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Abstract

Nuclear magnetic resonance (NMR) has proved to be an efficient tool for studying
molecular level interactions and dynamics. It has a wide range of applications from
structure elucidation of large and small molecules, molecular dynamics, chemical
kinetics, quantum computing to MRI (Magnetic Resonance Imaging). The longer
timescale of relaxation times in NMR, known as longitudinal (77) and transverse
relaxation (73), is one of the main reasons for extensive usage of NMR. Earlier, it
was believed that these relaxation lifetime set the upper limit to applications of
NMR but Long-lived states (LLS) and Long-lived coherences (LLC) provided a way
to achieve higher lifetime than 77 and 75 in scalar coupled two-spin systems.

LLS was mainly exploited to study slow dynamic processes, i.e., singlet exchange
NMR spectroscopy, to provide a long timescale in diffusion experiments, and drug
screening boosted by hyperpolarization. The application of LLC involved determi-
nation of hidden coupling constant and line narrowing. Further extension of their
applications was limited by the restriction to a single two-spin system. A trial to
overcome these restrictions forms the central part of this thesis entitled “Extend-
ing the Applications of Long-lived states and Long-lived coherences in
liquid state NMR”.

First chapter introduces important concepts of solution state NMR and relax-
ation theory, i.e., Hamiltonian, operators, superoperators, product operator formal-
ism, and Redfield relaxation theory. An introduction to various bases, LLS, LLC
and Pure shift NMR techniques.

Chapter 2 examines the theory of LLS and its relaxation in the case of in-
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termolecular interactions. The systems studied here are supra-molecular drug as-
semblies of B-cyclodextrin (B-CD). Often these complexes lies in the intermediate
motional regime where studying the intermolecular interactions may be a difficult
task due to the limit w7, =~ 1. Usual studies may provide a limited answers to
the structural details. Relaxation studies may provide the information on a deeper
level. In this chapter, an attempt has been made to apply the relaxation theory
of long-lived spin order to these supra-molecular drug assemblies. Experiments are
performed by creating the LLS in pure drug molecules and a mixture of drug:B-CD
and observing the sustenance of LLS with locking pulse. The change in relaxation
lifetime of LLS indicates the structural and environmental changes. Computational
and theoretical calculations validates these observations.

Chapter 3 discusses 2-dimensional LLC techniques as a filter for coupled spins.
Although, NMR provides a great insight to structural and dynamical information, es-
pecially biological samples and metabolic mixtures but 1D '"H NMR spectroscopy is
burdened by overlapping resonances leading to the unavoidable challenge in matabo-
lite identification and quantification. 2D NMR seems to be an answer but despite
the better signal acquisition and processing methods there are several cases where
this tecchnique seems to have some limitations. Spectral and relaxation editing is
another major technique for these kind of problems. In this chapter the idea of LLC
has been utilized for relaxation editing of 2D correlation NMR techniques. A pulse
sequence for LLC-TOCSY and COSY has been proposed and results on some of the
metabolomic mixtures have been shown.

Chapter 4 of the thesis introduces a pure shift technique to create broadband
LLC in a mixture of two spin systems. One of the limitations to application of LLC
is its restriction to a single two-spin system. Pure Shift NMR provides a new way of
exciting the coherence between singlet and triplet states by using a selective pulse
simultaneously applied with a weak magnetic field gradient. This study shows that
it is possible to create I1y — I, simultaneously for multiple two spin systems in a

sample and record the LLC. Broadband LLC can be utilized in sub-spaces of large
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proteins and macro-molecules. The relaxation lifetime and oscillation frequency of
LLC depends upon the choice of sustaining pulse. MLEV16 appears to be the most
suitable choice. The applications of this method are yet to be explored as low signal
to noise ratio due to pure shift method makes it hard to be utilized in complex
pulse sequences. This may seem a small step for creating the LLC in mixtures and
multiple spin systems but it may be a necessary one. It allows to combine the idea
of long relaxation lifetime with pure shift technique which might be useful in high
resolution studies.

Chapter 5 improves the understanding of different behavior of LLS and LLC
under distinct composite pulses. Here, a numerical simulation method is used to
elucidate the behavior of LLS and LLC with off-resonance effect. For the purpose
of sustaining LLS and LLC, continuous wave(CW) was used starting from the first
demonstration. It works well when the offset of the locking pulse is exactly in center
of frequencies of the two spins. However, for sustaining the LLS and LLC with off-
resonance locking CW seems less suitable as their characteristic properties diminish
when the offset is moved away. Whenever there is an attempt to create LLS and
LLC in broadband manner, this problem is encountered. One alternative is to use
composite pulses for locking instead CW. Several decoupling sequences and a few 2D
NMR technique, i.e., TOCSY, and ROESY have utilized different composite pulses
suitable to their requirement. Very few attempts have been made to find better
composite pulses for LLS and LLC off-resonance sustaining. In this chapter, the
previous ideas of off-resonance locking for CW is extended to the composite pulses
using numerical analysis.

Appendix A includes two parts for NMR studies on Bispidine diamide deriva-
tives.

First part (1) shows the application of selective inversion technique applied to a
bispidine-peptide conjugate for conformational studies. Bispidine serves as a versa-
tile scaffold for nucleating secondary structures such as reverse turns, helices, and

sheets in peptides. These derivative show unique type of conformational exchange.
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The rate of this conformational change is measured using NMR. Selective and non-
selective inversion recovery experiments were performed on the interested sites with
varying mixing delay at each temperature. The rate constant was measured fitting
the selective inversion data to CIFIT program. The exchange rates obtained at dif-
ferent temperatures were used to find out the activation energy barrier (AET) and

enthalpy of activation (AHT).

Second part (2) gives insight into the DOSY technique utilized for validation
of vesicles formation by bispidine derivative. Often at higher concentration or de-
pending upon solvent nature these derivatives tend to form spherical, cylindrical,
and planar assemblies. DOSY can be useful for studying macro-assembly formation
and finding out the diffusion of these assemblies through solvent. A concentration
dependent DOSY is performed with Methanol as solvent. As the concentration of
compound is increased the diffusion constant is decreased suggesting the restricted

motion of molecules through solvent.
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