
STUDIES ON LONG-LIVED STATES AND 

COHERENCES IN NMR 

 

 

 

RITURAJ MISHRA 

 

 

 

 

DEPARTMENT OF CHEMISTRY 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

FEBRUARY 2019 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©Indian Institute of Technology Delhi (IITD), New Delhi, 2019

      



STUDIES ON LONG-LIVED STATES AND 

COHERENCES IN NMR 

 

by 

RITURAJ MISHRA 

Department of Chemistry 

 

Submitted 

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

to the 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

FEBRUARY 2019 



 

 

 

 

 

Dedicated to my 

Family and 

Supervisor 

 

 

 

 



i 
 

Certificate 

 

I certify that the thesis entitled Studies on Long-Lived States and Coherences in NMR 

submitted by Mr. Rituraj Mishra to Indian Institute of Technology Delhi for the award 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 result presented 

in this thesis have not been submitted in part or full to any other University or Institute for 

the award of any degree or diploma.    

 

 

 

Dr. Narayanan D. Kurur 

(Professor) 

Department of Chemistry 

Indian Institute of Technology Delhi 

New Delhi 110016 

 

 

 



ii 
 

Acknowledgements 

The wish of getting a Ph.D. degree from the Indian Institute of Technology is finally fulfilled 

and the credit must be given to those without them it might have remained a dream. 

The first and the most important person in this journey is my supervisor Prof. Narayanan 

D. Kurur, the person with immense knowledge, with high moral values and down to earth. 

His academic and socialistic discussions helped me to grow as a researcher and most 

importantly as a human being. His attitude that one should learn science by doing changed 

my view towards science. I am indebted to him for encouraging me to learn the things outside 

my research area. His ideology of doing the work without the expectation of the results, i.e., 

nishkama karma helped me to succeed against my odds. I convey my deepest gratitude to 

him from the bottom of my heart. 

I acknowledge Prof. Nalin Pant, discussions with him always drawn me towards a better 

understanding of the concepts, and Prof. Shashank Deep, in his course of NMR solving 

detailed product-operator formalism helped me a lot during my research. In the 

Cheminformatics course, taught by Prof. B. Jayaram I was first introduced to the basics of 

programming without which a methodology student could not survive. Hence, he must be 

acknowledged with two of her students Dr. Tanya and Dr. Priyanka who took tutorials on the 

programming. I would also like to thank him and Dr. Pramit K. Chowdhury for various 

scientific discussions outside my research area. I am also grateful to Prof. V. Haridas; 

working on his project provided me with the exposure to the application of NMR in organic 

chemistry which resulted in my first international research paper. I express my gratitude to 



iii 
 

Dr. Shalini Gupta, Chemical Engineering, IIT Delhi for giving me an opportunity to work on 

a bio-related NMR problem. 

I would also like to share my vote of thanks to Nuclear Magnetic Resonance Society 

(NMRS), which provide a platform to interact with various researchers and prominent 

scientist of the fields through symposium. In NMRS discussions with Prof. N. Chandrakumar 

from IIT Madras provided great help in solving some of my research problems and any 

thanksgiving seems to be lesser to his personality. I am also thankful to Dr. Paul Coote, 

Harvard Medical School for sharing his MATLAB code with me which eased my wish to 

demonstrate the dynamics of magnetization in the video format.  

Many thanks to all faculty members and the departmental staff for their kind cooperation 

through the course of my work. Especially I would like to acknowledge the central NMR 

facility, its head Prof. S. Nagendran for their immense support and Mr. Alok Yadav (NMR 

lab superintendent) for his official and mental support. Mr. Virendra Sharma from Glass 

Blowing facility must be thanked for helping me in degassing of the compounds.  

Council for Scientific and Industrial Research (CSIR) must be acknowledged for the funding. 

I would also like to extend my acknowledgement to my senior lab members Dr. C. S. Reddy 

and especially to Dr. Maninder Singh for giving me my first project and also for guiding me 

for the betterment of my future. A lot of thanks to my labmates Balvinder Singh, Upanshu 

Gangwar for keeping the lab environment joyful. Working with masters’ project students 

always kept me flourished with new ideas and answering their questions helped me in 

understanding some of the concepts deeply. Therefore, I would like to acknowledge Ruben, 



iv 
 

Tarun, Anit, Parvez, Dileep, Mohit, Neha, Promila, Amit, Prateeksha, Manjeet, Riya, and 

Prakash.   

A sincere thanks to Dr Sandhya, Dr Bijesh, Pramod (for involving me into their projects), Dr 

Sakshi, SharanShankar, Govinda, Dr Amol, Bhaskar, Krishna Nand, Krishna, Vijay, 

Poonam, Pooja Dubey, Pawan Mishra (for providing me the chemicals), Mr Rahul, Mr 

Venkat, Mr Vimal, Umesh (for sharing their wet lab facility), Mayukh, Dharmendra, 

Sushanta (for helping me in degassing of the compounds).  

This journey of Ph.D. from IIT would not have been started if I had not a friend Ashish 

Pandey. It was him who forced me to come to Delhi. He is the one with the solution of all of 

my problems. However, acknowledging him without Gopal Krishna Dixit, Vipin Kumar 

Tiwari, Chandra Bhan Pandey, and Ashish Gupta would not be justified because all of them 

always stood for me during my odds, enjoyed with me in my evens and I can never forget 

their unconditional friendship. I would like to mention Gopal Krishna Dixit for helping me 

in solving the problems through MATLAB and MATHEMATICA. I would also like to thank 

Umesh, Sourabh, Pawan and Mahipal for extending my friendship zone and it was because 

of all my old and new friends, I always felt like home in IIT Delhi.  

I share my thanks to the University of Lucknow and the faculty members especially Prof. A. 

K. S. Chouhan, Prof. V. K. Pandey, Prof. P. C. Srivastava, Dr. R. K. Tiwari, Dr. R. M. Nayak, 

Dr. D. D. Saxena, and Dr. Naveen Khare. I would also like to acknowledge Dr. Narendra 

Mishra for teaching Mathematics in undergraduate which helped me a lot during my research 

and Dr. Suneet K. Dixit for teaching me the fundamentals of Physics. Further, Carrier 

Endeavour Academy and their faculty members should also be thanked for enhancing my 

knowledge of Chemistry. 



v 
 

My deepest gratitude to Mr. Shrayasker Shukla for teaching me the basic concepts of 

Chemistry, for first introducing NMR to me and for motivating me towards research instead 

of engineering. I cannot imagine myself as a chemistry student without him.  

It is hard to find words to express my gratitude to my mother (Mrs. Pramila Mishra), father 

(Dr. H. N. Mishra) and sister (Agyata Mishra). I consider myself blessed to have such an 

open minded father, a mother who seems to be strict from outside but very emotional from 

inside and a lovely & caring younger sister. Sharing my worries to my sister kept me relieved 

throughout my tenure in IIT. My father’s couple of sentences that (i) you should study for 

acquiring the knowledge not for money and whenever you want to make money come to me, 

there are so many ways to make it (ii) knowledge is precious even if it comes at the cost of 

whole money which we do have” always kept me out of pressure. During my odd times in 

Ph.D., he kept repeating the same sentence that whether you get a Ph.D. degree or not but 

your supervisor’s company for five years is more than enough because there are very few 

people like him and therefore do your work don’t worry for the results. Family 

acknowledgement would be incomplete if I would not mention my maternal (Mr Suneel 

Shukla, Mr Chandra Shekhar Shukla and Mr Akhilesh Shukla), paternal uncles (Mr Shiv Das 

Mishra and Dr R. D. Mishra), Mausi (Mamta Tripathi), all of my aunts, my brothers, 

especially Mr Ashutosh Mishra, Sankalp, Shikhar and Heramba, Bhabhi (Mrs Soni Mishra), 

my nephew (Sawan, Satyam and Adarsh) and my cousin (Meenakshi).     

At last, I would like to offer my sincere gratitude to the almighty god for providing me so 

many helpful hands in the form of my supervisor, teachers, family, and friends.  

          (Rituraj Mishra) 



vi 
 

Abstract 

Since the invention of the NMR, it has proved its potential in the field of biomedical, medical, 

chemical, material, physical, and even other sciences. Applications of this potent technique 

range from structure determination of large and small molecules, molecular dynamics, 

chemical kinetics, quantum computing to MRI (Magnetic Resonance Imaging). One of the 

reasons for such a wide array of applications is rooted in the higher lifetime of the excited 

state which is limited by longitudinal relaxation (~T1) and transverse relaxation (~T2). 

Endeavors of further enhancement or extension of the life-time travelled a long way through 

Transverse Relaxation Optimized Spectroscopy (TROSY), which relies on relative 

cancellation of relaxation due to dipolar tensors and chemical shift anisotropy tensors, to 

recently developed Long-Lived States (LLS) and Long-Lived Coherences (LLC). Out of 

these two lifetime enhancing techniques, the main part of the thesis is dedicated to the 

removal of restrictions in LLC and its applications. Apart from LLC, spin dynamics during 

Spin Lock Induced Crossing (SLIC) is also analyzed. The thesis is composed of five chapters. 

In the introductory chapter, the Hamiltonians, operators, superoperators and product 

operator formalism are discussed. An introduction to various bases, i.e., product operator 

basis (PB), singlet-triplet basis (STB) and the single transition operator basis (STOB) is 

provided. Further, the fundamental theory and basic pulse sequences to create LLS and LLC 

are discussed in detail. Redfield theory of relaxation is described for most dominant 

relaxation mechanism, dipolar, in a liquid state. The application of Redfield theory to find 

out the effect of dipolar relaxation on LLS and LLC, in superoperator basis, is thoroughly 

presented.   
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 Chapter 2 presents a thorough study on the Spin-Lock Induced Crossing (SLIC) 

sequence, a sequence to create LLS in nearly equivalent two-spin system. This chapter 

provides a vector picture explanation in product-operator basis (POB) and single transition 

operator basis (STOB). Further in this chapter, the functional form of the operators are 

determined by Fourier transforming the time domain simulated data. This functional 

variation modifies the earlier fitting equation of DeVience to find out chemical shift 

difference between two nearly equivalent protons. The Liouville-von Neumann equation is 

solved to find the dependence on the initial condition of operators generated during the spin 

locking interval. A two-parameter optimization technique is also a part of this chapter.     

After this foray into LLS, the rest of the thesis is aimed at LLC in three-spin systems and 

multiple two-spin systems. 

 Chapter 3 is divided into two parts, i.e., A and B. Part A is about the application of 

basic LLC sequence to find out relative signs of coupling constants. A three-spin system LLC 

spectrum result in three peaks at a combination of three coupling constants. The mathematical 

formulation of these combinations is derived for determining the relative sign of the coupling 

constants and unobservable coupling constant. The process is exemplified with three-spin 

systems, such as 2-furoic acid, ethyl vinyl ether, phenylalanine, acrylonitrile and 2, 3-

dibromo propionic acid. Part B provides an alternative sequence, composed of soft pulses, to 

filter out the systems with different relative signs of the coupling constants. The sequence is 

successfully tested on furfural, ethyl vinyl ether, and phenylalanine. 

 The extension of the LLC to a pair of two-spins in a three-spin system is the prime 

focus of chapter 4. The two-spin dipolar relaxation theory of LLC is extended to three-spin 
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systems, and the theoretical relaxation lifetime of LLC is calculated for furfural and ethyl 

vinyl ether. Experiments, which utilizes soft pulses to excite and lock the desired coherence, 

are designed for the confirmation of the theory. The experimental LLC lifetime for two three-

spin compounds, i.e., ethyl vinyl ether and furfural, is determined and compared with the 

theoretical one. The chapter ends up with possible reasons of mismatch between the 

theoretical and experimental values.    

 The final chapter extends the LLC to multiple two-spin systems. The main restriction 

to the extension is to lock the coherence at the average of the chemical shift of the two peaks 

(on-resonance locking), which is not possible in a system with multiple two-spins. Hence, 

the effect of off-resonance locking (locking away from the average of the two peaks) is 

studied theoretically and experimentally on 2, 3 dibromothiophine (DBT), which suggests a 

composite low-power locking instead of continuous wave (cw) locking. The density operator 

∑ 𝐼1𝑥
𝑖 − 𝐼2𝑥

𝑖3
𝑖=1 , 𝑖 = 1 to 3 was generated in the mixture (citric acid, DBT and 2, 3, 6-

trichlorbenzaldehyde (TCB)) with selective inversion IBURP-2 pulses, and LLCs were 

successfully created in all pairs of the mixture. The sequence is termed as Broad Band LLC 

(BBLLC.) The use of BBLLC is also demonstrated as a filter for two-spin systems in a 

mixture of four (𝐴𝐴′𝑋𝑋′) and two-spin systems (furan + TCB + citric acid), and in a 

compound, 1, 3-di-p-tolyl-propenone, having two four-spin systems and one two-spin 

system.  

 

 

 



साराांश 

नाभिकीय च ुंबकीय अन नाद (एन० एम० आर०) से्पक्ट्र ोस्कोपी ने अपनेआविष्कार के बाद से ही, अपनी क्षमता को 

भिभिन्न िैज्ञाभनक के्षत्ोुं जैसे जैि-विवकत्सा, विवकत्सा, रसायन, भौवतक भिज्ञान इत्याभद में भसद्ध भकया है। इस 

शक्तिशाली तकनीक के अनुप्रयोग बडे और छोटे अणुओ ंकी संरिना वनर्ाारण, आणविक गवतशीलता, रासायवनक 

बलगभिकी, क्ांटम कंपू्यवटंग से लेकर एमआरआई (िंुबकीय अनुनाद प्रभिभबम्बन) तक फैले हुए हैं। एन० एम० 

आर० के इतने विसृ्तत अनुप्रयोगोुं का एक कारण इसकी उते्तभजि अिस्था के उच्च जीिनकाल में वनवहत है, जो भक 

अनुदैर्ध्ा छूट जीिन काल (~ T1) और अनुप्रस्थ छूट जीिन काल (~ T2) द्वारा सीवमत है। इन जीिन- कालोुं को प नः 

भिसृ्ति करने के प्रयासोुं ने ट्ांसिसा ररलेके्सशन ऑविमाइज़्ड से्पक््ट्ोस्कोपी (ट्ॉक्सी),  जो भक वद्वधु्रिी प्रभदशोुं और 

रासायभनक सृभि भिषमदैभशिा के सापेक्ष भनरस्त्रीकरण पर भनिभर करिा है, से लेकर हाल ही में विकवसत लॉन्ग-

वलिेड से्टट्स (एलएलएस) और लॉन्ग-वलिेड कोहरेंस (एलएलसी) िक एक लंबा सफर तय वकया है। इन दो 

जीिनकाल बढाने िाली तकनीको ंमें से, प्रबन्ध का मुख्य वहस्सा एलएलसी और इसके प्रवतबंर्ो ंको हटाने के वलए 

समवपात है। क्तस्पन लॉक इंडेड क्रॉवसंग (एसएलआईसी) के दौरान क्तस्पन प्रािैभगक का विशे्लषण भी इस प्रबन्ध का 

एक भहस्सा है । यह प्रबन्ध पााँि अर्ध्ायो ंसे भमलकर बना है। 

पररियात्मक अर्ध्ाय में, हैवमल्टवनयन, ऑपरेटर, सुपरऑपरेटर और उत्पाद ऑपरेटर औपिाररकता पर ििाा की 

गयी है। इसके साथ विवभन्न आर्ारो,ं अथाात् उत्पाद ऑपरेटर आर्ार (PB), वसंगलेट-वट्पलेट आर्ार (STB) और 

एकल संक्रमण ऑपरेटर आर्ार (STOB), का पररिय िी इस अर्ध्ाय में भदया गया है। इसके अलािा, एलएलएस 

और एलएलसी बनाने के वलए मौवलक भसद्धाुंिोुं और मूलिूि स्पन्द अनुक्रमो ंपर विस्तार से ििाा की गई है। द्रि-

अिस्था में सबसे प्रमुख वद्वधु्रिीय ररलेके्सशन तंत्र के वलए रेडफील्ड ररलेके्सशन वसद्ांत का िी िणभन इस अर्ध्ाय 

में भकया गया है। सुपरऑपरेटर आर्ार में एलएलएस और एलएलसी पर वद्वधु्रिीय ररलेके्सशन के प्रिािोुं का पता 

लगाने के वलए रेडफील्ड वसद्ांत के आिेदन को भिस्तारपूिभक प्रसु्तत करना िी इस अर्ध्ाय का उदे्दश्य है । 

अर्ध्ाय 2 क्तस्पन-लॉक पे्रररत क्रॉवसंग (एसएलआईसी) अनुक्रम पर एक संपूणा अर्ध्यन प्रसु्तत करता है। यह अनुक्रम 

लगभग बराबर दो-क्तस्पन प्रणाली में एलएलएस बनाने के वलए उपयोग भकया जािा है। यह अर्ध्ाय उत्पाद-ऑपरेटर 



आर्ार (POB) और एकल संक्रमण ऑपरेटर आर्ार (STOB) में एक िेक्ट्र वित्र स्पष्टीकरण प्रदान करता है। इस 

अर्ध्ाय में आगे, ऑपरेटरो ंके फलन रूप को समय के्षत् कृभत्म आुंकड़ोुं के फूररयर रूपाुंिरण द्वारा वनर्ााररत वकया 

गया है। यह वक्रयात्मक रूप, डी-भिएन्स के पहले के वफवटंग समीकरण, जो भक दो समान समतुल्य प्रोटॉ नोुं के बीि 

रासायवनक सृभि के अंतर का पता लगाने के वलए उपयोग की जािी है, को संशोवर्त करती है। क्तस्पन लॉवकंग 

अंतराल के दौरान उत्पन्न ऑपरेटरो ंकी प्रारंवभक क्तस्थवत पर वनभारता खोजने के वलए वलउविल-िॉन नू्यमैन समीकरण 

का हल भकया गया है। एक दो-पैरामीटर अनुकूलन तकनीक भी इस अर्ध्ाय का एक वहस्सा है। 

एलएलएस में इस प्रारुं भिक प्रयत्न के बाद, बाकी थीवसस तीन-क्तस्पन वसस्टम और कई दो-क्तस्पन वसस्टम में एलएलसी 

के भनमाभण में उदे्दभशि है। 

अर्ध्ाय 3 को दो भागो,ं अथाात्, ए और बी भाग में विभावजत वकया गया है। भाग ए युग्मन क्तस्थरांक के सापेक्ष संकेतो ं

का पता लगाने के वलए मूलिूि एलएलसी अनुक्रम के आिेदन के भिषय में है। एक तीन-क्तस्पन एलएलसी से्पक््ट्म 

तीन युग्मन क्तस्थरांकोुं के संयोजन पर तीन शृ्ुंग प्रदान करिा है। युग्मन क्तस्थरांक के सापेक्ष सुंकेिोुं और अस्पष्ट युग्मन 

क्तस्थरांक के वनर्ाारण के वलए इन संयोजनो ं का गवणतीय सूत्रीकरण वकया गया है। इस प्रवक्रया को तीन-क्तस्पन 

प्रणावलयो,ं जैसे वक 2- फ़्यूरोइक एवसड, एवथल विनाइल ईथर, फेवनलएलवनन, एवक्रलोवनट्ाइल और 2, 3- डाई ब्रोमो 

प्रोवपयोवनक एवसड, के साथ उद्धृि वकया गया है, । भाग बी विवभन्न सापेक्ष संकेतो ंिाले तीन-क्तस्पन यौभगकोुं में 

भििेद के भलए मृद  स्पन्दोुं से बना एक िैकक्तिक अनुक्रम प्रदान करता है। इस अनुक्रम को फरफ़्यूरल, एवथल 

विनाइल ईथर और फेवनलएलवनन पर सफलतापूिाक परीक्षण वकया गया है। 

  

अध्याय 4 एलएलसी का भिस्तार िीन-स्पस्पन प्रणाली में दो-स्पस्पनोुं के एक य ग्म में करने पर कें भद्रि है। एलएलसी के 

दो-स्पस्पन भिध्र िीय ररलेके्सशन भसद्धाुंि को िीन-स्पस्पन प्रणाभलयोुं िक भिस्ताररि भकया गया है, और एलएलसी के 

सैद्धाुंभिक ररलेके्सशन जीिनकाल की गणना फरफ़्यूरल और एभथल भिनाइल ईथर के भलए की गयी है। भसद्धाुंि 

की प भष्ट के भलए ऐसे प्रयोग योभजि भकए गए हैं, जो िाुंभिि कोहेरेने्सस को उते्तभजि एिुं अभिबद्ध करने के भलए 

मृद  स्पन्दोुं का उपयोग करिे है। दो िीन-स्पस्पन यौभगकोुं, अथाभि्, एभथल भिनाइल ईथर और फरफ़्यूरल का 



प्रयोगात्मक एलएलसी जीिनकाल का भनधाभरण भकया गया है एिुं इसकी सैद्धाुंभिक जीिनकाल के साथ ि लना िी 

इस अध्याय में प्रस्त ि की गयी है। अध्याय सैद्धाुंभिक और प्रयोगात्मक पररणामोुं की भिन्निा के सुंिाभिि कारणोुं 

के स्पष्टीकरण के साथ समाप्त होिा है।  

अुंभिम अध्याय एलएलसी को एक से अभधक दो-स्पस्पन भसस्टम िक बढाने पर आधाररि है। दो शृ्ुंगोुं का उनकी 

औसि रासायभनक सृभि पर अभिबस्पददकरण (लॉभकुं ग) , एलएलसी को एक से अभधक दो-स्पस्पन भसस्टम में बनाने 

में म ख्य प्रभिबुंध लगािा है। अिः, ऑफ-रेजोनेंस अभिबस्पददकरण (लॉभकुं ग) (दो शृ्ुंगोुं के औसि से दूर 

अभिबस्पददकरण) के प्रिाि का सैद्धाुंभिक और प्रयोगात्मक रूप से अध्ययन 2, 3 डाई-ब्रोमोभथयोभफन (डीबीटी) 

पर भकया गया है, भजससे यह भनष्कषभ भनकलिा है भक कॉस्पिन्य अस िरुंग स्पन्द की जगह पर कम्पोभसट स्पन्द का 

उपयोग भकया जाना चाभहए। चयनात्मक व्य त्क्रम IBURP-2 स्पन्दोुं की सहायिा से घनत्व ऑपरेटर, 

∑ 𝐼1𝑥
𝑖 − 𝐼2𝑥

𝑖3
𝑖=1 , 𝑖 = 1 to 3, i = 1 से 3 एक भमश्ण (भसभटरक एभसड, डीबीटी और 2, 3, 6-

टर ाइक्लोरोबेन्जस्पिहाइड (टीसीबी)) में िैयार भकया गया, और भमश्ण के सिी य ग्मोुं में सफलिापूिभक का भनमाभण 

भकया गया। इस अन क्रम को ब्रॉड बैंड एलएलसी (बीबीएलएलसी) का नाम भदया गया है। बीबीएलएलसी का 

उपयोग एक भमश्ण (फू्यरान+ टीसीबी+ डीबीटी), जो भक चार (𝐴𝐴′𝑋𝑋′) और दो-स्पस्पन भसस्टम से भमलकर बना 

है, एिुं एक यौभगक (1, 3-di-p-tolyl-प्रोपेनोन) में दो-स्पस्पन भसस्टम के भफल्टर के रूप में िी भदखाया गया है। 
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