STUDIES ON LONG-LIVED STATES AND
COHERENCES IN LIQUID STATE NMR

by
CHINTHALAPALLI SRINIVAS

Department of Chemistry

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi

November 2012



DEDICATED
TO
MY SISTER



Certificate

| certify that the thesis entitled Studies on long-lived states and coherences in liquid state
NMR submitted by Chinthalapalli Srinivas to Indian Institute of Technology Delhi, for the award
of the degree of Doctor of Philosophy is a record of bona fide research work done by him. He has
worked under my guidance and supervision and has fulfilled the requirements for the submission
of this thesis which to my knowledge has reached the requisite standard. The results presented in
this thesis have not been submitted in part or full to any other University or Institute for the award

of any other degree or diploma.

Professor Narayanan D. Kurur
Department of Chemistry
Indian Institute of Technology Delhi

New Delhi 110016



Acknowledgements

First of all, I would like to acknowledge Professor Narayanan D. Kurur,
supervisor of this doctoral thesis. His phrase “...several times | told you and you
are asking the same thing” with a high pitch is unforgettable for me even now.
He has tolerated my irrelevant doubts and explained me everything patiently
which helped me to improve my knowledge in NMR. He always asked me to try it
out. It does not let me to be unidirectional but helped much to explore wide areas
of this research field. He used to say: Just do your job and never expect about the
outcome. This has given me enough strength in my failures. His constructive
criticism has improved my reading and writing skills. His liberty in the lab made
me to work freely and efficiently. | am extremely thankful to him.

Also, I am grateful to Professor Geoffrey Bodenhausen under whom I got an
opportunity to work for four months in an exchange program called I1ITD-EPFL
MoU. His deep knowledge about the subject helped me to carry out the
work without any interruptions. His unique ideas helped me to envisage
new areas.

I am highly indebted to Dr. Haridas V. for giving me an opportunity to work
with him for some biomolecular NMR experiments. Also, | am thankful to Dr. Cyril
Augustine who was my friend in the NMR laboratory of IITD. Rigorous discussions
with him helped me a lot in clearing out preliminary knowledge about the NMR. |
learnt from him to do the things systematically. We had a lot of memorable moments
throughout my research in the campus.

NMRS community of India and Prof. P. K. Madhu need to be appreciated for

organizing symposiums and workshops which brings the people working in NMR



together that helped me in knowing ongoing research in other fields of NMR, making
contacts in NMR community and better understanding of the subject.

Campus life is empty without friends. | enjoyed a lot with them, especially,
celebrating the weekend parties and playing cricket at VVolley court in the night time.
I am extremely thankful to my PhD batchmates Vineet, Gyan, Gulam, Rajesh, Ram
Prakash, Amith, Harish, Choubey. Satish Kommoji and Vineet soni were my
batchmates, became good friends who were with me all the times throughout the
PhD life. Friends Srinivas Bopparaju, Avinash Boyana, Suneetha Thota, Narayana
Gurram, Swarna, Bikshu Endla, Bhargav need to be acknowledged with whom |
shared different phases of my PhD life in the campus. | would like to thank
Btechies Santhosh Vulluri, shyam Prasad, SaiRamana Vangari, Goutam Iskh,
Vijay, Kranthi who made my life lively during the PhD. We had fun all the time.

I would like to thank my labmates Maninder, Janeka, Sheshu, Chiranjeevi,
Sanjay, Praveen, Mayunkh, Sahendra for their company and support in the lab
during my PhD. | am extremely thankful to saha labamtes Garima and Goutam
Mukherjee for their company. | had a great time with them. I am thankful to
Priyanka, Taniya, Preeti madam for their constant support.

NMR friends Rajesh Sonti, Venkateswar Reddy, Mohan, Soumya,
Subbarao, Ratan with whom | always had fruitful discussions that improved my
enthusiasm need to be given credit on this occasion.

I am extremely thankful to Aurelien, Tak, Sami, Nicola, Marc,
Vroni, Diego and Pascal who were my lab mates at Professor Geoffrey’s
group. Their cooperation, team work, critical discussions and guidance made me to
work effectively. | am highly thankful Martial Rey whose cooperation made me to

work with the spectrometers in an easy way without interruptions. Moreover, | am



thankful to Dr. Tarun, Dr. Pushpendra and Dr. Somi Reddy who made my stay at
Swiss memorable.

Prasad T. M. K. need to be acknowledged who was with me in all the
difficulties. If 1 go on, | may need to write a separate thesis for it. Friends played
important role in my life and their list never end. | am thankful to all of them.

All the teachers, especially chemistry teacher of Navodaya Krishna sir need
to be acknowledged on this occasion who is the inspiration behind my PhD.

I would like to thank relatives Swami Reddy uncle, Santhosh Kumar uncle,
Linga Reddy uncle who gave me stand to acquire this degree.

I thank 11T Delhi for financial assistance throughout my research and also for
providing an opportunity to work at EPFL, Switzerland under the 11TD-EPFL MoU
exchange program.

My parents were always behind me. They never said no to me that made me
to keep all the options open. Their constant support helped me to work without any
deviation. They never expected from me anything except my glory that needs to be

acknowledged on this occasion.

Chinthalapalli Srinivas



Abstract

NMR plays a vital role in determining the structure and dynamics of the molecules in liquids.
Relaxation of spins is crucial in structural and dynamical studies of molecules as well as in
the design of pulse sequences. It was assumed that the upper limit of the relaxation is the
conventional spin-lattice (7;) and spin-spin relaxation time (T,). Recently, long-lived states
for a chemically inequivalent two spin system, were demonstrated that have lifetimes longer
than T;. From then onwards studies have been carried out to create, sustain and detect long-
lived states in a wide range of systems and to probe the structure and dynamics of molecules.
In a further development it was shown that, under appropriate conditions, a coherence is
created that could also have long-life time which lead to highly resolved spectra. Such
coherences are termed as long-lived coherences. In this thesis we study various properties of
long-lived states (LLS) and coherences (LLC’s) and their applications. We explore
techniques for the creation and sustenance of LLS and LLC’s and exploit them for the

structural and dynamical characterization of the molecules.

The thesis reports on our studies on long-lived states (LLS) and coherences (LLC’s).
The population in the LLS can be stored for a long time and may be exploited to follow slow
processes such as flow, diffusion, and slow molecular motion. The long-lived coherences,
although not as long-lived as LLS, have lifetimes that are longer than the conventional single
quantum coherence. Methods to create and sustain the LLS are introduced as are also
applications of LLS for structural and dynamical studies. We exploit LLC’s to record high-

resolution two-dimensional (2D) spectrum in inhomogeneous magnetic fields.

This thesis is composed of five chapters. In the introductory chapter, tools such as the
vector model, Hamiltonians, density matrix and the product operator formalism that are used
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in the rest of the chapters are discussed. LLS are observed in diamagnetic systems where the
major relaxation mechanism is intramolecular dipole-dipole coupling. The relevant details of
NMR relaxation due to this mechanism are provided before a detailed presentation of long-
lived states and their relaxation mechanisms. Finally the forms of some relevant operators in

two different bases are given.

The creation and sustenance of LLS play a prominent role for their application in
structural and dynamic studies. Till now only laboratory frame methods, involving delays and
pulses, have been used for their creation. In such methods, the delays are a function of
chemical shift difference and scalar coupling between the spins with the efficiency being
compromised if incorrectly set. It is advantageous to have methods that do not require this
prior information, which is especially difficult to determine if the spin pairs undergo
conformational exchange between sites with different chemical shifts and couplings. Thus,
we exploited linear and tangential Adiabatic Demagnetization in the Rotating Frame (ADRF)
techniques which does not require the chemical shift of the other coupling partner and
coupling information. Experimental studies performed on 4-nitrophenol show that the LLS
creation with these techniques, under optimal conditions, is about half of the laboratory
methods with the tangential ADRF method better than the linear. The time required to create
the LLS in these methods is also longer than the laboratory frame methods. Numerical
simulations are in concordance with these experimental observations. We attribute the
reduced efficiency to the effect of relaxation time during the creation phase. For chemically
inequivalent coupled spin system LLS can be sustained by suppressing the chemical shift
difference (Ad;,). It was done in two ways. The first way, which involves mechanical
transport of the sample, is to temporarily remove the sample out of magnetic field. In the
absence of a field the chemical shift difference which is a linear function of the field is zero.

The second one, which is often the preferred method, is to use an RF field with a power that
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is an order of magnitude larger than the Ad;,. In this method, various heteronuclear
decoupling or isotropic mixing pulse schemes are used to sustain LLS over a wide range of
offsets. Windowless multiple pulse sequences, which involve a continuous sequence of RF
pulses of well-defined lengths and phases cause sample heating for large Ad;,. An alternative
that is less investigated are sequences which utilize iterative Carr-Purcell (CP) trains and
Uhrig’s Dynamic Decoupling (UDD). These schemes are multiple-pulse schemes with
windows, that is RF pulses interspersed with periods of free evolution. Although these two
classes of sequences have been used to minimize environmental decoherence, they have not
been considered as an option for sustaining LLS, which forms the focus of our study. These
two schemes are applied on the LLS created and compared with that of the continuous wave
(CW) RF irradiation. Experiments were carried out on two samples 2, 3, 6-
trichlorobenzaldehyde (small Ad;,, 76 Hz) and p-nitro phenol (large Ad;,, 356 Hz). It has
been observed that LLS can be sustained using CP and UDD for large Ad;, without sample
heating with a marginal drop in the T ;5. Our results indicate that the CP and UDD can be
used for the sustenance of LLS in case of large Ad;,. Simulations also reveal that the leakage

of LLS content for CP and UDD is lesser than the CW.

’H-labeling provides the dual advantage of spectral simplification and higher
resolution of one dimensional '"H NMR spectra. In this report, we combine these advantages
of “H labeling with the longer lifetimes and high sensitivity to the environmental effects of
the LLS to study the structure and dynamics of a small protein, Ubiquitin. All residues except
the six glycines at 10, 35, 47, 53, 75, and 76 positions were ’H-labeled for this study. This
molecule is ideal for our study since the glycine residues are present both at outer surface and
inner core of the molecule and, in addition, form a simple two spin system in which LLS
creation and sustenance is straightforward. The 7; and T} .s for Gly-76, 75, 47, 35 and Gly-10
residues were calculated over temperatures ranging from 280K to 315K at two different
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magnetic field strengths of 500 and 600 MHz. We have observed that there is a perceptible
difference in the lifetimes of the LLS between inner core and outer surface residues, while
such difference was not seen for conventional relaxation time constant over the range of
temperatures studied at both the magnetic fields leading us to conclude that the combination
of deuterium labeling with LLS forms an effective tool to study the structure and dynamics of

proteins.

The relaxation properties of scalar-coupled two-spin systems subjected to
intramolecular dipolar relaxation is a well-studied problem but it had escaped the attention of
researchers that the lifetimes of zero-quantum coherences in the rotating frame are 3 to 9
times longer than single-quantum coherences. Such coherences, called long-lived coherences
(LLC’s), were exploited for accurate determination of the coupling constants even in
inhomogeneous magnetic fields. In this chapter we present a method to address the
challenging problem of recording the NMR spectrum in inhomogeneous magnetic fields
which exploits these coherences. The method involves the broadband excitation and detection
of LLC’s and allows one to record two-dimensional NMR spectra with chemical shift
differences in one dimension and scalar couplings in the other dimension. Spectra with
unprecedented resolution (Av/vy = 4-10"" = 4-10° ppm) in magnetic fields with a
homogeneity worse than ABy/By, = 10° = 10 ppm are obtained in a mixture of
bromothiophene carboxylic acid and alanine-glycine. In contrast to other techniques, the
present method does not require the use of sophisticated gradients or adiabatic frequency-

swept pulses for measuring high-resolution NMR spectra in inhomogeneous magnetic fields.

Bispidine (3,7-diazabicyclo[3.3.1]nonane) derivatives find wide range of applications
ranging from the synthesis of organo-metallic compounds to inducing secondary structure in

the peptides necessitating structural and dynamical studies of these derivatives. Boc protected
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bispidine leucine is one such derivative which in CDCl; exists in syn and anti forms due to
restricted rotation around N-CO bonds. Two-dimensional NMR experiments were performed
to confirm the structure of the molecule and spectral assignment. With the help of selective
and non-selective inversion-recovery experiments the exchange rate constant of the
compound in the slow-exchange limit was determined over a range of temperatures.
Arrhenius and Eyring plots gave the activation energy (AEY), enthalpy (AH¥), and entropy
(AS¥) of activation to be 140 kJ/mol, 110 kJ/mol, and 105 JK"'mol~! respectively. We
attribute the high value of AE*and AH? to the presence of long chains attached to the
nitrogens of the bispidine ring restricting the rotation. The counter-intuitive value of AS* is
due to the large error from the extensive extrapolation required for its determination. These
studies also revealed that the rate constant below 313 K was unreliable since the exchange
rate was lower than the T,. To alleviate this problem we attempted to exploit the LLS. The
attempt was unsuccessful as the many protons proximal to the LLS decrease the lifetime

drastically.
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