol) (4.24)

o=m/4
The R4! sequence consists of a phase-shifted PulsePol sequence, repeated
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twice. In this chapter, the R4} sequence in Equation 4.19 is considered, not
PulsePol (Equation 4.18). This allows the direct application of symmetry-

based pulse sequence theory?1 94,

Figure 4.6 shows the pulse sequence as it was implemented during the
experiments. This sequence was constructed using a riffled variant of R4}
(see Subsection 2.6.3), which improves the robustness®. Nevertheless, in the
limit of short rf pulses, the symmetry properties and selection rules for the

R4} symmetry are still valid, and the sequence is called “PulsePol-DQ”.

a b
90° 90° 90° 905 90°, 90450 180555 90%5:090° 550 180%5:0 90° 150
R4§ R4l T2 ’_‘ T2 T2 ’_‘ T2
3
o, @ T -
A b 2m times
G.

Figure 4.6: (a) Double-quantum-filtering pulse sequence, using

PulsePol/ R4} for double-quantum excitation, including a z-filtering step be-
fore signal acquisition. (b) Structure of the R4} sequence, broken down
as shown in Equation 4.19. The pair of R-elements is repeated 2m times.
Adapted from Heramun et al.?, J. Chem. Phys. 164, 064201 (2026); licensed
under a Creative Commons Attribution (CC BY) license.

The cycle element C'? shown in Figure 4.2(c) is given by m repetitions
of the R4% sequence (i.e. 2m repetitions of a PulsePol sequence, shifted by
7/4 in phase):

o = [Ral]™. (4.25)

As described by Sabba® et al., the theory of R41 in the current context
proceeds by describing the chemical shift Hamiltonians Hx and Hy in the
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interaction frame of the J-coupling and rf fields:

Hp = Ue(®)TU; () HAU (1) Use(t),
Hy = Us(t)TU; () Hs U () Uyt (), (4.26)

where Uy(t) is the propagator under the rf fields of the pulse sequence. The

propagator under the .J-coupling Hamiltonian is defined as follows:
U](t) = exp{—iHJt}. (427)

The propagator for the spin system, at any time point ¢, may be approxi-

mated as follows:

U(t) ~ Uy (t)Uy(t) x exp{—zH } (4.28)

34,156,157

where ' is the average Hamiltonian of the chemical shift terms

over a single R43 sequence:

7" =al 7Y, (4.29)
with:
R
7Y =17 Ha(t) dt, (4.30)

0

and similarly for F(Zl ). The numbering convention used here for the aver-
age Hamiltonian terms is that of Hohwy et al.'®", superseding an earlier

34156 - The selection rules associated with the symmetry number

convention
combinations given in Table 1 of Ref.8? lead to an average Hamiltonian with

the following form:

=0 _ 7 (1)
H " =Hyyy+H Ly, (4.31)

where:

—(1
H(11)11 = Lrnnwa [2) (1],

—1
ngn 1= —%Hl—n—wa 11) (2. (4.32)
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Note that the R4} symmetry causes all terms derived from Hy; to vanish.
The scaling factors k141141 depend on the symmetry numbers {N,n, v} of
the pulse sequence and the details of the basic element R?. In the limit of

short 1f pulses, its scaling factors k; 41141 are given by®:

R1111 = —RK1-11-1 = (—1)

P2 o (2
™ ON/’
-3 peZ, (4.33)

n—v

N

p:

where Z is the set of all integers.

For the R4} sequence, {N,n,v} = {4,3,1}, the scaling factors evaluate

to:
2(1++2
R1111 =— —R1-11-1 = % ~ (.512 . (434)
T
The first-order average Hamiltonian 7" for the R43 sequence is therefore
given by:
7Y =wi2 12, (4.35)

12

.o is proportional to the

where the single-transition nutation frequency w

chemical shift difference frequency wa:
wr11121t = R1111WA = 0.512 WA - (436)

The selection rules imposed by R4} symmetry ensure that the average
Hamiltonian is selective for the {|1),]2)} transition. The real values of the
scaling factors kq+41141 indicate that the R4§ sequence generates a rotation
about the z-axis of the {|1),|2)} subspace. In contrast, the effective rotation
axis of the PulsePol sequence (Equation 4.18) is rotated away from the -
axis by 45°. From Equation 4.28, the propagator for a single R4} sequence
is given by:

U(R43) ~ Ujy(Tra)Upt(R43) R (W12 Try), (4.37)

nut
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where the single-transition rotation angle is given by:

12 Thy = 8wi2 T, (4.38)

wnut

and the single-transition rotation operator R!? was defined in Equation 4.7.

After being taken over the entire R4} sequence, the propagators U; and
Uyt become unity operators. Hence, the propagator for a complete R43 se-
quence is given by just a rotation around the z-axis of the {|1) ,|2) } subspace.

Equation 4.37 simplifies to:

U(R43) ~ R (w2 Try). (4.39)

nut

If the R4} sequence is repeated m times, the total duration 7' is given by:
T =mTpry = 3m7; = 24mmy, (4.40)

since 37; periods occur within the same time as 87, delays. The overall spin

propagator is given by:
U([R4]") ~ R2(57), (4.41)
where the total rotation angle in the {|1),|2)} subspace is:

B2 =wlAT. (4.42)

nut

The density operator py (Equation 3.13), is transformed as follows:

ps(T) = R2(B'2) pa B2(B™)"
= 2'2R(B7) (I + L) Ry (8")'
— 212(1% cos(1372) + I3 sin(15"2) + 1Y), (4.43)

Note the 4m-periodicity with respect to 3'? in Equation 4.43, which is a

signature of spinor behaviour. The last equation follows from the commuta-
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tion relationships%6:67:

[112 [23]
12 713
[, 1,°]

[_[12 ]34]

T )T

1713

2Ly
1,723

—§ZIx s

0. (4.44)

The total rotation angle 32 may be set to ~ 27 by choosing the repetition

number m as follows:

2
m = round (—W> ~ round (0.651i) . (4.45)

8|I‘<61111 CUA’T2 A

This way, the propagator for the repeated R4} sequences approximates a
cycle C'12:
U([R43]™) = R} (2m) = C*™. (4.46)

Under these conditions, the transformations of Equations 4.15 and 4.17 are
possible, and double-quantum coherence can be generated by applying a final
(7/2), pulse. The duration 7" required to excite DQC is twice compared to
the singlet order excitation time®. This is due to the fact that Spinor-
DQ excitation requires a 27 rotation in the {|1),]2)} subspace, while the
generation of singlet order by PulsePol only requires a 7 rotation. The spin

density operator at the end of the complete sequence has the following form:

pa(T) = Ru(m/2)ps(T)RL(/2)
~ 212 sin®(18"%) + ..., (4.47)

which shows the excitation of double-quantum coherence, plus other terms

(omitted for simplicity).
The double-quantum amplitude for the PulsePol-D(Q sequence, over the

duration 7' is given as follows:

ag‘ésePOI(T) ~ —isin’® (2w} T). (4.48)

4 nut

The double-quantum filtering amplitude for the PulsePol-DQ sequence is
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given, in the absence of relaxation, by the square magnitude of Equation 4.48:

apage’ N (T) ~ sin* (Fwan T) - (4.49)

4~ nut

4.2.5 SLIC Implementation

The second implementation of Spinor-DQ involves the SLIC sequence, plus

its variants, as shown in Figure 4.7.

SLIC-DQ: Single Pulse Implementation

The first type of implementation of SLIC as a Spinor-D(Q) sequence is shown
in Figure 4.7(a). Double-quantum excitation, in this case, is induced by a
weak rf field with phase ¢ = 0, and with an amplitude that satisfies the
SLIC condition (see Subsection 2.6.2) wSkIC = w; for a total DQ-excitation
time 7. This pulse is not preceded by a 90° pulse, nor is it followed by
one. Instead, the SLIC pulse is applied to thermal equilibrium magnetisation
I, directly generating DQC without any further manipulations. The SLIC
phenomenon has been widely exploited in the preparation and study of long-

73,76,77,80-82,97,124,145-151,158

lived states , and is now used to excite DQC.

The spin Hamiltonian in the presence of the SLIC pulse is given by:
H=Hy+ Hx + Hj + wput 1. (4.50)

The individual Hamiltonian terms are specified in Equations 4.2 and 4.5.

The SLIC pulse is applied to a thermal-equilibrium spin system in high
magnetic field, described by the density operator p; = I, (Equation 3.12).
The final density operator for a SLIC pulse with duration 7" is given by:

p1(T) = U(T) LUNT) (451)
where the SLIC propagator, without accounting for relaxation, is:
U(T) = exp{—iHTY}. (4.52)
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Figure 4.7: (a) Double-quantum excitation is induced by a weak rf field
satisfying the SLIC condition w3k = w; for a total duration T'. (b) A strong
90° pulse is appended to the SLIC pulse, without a change of phase. The
SLIC pulse is subdivided into a series of n; 3605 pulses to ensure stroboscopic
evolution. Optimal double-quantum excitation is achieved when the repeat
number n; satisfies Equation 4.76. (c) Double-quantum excitation scheme
using cSLIC, with compensation against rf amplitude errors. A strong central
pulse with a 180° phase shift is inserted at the centre point of the SLIC pulse.
The flip angle multiplier o, with o < 1, is defined in equation 4.79 and takes
into account the finite duration of the central compensation pulse. The
strong and weak pulses provide equal and opposite rotations, leaving no net
rotation even in the presence of an rf amplitude error. For an infinitely short
central pulse, a = 1, and the central pulse has a flip angle of 360°. Adapted
from Heramun et al.?, J. Chem. Phys. 164, 064201 (2026); licensed under a
Creative Commons Attribution (CC BY) license.
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The Hamiltonian then undergoes a transformation into a periodic interac-

tion frame, defined by the following unitary transformation of spin operators:
Q=WH'QW(®), (4.53)

where the time-dependent transformation operator W (¢) is defined as follows:
W(t) = Ry(=m/2)U,(t) R(—wyt), (4.54)

where Uj is given by Equation 4.27 and 0 < ¢ < T. The frame has a period

corresponding to one J-revolution 7; = |J|71.

The following property holds for all time-independent operators () and
times t:

Qt+kry) =Qt); keZ (4.55)

The Liouville von Neumann equation of motion of the spin density oper-

ator in the interaction frame is given by the following:
where the interaction-frame spin Hamiltonian H (t) is given by:

. d

Ht) =W HW () — i W) (EW(t)> . (4.57)
The second term in Equation 4.57 corrects for the non-inertial motion of
the frame, playing a similar role to the Coriolis force in classical mechan-
ics 1997161 " These equations may be combined to obtain the interaction frame

Hamiltonian H(t), as follows:

H(t) =Wt HW(t) — Hy +w,L.
= Ha(t) + Hs(t) — (Wt — wi) L
= ~A<t> + ﬁz(t) — Ef WJIZa (458>
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where the fractional rf amplitude mismatch €. is defined as follows:

Wnut — Wyg

(4.59)

€Erf =
wy

This value goes to zero for an exact SLIC condition match. The interaction-

frame chemical shift terms are given by:

Ha(t) = Jwa W) (I, — L) W(2),
H(t) = gos W() (I + L) W (2). (4.60)

The interaction-frame chemical shift Hamiltonian terms may be written in

terms of single-transition operators (Equation 2.21), as follows:

Ha(t) = 2’1/2wA( — 12 + 1" cos(2wyt) + )" sin(2w,t)),
Hyg(t) = Lws (I, cos(w,t) + I sin(wyt)). (4.61)

The average Hamiltonian for SLIC, in the interaction frame, is given by:

1
= —E wal,” —epwyl,
= —KRSLIC CUA];Q — €rf C(JJ]Z. (462)

The propagator U(T') for the spin system over the time 7" can be estimated
from the interaction frame Hamiltonian averaged over one period, if the shift

frequencies wa and wsy; are small compared to wy, and |eg] < 1.

U(T) ~ W(T) exp{—iH " TYW(0)'. (4.63)

When the SLIC matching condition is met, a rotation in the {|1),[2)}
subspace is induced by the SLIC pulse in the interaction frame. This is iden-
tical to the rotation generated by the R4} sequence in the ordinary rotating

frame (Equation 4.35). The nutation frequency is given by the negative
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chemical shift frequency difference wa, multiplied by a scaling factor kgyic:

1
SLIC \/5 ( )

Averaging the Hamiltonian over one J-period results in the oscillatory

terms present in Equation 4.61 vanishing.

The second term in Equation 4.62 represents the deviation of the rf field
amplitude from the exact SLIC condition. Therefore, the rf mismatch term
interferes with the desirable subspace rotation, suggesting that the SLIC-DQ

is highly susceptible to such deviations.

For DQ-excitation by a single on-resonance SLIC pulse, as shown in Fig-
ure 4.7(a), with an exact SLIC match (e = 0), Equation 4.51 may be im-
plemented in three steps. The application of W (0)' (Equation 4.63) gives:

W(0)' . W(0) = Ry(x/2) I. Rl (n/2) = I,
= V(I 4 3, (4.65)

This is identical to the density operator obtained in Pane 2 of the general

scheme for Spinor-DQ) excitation (Figure 4.5).

The propagator under the average Hamiltonian A for an interval T, in

the case €, = 0, is given by:
exp{—iH T} = R12(812), (4.66)
where the rotation angle in the {|1),|2)} subspace is given for SLIC by:
B = —kgLicwaT, (4.67)

and the SLIC scaling factor kgiic = 27'/2. Hence, the transformation under

the average Hamiltonian is given by:
RP(B)LREZT(B) = V2(I2P cos(3") + I sin(38"%) + I3*).  (4.68)
This expression has a period of 47 with respect to the angle 3'2, a signature
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of spinor behaviour. This transformation is similar to that given by a R4}
sequence (Equation 4.43). The total rotation angle 3'> may be set to ~ —27
by the following choice of T":

2rJ
T ~ round(L) Ty~ round(

\HSLIC WA\

V2J
A

> TJ. (4.69)

For this specific T', the evolution under the SLIC average Hamiltonian ap-
proximates a cycle, the spinor behaviour is activated, and Equation 4.68

evaluates to:

RE(B®)LREZT(BY) ~ V2 ( - I2 + I3). (4.70)

The opposite signs indicate the generation of the double-quantum precursor
state (antiphase single-quantum coherence), which corresponds to Pane 3 of
Figure 4.5.

In general, the spin density operator at the end of the SLIC pulse may be
calculated by applying the operator W(T') to the right-hand side of Equa-
tion 4.68. This leads to:

ps(T) = =217 sin(w,T) sin*($8"%) + . . ., (4.71)

which contains the DQC operator I;*.

The double-quantum excitation amplitude for the simplest implementa-

tion of SLIC shown in Figure 4.7(a) is as follows:

apo T = (2] ps(T) |4)
~ isin(w,T) sin®(15"). (4.72)

where the SLIC rotation angle is given by Equation 4.67.

The SLIC double-quantum excitation amplitude contains two oscillating
terms. The “fast” oscillating term has a frequency w;, whereas the “slow”

/2. Optimal double-quantum excita-

oscillating term has a frequency 2~
tion requires setting 71" to satisfy Equation 4.69, which maximises the value

of the “slow” oscillation, while simultaneously maximising the value of the
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“fast” oscillation, by satisfying the condition:
SLIC-DQ(a) : T = (k£ Lll) 77, kel (4.73)

In general, the conditions of Equations 4.69 and 4.73 cannot simultaneously
be satisfied exactly. A good compromise is to use a value of T which satisfies
Equation 4.73 exactly, while also satisfying Equation 4.69 reasonably well.
An unusual constraint of Equation 4.73 is that DQ-excitation is achieved
when 7' is a multiple of 7;, plus or minus a quarter of a rotation period.

The derivation above shows that double-quantum excitation by SLIC is
a form of Spinor-DQ excitation. Instead of the explicit 7/2 pulses shown
in Figure 4.2(c) and 4.5, the 7/2 rotations involved in SLIC are concealed
in the interaction frame transformation. Nevertheless, the basic principles
of Spinor-DQ) excitation are evident. Equation 4.72 shows that, although a
single SLIC pulse does generate DQC with high efficiency when applied to
longitudinal magnetisation, the dependence on the SLIC pulse duration is
highly oscillatory.

It is important to remember that the sequence duration T required to
achieve SLIC-DQ excitation is twice what is required to achieve the genera-
tion of singlet order by SLICTS.

SLIC-DQ: Two-pulse implementation

Attempting to choose a duration 7' to fit the constraint imposed by Equa-
tion 4.73 can be a little awkward, and prone to human error. To correct this,
the version of SLIC-DQ shown in Figure 4.7(b) was devised. In this case,
the SLIC pulse is followed by a strong m/2 pulse, of the same phase as the
SLIC pulse. The DQ-excitation amplitude is given by:

apo " (T) = i cos(w,T) sin® (1 812), (4.74)

where the SLIC rotation angle 32 is given by Equation 4.67.
In this implementation, optimal double-quantum excitation is achieved

when T is an integer multiple of the period 7; = |J~!|, while being as close
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as possible to the optimum value given in Equation 4.69. The SLIC duration
is given by:
SLIC—DQ(b) T =nyt;; nye’, (475)

where the optimal number of cycles may be estimated as follows, in the

) . (4.76)

The double-quantum filtering amplitude by SLIC-DQ is given by the

square magnitude of Equation 4.74:

absence of relaxation:

V3

~ d
ny roun( A

apar(T) = lapg” " (T) = cos’(w,T)sin*(36).  (4.77)

cSLIC-DQ: Amplitude-Error Compensation

Figure 4.8(a) shows the performance of the SLIC-DQ sequence as a function
of resonance offset Aw = %wg. Exact SLIC match is assumed, ¢y = 0.
The simulation shows that double-quantum excitation by SLIC is strongly
frequency-selective, with an excitation bandwidth roughly equal to 0.3 times
the J-coupling.

Figure 4.8(b) compares analytical results with numerical simulations of
the double-quantum excitation, as a function of the rf field amplitude. A
strong oscillatory dependence is superimposed on the typically narrow exci-
tation profile of SLIC. This renders SLIC-D(Q extremely sensitive to small
deviations of the rf amplitude from the exact SLIC match condition - even
more sensitive than other applications of SLIC. As shown below, this hy-
persensitivity to the rf field amplitude strongly degrades the experimental
performance of SLIC-DQ.

The high sensitivity of SLIC-DQ to deviations in the rf field amplitude
from the exact SLIC condition presents a serious challenge. Fortunately,
an effective scheme for rf error compensation is available, and is shown in
Figure 4.7(c). This method, which is called here compensated-SLIC (¢SLIC),
uses an rf pulse sequence employing two different amplitude levels. First, a

weak rf field matching the SLIC condition is applied, then a much stronger rf
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field provides a compensating counter-rotation in the centre of the sequence,
followed by a second weak rf field matching the SLIC condition. The ¢SLIC

module has a total duration of 7; = |J~!|, repeated n; times (Equation 4.76).

The general form of the ¢SLIC sequence has the following form:

cSLIC = (ar), — (a27)*2" — (ar).,, (4.78)

—T

where the factor o = 1 for an infinitely short pulse, and is given by:

strong

i (4.79)

strong :
Whut T+ Wy

w
o =

The ¢SLIC sequence is compensated for any excess nutation caused by rf
amplitude mismatch. Under ideal conditions, the weak SLIC field generates
an exact 27 rotation upon every cycle, and the central pulse generates an
equal and opposite 27 rotation. When the rf field amplitude is larger than
expected, the excess rotation induced by the misset SLIC field is compensated
by the equal and opposite excess rotation caused by the misset strong pulse
— and similarly when the rf field is weaker. This compensation mechanism
assumes that the weak and strong rf fields experience the rf amplitude errors
in the same proportion. This is the case when both fields are generated by
the same radiofrequency coil, and when the deviations are caused by spatial

variations in the rf field strength. This is the usual experimental situation.

The dependence of the ¢cSLIC-DQ excitation amplitude on the total se-

quence duration 7" and rf amplitude error €, is given by:

afy' ~ +icos O, sin® (A'wAT) (4.80)

where the parameters 6. and " are defined as follows:

0. = 2 arctan ( o ) ,
2+ €

K = 27 %sinc (mey) sec (6,) . (4.81)
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Figure 4.8: (a) Double-quantum excitation as a function of Aw/w;, where
the resonance offset is defined as Aw = wy,/2, for the same sequences. (b)
Double-quantum excitation as a function of rf amplitude error e (Equa-
tion 4.59) for the standard SLIC-D(Q implementation shown in Figure 4.7(a)
as well as the ¢SLIC-DQ sequence shown in Figure 4.7(c). The resonance
offset is set to zero in both cases, wy = 0. The total duration of the conven-
tional SLIC-DQ sequence is T' = 79.12ms, corresponding to T' = (20 + %)TJ.
For the compensated SLIC-DQ sequence, the total duration is 7' = 78.14 ms,
corresponding to 1" = 207;. The nutation frequency of the hard pulses in
the ¢SLIC-D(Q sequence was 25.0 kHz. Solid lines: analytical expressions.
Open markers: numerical simulations. All simulations use J = 255.94 Hz
and A = 17.8 Hz. Adapted from Heramun et al.?, J. Chem. Phys. 164,
064201 (2026); licensed under a Creative Commons Attribution (CC BY)
license.
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In the case of exact SLIC match (¢ — 0), these parameters tend to the
values 6, — 0 and k" — K, so that ¢SLIC has the same behaviour as SLIC.

This leads to the double-quantum-filtered signal amplitude:

aper (T) = labs™ (T)[? 2= cos®(0e) sin' (AK'waT). (4.82)
The strong-pulse limit with a@ = 1 can only be approached if the duration
of the central pulse is negligible, which requires a very strong radiofrequency
field amplitude. A compromise for the finite-pulse case, which works well in
practice, is to slightly reduce the durations, and hence the flip angles, of the
two outer pulses, while simultaneously reducing the flip angle of the central
strong pulse, in order to match the sum of the flip angles of the outer pulses.
The overall duration of the three pulses remains fixed at 7;. This leads to
the compromise solution in Equation 4.78 and Figure 4.7(c).
The greatly improved robustness of ¢SLIC-DQ with respect to rf am-
plitude errors is shown by the numerical simulations in Figure 4.8(a). The
resonance-offset dependence of uncompensated SLIC-DQ and ¢SLIC-DQ are

similar, as shown by the simulations in Figure 4.8(b).

902 90° 90°,

SLIC SLIC

(I)A CI)B (I)rec
G.

Figure 4.9: Double-quantum-filtering pulse sequence, using SLIC for
double-quantum excitation, including a z-filtering step before signal acquisi-
tion. The SLIC element can either be the uncompensated version, as in Fig-
ure 4.7(b), or the compensated c¢SLIC sequence, as in Figure 4.7(c). Adapted
from Heramun et al.?, J. Chem. Phys. 164, 064201 (2026); licensed under a
Creative Commons Attribution (CC BY) license.
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4.3 Materials and Methods

4.3.1 Sample Preparation

Details regarding the preparation of the samples are given in the list below.

13C,-DAND: The 3C NMR experiments were performed on a 30 mM so-
lution of a 3Cy-labelled deutero-alkoxy naphthalene derivative (*3C,-
DAND) dissolved in 350 uL of isopropanol-dg, where 1*Cy-DAND is the
abbreviated form of: (1,2,3,4,5, 6, 8-heptakis(methoxy-ds)-7-((propan-
2-yl-d;)oxy)naphthalene-4a,8a-["*Cy |). The synthesis of *Cy-DAND is

given by Hill-Cousins!%? et al.

I: The F NMR experiments were performed on a 0.13 M solution of I
dissolved in 450 pLi of CDCl3, where I is the abbreviated form of: (tert-
butyl (2,2-difluoro-2-phenylacetyl)-L-alaninate). The synthetic proce-

dure of the molecule is given in the Supporting Information of Ref.?2.

K: The F NMR experiments were performed on a 70 mM solution of K
dissolved in 450 pL of CDCl3, where K is the abbreviated form of: (ben-
zyl (2,2-difluoro-2-phenylacetyl)-L-valinate). The synthetic procedure

of the molecule is left to be described in a future publication.

4.3.2 NMR Instrumentation

The 13C solution-state NMR experiments were carried out on a 400 MHz
Bruker Neo Avance system equipped with a 5 mm Bruker BBO probe. The
90° pulse length 799 was optimised to (8.8 0.1 us) at 400 MHz.

The F solution-state NMR experiments were carried out on a 600 MHz
Bruker Avance system equipped with a 5 mm Bruker TBO He probe. The
90° pulse length 799 at 600 MHz was optimised to (10.0 £0.1) us for I, and
(11.0 £ 0.1) us for K at 600 MHz. No 'H decoupling was used throughout
the experiments. Regarding the z-filter, the strength of the z-gradient G,

applied was 15%, applied for a duration of 4.4 ms for all experiments.
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4.4 Results

The following section illustrates the implementation of the double-quantum
filtering schemes described earlier. Three different molecular systems are

examined:
1. A near-equivalent F spin-1/2 pair, denoted I.
2. A strongly-coupled *F spin-1/2 pair, denoted K.

3. A near equivalent 3C spin-1/2 pair, denoted 3Cy-DAND.

4.4.1 YF NMR: Near-Equivalence Case

The molecular structure of I, with its associated parameters, is given in
Table 4.1. The F spin-pair exhibits a small singlet-triplet mixing angle Ogr,
placing it within the near-equivalence regime. The symmetry of this molecule
is broken by the presence of a chiral site within the molecular structure. This
symmetry-breaking mechanism was first exploited by Tayler et al.% in the
context of the singlet NMR of a 'H spin-pair within a tripeptide.

The conventional 90° *F NMR spectrum of I is given in Figures 4.10(a),
and 4.11(a). The spectrum consists of a single, strong peak. The chemical
shift difference between the °F nuclei is so small, that the outer peaks of
the AB type pattern can only be observed directly after acquiring many
transients, and with additional magnification, as shown in Figure 4.10(b).

The DQF-schemes illustrated earlier in the chapter were applied to this
spin system. A series of 1F NMR spectra of I are shown in Figure 4.11. The
90° pulse-acquire spectrum, refocused INADEQUATE, GeoD(Q, PulsePol-
DQ, SLIC-DQ, and c¢SLIC-DQ spectra are depicted together. The pulse
sequence parameters are given in Table 4.2.

Figure 4.11(b) shows a DQF F NMR spectrum obtained using the refo-
cused INADEQUATE pulse sequence (Figure 4.3). Even after optimisation
of the pulse sequence delays 71, only approximately 5 % of the magnetisation

is retained after passing through the double-quantum filter.
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Table 4.1: Molecular structure of tert-butyl (2,2-difluoro-2-phenylacetyl)-
L-alaninate, referred to as I, and associated parameters. The singlet-triplet
mixing angle is given in Equation 2.13. The values of A and fst assume a
field of 14.1 T. Adapted from Heramun et al.?, J. Chem. Phys. 164, 064201
(2026); licensed under a Creative Commons Attribution (CC BY) license.

Me O

t-BuO - F
pig:
H Ph
F

Parameter Value
2 Jep /Hz 255.9+0.3
Ad /ppb 32.04+2.0
A /Hz 18.0 £1.0
Ost/° 4.1+0.2
a ( b x 1000
- ‘Ssihemica(lj shift / :pzni >
0.5 0.25 0 0.25 -0.5

%F chemical shift / ppm

Figure 4.10: (a) A 90° pulse-acquire F NMR spectrum of I (Table 4.1),
acquired at 14.1 T, 298 K, and averaged over 5120 transients. The frequency
scale is centred around —102.931 ppm. (b) A zoomed in view of the spectrum

shown in part a.
position of the AB outer peaks.

The vertical scale is given.
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Figure 4.11: F spectra of a solution of I in CDCls, acquired at 14.1 T,
298 K, and averaged over 4 transients. 'H decoupling was not used. The fre-
quency axis is centred around —102.931 ppm. All spectra have the same verti-
cal scale. Double-quantum-filtering amplitudes are in parentheses. All pulse
sequence parameters are given in Table 4.2. (a) A 90° pulse-acquire spec-
trum. (b) Double-quantum-filtered spectrum obtained using the refocused
INADEQUATE pulse sequence (Figure 4.3) [5.4%]. (c) Double-quantum-
filtered spectrum obtained using the GeoDQ pulse sequence (Figure 4.4)
[66.6%]. (d) Double-quantum-filtered spectrum obtained using the PulsePol-
DQ pulse sequence (Figure 4.6) [56.5%]. (e) Double-quantum-filtered spec-
trum obtained using the SLIC-DQ pulse sequence (Figure 4.9) [15.0%]. (f)
Double-quantum-filtered spectrum obtained using the c¢SLIC-D(Q pulse se-
quence (Figure 4.9) [56.2%]|. Adapted from Heramun et al.?, J. Chem. Phys.
164, 064201 (2026); licensed under a Creative Commons Attribution (CC
BY) license.
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The dependence of the DQF signals of I on the DQ-excitation time T is
plotted in Figure 4.12 for the refocused INADEQUATE, PulsePol-DQ, SLIC-
DQ, and ¢SLIC-DQ pulse sequences. The experimental curve, theoretical
curve, and simulated data points are depicted together. The experimentally
optimised value of T' for each method is shown by a dashed line.

Figure 4.12(a) shows the experimental dependence of the DQF signal in-
tensity on the sequence duration 7' for the INADEQUATE pulse sequence.
The theoretical curve (blue line), and simulated points (open symbols) con-
tinue to increase at large T values, while the experimental curve intensity
(black line) is heavily damped, shortening the optimal 71. Consequently, the
experimental 7' for INADEQUATE (7" ~ 290 ms) is much shorter than the
theoretical optimum (7" ~ 808 ms), where relaxation was not accounted for.

Figure 4.11(c) shows the DQF spectrum obtained using the GeoDQ pulse
sequence (Figure 4.4). In this case, approximately 67% of the magnetisation
is retained after passing through the double-quantum filter. This is roughly
13 times more than that generated by INADEQUATE. The improved ef-
ficiency may be attributed to the much faster double-quantum excitation
by GeoDQ (T ~ 86 ms), compared to that achieved by INADEQUATE
(T =~ 290 ms).

Figure 4.11(d) shows the DQF spectrum obtained using the PulsePol-
DQ pulse sequence (Figure 4.6). The DQF signal amplitude is greater than
for INADEQUATE, but is slightly less than that achieved by GeoDQ. This
is attributed to PulsePol-DQ having a longer excitation duration 7" than
GeoDQ. Figure 4.12(b) shows the experimental dependence of the DQF signal
intensity on the sequence duration T for the PulsePol-DQ pulse sequence.
There is a good correspondence between theory and experiment, except for
the damping of the curves due to relaxation effects.

Figure 4.11(e) shows the DQF spectrum obtained using the SLIC-DQ
pulse sequence (Figure 4.9).

Figure 4.12(c) shows the experimental dependence of the DQF signal
intensity on the sequence duration 7" for the SLIC-DQ pulse sequence. Al-
though SLIC-DQ is faster than GeoDQ and PulsePol-DQ), in the final DQF

spectrum only approximately 5% of the magnetisation is retained after pass-
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Figure 4.12: Dependence of DQF signals on the DQ-excitation duration
T for different pulse sequences. Analytical functions (blue curves), simu-

lated points (open circles), both neglecting relaxation, and experimental data
for T (black lines). (a): INADEQUATE (blue curve: |a]IDN$DQ(T)|2, where
a{)NC‘? PQ(T) is given by Equation 4.14); (b): PulsePol-DQ sequence (blue
curve: Equation 4.49); (c¢): SLIC-DQ sequence, using the implementation
in Figure 4.7(b) (blue curve: Equation 4.77); (d): ¢SLIC-DQ sequence (blue
curve: Equation 4.82). All simulations use J = 255.94 Hz and A = 17.8 Hz.
The experimentally optimised values of 1" are shown by vertical dashed lines.
Adapted from Heramun et al.?, J. Chem. Phys. 164, 064201 (2026); licensed
under a Creative Commons Attribution (CC BY) license.
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Table 4.2: Pulse sequence parameters used for the double-quantum filter-
ing experiments on the solution of ?F,-I 14.1 T. The GeoDQ parameters
{7 75 n} correspond to Figure 4.4. The factor a for ¢SLIC is defined in
Equation 4.79. SLIC-DQ used the implementation shown in Figure 4.7(b).
The uncertainties in the nutation frequencies were estimated from the exper-
imental nutation spectrum. Adapted from Heramun et al.?, J. Chem. Phys.
164, 064201 (2026); licensed under a Creative Commons Attribution (CC
BY) license.

Pulse Sequence Parameter Value
Hard pulses Whut/(27) / kHz 25.0£0.3
INADEQUATE 71 / ms 145.00
T / ms 290.00
T3 /ms 926.0
GeoDQ T | s 1852
n 22
T / ms 85.88
PulsePol-DQ T/ 1075
m 9
T / ms 105.66
SLIC-DQ WSHC /(27r) / Hz 256 + 3
ny 19
T / ms 70.866
WSHIC /(27) / Hz 256 + 3
¢SLIC-DQ " H
Ty | us 3916
T / ms 74.404
« 0.940
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ing through the double-quantum filter. These losses are due to the extreme
sensitivity of SLIC-DQ to rf amplitude deviations, as illustrated by the sim-
ulations in Figure 4.8. In addition, the rf inhomogeneity averages out the
rapid rf-induced oscillations, meaning they are not observed. Furthermore,
small variations of the rf field amplitude across the sample lead to premature
decay of the DQF signal. The SLIC-DQ sequence is the fastest DQ-excitation
module explored here, with T" ~ 71 ms.

The ¢SLIC-DQ sequence (Figure 4.7(c)) largely overcomes the limitations
presented by SLIC-DQ. Figure 4.11(f) shows the DQF spectrum obtained
using the ¢SLIC-DQ pulse sequence (Figure 4.9). In this case, the com-
pensating pulse removes the rapid rf-induced oscillations, meaning they are
not observed. The DQF signal amplitude is approximately equal to that of
PulsePol-DQ. The ¢SLIC-DQ sequence is the second fastest DQ-excitation
module explored here, with T" &~ 74 ms.

Figure 4.12(d) shows the experimental dependence of the DQF signal
intensity on the sequence duration T for the ¢SLIC-DQ pulse sequence. At
longer times 7', the experimental curve deviates significantly from theory,
even going negative from 7' ~ 0.25 s. The reasons for this deviation are

currently unknown.

4.4.2 19F NMR: Strong-Coupling Case

The molecular structure of K, with its associated parameters, is given in
Table 4.3. The 'YF spin-pair is at the upper limit of the strong-coupling
regime, since the singlet-triplet mixing angle s > 30°. The structure of
K is similar to that of I, where the two molecules only have different chiral
side-chains, where K has a bulkier functional group. This key difference in
molecular weight between the two functional groups is the cause behind the
larger symmetry-breaking effect observed in K, resulting in a higher fgr.

The conventional 90° F NMR spectrum of K is given in Figures 4.13,
and and 4.14(a). A classic AB pattern is readily observed.

The DQF-schemes illustrated earlier in the chapter were applied to this
spin system. A series of "F NMR spectra of K are shown in Figure 4.14. The
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Table 4.3: Molecular structure of benzyl (2,2-difluoro-2-phenylacetyl)-L-
valinate, referred to as K, and associated parameters. The singlet-triplet
mixing angle can be calculated from Equation 2.13. The values of A and gt

assume a field of 14.1 T.

~_

0]

BnO ' F
T‘/\N
H Ph
F

o]

Parameter Value
2 Jep /Hz 255.3+0.1
Aé /ppb 2799+ 2.0
A /Hz 158.1 £1.0
Ost/° 31.84+0.2

X Xk
% *
A JUL 1.
0.6 0.3 0 -0.3 -0.6

F chemical shift / ppm

Figure 4.13: A 90° pulse-acquire **F NMR spectrum of a solution of K in
CDClj; (Table 4.3), acquired at 14.1 T, 298 K, and averaged over 4 transients.
The frequency scale is centred around -102.974 ppm. The asterisks indicate
the position of the outer AB peaks, and of the two main peaks.
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90° pulse-acquire spectrum, refocused INADEQUATE, GeoDQ, PulsePol-
DQ, SLIC-DQ, and c¢SLIC-DQ spectra are depicted together. The pulse
sequence parameters are given in Table 4.4.

Figure 4.14(b) shows a double-quantum-filtered 'F NMR spectrum ob-
tained using the refocused INADEQUATE pulse sequence (Figure 4.3). After
optimisation of the pulse sequence delays 71, only ~ 80% of the magnetisation
is retained after passing through the double-quantum filter. In this coupling
regime, the INADEQUATE sequence remains effective for DQ-excitation.

a b c d e f

INADEQUATE GeoDQ  PulsePol-DQ SLIC-DQ  c¢SLIC-DQ

0 | | ) Mo

[ | [ [ [ | [ [
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Figure 4.14: F spectra of a solution of K in CDCls, acquired at 14.1 T,
298 K, and averaged over 4 transients. 'H decoupling was not used. The fre-
quency axis is centred around —102.974 ppm. All spectra have the same verti-
cal scale. Double-quantum-filtering amplitudes are in parentheses. All pulse
sequence parameters are given in Table 4.4. (a) A 90° pulse-acquire spec-
trum. (b) Double-quantum-filtered spectrum obtained using the refocused
INADEQUATE pulse sequence (Figure 4.3) [79.1%]. (c) Double-quantum-
filtered spectrum obtained using the GeoDQ pulse sequence (Figure 4.4)
[70.9%]. (d) Double-quantum-filtered spectrum obtained using the PulsePol-
DQ pulse sequence (Figure 4.6) [59.6%]|. (e) Double-quantum-filtered spec-
trum obtained using the SLIC-DQ pulse sequence (Figure 4.9) [63.0%]. (f)
Double-quantum-filtered spectrum obtained using the cSLIC-D(Q pulse se-
quence (Figure 4.9) [80.9%).

Figure 4.14(c) shows the DQF spectrum obtained using the GeoDQ pulse

sequence (Figure 4.4). In this case, approximately 70% of the magnetisation
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is retained after passing through the double-quantum filter. In this case,
GeoDQ (T ~ 27 ms) excites DQC slower than INADEQUATE (7" ~ 13 ms),
resulting in relaxation losses.

Figure 4.14(d) shows the DQF spectrum obtained using the PulsePol-
DQ pulse sequence (Figure 4.6). In this case, approximately 60% of the
magnetisation is retained after passing through the double-quantum filter.
The DQF signal amplitude is greatly reduced compared to INADEQUATE,
and PulsePol-DQ is the worst performing sequence of those presented here,
even though 7" ~ 25 ms, which is close to the GeoDQ sequence. The reasons
behind this discrepancy are unknown.

Figure 4.14(e) shows the DQF spectrum obtained using the SLIC-DQ
pulse sequence (Figure 4.9), the fastest DQ-excitation method of the five
shown. The DQF signal is slightly higher than that of PulsePol-DQ. The
moderate signal loss of SLIC-DQ due to rf inhomogeneity is partially re-
covered by the ¢SLIC-DQ sequence shown in Figure 4.7(c). The optimised
¢SLIC-DQ spectrum is shown in Figure 4.14(f), and has a DQF signal ampli-
tude of approximately 81%, unexpectedly outperforming all the other DQ-
excitation sequences. The double-quantum excitation time 7" for ¢SLIC-DQ

is the second shortest of all the sequences explored here.
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Table 4.4: Pulse sequence parameters used for the double-quantum filter-
ing experiments on the solution of K at 14.1 T and 298 K. The GeoDQ
parameters {75 75 n} correspond to Figure 4.4. SLIC-DQ used the im-
plementation shown in Figure 4.7(b). The factor « for ¢SLIC is defined in
Equation 4.79. The uncertainties in the nutation frequencies were estimated
from the experimental nutation spectrum.

Pulse Sequence Parameter Value
Hard pulses Wit/ (27) / kHz 227+0.3
INADEQUATE 71 /ms 6.50
T /ms 13.0
73 /ms 0.85
GeoDQ 75 /ms 1.70
n 8
T /ms 27.2
PulsePol-DQ 2 /ms 105
m 2
T /ms 24.8
SLIC-DQ WSHC/(27) / Hz 255 + 3
ny 2
T /ms 8.94
WSHIC /(27) / Hz 255+ 3
¢SLIC-DQ " ’
77 /ms 3.916
T /ms 9.39
o 0.989
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4.4.3 13C NMR: Near-Equivalence Case

A naphthalene derivative, 3Co-DAND 62 is an excellent candidate for double-
quantum filtering experiments. This molecule displays a high degree of sym-
metry. To break the symmetry and generate a small chemical shift difference
A between the two 3C nuclei at the centre of the structure, one of the OCD4
groups is substituted in place of an OCD(CD3)s group. The slight asym-
metry introduced by a remote functional group substitution is sufficient to
break the symmetry of the molecule. The ¥*Cy-DAND molecular system has
been used extensively 7073:85:96:128 ipy the past for singlet NMR studies, and

0

displayed a singlet relaxation lifetime Ty of over one hour™ in solution. Its

molecular structure, and associated parameters, is given in Table 4.5.

Table 4.5: Molecular structure of (1,2,3,4,5,6,8-heptakis(methoxy-ds)-7-
((propan-2-yl-d7)oxy)naphthalene-4a,8a-['3Cy |), referred to as '*Cy-DAND,
and associated parameters. The singlet-triplet mixing angle can be calcu-
lated from Equation 2.13. The values of A and st assume a field of 9.4 T.

OCD;3 OCDs
D3CO OCD(CD3);
D5CO OCD;
OCD;3 OCDs
e 13C
Parameter Value
'Joc /Hz 54.4+£0.1
Aé /ppb 75.0 £2.0
A /Hz 7.5 £1.0
Ost/° 7.8+0.2

The DQF-schemes illustrated earlier in the chapter were applied to this
spin system. A series of *C NMR spectra of *Cy-DAND are shown in Figure
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4.15. The 90° pulse-acquire spectrum, refocused INADEQUATE, GeoDQ),
PulsePol, SLIC, and compensated SLIC spectra are depicted together. The
pulse sequence parameters are given in Table 4.6. The conventional 90° 3C
NMR spectrum of '3Cy-DAND is given in Figure 4.15(a).

Figure 4.15(b) shows a DQF 3C NMR spectrum obtained using the refo-
cused INADEQUATE pulse sequence (Figure 4.3). Even after optimisation
of the pulse sequence delays 71, approximately 27% of the magnetisation is

retained after passing through the double-quantum filter.

a b c d e f
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Figure 4.15: F spectra of a solution of *Cy-DAND in ipa-ds, acquired at
9.4 T, 298 K, and averaged over 4 transients. The frequency axis is centred
around 119.031 ppm. All spectra have the same vertical scale. Double-
quantum-filtering amplitudes are in parentheses. All pulse sequence parame-
ters are given in (a) A 90° pulse-acquire spectrum. (b) Double-quantum-
filtered spectrum obtained using the refocused INADEQUATE pulse se-
quence (Figure 4.3) [27.0%]. (c) Double-quantum-filtered spectrum obtained
using the GeoDQ pulse sequence (Figure 4.4) [78.2%]. (d) Double-quantum-
filtered spectrum obtained using the PulsePol-DQ pulse sequence (Figure 4.6)
[73.1%]. (e) Double-quantum-filtered spectrum obtained using the SLIC-DQ
pulse sequence (Figure 4.9) [28.7%]. (f) Double-quantum-filtered spectrum
obtained using the ¢SLIC-DQ pulse sequence (Figure 4.9) [67.5%].

Figure 4.15(c) shows the DQF spectrum obtained using the GeoDQ pulse
sequence (Figure 4.4). with the parameters given in Table 4.6. In this case,

approximately 78% of the magnetisation is retained after passing through
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the double-quantum filter. This is roughly 3 times more than that generated
by INADEQUATE. The improved efficiency may be attributed to the much
faster double-quantum excitation by GeoDQ (7" ~ 147 ms), compared to
that achieved by INADEQUATE (7" ~ 760 ms).

Figure 4.15(d) shows the DQF spectrum obtained using the PulsePol-
DQ pulse sequence (Figure 4.6). The DQF signal amplitude is greater than
for INADEQUATE, but is slightly less than that achieved by GeoDQ. This
is attributed to PulsePol-DQ having a longer excitation duration 7' than
GeoDQ.

Figure 4.15(e) shows the DQF spectrum obtained using the SLIC-DQ
pulse sequence (Figure 4.9). Although SLIC-DQ is faster than GeoDQ and
PulsePol-DQ, in the final DQF spectrum only approximately 29% of the
magnetisation is retained after passing through the double-quantum filter.
These losses are due to the extreme sensitivity of SLIC-DQ to rf amplitude
deviations, as illustrated by the simulations in Figure 4.8(b). Small variations
of the rf field amplitude across the sample lead to premature decay of the
DQF signal. The SLIC-DQ sequence is the fastest DQ-excitation module
explored here, with T" ~ 150 ms.

The ¢SLIC-DQ sequence (Figure 4.7(c)) largely overcomes the limitations
presented by SLIC-DQ. Figure 4.15(f) shows the DQF spectrum obtained
using the ¢SLIC-DQ pulse sequence (Figure 4.9). The DQF signal amplitude
is approximately equal to that of PulsePol-DQ. The ¢SLIC-DQ sequence is
the second fastest DQ-excitation module explored here, with T" ~ 179 ms.

Appendix C.2 contains simulated and experimental double-quantum am-

plitude buildup curves of 3C,-DAND, for the pulse sequences used above.
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Table 4.6: Pulse sequence parameters used for the double-quantum filtering
experiments on the solution of 3C5-DAND at 9.4 T and 298 K. The GeoDQ
parameters {75, 75 n} correspond to Figure 4.4. The factor a for ¢SLIC
is defined in Equation 4.79. SLIC-DQ used the implementation shown in
Figure 4.7(b). The uncertainties in the nutation frequencies were estimated

from the experimental nutation spectrum.
Pulse Sequence Parameter Value
Hard pulses Wt/ (27) / kHz 28.4+0.2

INADEQUATE 71 / ms 380.0
T / ms 760.0

73 /ms 4.60

GeoDQ 75/ ms 9.21

n 12

T / ms 147.4

PulsePol-DQ ™2 / s 690

m 9

T / ms 2484
SLIC-DQ WSHC/(27) / Hz 54 + 3

ny 10

T / ms 149.8
WSHIC /(27) / Hz 54 +3

¢SLIC-DQ " H
T; / ms 18.39
T / ms 178.9
a 0.998
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4.5 Discussion

Conventional double-quantum excitation methods, such as the three-pulse
INADEQUATE123132.163 pylse sequence, work well in spin systems where
the chemical shift difference is much larger than the J-coupling (i.e. the
“weak-coupling” regime). This no longer applies in cases where the chemical
shift difference is very small, compared to the J-coupling (i.e. the “strong-
coupling” regime). In this thesis, we examine the case of double-quantum ex-
citation primarily in the extreme strong-coupling regime, or “near-equivalence”.

In the previous chapter, we explored the implementation of the geomet-
ric double-quantum excitation procedure!'?8 GeoDQ), to isolate signals aris-
ing from Cy-squarate species from a solution of '3C;-squarate at high pH.
The GeoDQ pulse sequence exploits the Aharanov-Anandan geometric phase.
Such a phase may be acquired by quantum states when performing a cyclic
trajectory in the zero-quantum (ZQ) subspace spanned by the singlet and
central triplet states, which subtends a solid angle at the origin of the Bloch
sphere.

In this chapter, however, we exploited spinor behaviour to excite double-
quantum coherence. This means that a quantum state changes sign after
undergoing a 27 rotation in a subspace spanned by the singlet state, and
either of the outer triplet states. This variety of DQC-excitation was called
Spinor-DQ. Both the GeoD(Q and Spinor-D(Q) procedures may be employed to
manipulate strongly coupled spin-1/2 pairs, with the goal of exciting double-
quantum coherence faster than the standard method allows.

We explored two broad types of Spinor-D(@Q excitation. In the first method,
the PulsePol® pulse sequence, interpreted as a symmetry-based pulse se-
quence, was used to generate a single-transition rotation through an angle
of 2m. This realises the spinor property, allowing efficient DQC-excitation.
In the second method, a single radiofrequency pulse, matched to the SLIC

6 was used. The direct excitation of double-quantum coherence by

condition”
SLIC has not been described before, although related multiple-quantum ex-
citation effects have been noted when double-frequency radiofrequency fields

are applied to coupled spin systems 647169,
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A few variants of SLIC-D(Q excitation were introduced. These include
a repeating three-pulse sequence that uses two different radiofrequency field
amplitudes. This compensated SLIC, “cSLIC”, variant accounts for devia-
tions of the rf field amplitude from the exact SLIC condition, although ef-
fects such as radiofrequency droop and phase transients remain problematic
after multiple repetitions of the sequence. More recently, the ¢SLIC sequence
has been adapted for singlet order excitation as well, achieving good error
compensation®.

The various double-quantum filtering schemes described above were ex-
perimentally implemented on three different molecular systems in solution
at high magnetic field, and room temperature. The first is a near-equivalent
YF spin-1/2 pair, denoted I. The second is a *F spin-1/2 pair of the inter-
mediate coupling regime, denoted K. The third system was a near equivalent
13C spin-1/2 pair, denoted *Cy-DAND.

A small chemical shift difference was induced between the two *F nuclei
within I, due to the presence of a stereogenic centre within the molecule. The
two F nuclei are said to be diastereotopic. The same mechanism applies
to K as well, although the symmetry-breaking interaction is of greater mag-
nitude in this case, due to the heavier weight of the stereogenic side-chain.
The °F spectrum of I displayed a pseudo-As-type pattern, since the chemi-
cal shift difference was not big enough to result in a well-resolved split peak
of the AB-type.

Nevertheless, DQC was successfully excited in I using the GeoDQ, PulsePol-
DQ, ¢SLIC-DQ, SLIC-DQ, and INADEQUATE methods, here ordered from
the highest observed DQF signal amplitude, to the lowest. The INADE-
QUATE pulse sequence performed the worst, since the long DQC-excitation
time in the near-equivalence regime results in prominent relaxation losses.
The SLIC-DQ pulse sequence is extremely sensitive to rf amplitude mis-
match, which results in a poor DQF signal amplitude being observed. This
issue is largely overcome by using the ¢cSLIC-D(Q variant, which performed
similarly to GeoDQ, and PulsePol-DQ, though problems with accumulating
phase errors, and power droop issues may have hindered the operation of this

sequence. The PulsePol-DQ pulse sequence performed slightly worse than
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GeoDQ), due to its longer DQC-excitation time, thereby losing some DQF
signal due to relaxation effects. Overall, the SLIC-DQ sequences displayed
the shortest double-quantum coherence excitation time.

A similar behaviour was observed for the near-equivalent 3Cy-DAND
molecule. On the other hand, we observed good DQF signal amplitude for
all sequences for the less strongly-coupled molecule K. In these conditions,
DQC-excitation using the conventional INADEQUATE sequence is still the
optimal method. In this case, the GeoDQ and PulsePol-DQ procedures dis-
play long DQC-excitation times, and were therefore vulnerable to relaxation
losses. On the other hand, while the SLIC-DQ sequences were faster than
INADEQUATE to excite DQC, these were not as robust as the refocused IN-
ADEQUATE pulse sequence with respect to rf amplitude deviations, there-
fore showing a weaker performance in DQF spectra.

A selection of pulse sequences are now available to be used for double-
quantum coherence excitation in the strong-coupling/near-equivalence regime.
The choice is between the GeoDQ), and the Spinor-DQ category of sequences.
Experimental demonstrations have shown good efficiency from both sequence
families. Potential applications may involve, for example, diastereotopic 'H
pairs, which are common in the NMR of biomolecules such as proteins. The
glycine residues in flexible peptide backbones, such as found in flexible ter-
mini or loops, contain inherently diastereotopic CHy groups. In some cases,
the chemical shift difference between the diastereotopic 'H nuclei are too
small to give a resolved spectral splitting. DQF using the methods described
above could allow the editing of NMR spectra, as an alternative to techniques
that exploit long-lived singlet states'#%170. In vivo and MRI applications are
conceivable!™ 173 The sequences described here are also likely to be appli-
cable to systems of more than 2 coupled spins. For example, various imple-
mentations of SLIC have been applied successfully for the study of long-lived
states in systems of the AA’XX’ and AA’MM’XX’ kind82-149-151,158

Another potential application of these techniques is for molecular binding
assays. It has been found that, in some cases, the reversible association of
an achiral molecule with a chiral one induces diastereotopicity in moieties

174

of the achiral partner-™. In principle, this phenomenon could be detected
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by double-quantum-filtered NMR experiments on the free achiral molecule
in solution. As demonstrated above, double-quantum filtering is discrimina-
tory even when the ordinary NMR spectrum displays no obvious symptom
of diastereotopicity. Double-quantum filtering, using GeoDQ or Spinor-DQ
methods, could therefore detect the reversible association of some types of
molecules in solution. In the context of drug discovery, this could provide
a complement to existing NMR-based methods, which typically exploit ei-
ther transient magnetisation transfer in the bound complex, enhancements in
the decay rates of magnetisation or long-lived spin order, or binding-induced
perturbations of diffusion rates and chemical shifts3%175-17  Double-quantum
filtering might provide a cleaner and less ambiguous discrimination in some

cases.
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Chapter 5

Double-Quantum Excitation
Facilitated by Chiral Guest
Binding

A combination of Coulombic and hydrogen bonding interactions between a
fluorinated achiral carboxylic acid and a chiral amine are able to break the
symmetry between two previously equivalent nuclei in the achiral molecule,

inducing diastereotopicity.

The conventional pulse-acquire **F NMR spectrum of this solution does
not show signs of inequivalence between the *F, nuclei. The two diastereotopic
nuclei under observation are strongly-coupled, since the chemical shift differ-

ence between them is small, relative to the J-coupling.

Nonetheless, we demonstrate the detection of binding between the two
molecules using the geometric double-quantum filtering, and singlet filter-
ing methods on isotropic solutions containing varying ratios of a fluorinated
carboxylic acid, and a chiral amine at high magnetic field, and room temper-

ature. In addition, we report 77 and Ty relaxation lifetime measurements.
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5.1 Introduction

Chiral molecules possess two enantiomers, which are non superimposable
mirror images of each other, and cannot be distinguished by NMR?Y di-
rectly. Remarkably, however, the addition of a chiral molecule to a solution
containing a prochiral molecule can cause a splitting of the NMR signal.
Such a molecule may, for example, have the following form: CFyR;Ry. This
structure is achiral, but binding to a chiral agent causes the mirror symme-
try of the molecule to be removed, and a non-equivalence in chemical shifts
is imposed between the two F nuclei. The two sites now occupy differ-
ent environments, generating separate signals in the corresponding F NMR
spectrum. The chemical shift difference A is dependent on the amount of
chiral solvating agent added, also denoted as enantiomeric excess, ee.

181-184
)

This phenomenon has been reported in liquid crystal media and

174,185,186 more recently. One of the very first!®” reported

isotropic liquids
observations of the splitting of an NMR signal into an AB quartet due to the
presence of a chiral agent was made over fifty years ago, however.

In this chapter, we examine the case of a prochiral molecule in isotropic
solution, to which varying amounts of a single enantiomer of a chiral molecule
are added. The molecular structure of the fluorinated phenoxyacetic acid

FPA, and the chiral amine CA under consideration are given in Figure 5.1.

a b
F F @ HoN, _CH;
HO\[%O
O
FPA CA

Figure 5.1: The prochiral molecule, and chiral “guest”. (a) Molecular struc-
ture of 2, 2-difluoro-2-phenoxyacetic acid, “FPA”. (b) Molecular structure of
(S)-1-phenylethan-1-amine, “CA”.

The choice to use F NMR to study this binding mechanism is inten-
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tional. The "F nucleus has a gyromagnetic ratio ~ 40.1 MHz T~', meaning
it is almost as sensitive as protons, where v ~ 42.6 MHz T~!, but with the
advantage of being relatively free of background NMR signals that are com-
mon in 'H NMR. In addition, the chemical shift range of 1F NMR spectra
can span over hundreds of ppm, compared to ~ 10 — 15 ppm for proton
spectra. This means that NMR signals are better resolved from one another,
in comparison to 'H NMR, and with the important advantage that any per-
turbation to the F chemical shift is more readily observable. Importantly,
many biologically relevant compounds often contain fluorine atoms.

The symmetry between the two F nuclei in FPA is broken by non-
covalent bonding interactions between the prochiral molecule FPA, and the
chiral guest CA. The symmetry of FPA breaks down when undergoing fast
exchange with the chiral amine CA in solution, where diastereotopicity is
induced in the FPA substrate. This is caused by two intermolecular forces

acting together, as illustrated in Figure 5.2.

a b
ae Y
) HO
/I O \H><Q \\
0 o._ |
H:.}N,,~ CH3 \HZN/" CH3

Figure 5.2: FPA-CA binding interaction forces. (a) Coulombic attraction
between the cationic form of FPA, and the anionic form of the chiral guest
CA. (b) Hydrogen bonding interaction between FPA and CA.

The first contributing force is Coulombic attraction, which arises from
the acid-base interactions between the FPA carboxylic acid, and the CA
amine, as shown in Figure 5.2(a). The second contribution is due to hy-
drogen bonding between the two molecules, where the CH-7 interaction is

included as well, as shown in Figure 5.2(b). The design of the prochiral and
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chiral “guest” molecules is pivotal for the success of this type of symmetry-
breaking interaction, as discussed in Ref.!™. In particular, it was noted that
the presence of a phenoxy group in the « position with respect to the car-
boxylic acid group is especially important to ensure that the appropriate
intermolecular forces are present that fix the FPA /CA conformation.

A racemic mixture of enantiomers possesses 0 % enantiomeric excess,
whereas a single, pure enantiomer has an enantiomeric excess of 100 %. In
this work, we operate within the 100 % ee conditions. The conventional 90°
pulse-acquire 1F NMR spectrum of FPA displays a strong, single peak of
an A, type system. As the solution is progressively titrated with increasing
amounts of CA, the spectral pattern remains unchanged. However, we ob-
served the perturbation of the isotropic chemical shift di,, suggesting that
binding has occurred, and we were able to further confirm this using double-
quantum filtered NMR. We were unable to extract the dissociation constant
Kp from the binding isotherm, due to not having enough data points.

The procedure was implemented on the various near-equivalent systems
using the geometric double-quantum filtering pulse sequence, GeoDQ), that
was discussed in previous chapters. In addition, we were able to perform
singlet filtering experiments, and measure the singlet relaxation time constant
Ts. The short 17, and therefore T5 relaxation time constants meant that
the double-quantum filtering efficiency was generally very low, and worse in
the systems with a small g1 angle, which resulted in long double-quantum
excitation time Thq, and therefore major relaxation losses. Nonetheless, the
detection of these reversible and non-covalent binding interactions on the

mM scale may be an addition to existing NMR methods.

5.2 Materials and Methods

5.2.1 Sample Preparation

The F NMR experiments were performed on solutions 20 mM of FPA, and
varying concentrations of CA, dissolved in 450 L. of CDCl3. The synthetic
procedure of FPA is left to be described in a future publication. The synthe-
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sis and sample preparation were performed by D. Yamano. Other reagents

were purchased from Sigma-Aldrich, and used without further purification.

5.2.2 NMR Instrumentation

The Y¥F solution-state NMR experiments were carried out on a 600 MHz
Bruker Avance system equipped with a 5 mm Bruker TBO He probe. No 'H

decoupling was used throughout the experiments.

5.3 Results

Several solutions containing a fixed amount of the prochiral molecule FPA
were titrated with varying amounts of the chiral amine CA. The isotropic
chemical shift was perturbed by the addition of CA, suggesting that binding
with FPA had taken place. Figure 5.3 shows the variation of the isotropic
chemical shift s, as a function of the concentration of CA. After a sharp
initial decrease in the chemical shift for the solution containing exclusively
unbound FPA | the prochiral molecule becomes fully saturated after the ad-

dition of approximately one equivalent of CA.

=771 . - . . 4‘
0 20 40 60 80 100
[CA] /mM

Figure 5.3: Isotropic chemical shift i, for a solution of 20 mM of FPA,
and varying concentrations of CA in CDCl3 at 14.1 T and 298 K.

The system parameters associated with each solution that was studied

are given in Table 5.1.
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Table 5.1: Variation of the chemical shift difference A as a function of the
concentration of CA. The values of A and gt assume a field of 14.1 T. The
concentration of FPA is fixed to 20 mM. Solutions were dissolved in CDCls.

[CA]/mM 2Jrr /Hz Ad /ppb A /Hz Ost/°
0 n.d. 0.0+0.1 0.0+0.1 0.0+0.1
) 114.1+1.1 14.0+£ 2.9 79+09 3.1£0.3
7.5 114.1+£1.1 16.3 £ 2.0 9.2+£09 3.7x1.1
10 1141+1.1 270+ 3.6 1524+ 1.0 6.0£0.4
12.5 114.1+1.1 45.6 = 5.2 25.8£3.0 10,1+ 1.1
15 1141+ 1.1 33.6 £ 0.1 19.0£0.5 7.5+0.2
20 1141+£1.1 33.6£0.1 19.0 £ 0.5 7.5+0.2
100 114.1+1.1 33.6 £0.1 19.0 £ 0.5 7.5+0.2

The J-coupling between the two F nuclei of FPA was measured to be
2 Jpp &~ 114 Hz for all solutions where the CA chiral guest was present. The
first row of Table 5.1 corresponds to the case without CA. In this case, the
YF nuclei of FPA are equivalent, meaning the J-coupling is not directly
observable, and therefore could not be determined. The chemical shift differ-
ence A and the J-coupling were used to calculate the singlet-triplet mixing
angle fsr, as described Equation 2.13.

The Ost angle displays an interesting variation as a function of the con-
centration of CA. This shows an increase from the solution containing 0 mM
of CA, reaching a maximum for the solution containing 12.5 mM of CA, be-
fore decreasing slightly and stabilising at around fgt = 7.5° for the solutions
that have approximately one equivalent of CA with respect to FPA. The
reason behind the spike observed at 12.5 mM concentration of CA remains
without a clear explanation, so far.

The following sections discuss the double-quantum filtered and singlet fil-

tered NMR spectra of these solutions, which lie in the near-equivalent regime.
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5.3.1 Double-Quantum Filtered NMR

The double-quantum filtered F NMR spectra of several solutions of a fixed
amount of FPA (20 mM), and varying quantities of CA are illustrated in
Figure 5.4, where the sample volume and room temperature were consistent
across samples. The DQF procedure was implemented using the GeoDQ
pulse sequence designed to operate in near-equivalent spin systems, as illus-

trated in Figure 4.4. The pulse sequence parameters are given in Table D.1.

N e

L1 L1 L1 L1 [ | [ [ | L1
-50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50

Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz

[0] [5] [7.5] [10] [12.5] [15] [20] [100]

[CA] /mM

Figure 5.4: Double-quantum filtered *F NMR spectra of a solution of 20
mM of FPA and varying concentrations of CA in CDCl3. Each spectrum
was acquired at 14.1 T, 298 K, and averaged over 32 transients. 'H decoupling
was not used. All spectra have the same vertical scale. Double-quantum
filtering amplitudes are in parentheses. All pulse sequence parameters are
given in Table D.1. (a) [CA] = 0 mM. The frequency axis is centred around
—76.549 ppm. [0.0 %] (b) [CA] = 5 mM. The frequency axis is centred
around —76.957 ppm. [1.1 %]. (c) [CA] = 7.5 mM. The frequency axis is
centred around —76.989 ppm. [0.0 %]. (d) [CA] = 10 mM. The frequency
axis is centred around —77.043 ppm. [4.8 %]. (e) [CA] = 12.5 mM. The
frequency axis is centred around —77.065 ppm. [1.1 %]. (f) [CA] = 15
mM. The frequency axis is centred around —77.102 ppm. [39.9 %]. (g)
[CA] = 20 mM. The frequency axis is centred around —77.114 ppm. [26.4 %)].
(h) [CA] = 100 mM. The frequency axis is centred around —77.086 ppm.
[25.6 %.

Figure 5.4(a) shows the double-quantum filtered spectrum for a solu-
tion containing 0 mM of CA. As expected, the DQF-amplitude for this
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system that contains the symmetrical FPA molecule on its own, is zero.
Figure 5.4(b-e) shows the double-quantum filtered spectra of the following
solutions, where the DQF-amplitude is given in square brackets: 5 mM [1 %],
7.5 mM [0 %], 10 mM [5 %], and 12.5 mM [1 %] of CA, respectively.

The total double-quantum coherence excitation time values Tpq for each
solution shown in Figure 5.4(b-h) are depicted in Figure 5.5. These are
inversely proportional with the fsr values depicted in Table 5.1, since a
smaller fgr leads to a higher repetition number n in the GeoDQ sequence,

and therefore a longer Tpq.

20 40 60 80 100

[CA] /mM
Figure 5.5: Total double-quantum coherence excitation time Tpq for so-
lutions of 20 mM of FPA, and varying concentrations of CA in CDCl3 at
14.1 T and 298 K. The data points correspond to the DQF spectra shown in

Figure 5.4(b-h). The Tpq values and GeoDQ pulse sequence parameters are
given in Table D.1.

Figure 5.4(f-h) shows the double-quantum filtered spectra of the following
solutions, where the DQF-amplitude is given in square brackets: 15 mM
[40 %], 20 mM [26 %], and 100 mM [26 %] of CA, respectively. These
solutions displayed the same fg1 angle, and were optimised to identical pulse
sequence parameters. Therefore, the Thq value was also identical across the
three solutions. However, the highest DQF-amplitude was given by the 15
mM of CA solution. This result can be explained by the longer 77 &~ 500 ms
value of this solution (Table D.3), compared to the 20 mM, and 100 mM

solutions, where 77 ~ 480 ms, which mitigates the relaxation losses.
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5.3.2 Singlet Filtered NMR

The singlet filtered F NMR spectra of several solutions of a fixed amount
of FPA (20 mM), and varying quantities of CA are illustrated in Figure 5.6,
where the sample volume and room temperature were consistent across sam-
ples. The singlet excitation procedure was implemented using the M2S5-S2M
pulse sequence, as illustrated in Figures 2.6, and 2.5. The pulse sequence

parameters are given in Table D.2.

a b C d e f g h

R e

[ —— [ | [ | [ | [ [ [ [ |
-50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50

Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz

[0] [5] [7.5] [10] [12.5] [15] [20] [100]

[CA] /mM

Figure 5.6: Singlet filtered *°F NMR spectra of a solution of 20 mM of FPA
and varying concentrations of CA in CDCl3. Each spectrum was acquired
at 14.1 T, 298 K, and averaged over 32 transients. 'H decoupling was not
used. All spectra have the same vertical scale. Singlet filtering amplitudes
are in parentheses. All pulse sequence parameters are given in Table D.2. (a)
[CA] = 0 mM. The frequency axis is centred around —76.549 ppm. [0.0 %)]
(b) [CA] = 5 mM. The frequency axis is centred around —76.957 ppm.
(3.4 %]. (c) [CA] = 7.5 mM. The frequency axis is centred around —76.989
ppm. [0.0 %]. (d) [CA] = 10 mM. The frequency axis is centred around
—77.043 ppm. [11.9 %]. (e) [CA] = 12.5 mM. The frequency axis is centred
around —77.065 ppm. [4.0 %]. (f) [CA] = 15 mM. The frequency axis is
centred around —77.102 ppm. [42.1 %]. (g) [CA] = 20 mM. The frequency
axis is centred around —77.114 ppm. [33.2 %]. (h) [CA] = 100 mM. The
frequency axis is centred around —77.086 ppm. [32.0 %].

Figure 5.6(a) shows the singlet filtered spectrum for a solution containing
0 mM of CA. As expected, the singlet filtering amplitude for this system is
zero. Figure 5.4(b-e) shows the singlet filtered spectra of the following solu-

tions, where the singlet filtering amplitude is given in square brackets: 5 mM
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[3 %], 7.5 mM [0 %], 10 mM [12 %], and 12.5 mM [4 %] of CA, respectively.
The higher efficiencies, compared to the DQF spectra, are due to a shorter
overall total singlet order excitation time Tgo, depicted in Figure 5.7, since

exciting DQC generally takes twice as long as exciting singlet order.

80t

20 40 60 80 100

[CA] /mM
Figure 5.7: Total singlet order excitation time Tgo for solutions of 20 mM of
FPA, and varying concentrations of CA in CDCl3 at 14.1 T and 298 K. The

data points correspond to the DQF spectra shown in Figure 5.6(b-h). The
Tso values and M2S-S2M pulse sequence parameters are given in Table D.2.

Figure 5.6(f-h) shows the singlet filtered spectra of the following solutions,
where the singlet filtering amplitude is given in square brackets: 15 mM
[42 %], 20 mM [33 %], and 100 mM [32 %] of CA, respectively.

5.3.3 Relaxation Measurements

The double-quantum, and singlet filtering efficiencies given in Figures 5.4(b-
e), and 5.6(b-e), respectively, showed significant variations between one spec-
trum and another. An attempt at giving a possible explanation is as follows.
The chemical shift difference determines determines how fast DQC/SO can
be excited, whereas the T value (and therefore T3) regulates the efficiency
the DQC/SO. In the cases where the FPA /CA complex is more strongly-
coupled, and displays a shorter T}, the DQF and singlet filtered signal am-
plitudes were observed to be very small. The different combinations of these

events result in the observed signal amplitudes.
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The T} time constants as a function of [CA| are depicted in Figure 5.8.
As the FPA /CA complex forms, the T7 decreases, since the rotational cor-

relation time is longer. Appendix D contains the detailed parameters.

1000
800¢
600¢

Tl /HIS

400

200}

0 20 40 60 80 100
[CA] /mM

Figure 5.8: Longitudinal relaxation lifetime measurements for solutions of
20 mM of FPA, and varying concentrations of CA in CDCl; at 14.1 T and
298 K. The T} values are given in Table D.3. The GeoDQ pulse sequence
parameters are given in Table D.1.

The Ty time constants as a function of [CA| are depicted in Figure 5.9.
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Figure 5.9: Singlet relaxation lifetime measurements for solutions of 20
mM of FPA, and varying concentrations of CA in CDCl; at 14.1 T and
298 K. The Ty values are given in Table D.3. The M2S-S2M pulse sequence
parameters are given in Table D.2.
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5.4 Discussion

The flourinated phenoxyacetic acid FPA, and the chiral amine CA species
form a supramolecular complex in an isotropic liquid. Solutions containing a
fixed amount of FPA were titrated with increasing amounts of CA. The first
indication that binding had taken place, was the perturbation of the observed
isotropic chemical shift Aj,. This parameter changed significantly once CA
was added to a solution containing free FPA. The binding mechanism relies
on the formation of hydrogen bonds between the two molecules, which are
necessary to maintain the fixed structure of the complex!™. The symmetry
of the FPA molecule is broken upon binding with CA.

However, the conventional pulse-acquire 'F NMR spectrum showed a
single, strong peak for all the solutions that were examined, and not an AB
type spectrum. This is due to the binding interaction generating a very small
chemical shift difference, compared to the J-coupling between the two F
nuclei within FPA, i.e. the near-equivalence regime®.

Double-quantum filtering methods are routinely used to detect coupled

08 are inefficient in the strong-coupling /near-

species. The ordinary procedures®
equivalence regime. Therefore, we implemented the geometric double-quantum
filtering method?'28 described in previous chapters to successfully confirm
that the binding event had taken place. This pulse sequence was designed to
efficiently excite DQC in this coupling regime. Even so, the combination of
a short T relaxation time, and longer DQC-excitation times due to a small
chemical shift difference Ad, resulted in generally low double-quantum fil-
tering signal amplitudes being observed. This effect varied across samples,
resulting in different DQF amplitudes being observed.

Singlet order may also be excited between the F spin-pair. The singlet
filtered spectra displayed better signal amplitudes, compared to the DQF
spectra, since singlet excitation takes approximately half as long as DQC
excitation, therefore resulting in fewer relaxation losses. The T} and Tg
relaxation constants were recorded. The singlet lifetimes were approximately
twice as long as the longitudinal relaxation time constant. The short Ty

values are due to the large contribution of CSA to singlet relaxation from
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the F nuclei, in addition to the high magnetic field used.

In this chapter, we demonstrated the detection of reversible binding in-
teractions using the GeoD(@ method. Nonetheless, the Spinor-D(@Q class of
techniques may also be used for this purpose. These procedures could poten-
tially be used for molecular binding assays to detect the reversible association
of some types of molecules in solution, where these are properly designed and
are able to sustain the necessary geometry for the symmetry-breaking event
to occur. This could be useful as an additional tool among the NMR meth-
ods used in drug discovery. Some of the methods exploit the perturbation
of diffusion rates or chemical shifts, or long-lived states as well®%175-179 T
is possible that double-quantum filtering may provide a cleaner and less am-

biguous indication of binding, in some cases.
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Chapter 6
Conclusions

In this thesis, we explored pulse sequences that are able to efficiently excite
double-quantum coherence in the strong-coupling /near-equivalence regime.
The established methods, such as INADEQUATE, are inefficient in these

conditions, which lead to substantial relaxation losses.

The first pulse sequence we explored, GeoDQ, exploits the geometric
Aharonov-Anandan phase. To ultimately excite double-quantum coherence,
this method employs a rotation of the system through m about the z-axis in

the zero-quantum subspace spanned by the {|Sy),|7y)} states.

We applied this pulse sequence to study two isotopologues of the squarate
dianion that are able to support singlet order. To break the symmetry of this
molecule, we used ¥O-enrichment. We observed rich splitting patterns in the
13C NMR spectra at low and high pH in aqueous solution, and we were able
to assign the positions of the peaks arising from several secondary isotope
shifts.

A modification of this pulse sequence allowed the study of the singlet
order relaxation of a previously inaccessible squarate isotopologue. Although
we anticipated very long Ts values for this highly symmetrical species, the
interactions of the singlet spin-pair with the surrounding environment still

limited the singlet relaxation lifetime to a few minutes.

The second variety of pulse sequences we explored include SLIC, and

PulsePol, which are well-known for the preparation of singlet order. To ul-
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timately excite double-quantum coherence, both methods employ a rotation
of the system through 27 in the single-quantum subspace spanned by the
{S0) ,|T'+1)} states, exploiting spinor behaviour.

The SLIC-DQ sequence was attractive, due to the ease of its implemen-
tation, compared to GeoD(Q and PulsePol-DQ. However, due to the poor
robustness of the SLIC sequence with respect to deviations in the radiofre-
quency field amplitude, a compensated variant, cSLIC, was developed.

We applied these pulse sequences to near-equivalent °F, spin-pairs in
solution, whose molecular symmetry had been previously broken from the
presence of a stereocentre within the molecule. In general, we observed that
the GeoDQ pulse sequence displayed the highest double-quantum filtering
efficiency, followed by the PulsePol-DQ sequence, the ¢cSLIC-DQ sequence,
the SLIC-DQ sequence, and the INADEQUATE pulse sequence.

Lastly, we investigated the symmetry-breaking interaction in the case
of a molecule containing a diastereotopic fluorine spin-pair. In the correct
conditions, hydrogen bonding has been previously known to cause a small
chemical shift difference between the two spins when binding to another
molecule occurred. In our case, the NMR spectrum showed a single peak.

Nonetheless, we were able to detect the binding interaction via the GeoD(Q
double-quantum filtering method. However, this method was hindered by the
need to have at least one equivalent of the binding substrate to achieve good
double-quantum filtering efficiency, and short 77 relaxation times.

In summary, the outlook is fascinating, and there is scope for further
research. Finer optimisation of the conditions and molecular candidates may
ultimately lead to improvements in studies concerning ligand-binding assays,
detecting coupled species within mixtures, or multiple-quantum coherence

order filtering in larger spin systems, among other applications.
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Appendix A

Spherical Tensor Operators

The spherical tensor operators for a one-spin-1/2 system are given as follows:

Ti() - ]1za
Al
T, -t o
’ V2
and for a two-spin-1/2 system:
12 1
To,o - __3 ([112) )
1
T2 =~ ([F[; — I I}),
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Appendix B

Supplementary Information -
Chapter 3

B.1 Computational Chemistry

ITI



B.1.1 CSA Tensors

Estimates of the *C nuclear shielding tensors for the four carbon sites in
the squarate dianion were obtained using the B3LYP functional using the
ORCA1'%! package. The calculations do not take into account secondary

isotope shifts. The shielding tensors are given in Equation B.1.1.

—86.787  0.457 —0.552
01 = 0.478 —112.518 0.23 ppm,

—0.468 0.22 66.533

—112.52 —-0.362 —0.546

02 = —0.41 —86.786 0.109 ppm,

—0.554  0.189  66.516

—86.740  0.451 —0.402

03 = 0.435 —112.491 0.233 ppm,

—0.493 0.220 66.523

—112.489 —0.405 —0.548

04 = —0.416 —86.737 0.258 ppm.

—0.553 0.163  66.540

The calculated values of the isotropic parts of the shielding tensors are given

in Equation B.2.
01 = —44.258 ppm,

05° = —44.263 ppm,
080 = —44.236 ppm,
050 = —44.229 ppm.

(B.2)

IV



B.1.2 Scalar Couplings

The scalar couplings were estimated using the ORCA %! open-source quan-
tum chemistry package, reported in Table B.1. The main text reports the
average value of the J-couplings shown in the table below as the J.,. param-
eter (see Table 3.3).

Table B.1: Keyword specifics used in computational calculations performed
by ORCA, along with the different scalar coupling estimates for 1,2-3C,-
squarate and 1,3-3Cy-squarate. Adapted from Heramun et al.!, J. Chem.
Phys. 163, 074201 (2025), Supporting Info; licensed under a Creative Com-
mons Attribution (CC BY) license.

Keywords 1J12 /HZ 2.]13 /HZ
B3LYP pclJ-3 56.31 47.35
TightSCF
B3LYP pclJ-3 56.31 47.35
VeryTightSCF
B3LYP pcJ-3 56.48 46.36
VeryTightSCF
CPCM (water)
TPSSh peJ-3 56.56 48.98
TightSCF
TPSSh pcJ-3 56.56 48.98
VeryTightSCF
TPSSh pelJ-3 56.68 4797
VeryTightSCF
CPCM (water)




B.2 Isotope Shifts - Peak Assignment

B.2.1 pH 0.9

Table B.2 details how each of the '3C;-squarate isotopologues at pH 0.9
(shown in Figure 3.11) were assigned to their respective peaks. Each species’
position is the result of the relevant isotope shift interactions, summed to-

gether.

VI



IIA

Table B.2: Isotope shift effect calculation for each individual isotopomer present at pH 0.9, as shown in Figure
3.11. The relative shift position is taken with respect to peak 1 in Figure 3.11, which experiences no isotope shifts.
Within the molecular structures, an orange filled circle indicates a 0 atom, and a blue circle with a white star in
the centre indicates a 80 atom. A filled black circle denotes a *C atom.

Peak Species Isotope Shifts Position /ppb
1 x No isotope effects 0
2 K 2ZABC((180) —14.9+0.5
2 ?C 2ZABC(1R0) —14.94+0.5
3 kc SABC(180) —22.1+0.5
4 x 2(2ABC(1R0)) —29.8£0.5
5 kc 2ABC(10) 4 3ABC(180) —37.0£0.5




ITIA

Peak Species Isotope Shifts Position /ppb
5 ?c ZABC(180) 4+ 3ABC(1B0) —37.0£0.5
6 x LABBC(180) —40.140.5
7 ?C 2(2ABC(1R0O)) + 3ABC(10) —51.94+0.5
8 }g TABC(180) + 2ABC(180) —54.9+£0.5
8 ?C TABC((10) +2A1BC(180) —54.9+0.5
9 }c TABC(180) +3ABC(180) —62.24+0.5
10 x TABC(180) + 2(2ABC(1R0)) —69.8 £ 0.5




XI

Peak Species Isotope Shifts Position /ppb
11 }[: TABC(180) +2ABC(180) + 3ABC(180) —77.1+0.5
11 :tc TABC(180) +2ABC(180) + 3ABC(180) —77.14+0.5
12 ;C TABC(1BO) + 2(2ABC(1B0O)) + 3ABC(1RO) —91.9+0.5




B.2.2 pH 13.3

Table B.3 details how each of the 3C;-squarate, 1,2-13Csy-squarate and 1,3-
13Cy-squarate isotopologues were assigned to their respective peaks (shown in
Figure 3.12). In the case of coupled spins, each species’ position is the result
of the sum of the relevant isotope shift interactions viewed from the perspec-
tive of one '3C-spin, averaged with the sum of the isotope shifts viewed from
the second '*C-spin. For single ¥C-spins, each species’ position is the result

of the relevant isotope shift interactions, summed together.



IX

Table B.3: Isotope shift effect calculation for each individual isotopologue present at pH 13.3, as shown in Figure
3.12. The relative shift position is taken with respect to peak 1 in Figure 3.12 (a), which experiences no isotope
shifts. Within the molecular structures, an orange filled circle indicates a 0 atom, and a blue circle with a white
star in the centre indicates a *O atom. The grey filled circle can be either a °0 or O atom. A filled black circle
denotes a *C atom.

Peak Species Isotope Shifts Position /ppb
1 x No isotope effects 0
2 ?C SABC(180) —2.7+0.5
3 % ZABC(13C) —7.140.5
4 x LABC(130) —21.3+0.5
4 x BPABC(180) + 2(*ABC(13C))] /2 —22.7+0.5




110:¢

Peak Species Isotope Shifts Position /ppb
4 :n: BABC(180) + 2(*ABC(13C))] /2 —22.74+0.5
4 x [TABC(BO)+2ABC(1O)+2(PABC(13C))] /2 —21.440.5
4 ﬁ [TABC(BO)+3ABC(1O)+2(2ABC(13C))] /2 —21.44+0.5
4 ;H: [FABC(180) +3ABC(1BO) +2(2ABC(13C))]/2 —21.440.5
4 :i [FABC(180) +3ABC(180) +2(2ABC(13C))] /2 —21.440.5
4 x [TABC(180) +3ABC(1B0) +2(2ABC(13C))] /2 —21.440.5
4 x [TABC(10)+2ABC(180) +2(2ABC(1PC))] /2 —21.44+05




I1X

Peak Species Isotope Shifts Position /ppb
5 ?[; TABC(180) —25.7£0.5
6 ?@ TABC(180) + 3ABC(180) —285£0.5
7 x [TABC(180) + 2(*ABC(13C))] /2 —34.240.5
7 x [TABC(1BO) + 2(*ABC((13C))] /2 —34.240.5
7 ﬁ: [TABC(BO)+3ABC(1BO)+2(*ABC(13C))] /2 —35.6 £0.5
7 x [TABC(BO)+2ABC(O)+2(*ABC(13C))] /2 —35.6£0.5
7 x [TABC(BO)+3ABC(1BO)+2(*ABC(13C))] /2 —35.6 £0.5




AIX

Peak Species Isotope Shifts Position /ppb
7 :n: FABC(80)+3ABC(1B0) +2(LABC(BC))] /2 —35.64+0.5
7 ﬁg TABC(180) + 3ABC(1B0) 4 2ABC(13C) —35.6+0.5
7 iﬁ: [TABC(RO)+2(3ABC(BO) +1ABC(1C))] /2 —37.0+0.5
7 ﬁ FABC(180)+2(3ABC(180) +1ABC(130))] /2 —37.04+0.5
8 x TABC(10) + TABC(130) —47.140.5
8 :ﬁ: BABC(1B0)+2(1ABC(1B0) +TABC(130))] /2 —485+05
8 x BABC(1B0)+2(LABC(1B0) + T ABC(130))] /2 —485+05




AX

Peak

Species

Isotope Shifts

Position /ppb

o

1A13C(180) + 3A130<180) + 1A13C(130)

—49.8 £ 0.5




B.3 Filtration Parameters

The parameters used for the singlet order destruction filter, and the Ty filter

are given in Table B.4.

Table B.4: Ty filter z-pulse gradient parameters used, and details of the
SOD loop numbers, m and j. Adapted from Heramun et al.!, J. Chem. Phys.
163, 074201 (2025), Supporting Info; licensed under a Creative Commons
Attribution (CC BY) license.

Too
2-Gradient Strength / % Duration / ms
G, +15 4.4
Go —7.5 2.4
G —7.5 2.0
SOD
Parameter 1,2-13C,-sq. 1,3-13C;-sq.
m 14 10
j 4 4

B.4 Additional ¥¥C NMR Spectra

Below are illustrated some additional spectra containing further double-
quantum and singlet filtered *C NMR spectra of 1,2-3Cy-squarate (Fig-
ure B.1), and 1,3-Cy-squarate (Figure B.2). The spectra obtained by ap-
plying the M2S-S2M sequence both contain interference due to the imperfect
filtration of the 3C species in solution, which are most abundant. In the case
of 1,3-13Cy-squarate in Figure B.2(e), this meant that the 1,3-'3*Cy-squarate

species was altogether unobservable.
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GeoDQ INADEQUATE GeoDQ-singlet M2S-S2M

I

30 20 10 0-10-20-30 30 20 10 0 -10-20-30 30 20 10 0 -10-20-30 30 20 10 0 -10-20-30 30 20 10 0 -10-20-30

Rel. 13C shift / ppb Rel. 13C shift / ppb Rel. 13C shift / ppb Rel. 13C shift / ppb Rel. 13C shift / ppb

Figure B.1: Selective *C NMR of 1,2-13Cy-squarate. All spectra are for
a solution of ¥C; squarate at pH 13.3 and 298 K. The chemical shift scale
is centred at 203.05 ppm. Blue dagger: 1,2-13C, squarate signals; Magenta
double-dagger: 1,3-13C, squarate signals. (a) A 90° pulse-acquire 3C NMR
spectrum of the ¥C;-squarate solution in a magnetic field of 9.4 T, aver-
aged over 512 transients. Only given as a positional reference for the 1,2-
13Cy-squarate and 1,3-'3Cy-squarate signals. (b) Double-quantum filtered
spectrum obtained using the GeoDQ pulse sequence. The spectrum was
acquired over 1024 transients at 16.4 T and 298 K. (¢) Double-quantum fil-
tered spectrum obtained using the refocused INADEQUATE pulse sequence.
The spectrum was acquired over 1024 transients at 16.4 T and 298 K. (d)
Singlet-filtered spectrum obtained using the GeoDQ-singlet pulse sequence.
The spectrum was acquired over 1024 transients at 16.4 T and 298 K. (e)
Singlet-filtered spectrum obtained using the M2S-S2M pulse sequence. The
spectrum was acquired over 1024 transients at 16.4 T and 298 K. See Ta-
ble B.5 for the experimentally optimised parameters.

XVII



a b C d e

GeoDQ INADEQUATE GeoDQ-singlet M2S-S2M

Ll g
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30 20 10 0 -10-20-30 30 20 10 0 -10-20-30 30 20 10 0 -10-20-30 30 20 10 0 -10-20-30 30 20 10 0 -10-20-30
Rel. 13C shift / ppb Rel. 13C shift / ppb Rel. 3C shift / ppb Rel. 3C shift / ppb Rel. 3C shift / ppb

Figure B.2: Selective *C NMR of 1,3-13C,-squarate. All spectra are for
a solution of 3C; squarate at pH 13.3 and 298 K. The chemical shift scale
is centred at 203.05 ppm. Blue dagger: 1,2-3C, squarate signals; Magenta
double-dagger: 1,3-'3C, squarate signals. (a) A 90° pulse-acquire 3C NMR
spectrum of the ¥C;-squarate solution in a magnetic field of 9.4 T, aver-
aged over 512 transients. Only given as a positional reference for the 1,2-
13Cy-squarate and 1,3-'3C,-squarate signals. (b) Double-quantum filtered
spectrum obtained using the GeoDQ pulse sequence. The spectrum was
acquired over 1024 transients at 16.4 T and 298 K. (c¢) Double-quantum fil-
tered spectrum obtained using the refocused INADEQUATE pulse sequence.
The spectrum was acquired over 1024 transients at 16.4 T and 298 K. (d)
Singlet-filtered spectrum obtained using the GeoDQ-singlet pulse sequence.
The spectrum was acquired over 1024 transients at 16.4 T and 298 K. (e)
Singlet-filtered spectrum obtained using the M2S-S2M pulse sequence. The
spectrum was acquired over 1024 transients at 16.4 T and 298 K. See Ta-
ble B.5 for the experimentally optimised parameters.
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The experimentally optimised pulse sequence parameters are given in
Tables 3.3 in the main text, and Table B.5 below.

Table B.5: Pulse sequence parameters used for the double-quantum and sin-
glet filtered experiments of 1,2-'3Cy-squarate and 1,3-'3*Cy-squarate at 16.4 T
and 298 K for a pH 13.3 sample.

Pulse Parameter 1,2-13C,-sq. 1,3-13C,-sq.
Sequence
) /ms 4.53 6.21
GeoDQ Ty /ms 9.06 12.42
n 20 16
INADEQUATE T /ms 3325 2437
77 /ms 4.54 6.24
M2S-S2M n 9 8
N9 18 16

XIX






Appendix C

Supplementary Information -
Chapter 4

C.1 Control Experiments

To confirm that the origin of the symmetry-breaking mechanism observed in
molecules I (Table 4.1) and K (Table 4.3) is due to the presence of a chiral
site within each molecule, DQF experiments were attempted using a “control”
molecule. This is a carboxylic acid, and one of the starting materials used
to synthesise the amides; It contains the F spin-pair and the neighbouring
phenyl ring, but the chiral site is absent. The molecular structure is shown

in Figure C.1.

0
F
HO&
Ph
F

Figure C.1: Molecular structure of 2,2-difluoro-2-phenylacetic acid.

The DQF methods applied to molecules I (Table 4.1) and K (Table 4.3),
shown in Figures 4.11 and 4.14, were repeated for this carboxylic acid con-
trol molecule. Attempts were made to experimentally optimise the pulse

sequence parameters, given in Table C.1. The resulting double-quantum
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Figure C.2: (a) A 90° pulse-acquire **F NMR spectrum of a solution of the
fluorinated carboxylic acid molecule shown in Figure C.1 in CDCl3, acquired
at 14.1 T, 298 K, and averaged over 5120 transients. The frequency scale is
centred around —105.148 ppm. (b) A zoomed in view of the spectrum shown
in part a. The vertical scale is given. Note the absence of an AB pattern.
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filtered spectra are shown in Figure C.3. We can observe that the double-
quantum filtering efficiency is approximately zero for all the double-quantum
excitation methods. This confirms that the fluorine pair is chemically equiv-
alent to each other, i.e. there is no evidence of a chemical shift difference

between the two nuclei.
a b C d e f

INADEQUATE ~ GeoDQ  PulsePol-DQ  SLIC-DQ cSLIC-DQ

e __
L1 | | I B I | | I | | IR S | ISR S
-100 0 100 -100 0 100 -100 0 100 -100 0 100 -100 0 100 -100 0 100
Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz Freq. / Hz

Figure C.3: 'F spectra of a solution of the “control” A, spin system in
CDCls, acquired at 14.1 T, 298 K, and averaged over 4 transients. 'H decou-
pling was not used. The frequency axis is centred around —105.148 ppm. All
spectra have the same vertical scale. All pulse sequence parameters are given
in table C.1. (a) A 90° pulse-acquire spectrum. (b) Double-quantum fil-
tered spectrum obtained using the refocused INADEQUATE pulse sequence.
(c) Double-quantum filtered spectrum obtained using the GeoDQ pulse se-
quence. (d) Double-quantum filtered spectrum obtained using the PulsePol-
DQ pulse sequence. (e) Double-quantum filtered spectrum obtained using
the SLIC-DQ pulse sequence. (f) Double-quantum filtered spectrum ob-
tained using the ¢SLIC-DQ pulse sequence.
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Table C.1: Pulse sequence parameters used for the control double-quantum

filtering experiments.

Pulse Sequence Parameter Value
Hard pulses Wt/ (27) / kHz 228 +0.1
INADEQUATE 71 / ms 500.00
T3 /s 976.0
GeoDQ T /s 1952
n 26
PulsePol-DQ T /s 2400
m 9
SLIC-DQ WSLC/(27) / Hz 226 + 3
WSHIC /(2m) / Hz 256 + 3
¢SLIC-DQ " 2!
Ty | us 3940
o _
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C.2 Double-Quantum Coherence Buildup Curves

The DQC buildup curves for the INADEQUATE pulse sequence are shown
in Figure C.4, where the experimental, and simulated curves are depicted for
the experiments using *Co-DAND (Table 4.5).

1.0¢
0.8f

0.6¢

INADEQUATE 2
|aDQ |

e L
=

— Exp.

05 1.0 15 20 25 30
7’1/8

O
)

Figure C.4: Experimental and simulated buildup of DQC for the INADE-
QUATE pulse sequence, as a function of the delay 71, and for the solution of
130,-DAND at 9.4 T and 298 K. The SpinDynamica®’ parameters used were
J =54.4 Hz, and A = 7.5 Hz.

Similarly, the curves are shown for the SLIC-DQ sequence in Figure C.5.

1.0f
0.8}
0.6' II

l
[
0.4 \"”’H]W '“‘ — Sim.
.]'

|2

SLIC DQ
|aDQ

0.2}

0.0}

~0.2}, | | | , ,

0.0 01 02 03 04 05
TSLIC/S

— Exp.

Figure C.5: Experimental and simulated buildup of DQC for the SLIC-
DQ pulse sequence, as a function of the delay 7gr1c, and for a solution of
13C5-DAND at 9.4 T and 298 K. The SpinDynamica?’ parameters used were
J =54.4 Hz, and A = 7.5 Hz.

XXV



The DQC buildup curves for the GeoD(Q pulse sequence are shown in Fig-
ure C.6, where the experimental, and simulated curves are depicted for vari-
ations in the delay (Figure C.6(a)), and repetition number (Figure C.6(b)).
Note that double-quantum coherence continues to be generated with good
efficiency, even when far off-resonance from the optimal delay value, as shown
in Figure C.6(a).

a

1.0t
0.8¢

0.6f
0.4} — Exp.

)

0.2t — Sim.

0.0t : . . . . .
0 2 4 6 8 10 12
TlGeO / ms

1.0t
0.8;

0.6}
0.4f — Exp.

i

0.2t — Sim.

0.0} . . . .
0 50 100 150 200
n

Figure C.6: Experimental and simulated buildup of DQC for the GeoD(Q
pulse sequence, for a solution of ¥Cy-DAND at 9.4 T and 298 K. (a) As a
function of the delay 70¢°. (b) As a function of the repetition number n.
The SpinDynamica?’ parameters used were J = 54.4 Hz, and A = 7.5 Hz.

The DQC buildup curves for the PulsePol-DQ pulse sequence are shown
in Figure C.7, where the experimental, and simulated curves are depicted
for variations in the delay (Figure C.7(a)), and repetition number (Fig-

ure C.7(b)). Note that double-quantum coherence is only generated when
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on-resonance with the optimal delay value, as shown in Figure C.7(a).

a

1.0¢
0.8;

0.6}
0.4} — Exp.

2

PulsePol DQ

|aDQ
o o
=R

— Sim.

0.4f — Exp.

PulsePol DQ

S 0.2f — Sim.

0 50 100 150 200
2m
Figure C.7: Experimental and simulated buildup of DQC for the PulsePol-
DQ pulse sequence, for a solution of ¥Cy-DAND at 9.4 T and 298 K. (a) As

a function of the delay 75. (b) As a function of the repetition number 2m.
The SpinDynamica®’ parameters used were J = 54.4 Hz, and A = 7.5 Hz.

The DQC buildup curves for the ¢SLIC-DQ pulse sequence are shown
in Figure C.8, where the experimental curves are depicted for variations in
the delay (Figure C.8(a-b)), and repetition number (Figure C.8(b)). Note
that double-quantum coherence is only generated when on-resonance with the
optimal delay value, as shown in Figure C.8(b), displaying the high selectivity
of the SLIC-type sequences.
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Figure C.8: Experimental buildup of DQC for the ¢SLIC-DQ pulse se-
quence, for the solution of *Cy-DAND at 9.4 T and 298 K. (a) As a function
of the delay 7espic. (b) As a function of 7espic, in a zoomed-in view of a. (c)
As a function of the repetition number n.
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Appendix D

Supplementary Information -
Chapter 5

The following sections provide the exact numerical details for the parameters
used to obtain the experimental results discussed in Chapter 5, and the T

and Ty relaxation time constants.

D.1 Double-Quantum Filtered NMR

The GeoDQ pulse sequence parameters used in the double-quantum filtered
YEF NMR spectra shown in Figure 5.4 are given in Table D.1. The pulse

sequence is illustrated in Figure 4.4.

D.2 Singlet Filtered NMR

The M2S-S2M pulse sequence parameters for the singlet-filtered 'YF NMR
spectra shown in Figure 5.6 are given in Table D.2. The pulse sequence is
illustrated in Figures 2.6, and 2.5.

D.3 Relaxation Measurements
The 77 and Tg relaxation constants are given in Table D.3.
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Figure D.1: Singlet-triplet mixing angle fg1 for solutions of 20 mM of FPA

and varying concentrations of CA in CDCl; at 14.1 T and 298 K. The data
points correspond to the DQF spectra shown in Figure 5.4(a-h).

Table D.1: Pulse sequence parameters used to obtain the double-quantum
filtered spectra shown in Figure 5.4. The GeoDQ pulse sequence parameters
were optimised at a field of 14.1 T. The concentration of FPA is fixed to
20 mM, whereas the concentration of CA varies. Tpq is the total double-
quantum excitation time. The sequence was implemented as described in
Figure 4.4.

[CA]/mM 71 /ms n Thq/ms

0 _ _ _

5 3.45 26 179.4
7.5 3.45 22 151.8
10 3.45 14 96.6
12.5 3.45 8 55.2
15 3.45 12 82.8
20 3.45 12 82.8
100 3.45 12 82.8
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Table D.2: Pulse sequence parameters used to obtain the singlet filtered
spectra shown in Figure 5.6. The M2S-S2M pulse sequence parameters were
optimised at a field of 14.1 T. The concentration of FPA is fixed to 20
mM, whereas the concentration of CA varies. Tyo is the total singlet order
excitation time. The sequence was implemented as described in Figures 2.5,

and 2.6.
[CA]/mM Ty /ms ng Tso/ms
0 _ _ _
) 1.74 32 85.3
7.5 1.71 28 73.5
10 1.73 16 43.3
12.5 1.73 10 27.7
15 1.74 12 33.1
20 1.74 12 33.1
100 1.74 12 33.1
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Table D.3: Variation of the T} and Tg relaxation lifetimes as a function of
the concentration of CA. The values were measured at a field of 14.1 T. The
concentration of FPA is fixed to 20 mM, whereas the concentration of CA
varies.

|[CA]/mM Ty /ms Ts /ms Ts/Ty
0 940 £ 10 — —
5 478 £ 10 883 £ 20 1.9
7.5 348 £10 736 £ 60 2.1
10 317 £ 10 666 + 20 2.1
12.5 182 £ 10 288 £ 20 1.6
15 500 £ 10 1304 £ 20 2.6
20 480 £ 10 1006 £ 20 2.1
100 481 £ 10 1013 £ 20 2.1
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D.4 Magnification of the Outer Singlet-Triplet

Transitions

The M2S, and PulsePol pulse sequences operate differently, which can be
observed in Figure D.2. The M2S sequence induces transitions between both
outer-singlet triplet states (Figure D.2(b)), while in PulsePol the choice of
symmetry number influences which transition is induced (Figure D.2(c-d)).
As a consequence, either both AB outer peaks are magnified, like in the M2S

case, or one of the two, like in the PulsePol case.
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Figure D.2: F spectra of a solution of of 20 mM of FPA and 100 mM
of CA, showing various methods to magnify the outer singlet-triplet transi-
tions. Each spectrum was acquired at 14.1 T, 298 K, and averaged over 32
transients. 'H decoupling was not used. The frequency axis is centred around
—77.086 ppm. The vertical scales are given. The asterisks indicate the posi-
tion of the AB outer peaks. (a) A 90° pulse-acquire spectrum. (b) Spectrum
obtained after applying the first J-synchronised CPMG-based echo-train of
the M2S pulse sequence: {90, — [7; — 180, — 7,]n, } (see Figure 2.6(a)). Tran-
sitions are induced between both outer singlet-triplet states. (c) Spectrum
obtained after applying the following pulse sequence, in its riffled implemen-
tation: {90, — R43} (see Figure 2.12). Transitions are induced between one
outer singlet-triplet state. (d) Spectrum obtained after applying the follow-
ing pulse sequence, in its riffled implementation: {90, — R45'} (see Figure
2.12). Transitions are induced between the other outer singlet-triplet state.
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