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Abstract

As Nuclear Magnetic Resonance (NMR) has evolved over the last few decades, it has become one
of the most versatile analytical techniques for molecular structure and dynamics determination.
The principal factor contributing to all utilities of NMR is the relative long lifetime, compared to
all other forms of spectroscopies, of nuclear spin order. Thus, methods that further increase the
lifetime of nuclear spins are of great interest. This thesis mainly focuses on further exploring
methods like Long-Lived States (LLS) and Coherences (LLC) to extend the nuclear spins lifetime
much beyond the Zeeman magnetization. Besides, some more efficient methods are developed for
measurement of LLS and LLC under various sample or experimental conditions which were

restricted by earlier methods.

This thesis is composed of five chapters. First chapter is the introductory chapter where the
basic tools such as angular momentum, operators, Hamiltonians, density matrix and product
operator formalism are defined that are necessary for understanding the theory of the following
chapters. Besides, the theory behind the creation of LLS and LLC in a coupled two spin system is
explained which are the central topics of this thesis. And finally, the chapter ends with showing

the organization of the rest of the thesis.

It is well known that the phenomenon of nuclear relaxation plays a prominent role in
various applications of NMR especially in MRI. Thus, it is quite interesting to study the behaviour
of both LLS and LLC in the presence of paramagnetic ions. In chapter 2, we have studied the
relaxation behavior of LLC in the presence of paramagnetic species like Cu?* and Mn?* ions. The
molecule, 2,3,6-trichlorobenzaldehyde, containing a pair of coupled aromatic protons is used as a

test molecule for LLC excitation in this study. The effect of paramagnetic ions on the relaxation



rates is quantized by external random field (ERF) model using random field fluctuations of the
partially correlated local fields acting on the nuclear sites. We observed that in presence of
paramagnetic substances, the rate of relaxation of the LLC’s is faster than transverse relaxation for
both Cu?* and Mn?*. Besides, the external random fields acting at the two nuclear sites (i.e. at two

coupled protons) are found to be strongly correlated with each other.

The chapter 3 describes an improved technique for fast and reliable measurement of
lifetimes of long-lived coherences (LLC’s) in solution NMR. The normal procedure to obtain LLC
relaxation time is lengthy, laborious and may contain fitting errors. Also, the method may prove
to be inefficient for in vivo studies when changes that occur at faster rate than total required
experimental time are monitored. We report here a new pulse sequence to monitor the relaxation
of LLC as an exponentially decaying function free from any type of modulation. This method
works perfectly for weakly coupled two spin system at Boltzmann equilibrium. In contrast, for
strongly coupled spin system, the method is imperfect. The utility of the new sequence is
demonstrated in a weakly coupled two spin-1/2 systems, the nucleotide Uridine-5’-
monophosphate (UMP) and 2,3,6-trichlorobenzaldehyde (TCB). The signal in this method is a
pure exponential in contrast with the existing method which has decaying oscillatory signal.
Hence, only a few experiments are required which effectively reduces the experimental time from

several hours to few minutes. Simulations also reveal the same results as observed experimentally.

So far, LLS has been observed in homogeneous magnetic fields, which precludes
applications to many biological samples that are inherently inhomogeneous. Thus in chapter 4, we
present a method for the measurement of lifetimes of LLS in inhomogeneous field. The method
combines established sequences for the excitation of LLS with their conversion into LLC followed

by windowed acquisition. The method is applied to a pair of diastereotopic scalar-coupled protons



in a solution of the dipeptide Alanine-Glycine (Ala-Gly). The observations were made both in
homogeneous and inhomogeneous static magnetic fields. The values of LLS lifetimes obtained are
nearly same, i.e., T;,s = 22.4 + 0.7 s in a homogeneous field and T;;¢ = 21.1 £ 0.6 s in an
inhomogeneous field. The method may find applications in measuring LLS in NMR in gas phase,

in-cellulo NMR, in-vivo MRI and in other studies where static field is compromised.

The last chapter 5 is about using LLS and LLC in relaxation editing in NMR. The range of
dispersion of T;, T, and T, , within a molecule is unfortunately restricted from some ms to few
seconds. Any enhancement in this range of distribution of lifetimes further for effective
suppression of signals facilitating signal assignment and characterization is welcome. We report
here a new strategy in this direction. LLS and LLCs are utilized here to enhance the dispersion of
lifetimes of nuclei in molecules much more than any earlier reported methods. The characteristic
range of T;, s or T, values within the sample containing a mixture of components or components
within a large macromolecule can be exploited in spectral edited NMR experiments for the
stepwise filtering of complicated spectra. The resulting spectra benefits from reduced signal
overlap unravelling signal assignment and characterization. The LLS and LLC filtering strategies
are demonstrated in weakly and strongly coupled spin systems separately which is extended to
molecules containing two or three pairs of weakly and strongly coupled spins. The potential of
these strategies was further substantiated by an application to metabolomic mixture and several
1D and 2D NMR experiments (INEPT, COSY and HSQC). A comparison is also made with earlier

methods of relaxation editing using relaxation time T; and T5.
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studies. WALTZ-16 outperforms CW over a range (0 — 1200 Hz) of offset which gradually
broadens with increase in sustaining RF amplitude.

Structures of 2,3-dibromothiophene (DBT) and Citric acid with their *H NMR spectrums. LLC
are created on a pair of protons (highlighted as stars). Each of these protons give rise to doublet
(in 'H NMR spectra) separated by coupling constant ;¢ and these doublets are separated by
chemical shift difference Av,s. The above spectrums were recorded on spectrometer operating at
B, = 7.1 T (300 MHz resonance frequency for protons) in different solvents (DMSO-ds for (0.1

M) DBT and D20 for (0.1 M) Citric-Acid at 298 K).
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5.7

5.8

5.9

5.10

5.11

(a) Experimentally obtained sustained induction decay (SID) of LLC (recorded at B, =
7.1 T or 300 MHz resonance frequency for proton) in a weakly coupled proton pair in DBT using
sequence shown in Figure 5.4(b). The evolution delay 7’ of 1 ms is used in this case and the carrier
frequency v, is at offset of Av;g from one spin and 2Av,s from other spin. (b) Gamma simulation
of LLC sequence (Figure 5.4(b)) showing (Iy - Sy) component at different evolution delays (7" =
1ms, 0.1 ms,0.01 ms). One can easily see the decrease in the amplitude of the oscillation
(whereas the frequency remains constant) with decrease in 7. Chemical shift difference Av,s =
50 Hz and coupling constant /;s = 5 Hz was used in simulations.

Experimentally obtained sustained induction decay (SID) of Citric acid using sequence given in
Figure 5.4(b). The evolution delay =’ of 1 ms is used in this case and the carrier frequency v, is
at offset of Av,s from one spin and 2Av;s from other spin.

'H relaxation edited spectra of 2,3,6-trichloro-S-nitrostyrene containing two pairs of coupled
protons (A and B). The relaxation times are shown in the table. The spectra were acquired in
solvent CDCls (298 K) with the sequence given in Figure S1, S2, inversion recovery, and CPMG
sequence.

IH relaxation edited spectra of 1,3-di-p-tolyl-propenone having three pairs of coupled protons
(shown as Roman numerals). The relaxation times are shown in the table. The spectra were
acquired in solvent CDCI3 (298 K) with the sequence given in Figure S1, S2, inversion recovery,
and CPMG sequence.

300 MHz H LLC spectra of metabolomic mixture edited on the basis of differences in lifetimes
T, .c using the pulse sequence of Figure 5.4(b). Top: LLC spectrum with spin-lock time or filter
length of 0 s. Peaks arising from the different components of metabolomic mixture are: Histidine

‘A’, Uracil ‘B’, Threonine ‘C’, Valine ‘D’ and Citric acid ‘E’. The large and broad peak present
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5.12

5.13

5.14

is of water as impurity in D2O. Middle to bottom: All spectra are obtained at different filter lengths
to filter each component of metabolomic mixture.

'H T, and T, edited spectra of metabolomic mixture. These spectra were acquired by using
standard Inversion recovery (I.R) and CPMG sequence in solvent D>O (298 K). The window (the
time difference between adjacent filters) AT, = 0.3 — 2 s and AT, ~ 2 — 3 s is found to be less
than AT, = 2 — 5 s (see Figure 5.11).

Top: Structure of Uridine 5’-monophosphate (UMP). Middle to bottom: LLS filtered *H to *C
transfer of magnetization is shown through a) normal **C spectra b) original INEPT spectra and
c) 13C filtered INEPT spectra of UMP. The LLS is excited in a coupled proton pair (labelled as
red) as shown in the structure above. The magnetization due to all other protons is effectively
filtered through the LLS filter. Only the remaining magnetization due to the proton pair (labelled
as red) gets transferred to their adjacent *3C nuclei as shown in *3C filtered INEPT spectra. These
spectra were recorded on 400 MHz Bruker AVANCE 1l spectrometer containing 5mm BBO
multinuclear probe with 512 transients each. The filter length used for recording spectra (c) is 300
ms.

Original and LLS filtered COSY and *H-*C HSQC spectra of UMP. The spectral peaks are circled
in red to distinguish them from background noise. These spectra were recorded on 400 MHz
Bruker AVANCE Il spectrometer containing 5mm BBO multinuclear probe with 512 transients
in w, dimension and 1024 transients in w, dimension. The LLS was excited in a pair of coupled
protons present in the uridine moiety of UMP (as shown in structure in Figure 5.13). The filter

length used for recording these LLS filtered HSQC and COSY spectra is 300 ms.
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2.1

2.2

2.3

3.1

5.1

List of Tables

Relaxivities of aromatic protons of 2,3,6-trichlorobenzaldehyde in the presence of Cu*? and Mn*?
ions at a field of 7.1 T (298 K).

The values of relaxation rates at different concentrations of paramagnetic ions. The addition of
Mn*? is found to have more pronounced effect than Cu*? ions.

Tabulated are the calculated root mean square values of random fields, B"™®, under the assumption
BI™s = BI™s = B™™s and the values of correlation constant C;,, using the expression for RERF
and RERF at different concentrations of Cu*? and Mn*2 ions. These calculations were done under
extreme narrowing condition j;(0) = j;(wy) = j1(2w,) and rotational correlational time 7, =
50 pc.

Tabulated are the values of LLC lifetimes obtained using normal and improved LLC sequences.
The data obtained is further evaluated using root mean square (RMSE) values and goodness of fit
(R?) values.

Summary of lifetime T, (obtained by using pulse sequence shown in Figure 5.4(b)) at different

evolution interval t'for DBT and Citric Acid.
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