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Statement regarding new facts
e Improved decoupling methods in solid-state NMR

1. Robust methods for heteronuclear dipolar decoupling have been designed
under Magic-Angle Spinning (MAS). These methods are insensitive to exper-

imental parameters like pulse length, phase difference, and 'H off-resonance.

2. Improved methods for heteronuclear dipolar decoupling were demonstrated
under static conditions. These methods are more tolerant to 'H off-resonance

than earlier standard method, resulting in spectral enhancement.

3. A robust method for heteronuclear dipolar decoupling was demonstrated
for quadrupolar nuclei under Multiple-Quantum Magic-Angle Spinning (MQ-

MAS) experiments.

4. Decoupling sequences were compared for High-Resolution Magic-Angle Spin-
ning (HRMAS) experiments and the sample was found to be insensitive to

phase modulated decoupling methods.

5. The strategy for designing robust decoupling sequences under Magic-Angle

Spinning was successfully adapted to high frequencies.

6. Additional modification to our approach resulted in enhanced bandwidth for

'H off-resonance.
e Understanding decoupling methods in solid-state NMR

1. Theoretical analysis of heteronuclear dipolar decoupling was done under

MAS which has shown adiabatic sweep as the route to robustness.
e Work in progress

1. Theoretical analysis of decoupling is being done for static condition.

2. Theoretical analysis of off-resonance behavior of decoupling is under way.

xi
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Introduction

Interactions in NMR: Rigid vs dynamic phase

Interactions in NMR are inherently anisotropic, having different values in different di-
rections. This can be understood from the example of chemical shift anisotropy (CSA).
Chemical shift arises from shielding of magnetic field felt at nucleus by electron distribu-
tion. Anisotropic electron density around the nuclei leads to CSA. Large CSA values are
associated with groups having highly anisotropic electon distribution making carbonyl
groups to have larger CSA compared to aliphatic groups. The orientation dependence
leads to a term of the form (3cos? 8-1) associated with CSA. The orientation dependence
is common to all NMR interactions with similar behavior. Anisotropic interaction causes
line broadening in powdered sample having random orientation of crystallites. Some
other interactions relevant for later sections will be introduced now.

Spins are magetic dipoles and influence each other by through-space dipolar inter-
actions. Dipolar coupling is termed homonuclear or heteronuclear when spins involved
belong to same or different nuclei. The pair of coupled spins have different relative
orientation with respect to external magnetic field resulting in anisotropy of the form
(3cos? 0-1) associated with dipolar coupling. Homonuclear and heteronuclear couplings
behave differently as few terms are negligible under heteronuclear condition.

Quadrupolar interactions occur with nuclei having spin angular momentum (I) larger
than %, as the nucleus no longer remains spherical. The electric quadrupole moment
possessed by non-spherical nuclei interacts with electric field gradient generated by elec-
trons. The description of quadrupole involves various terms of different nature and only
one among them has (3cos? 8-1) associated with it.

The presence of molecular tumbling (of GHz order) in isotropic liquids leads to av-
eraging of anisotropic interactions whereas rigidity in solids allow anisotropy to appear

with full vigor. The anisotropic interactions in solids are orders of magnitude larger than
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isotropic counterparts in solution phase, demanding different set of principles and meth-
ods for solid and solution state. Stronger anisotropic interactions in solids lead to broad
spectra with width defined by the strongest interaction.

One of the essential techniques in solid-state NMR for resolution enhancement is
Magic-Angle Spinning (MAS) which involves mechanical spinning of sample at an an-
gle of 54.74° with respect to external magnetic field [1,2]. The origin of the technique
can be understood on general presence of the term (3cos? 0-1) in various interactions,
which becomes zero when 6 is 54.74°. Under influence of MAS, anisotropic interac-
tions are averaged to zero, leaving narrow isotropic spectrum in favorable cases. Of-
ten additional methods are employed for resolution enhancement of spectra, mostly by
means of radiofrequency (RF) pulses. With a suitable RF modulation scheme, interac-
tions can be made to disappear from spectrum and this modulation scheme is called
decoupling sequence. Decoupling results in sensitivity and resolution enhancement in
case of anisotropic interactions.

Current work is focussed upon improving and understanding methods for heteronu-
clear dipolar decoupling. Pulse sequences existed for heteronuclear dipolar decoupling
but their mechanism was elusive. Attempts are made to design methods with robust
as well as improved performance. Work is also done to understand mechanism of het-

eronuclear dipolar decoupling.

Heteronuclear dipolar decoupling in solid-state NMR

Heteronuclear dipolar coupling is the dominant spin interaction in solids of rare nuclei
coupled to abundant nuclei and decides the resolution of spectrum. Such a situation
represents large number of systems which can be studied by NMR. *C coupled to 'H is
one of such spin system and it alone covers a large number of biological and medicinal
systems, highlighting the importance of heteronuclear dipolar decoupling for resolution

enhancement. Better decoupling methods improve resolution as spectral lines become
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narrower and is naturally accompanied by gain in sensitivity.

Heteronuclear dipolar decoupling involve irradiation of abundant nuclei to enhance
resolution in the spectra of rare spins. Application of unmodulated RF field, known as
Continuous Wave (CW) method was tested in 1955 by Bloom et al. [3] and the work
demonstrated the significance of decoupling. However, a study of Ernst et al. revealed
many shortcomings of CW [4]. Most noticeable shortcoming of CW was the deteriora-
tion of efficiency with increasing MAS frequency. CW was also found sensitive to the
off-resonance, resulting in inferior spectrum. Many methods were designed to obtain
enhanced resolution over CW, but success was not achieved for a long time.

A breakthrough method in this field, Two Pulse Phase Modulation (TPPM) was re-
ported only after four decades in 1995 [5]. Linewidth reduction over CW by a factor
of two or higher was demonstrated with application of TPPM. TPPM consists of a pair
of pulses having equal length (denoted by 1) differing by small phase (denoted by 2¢).
TPPM is less sensitive to off-resonance compared to CW and delivers uniform resolution
with MAS frequency. Effectiveness of TPPM prompted many groups to design modifica-
tions for improved performance.

Fung et al. desgined SPINAL by modulating phase difference of the TPPM pair. This
method was found to give improved performance over TPPM leading to its wide accep-
tance [6]. In an alternative approach by Gan et al; amplitude of RF field of TPPM pulses
were modulated, called as AMTPPM (Amplitude Modulated TPPM). With the lack of
improvement over TPPM, the study was only of academic interest but of no practical
use [7].

A different scheme consisting of two pulses of 180° phase difference was experimen-
tally found by Ernst and coworkers [8]. The method was named XiX, and it was found
to work at high values of RF field strength (over 100 kHz) and MAS frequency of around
30 kHz. Such MAS frequencies were not common and high RF field strength required is

unsuitable for sensitive samples, thus the method could find limited applications.
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A conceptually different appraoch of symmetry was also considered to design decou-
pling sequences [9]. The symmtery approach developed by Levitt treats spin interactions
on the basis of rotational properties exhibited under MAS and RF [10]. Using symmetry
approach, one can decide the fate of various interactions and design pulse sequences
accordingly. However this approach has not been able to deliver improved method for
heteronuclear dipolar decoupling. Comprehensive account of the work in heteronuclear
dipolar decoupling has been covered in recent reviews [11,12].

Numerical analysis of the heteronuclear dipolar decoupling suggested influence of
other interactions, like CSA and homonuclear dipolar coupling [4]. Thus description of
problem is complex and it is difficult to get insight into it. Complexity of the problem
along with limited success with various attempts made enhancement of even 10-20 %
significant. A need to design methods with improved performance exists but robustness
is also advantageous as it leads to ready to use methods. Robust methods are insensitive
to instrumental fluctuations and thus take care of an uncontrollable factor. Methods
suitable for higher MAS frequencies are also getting attention with increasing field of
the spectrometers.

A decoupling method was designed by sweeping pulse length of TPPM pairs. The
pulse length is varied tangentially, having slower variation in the middle and faster to-
wards the end. Thus, modulation frequency is swept tangentially and the method is
named SW;-TPPM (SWept-frequency TPPM) [13]. For spin % systems, SW;-TPPM of-
fered robust performance under MAS [13, 14] and spectral enhancement is achieved
under static conditions with SW;-TPPM [14, 15]. SW;-TPPM also offered intensity en-
hancement and robust performance for quadrupolar nuclei (spin > %) under MQMAS
scheme) [16]. Later on it was found that simultaneously varying the phase hyperbolic-
tangentially alongwith tangential variation of pulse length leads to further spectral en-
hancement. The method designed along this line is called SW ,-TPPM (SWept-(frequency

& phase) TPPM) [17] and this method is more suitable for intermediate MAS frequen-
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cies.

Various spin systems are found with *C and 'H nuclei and there has been discus-
sions over the ideal spin-system for evaluation of decoupling. It was known that CH,, is
stronger coupled system compared to CH;, owing to presence of more 'H nuclei, while
even strongly coupled CH; displays methyl-rotation which leads to averaging of interac-
tions. Thus, CH, is the most challenging system and methods which work on this system
have universal acceptance. Decoupling efficiency is always evaluated on CH, systems in

our studies. CH; systems are studied additionally in a few cases.

The design of decoupling sequences

TPPM can be represented as [t, 7_,] with T and ¢ representing pulse length and
phase of the pulses. SPINAL was designed by modulating phase of the TPPM and basic
SPINAL-8 is of the form [t ©_ ]1[7r_ 7 _.]I[7, 7 ,][7, 7_.] with higher versions
like SPINAL-16, SPINAL-32, SPINAL-64 etc. designed by supercycling the basic SPINAL-
8 block.

SW;-TPPM consists of eleven TPPM pairs with pulse length varied tangentially and
can be represented as [0.787,, 0.787_,] [0.867, 0.867_,] [0.947, 0.947_,] [0.967,,
0.967_,] [0.9874 0.987_,] [1.007, 1.007_,] [1.0274 1.027_,] [1.047, 1.047_,]
[1.067, 1.067_,] [1.147, 1.147_,] [1.227 4 1.227_, ]. Pulse length of the middle pair
(1) is optimised for performance and sweep is achieved by the multiplicative factors. The
design was inspired by adiabatic slow passage of the Continuous Wave NMR, popular

before Fourier transform.

Performance of SW,.-TPPM under magic-angle spinning

Decoupling efficiency of SW;-TPPM was compared with TPPM and SPINAL-64 at various

RF field strength and MAS frequencies. Intensity of CH, peak of U-'*C-tyrosine was taken
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as the measure of decoupling efficiency. It was found that SW;-TPPM is on par with other
methods if not better. The robustness comparison of various methods as a function of
pulse length, phase difference and 'H off-resonance was done where SW;-TPPM was
found to be the least affected by variation of parameters. This comparison was done at
14 kHz of MAS frequency and 100 kHz of RF field strength [13].

Extensive theoretical analysis was done in collaboration with Prof. Shimon Vega us-
ing Bimodal-Floquet approach to understand efficiency of TPPM and robustness of SW -
TPPM [18]. Small phase modulation (in TPPM) can be split into two field components,
a large field same as CW irradiation and an additional small perpendicular field. The ef-
ficiency of TPPM was shown to be arising from the small perpendicular field. Theoretical
study of spin system having heteronculear dipolar coupling under MAS suggested spins
to be pointing in all directions of space. CW field can average components perpendicu-
lar to it while those lying along CW can only be averaged by small perpendicular field.
Decoupling is most effective when the amplitude of perpendicular field matches that of
spin component lying along CW field. This was defined as the decoupling condition.
Optimum performance by TPPM involves a careful setting of pulse length and phase
difference to satisfy the decoupling condition. Tangential sweep of pulse length leads
to adibatic sweep through the decoupling condition which imparts robustness to SW-
TPPM. Adiabatic sweep through a resonance condition was known to be efficient [19].

It was experimentally found that sweep profiles other than tangential are equally
effective. Many possible profiles were found experimentally to be effective in decoupling,
and this fact can be used as a strategy for designing robust decoupling sequences.

Later on it was found that robustness with respect to 'H off-resonance (Av(*H))
under adiabatic sweep is realised when cycle time of the modulation is shorter than
rotor period. It makes SW,-TPPM ineffective at high MAS frequency when modulation
time exceeds rotor period. As SW;-TPPM consists of 11 TPPM pairs, modulation period

is 11 times that of a single TPPM pair. Modulation cycle can be made short by either
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reducing pulse length or number of TPPM pairs. Reduced pulse length can be achieved
with high RF field strength which has known deleterious effects on the sample. SW,-
TPPM variants with reduced number of pulses were designed for high MAS frequencies

and were found to be effective.

Performance of SW;-TPPM under static condition

Performance of SW;-TPPM and analogues were compared to the established method
on MBBA, a liquid-crystal sample, under static conditions. Liquid crystals are organic
molecules with such a structure that the molecules are arranged in ordered manner with
restricted motion. Limited motion results in spectral broadening, and NMR of this phase
is similar to that of the solid state. Presence of motion in this state renders partial aver-
aging of orientation dependent interactions (chemical shift anisotropy, dipolar coupling
etc.), thus reducing the strength of interactions and smaller RF field strength is needed
for heteronuclear dipolar decoupling. The nature of phase also restricts the amplitude
of RF field as associated heating effect can destroy the system. Liquid crystal is a model
system for membrane proteins and better decoupling methods are needed to study these
macromolecules. Prior to our study, SPINAL-64 was considered as the best method for
this phase.

Decoupling efficiency of SW,-TPPM and analogs and SPINAL-64 at RF field strength
of 25 kHz was compared on various peaks of MBBA. Swept-frequency methods demon-
strated improved 'H off-resonance behavior over SPINAL-64 [15]. '3C resonances sep-
arated by large chemical shift were found to possess widely different 'H on-resonance
frequencies. This observation can be explained by chemical shift difference in *C and 'H
spins for bonded groups owing to similar chemical environment. Improved off-resonance

charcteristics of SW;-TPPM and analogs have resulted in overall spectral improvement.
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Evaluation of SWf -TPPM for static case

Study was done in order to understand 'H off-resonance behavior of heteronuclear dipo-
lar decoupling sequences under static conditions. Efficiency of various decoupling se-
quences was compared, and it was found that TPPM yields improved line width over
CW and is on par with modulated TPPM methods at 'H on-resonance. Owing to acute
dependence on 'H off-resonance, TPPM delivers overall inferior spectra. Under static
conditions, performance of modulated TPPM methods depends acutely on pulse length.
SW,-TPPM and analogs deliver improved 'H off-resonance behavior leading to improved

spectra.

Performance of SW;-TPPM under MQMAS scheme for quadrupo-
lar nuclei

Multiple-Quantum MAS (MQMAS) is a technique for obtaining high resolution spec-
tra from half-integer spin quadrupolar nuclei (I = %, n > 0) under MAS [20]. This
technique relies upon absence of 1°* order quadrupolar couplings owing to symmetry of
energy states and 2™ order quadrupolar couplings are averaged by combination of MAS
and RF pulses. Thus, spectra obtained with MQMAS schemes are free from quadrupo-
lar effects and are called isotropic spectrum. MQMAS involves evolution of multiple-
quantum coherences and corresponding variants, 3QMAS, 5QMAS etc. exists. Feasilbilty
of a particular variant of MQMAS for a nuclei is decided by its spin quantum number.
Presence of heteronuclear dipolar couplings by the virtue of molecular composition
also contributes to line broadening and use of decoupling sequences becomes necessary.
This is often the case when 'H is constituent of organic and inorganic materials. It
was proposed that heteronuclear coupling evolves p-fold during p-quantum evolution in
MQMAS scheme [21]. This makes it even more important to use efficient decoupling

sequences in such systems.
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CW was applied succesfully in these systems to obtain improved resolution and
further enhancement was demonstrated with application of TPPM. More sophisticated
schemes, like SPINAL-64 and SW-TPPM were not applied in such systems although they
have shown better performances over TPPM elsewhere. We have studied SPINAL-64 and
SW;-TPPM on a sample of gibbsite for 3QMAS and 5QMAS schemes and compared the
performance with CW and TPPM. Gibbsite is a mineral of Al (I = g), having layered
structure of basic-aluminum hydroxide, AI(OH), having large number 'H nuclei around
27 Al nuclei.

In our study TPPM offered approximately 100% intensity enhancement over CW
method in all cases. SPINAL-64 and SW;-TPPM have shown further enhancement of
20% over TPPM in isotropic spectra under 3QMAS scheme. These methods, especially
SW,-TPPM were found to be robust with respect to various experimental parameters to
avail this advantage. In 5QMAS scheme, SPINAL-64 performed comparable to TPPM

and only SW,-TPPM offered intensity enhancement of 8% over TPPM [16].

Study of decoupling sequences for HRMAS experiments

A comparative study of various decoupling sequences was done for High-Resolution MAS
(HRMAS) experiments. This class of experiments is gaining in popularity as it covers a
wide range of soft condensed matter ranging from tissues on one hand to synthetic poly-
mers on the other. These materials are spun at low spinning frequencies (~ 5 kHz) and
do not tolerate high RF field strengths. Presence of internal motion makes decoupling to
be realised at smaller RF field strength compared to that in rigid solids.

A block copolymer of ethylene oxide (EtO) and propylene oxide (PrO), called F-127
was studied. F-127 has composition of (EtO);q,-(PrO)¢s-(EtO),,, with molecular weight
of 12,600 daltons. The sample was spun at 4 kHz and various methods were applied at
RF field strength of 20 kHz to effect heteronuclear dipolar decoupling. The study shows

that the sample was sensitive to decoupling as lack of it yields broad featureless lines
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in the spectrum. However all decoupling methods produce comparable effect on the
spectrum and no appreciable advantage over CW was obtained with more sophisticated
methods. It was concluded that CW is a method of choice for this system as sophisticated
methods do not offer advantage compared to the effort required for implementation

[16].

Improved adiabatic sweep for enhanced decoupling effi-
ciency

Adiabatic sweep was known in NMR before Fourier-transform was introduced as it was
extensively used to obtain improved spectrum with frequency sweep. In adiabatic sweep,
detection of a resonance was done by fast frequency sweep away from resonance and
slow passage was employed close to resonance. Fourier-transform introduced pulsed
NMR and its wide adoption made frequency sweep obsolete. Adiabaticity was used in
pulsed NMR to design efficient inversion and J-decoupling methods and explored heavily
in the process [19,22]. The adiabtaic sweep (in SWf—TPPM) was found to improve
decoupling efficiency of TPPM, making it a robust method and thus improved adiabatic
methods were expected to further enhance decoupling efficiency. Enhanced performance
was realised with sequences of improved adiabaticity.

Tangent function was an intuitive approach for adiabatic sweep and it was used to
design SW,-TPPM. One of the improved adiabatic function known was tanh/tan, where
amplitude and frequency was varied in the form of hyperbolic tangent and tangent re-
spectively [22]. Frequency was swept tangentially in SW.-TPPM by varying pulse length
while amplitude can be swept by varying phase difference hyperbolic tangentially. A
method was designed on this principle and called SW;,-TPPM [17]. According to pre-
vious notation, it can be denoted as [1.227, 1.227 ] [1.147_ 1.147_] [1.067, 1.067__]

[1.047,1.047_][1.027 1.027_][7 7_ ]1[0.987 6 0.987  ]1[0.967 0.96t ][0.947
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0.94t_ ] [0.867 0.86t ] [0.787  0.787 ]. SW;,-TPPM demonstrated improved
off-resonance over TPPM, SPINAL-64 and SW,-TPPM at various MAS frequencies and
RF field strength studied. It was found to be the method of choice at intermediate MAS
frequencies.

SW¢,-TPPM demonstrates acute dependence on pulse length together with improved
'H off-resonance. Pulse length can be set precisely for optimum performance while the
'H off-resonance can only be addressed by suitable modulation schemes. Improved 'H
off-resonance leads to spectral enhancement and thus SW;,-TPPM is a better method

than SW,-TPPM.
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Chapter 1

Introduction

Nuclear Magnetic Resonance (NMR) [1, 2] is a branch of spectroscopy involving transi-
tions between energy levels of a nucleus arising from its spin angular momentum, where
the degeneracy between these levels is lifted by a static magnetic field. The transitions
between these energy levels are normally induced by the appplication of a magnetic field
modulating in a plane perpendicular to the static magnetic field [3,4].

NMR is a versatile spectroscopic tool to study local environment and dynamics of the
nucleus involved. The information content of an NMR spectrum is often obtained selec-
tively by suitable experiments. Selective information of local environment and dynamics
makes NMR a versatile tool despite the deficiency in sensitivity [3,4].

The energy levels corresponding to angular momentum levels of a spin is coupled
to its local environment in various ways [5,6]. This form of spectroscopy, NMR, is sen-
sitive to the local environment and as different phases of matter behave in a different
way, mobility of the phase decides the resolution of the resulting NMR spectrum. While
isotropic liquids yield narrow lines in their NMR spectrum allowing the number of chemi-
cal sites to be counted, solids often yield broad and featureless spectra. Thus, rigid solids
and isotropic liquids behave in contrasting ways and intermediate phases such as liquid
crystals, bicelles, and soft condensed matter, behave in a composite fashion. Various

techniques have been developed to narrow down the NMR spectra of solids [5-10].
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This thesis addresses improvement of resolution in spectral lines of rotating rigid
solids and static liquid crystals, i.e. motionally restricted phases. Robust and improved
methods for resolution enhancement have been developed and demonstrated on spin-
ning solids and static liquid crystals. A general introduction of NMR is presented in this
Chapter on the basis of which the thesis work will be explained in later Chapters. A

description of the thesis work is presented towards the end of this Chapter.

1.1 Principles of NMR

NMR involves resonance absorption of energy by nuclear magnetic moments. A nucleus
possessing the quantum mechanical property called spin (spin quantum number I) by
virtue of its composition, is amenable to NMR spectroscopy. These nuclei behave as

magnets and their magnetic moments are given by

—

T =—y1 (1.1

where v is the gyromagnetic ratio of the nucleus, which decides the strength alongwith
the relative direction of the magnetic moment of nucleus with respect to its angular
momentum.

A nucleus of spin quantum number I has 2I + 1 angular momentum projections
which are degenerate in the absence of a magnetic or electric field. Under the influence
of magnetic field, the energy levels of these projections are given by H’? ie. yT.?,
and thus degeneracy is lifted. These energy levels are called Zeeman energy levels.

The energy levels of an isolated spin % nucleus, in the presence of a static magnetic
field B,, splits into two Zeeman energy levels. The separation between these levels, AE
is given by,

AE =h(—yB,) = hw, (1.2)
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where # is the universal Planck’s constant. Energy difference between these states in-
creases with magnetic field (B,), which in turn decides the population difference be-
tween the levels. Thus, sensitivity of an NMR experiment depends upon the magnetic
field applied.

The resonance frequency, w,, is a characteristic of the nucleus. It is also called the
Larmor precession frequency, as the same value is obtained for precession of spin in a
magnetic field of strength By,

The resonance frequency of a nucleus is linearly proportional to the magnetic field
and any inhomogeneity in the magnetic field appears in the spectrum. Thus, homogene-
ity of magnetic field affects the spectral resolution. The achievability of homogeneity
puts an upper bound on the magnitude of Zeeman field and hence limits the sensitivity
of NMR experiments.

Measurement of Zeeman frequencies involves resonant interaction with a photon
belonging to radiofrequency range owing to the achievable homogeneous magnetic field.
Conventional detection of Larmmor frequencies involved sweeping across the resonance
by varying the magnetic field keeping irradiation frequency constant. This method of
detection is called frequency-swept NMR or continuous-wave NMR [4] and is obsolete.

Modern NMR spectrometers record spectra in a better but slightly complicated way,
called Fourier Transform NMR (FTNMR) [11]. It involves a steady magnetic field and

simultaneous application of all frequencies by an RF pulse.

1.2 Interactions in NMR

A nucleus with spin angular momentum behaves like a quantum-mechanical object, and
when perturbed by a coherent RF irradiation, the response follows the simple rules of

rotation of angular momentum. Physical basis of quantum mechanical behavior will be
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explored in Section [1.3

NMR experiments can be understood based upon a quantum-mechanical formula-
tion. In this formalism, interactions affecting the spin system and their associated Hamil-
tonians are classified in two categories: external and internal. External Hamiltonians
include Zeeman and RF fields which are directly controlled by the spectroscopist while
internal Hamiltonians include interactions of a spin with magnetic field via local en-
vironment (chemical shift), with another spin (dipolar and scalar coupling), and with
electric field gradient (quadrupolar coupling). Internal interactions are manipulated by
imposing modulations using external interactions. As nuclear spins precess rapidly un-
der Zeeman field, the internal spin interactions are truncated to the angular momentum
terms evolving with the Larmor frequency. This approximation is called "secular approx-
imation" [6].

Two representations are popular to characterise Hamiltonians in NMR, cartesian and
spherical. Cartesian representation, based upon three mutually perpendical axis system
is intuitive while spherical representation, based upon the rotational behavior of ob-
jects, although difficult to visualise, is more relevant for understanding purposes. NMR
interactions and their couplings to the local environment are thoroughly described by
Mehring [5, 6]. Hamiltonians in NMR will be explained after a brief introduction of

spherical tensor operator formalism.

1.2.1 Rotational properties of NMR Hamiltonians

A variety of multiple pulse experiments (RF schemes) exists in the realm of solid-state
NMR to manipulate the spins. Magic-angle spinning (MAS) is a universally applicable
technique (involving mechanical modulation of sample) in solid state which is explained
in a later Section. In a large number of experiments, MAS and RF schemes are applied
in a combined way. Rotation of spins in real space (MAS) or in spin space (RF schemes)

modulates the spin interactions and hence it is useful to study rotational properties of
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NMR Hamiltonians. The rotational properties are used extensively to understand solid-
state NMR. A spherical tensor of rank [ is a set of 2[4+1 (denoted by m) objects (T},,) such
that when any of them is rotated (R(®) representing the operator for rotation through

angle ©) in 3 dimensions, the result is a linear superposition of the same set of objects:

+
R(®)T;,R©)" = > T;,D.,,(6) (1.4)

m'=—

where Dﬁn ,(©) are the elements of Wigner matrix. Tensors of different rank differ in
their behavior under rotation. Scalars are tensors of rank 0 as they are invariant under
rotation and vectors are tensor of rank 1. Tensors of rank 2 are simply called tensors.
Rank O tensors are unaffected by rotation in the corresponding frames. Vectors are
tensors of rank 1 with intuitive rotational properties. Rank 2 tensors are difficult to
picturise owing to complex rotation properties, d-orbitals of an atom being an example.

Interactions in NMR possess rotational properties in their spin and space components
and both components behave as 2"¢ rank tensors (T,,,) in general. Under secular pprox-
imation, higher values of m do not survive in the internal spin interactions [6]. Defining
A,, and T, as the space and spin part of a tensorial interaction, a typical spin interaction

in the laboratory frame under high-field approximation can be written as,
H= [Azo]L[Tzo]L (1.5)

where L denotes the representation in the Laboratory frame.
The spatial part is modulated by mechanical modulation under MAS, and is defined

by the frame of rotor:
+2

Hyss = D [Agn ] [Tyo]" (1.6)

m=—2
where R denotes the representation in the rotating frame, defined by MAS for the spatial

component. m represents the components of spatial tensor.
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RF modulates the spin components and under combined influence of MAS and RF

pulses, the spatial and spin components are modulated and the Hamiltonian becomes,

+2 42
Hypsrr = D, D gl [Ty, ]° (1.7)

u=-2m=-2

where R denotes the representation in the rotating frame, defined by RF for the spin
component. u represents the components of spin tensor.

Various interactions differ upon the rank of spin or space component and this prop-
erty of interactions was used by the group of Levitt to design a series of sequences [12].
In this notation, various interactions are represented by their ranks. Various spin inter-

actions will be revisited now, and their rotational properties will be presented.

1.2.2 Zeeman interaction

This is the most important Hamiltonian as the presence of magnetic field qualifies an
experiment as magnetic resonance. It simply represents the splitting of energy levels of
a spin in static magnetic field. For representation purposes, the static magnetic field is
chosen to point along z, the azimuthal axis. Thus, Zeeman Hamiltonian may be written
as,

H, =yB,I, = w,l, (1.8)

Zeeman interaction is the basis of NMR as it creates energy eigenstates. Each nucleus

has a characteristic value of y which makes them resonate at distinct frequencies.

1.2.3 Radiofrequency field

This is the most important tool in the hand of an NMR spectroscopist. It refers to an

oscillating magnetic field applied perpendicular to the Zeeman field which induces tran-
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sitions between Zeeman levels. The form of the RF interaction is given by,
H,; = B;sin(wt + ¢) (1.9)

where B; denotes the amplitude of RF field and is often represented in frequency units
(denoted by w,) according to the following relation. It is based upon the nutation of
spins induced by RF field. The nutation frequency w,,, is equal to w; at on-resonance,

i.e. when the irradiation frequency matches with that of nuclear precession.

1
wl —_ E,)/,Bl — wzzt—resonance (1'10)

This expression represents the strength of RF field in angular frequency with units of
radians per second. In NMR, often RF field strength is expressed in rotations per second
(in Hz) after dividing w, by 27. Thus, RF field is often presented in the units of kHz and
denoted by v;. In accordance with this notation, the off-resonance of RF irradiation is
also presented in the units of Hz and denoted by Av.

It will be discussed in Section that pulses of various characteristics can be pro-

duced in radiofrequency regime which paves the way for various NMR applications.

1.2.4 Chemical shift

Electrons circulating around a nucleus in a diamagnetic molecule, when placed in a
magnetic field, induce a small magnetic field in the opposite direction. This effect leads
to the reduction of magnetic field felt by, and a reduction in resonance frequency of the
nucleus. This shift is governed by the electronic environment, and hence called chemical
shift. This interaction makes NMR a tool for chemical site identification and molecular

structure determination, with the corresponding Hamiltonian represented by,

H. = 8" (—yBy)I, = 6" w,l,
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H =[Ap]" [Tio]* = 8" wyl, (1.11)

This shift, 6°°cw, is linearly proportional to Zeeman field and is often represented
in parts per million (6%°) after normalisation with respect to the applied field. The
frequency and ppm scales follow opposite sign conventions in the representation of NMR

spectrum.

1.2.4.1 Chemical shift anisotropy

Chemical shift arises from shielding of magnetic field by electrons. The distribution of
electron density around a nucleus is not necessarily isotropic and anisotropy is often
associated with chemical shift. This interaction is called chemical shift anisotropy (CSA)
and is represented by,

H., = 6"%ew,I, (1.12)

He = [Azo]L[Tlo]L = [Azo]LBOIz (1.13)

The anisotropy is represented by Aw,,;, and is a function of the spin orientation with
respect to the magnetic field. Like the isotropic chemical shift, chemical shift anisotropy
is also linearly proportional to the Zeeman field. Thus, anisotropy is naturally associated
with chemical shift and is a good example to understand difference between rigid solids
and isotropic liquids, and this distinction is presented in Section It is averaged
to zero in isotropic liquids by rapid isotropic tumbling of molecules, which are of GHz

frequency.

1.2.5 Direct dipolar couplings

Spins are naturally magnetic dipoles and influence each other by through space dipolar

couplings. The dipolar coupling between a pair of spins I_l) and I_; with y; and y, as
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their respective gyromagnetic ratio, is given by the expression,

dd,full _ @ﬁYle

H =
12 3
4T 17,

(T = 3(T, 2)(T; 215)} (1.14)

where é,, denotes the unit vector in the direction of line joining the centres of the two
nuclei and r;, represents the internuclear distance. u, is the factor deciding the role of
medium, known as permittivity.

Different forms for homonuclear and heteronuclear dipolar couplings arise under

secular aproximation, which are as follows:

o Y1y,

omo w — — -~ =
H(}ild (@12): 4-_7_‘: 3 (3COSZ @12_ 1)(11 .12 _3112.122) (1.15)
12
etero Mo fiyay .
Hj 7 (01) = .~ 5 (3c0s* @1 — 1)(-21,..1y.) (1.16)

12

where © represents the orientation dependence of spin pair with respect to the applied
magnetic field. The dipolar coupling does not possess the isotropic component, i.e. it
does not shift the position of spectral lines. It is only a source of line broadening. The
interaction is symmetric, giving rise to a particular lineshape. The dipolar couplings are
represented in spherical tensor notation as

H(iiid,homo = [Ay]"[Tool* (1.17)

HY

dd hetero [Azo]L[Tlo]L’i[Tm]L’j (1.18)

It can be noticed that homonuclear and heteronuclear dipolar couplings have dif-
ferent forms, and deserve separate treatments. Separate class of experiments and ap-
proaches have been designed to deal with heteronuclear and homonuclear dipolar cou-
plings [5-10].

Non-secular terms of dipolar couplings have the forms like IFI;, IFIF, and IFI*
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which are responsible for polarisation transfer, explained in Section|1.5.2

1.2.6 Indirect spin couplings

Scalar coupling is the coupling between two nuclei mediated by surrounding electrons.
It is thus an indirect coupling and hence does not depend upon the spatial distance
between the two nuclei. Contrary to direct dipolar coupling, it is neither symmetric nor
traceless in the general case. The isotropic part of this interaction can be written as,
y - —
H =rY 7, T T, (1.19)

J
j<k

The anisotropic part of this interaction is similar in form to the dipolar coupling and

is of much smaller magnitude to be observed in solids.

1.2.7 Quadrupolar interaction

A nucleus in an atom or molecule is surrounded by electrons which are capable of in-
ducing large electric fields. Gradient of this electric field can affect nuclear energy levels
if the nucleus is not spherical. The electric quadrupole moment is associated with a non-
spherical nucleus that interacts with electric field gradient (EFG) and this interaction is
called quadrupolar interaction. Nuclei with spin angular momentum % are spherical and
free of quadrupolar interaction. The electric origin of quadrupolar interaction makes it
the strongest interaction for nuclei having spin angular momentum greater than % The

form of the quadrupolar Hamiltonian is given by,
1 2 2 2
Ho = 2Ty [(SIZ — I+ 1)+ (% Iy)] (1.20)

where 7) is the assymetry parameter and the quadrupolar frequency, v,, a measure of

the strength of quadrupole is governed by charge of electron (e), electric quadrupole
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moment of the nucleus (Q) and the component of electric field gradient (V,,) along the

direction of Zeeman field. It is defined as

3eQ

== 1.21
2I(21 — 1)ﬁV°‘Z (1.21)

Yo
The general form of the quadrupolar Hamiltonian in the notation of irreducible ten-

sor operators is given as

2
_Ya k2172
H= D (=1FTAVE, (1.22)

k=—2

In the laboratory frame the quadrupolar interaction can be treated as a perturbation

to the Zeeman field, and can be expressed as a sum of first- and second-order terms.
Ho=HY+H} (1.23)

The first-order quadrupolar coupling is sufficient for the description of the quadrupoles
having strength significantly smaller than the Zeeman field. It is given by

gl=22

fiv/
2172 _ _Q 2
=3 TV =—¢ (312 -1+ 1)] (1.24)

where vc’z the quadrupolar frequency (v;,), expressed as a function of the orientation (a

and f3) of the nuclear spin and asymmetry (n) of the environment, is given by

’VQ—’VQ 5

3cos?f—1
! (—ﬁ + g sin” 3 cos Za) (1.25)
This first-order quadrupolar coupling causes the splitting of 2I lines of quadrupolar nu-
clei into equally spaced lines separated by Av,. Av, is a function of the polar angles
0 and ¢ which relate the Zeeman field to the EFG principal axis system. This term is

a second-rank Legendre polynomial and vanishes under MAS. The first-order frequency
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shifts Av,, ;1 of the allowed transitions (m <— m + 1) are given by

1
AV i1 = Av(0,¢) (m + 5) (1.26)

The orientation dependence of the first-order term causes broadening of the individ-
ual transitions. Central transition (-% «— %) of half-integer spins does not experience
this broadening as m = % This broadening is again absent for other (directly) non-
observable symmetric transitions (m «— —m) in a quadrupolar nucleus.

In the case of a strong quadrupole, first-order perturbation theory is not sufficient
and second-order terms are employed as correction. Second-order terms possess both

isotropic and anisotropic parts. The second-order quadrupolar interaction is given by,

ave 1 1
Hg = o {212.[2122 —I(I+1D)+ Z]V_ZlVf +LII2-I(I+1)+ E]V_zzvj} (1.27)
Yo

A more complete description of quadrupoles is presented in Chapter[5] in the context of

work involving a quadrupolar system.

1.2.8 Relative magnitude of anisotropic interactions in solids

A large number of nuclei (and isotopes) in the periodic table is amenable to NMR spec-
troscopy and their presence in various molecular environment gives rise to different
combination of interactions. Linewidth of their solid-state NMR spectrum is governed by
the strongest interaction in the situation, few of the situations will be discussed here.
The anisotropic interactions impart broadening in the NMR spectrum of solids and
the strongest interaction determines the width of the spectrum. For nuclei having spin
angular momentum > %, quadrupolar interaction is the stongest interaction and for
spin % nuclei with large gyromagnetic ratio such as 'H and '°F, the spectral resolution
1

is determined by homonuclear dipolar couplings. For lighter spin J rare nuclei with

small gyromagnetic ratio (y), heteronuclear dipolar coupling is larger than chemical
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shift anisotropy and dominates their spectrum whereas heavy nuclei have large chemical

shift anisotropy which sometimes surpasses heteronuclear dipolar coupling.

1.3 Dominance of coherence in NMR

Spectroscopy is interaction between light and matter. A quantum of electromagnetic
radiation interacts with resonant energy levels of an atom or molecule. This is a mi-
croscopic picture, however, if all the photons in a bundle are in phase with the same
direction of propagation, they are called coherent. When a coherent beam of photons
interacts with an uncoupled system, coherent states are generated. Coherence generated
in radiofrequency region survives for longer times, and can be further manipulated by
RF pulses. This is typically the case in NMR, and this form of spectroscopy rests upon the
dominance of coherence. The physical basis for dominance of coherence in NMR and its
effects will be explored now.

The nature of spectroscopy changes with the frequency involved, thus RF spec-
troscopy (10® Hz frequency) is different from the more commonly encountered UV-
Visible spectroscopy (10%! Hz frequency) and so on towards X-rays. NMR occurs in the
RF regime and its description is significantly different from spectroscopy at higher fre-
quencies. The origin of this difference can be seen in the Einstein’s equation governing
rate of stimulated (denoted by A;;) and spontaneous emission (denoted by B¢;) between

the energy levels separated by v, in frequency units [15].

By; (1.28)

where # and c represent the Planck’s constant and the velocity of light in vacuum respec-
tively.
In low-frequency region, this equation predicts higher propensity for stimulated emis-

sion. This allows for efficient generation of RF pulses on the one hand and restricts
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spontaneous emission of spins on the other hand, allowing coherence to dominate in the
behavior of the system.

In the low frequency region, where the difference between the energy levels of nu-
clear spin falls, the frequencies are generated with negligible spread. This allows one to

express the RF field as a single photon with a large amplitude,

H,; = Asin(wt + ¢) (1.29)

where A is the amplitude of the RF field and is a measure of its strength as it determines
the influence of RF pulse on an interaction. w and ¢ represent the frequency and phase
of the waveform respectively. Equation also implies the longer lifetime of coher-
ent states in the low-frequency region, explaining the longer dephasing time (T,) for
coherent states in the absence of other factors.

Interactions in NMR are manipulated by pulses, which are easy to generate in low-
frequency region. An interaction can be removed from a spectrum with suitably designed
pulse schemes, an example being J-decoupling in solution-state NMR [13]. In another
extreme, interactions getting averaged (by mechanical averaging) can be brought back
by means of pulses, termed as recoupling [14]. This behavior is different from other

forms of spectroscopy. It is possible due to combination of the following facts:

1. Internal interactions are weak compared to external interactions. Zeeman and
RF terms are much stronger than the internal interactions. Except quadrupolar,
all internal interactions are magnetic in nature and hence orders of magnitude

smaller than electric interactions.

2. The nature of irradiation is also cooperative. Lack of spontaneous emisson and
high efficiency of photon generation in low frequency region make large ampli-

tudes of RF field achievable.

3. The phase of the coherent RF field is under control and is produced virtually free
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from noise. The phase of the RF field becomes important as the wavelength (in
metres) is much longer than the sample volume. The control over the phase allows

various ways of manipulating the spins.

In the context of NMR, coherent RF irradiation interacts with energy levels of nu-
clear spins, and converts population difference into coherence. The small difference
between the energy levels of nuclear spins allows longer survival of coherence which
can be further manipulated by RF modulation schemes. Thus, multiple-pulse NMR relies
upon the dominance of coherence in the low frequency region. The purely quantum
mechanical behavior of nuclear spins appears as bulk properties due to dominance of
coherence. This feature makes NMR a unique form of spectroscopy, having knitted co-
existence of experiments and theory. Experimental results can be understood on theo-
retical basis upto first order and theoretical deductions can also be rigorously verified
experimentally. This has also led to interesting applications like "quantum-computing
in NMR" [16,17] as NMR offers generation and manipulation of "pure-quantum states"
in the bulk magnetisation. A recent trend is the optimisation of perturbation scheme to
achieve a target state from the initial state in the most optimal way, known as optimal

control theory [18,19].

1.4 NMR: Solids vs liquids

Solution-state NMR spectra of molecules consist of narrow lines, as many broadening
mechanisms are averaged (removed from spectra) by rapid isotropic tumbling in GHz
frequencies. This leaves only the isotropic chemical shift and the scalar coupling (J-
coupling) yielding narrow linewidths determined by residual broadening and field inho-
mogeneity.

The chemical shift anisotropy of a nucleus is a reflection of its surrounding elec-

tronic environment. All other spin interactions are also anisotropic in nature [6] and



16 Introduction

this anisotropy is averaged by molecular motion in solution but not in rigid solids. Thus,
solids and spatially oriented samples (liquid crystals, bicelles, and cell membranes) have
different NMR properties than isotropic solutions which often complicate the study of
rigid systems. The unavailability of molecular motions makes anisotropic effect of inter-
actions to appear in full glory, rendering the spectra broad and uninterpretable (if more
than one interaction is present which is often the case). Broadening of spectrum in solids
appears in shorter T,, the dephasing time of coherence. The lack of molecular motion
reduces the local fluctuations of local field which results in longer T,, the relaxation
time of population. To summarise, signals decay faster in rigid systems to give broad
spectrum and population distribution attains equillibrium in longer times, making signal

averaging a tedious process.

1.5 Improving the spectrum of solids

The lack of resolution and sensitivity in solids are circumvented through various methods
for specific purposes and situations. Two most general methods are described here, one

dealing with resolution enhancement and another with sensitivity enhancement.

1.5.1 Magic-angle spinning: MAS

Magic-angle spinning refers to physical rotation of sample at an angle of 54.74° with re-
spect to Zeeman field. It was discovered independently by Andrew [20] and Lowe [21]
in 1959 that spinning the sample along this axis has narrowing effect on the spectra.
Andrew et al. studied **Na in a single crystal of NaCl having static linewidth of about
2 kHz. Calculations suggested that isotropic spectra for dipolar coupled systems under
MAS can be obtained when spinning frequency surpasses the static width of the spectrum
and this technique was only useful for favorable samples having weak dipolar couplings.

Dipolar coupling for realistic samples containing 'H and 'F nuclei are quiet strong, and
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line narrowing by MAS needed high frequencies which were not achievable at that time.
Thus, MAS was not implemented commercially for a long time. In 1971, demonstra-
tion on samples having spectra broadened due to CSA revealed isotropic spectrum with
spinning sidebands upon application of MAS [22]. Line narrowing was achieved at MAS
frequencies lower than the strength of the interaction [22], establishing the effectiveness
of MAS, and commercial implementation followed. The different behavior under MAS
led to a new classification of spin interactions: homogeneous and inhomogeneous [23].

MAS frequencies are presented in units of kHz in this thesis and denoted by wv,.
The remarkable effect of MAS is shown on the *C spectrum of histidine in Figure
The static spectrum is broad and featureless although only 6 resonances are present.
Presence of aromatic resonances with large CSA made static spectrum featureless and
hence uninterpretable. For smaller number of resonances, interpretable spectrum with
sharp features is obtained for samples like glycine. Upon the introduction of MAS, the
isotropic spectrum flanked by spinning sidebands but free from CSA broadening results.
The position of sidebands from the isotropic peak is given by integral multiple of MAS
frequency and they disappear for MAS frequencies higher than the strength of CSA.
Larger number of spinning sidebands are obtained at lower spinning frequencies, and the
number reduces at higher MAS frequencies. Thus higher MAS frequencies are needed
for enhanced resolution. As the strength of CSA is linearly proportional to Zeeman field,
higher MAS frequencies are needed on spectrometers with higher fields.

MAS averages the spatial (anisotropic) part of the interaction, the line broadening
component. It can again be understood with the example of chemical shift anisotropy.
In a powdered sample, the vector of spin angular momentum points in every possible
orientation in space, it samples full volume of electron cloud to give rise to chemical shift
anisotropy. The axis of MAS makes equal angle with all the three axis of the Cartesian
system, and CSA implies unequal components along the three mutually perpendicular

axes. Upon spinning the sample along the magic angle, the unequal components of CSA
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Figure 1.1: Effect of Magic-Angle Spinning on 3C spectrum of histidine. The cross-
polarised 'H decoupled '3C spectrum of histidine is acquired with spinning frequencies
mentioned in the figure itself. These experiments are performed on a Bruker Avance
500 MHz spectrometer, using a 4 mm triple-resonance probe. The spinning sidebands in
these spectrum can be identified by variation of their position with MAS frequency.
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interconvert and the average value (isotropic chemical shift) is obtained.

Mathematically, narrowing effect of MAS can be understood on the basis of trans-
formation of interactions of tensorial nature. All anisotropic interactions possess 2™
rank tensorial characteristics in spatial component. The interactions are defined in their
Principal-Axis System (PAS), where interactions are diagonal and when transformed to
Molecular-Axis System (MAS), they acquire orientation dependence. When tensorial in-
teractions with 2" rank on spatial part are transformed to Rotor-Axis System (RAS), they
acquire 3 cos’> © — 1 dependence where © is the angle of transformation. For an angle of
54.74°, 3cos*© — 1 = 0 leading to complete averaging of anisotropic interactions.

MAS is limited to interactions of 2" rank tensors and is ineffective on tensors of
higher rank, like 4" rank tensor of 2" order quadrupolar interaction. As another limita-
tion of the technique, narrowing under MAS for rates smaller than interaction strength

is realised when crystallites are not coupled.

1.5.2 Cross polarisation: CP

In the year 1948, Hartmann and Hahn found that when two different nuclei are locked
with RF field of same amplitude, polarisation transfers from abundant (high y) to rare
(low y) nuclei [24]. They called this phenomena as "Nuclear Double Resonance", and
later on Waugh'’s group established it for enhancing sensitivity of rare spins [25,26].

The energy difference between Zeeman levels and in turn polarisation (population
difference) of a nucleus depends upon its gyromagnetic ratio (y). Thus nuclei having
large gyromagnetic ratios (y;), like 'H and 'F are more sensitive nuclei while nuclei
with smaller gyromagnetic ratios (y), like '3C and °N, are less sensitive. In accordance
with this criteria, 'H and °F nuclei fall under abundant spins while *C and '°N are
considered rare spins.

The transfer of polarisation takes place through flip-flop terms of the heteronuclear

dipolar coupling. These terms are truncated under Zeeman field owing to large separa-
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tion in the precession frequency of the two nuclei. When both nuclei are made to evolve
with same frequency under RF field, flip-flop terms become active which transfer energy

between nuclei. Typical sensitivity enhancement for rare nuclei is given by the order of

Yr

their gyromagnetic ratios i.e. .
N

The condition for Hartmann-Hahn match under static condition and MAS is given by

the following expressions

Vir = Vis

Vi = Vg Env, (1.30)

where v;; and v, represent the strength of the applied RF field on the abundant (I) and
the rare (S) nuclei. v, represents MAS frequency and n is an integer. Thus, "CP-fingers"
are obtained under MAS, with their position and separation defined by MAS frequency.
Metz et al. discovered that the method becomes more usable under MAS by applying
ramp on one of the amplitudes [27].

Besides sensitivity enhancement, another advantage associated with CP is the decay
of transferred polarisation to rare spin with the rate constant of abundant nuclei. Flip-
flop terms are present for homonuclear dipolar couplings in abundant nuclei which cause
fluctuations in local magnetic field to spread among all spins. Thus, abundant spins have
smaller rate constant for decay of population. With smaller population decay time, signal

averaging can be carried out in a relatively short time.

1.6 Heteronuclear dipolar decoupling in solid-state NMR

Dipolar coupling to the abundant nuclei, heteronuclear dipolar coupling, is the principal
contributor to the line width of rare spins in solid state. As this interaction is entirely

anisotropic and inhomogeneous, MAS should, in principle average it completely. How-
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ever, only spinning the sample does not lead to high-resolution spectrum for rare spins.
For spinning samples, a respectable line width is often achieved by RF modulation of the
abundant spins, and the modulation scheme is addressed as a heteronuclear dipolar de-
coupling sequence. A continuous burst of irradiation, called CW scheme, was routinely
applied as heteronuclear dipolar decoupling scheme [28].

Figure shows the resolution enhancement with CW scheme under MAS for a
sample of natural abundance histidine. These experiments are done a Bruker Avance
500 MHz spectrometer, using a 4 mm triple-resonance probe. The spectrum marked with
(A) is recorded without RF decoupling on 'H channel and the other spectra (marked
with B, C, and D) are acquired with CW decoupling at an RF field of 100 kHz. The
MAS frequencies were 14.2 kHz for (A) and (B) spectra which were 10.0 and 5.0 kHz
respectively for (C) and (D) spectra.

Even at the MAS frequency of 14.2 kHz, the resolution obtained without decoupling
in (A) spectrum (compared to the static spectrum shown in Figure is discouraging.
A significant enhancement is obtained with CW decoupling, as seen in the (B) spec-
trum. The resolution enhancement under CW scheme improves with decrease in MAS
frequency as evident from the (C) and (D) spectrum, a phenomena which was observed
and explained by Ernst et al. [32]. The resonances at 25, 55, 120, and 135 ppm broaden
with increasing MAS frequencies. The other two resonances belong to '3C sites not di-
rectly bonded to 'H and weaker heteronuclear dipolar coupling arises from spatially
distant 'H nuclei. These resonances are not sensitive to 'H decoupling. Resonances ap-
pearing at smaller chemical shifts (20-60 ppm) correspond to aliphatic *C sites which
are strongly coupled to directly bonded 'H nuclei, at smallest interatomic distance. A
larger dipolar broadening can be observed in the CH, system (Cgz resonance) owing to
the characteristically stronger dipolar coupling and efficiency of decoupling schemes is
normally evaluated on these systems. The broadening of the carbonyl and the C, res-

onances arises mainly from their large CSA values which is completely averaged under
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Figure 1.2: Cross-polarised MAS spectrum of histidine showing the resolution enhance-
ment by CW decoupling. The deterioration of efficiency of CW scheme with increase in
MAS frequency. The spinning sidebands in these spectrum can be identified by variation
of their position with MAS frequency. These experiments are performed on a Bruker
Avance 500 MHz spectrometer, using a 4 mm triple-resonance probe.
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MAS.

A broader linewidth for CH, system compared to that of CH is worth noticing in this
set of spectrum. For CH and CH, groups having equal bond length, the stronger dipolar
coupling for CH, system was known for a long time. Dipolar oscillation for CH systems
were observed by the group of Ernst [29] and Waugh [30]. Dipolar oscillation frequency
of v/2w,, for CH, systems was predicted by group of Waugh [30], where w,, is oscillation
frequency of CH systems. Values confirming these predictions for CH, CH,, and CH; was
experimentally observed by Rybaczewski et al. [31]. Thus, CH, is more strongly dipolar
coupled system than CH and CH,, but often the anisotropic interactions are partially
averaged by prominent methyl rotation. This leaves CH, as the most challenging system
and decoupling efficiency is evaluated in these systems.

The deterioration of spectral resolution with increase in MAS frequency is a serious
disadvantage of the CW scheme as higher MAS frequencies are needed for unambiguous
(free from spinning sidebands) and resolved (MAS averages all 2" rank interactions)
spectrum. These advantages of high MAS frequency can be seen in the histidine spectrum
(Figure[1.2), where a small number of spinning sidebands appear in the A and B spectra
along with the significant resolution enhancement for *C resonances of the Carbonyl site
and another marked with C,.. A clear demand for efficient decoupling sequences suitable
for higher MAS frequencies hence existed, and a breakthrough came from the group of
Griffin [33]. They demonstrated linewidth reduction of rare spins by a factor of two or
more with a scheme involving two pulses of equal duration and a small phase difference

between them. The scheme was called two-pulse phase modulation, TPPM [33].

1.6.1 TPPM scheme

The TPPM scheme consists of two pulses of equal length with a small phase difference
and efficient performance of the method involves careful optimisation of both these

parameters. This feature of TPPM was outlined in the original report where the optimum
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pulse length is generally a range of values around a flip angle of ~ 180° while the
general range of optimum phase difference is from 10° to 60°. During the course of
work presented in this thesis, the optimum flip angle came out to be < 180° while 10°-
40° of phase difference was found for optimum performance of TPPM.

Although the optimum performance of TPPM demands accurate setting of experi-
mental parameters, the gain in resolution qualifies it to be the first dedicated method for
heteronuclear dipolar decoupling. The CW scheme was demonstrated for J-decoupling
[28] and hence it was also attempted for heteronuclear dipolar decoupling. More re-
markably, the line width under TPPM decoupling remains reasonably constant with
MAS frequency and it was a better choice at higher MAS frequencies. Many heteronu-
clear dipolar decoupling schemes have been designed by taking TPPM as the building
block [34-37,41].

1.6.2 A survey of heteronuclear dipolar decoupling sequences

TPPM was the first sequence to offer considerable improvement in decoupling efficiency
over CW. This scheme consists of two pulses of equal lengths having a phase difference.

Some of the decoupling sequences introduced after TPPM that deserve merit are the
following. Gan et al. modulated the amplitude of pulses in TPPM resulting in a scheme
called AMTPPM (Amplitude Modulated TPPM) [34]. The study gave some insight into
the mechanism of TPPM but AMTPPM did not demonstrate improved performance over
TPPM. An improvement of TPPM was introduced by Fung et al. which consisted of TPPM
blocks with discretely incremented phases and called small phase incremental alteration,
SPINAL [36]. The sequence was originally designed for liquid crystals but it also per-
formed admirably for rigid solids under MAS. Another modification of TPPM with con-
tinuous phase modulation termed as Cosine Modulation, CM, was proposed by Paépe et
al. [43-46]. In this approach, square wave pulses in TPPM were replaced by cosine pro-

file with different initial values and time periods generated by automated iteration for
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optimum performance. This study was partly successful in unravelling the mechanism of
decoupling, but experimental implementation is involved. Gerbaud et al. designed de-
coupling schemes by convoluting a Gaussian with cosine modulation leading to certain
degree of robust performance [47]. Khitrin et al. convoluted many cosine modulations
to to enhance the performance of heteronuclear dipolar decoupling [48]. This approach
was based on their semi-quantitaive arguments which suggested the need for additional
modulations on TPPM for improved heteronuclear dipolar decoupling [48].

An altogether different strategy of symmetry was adopted by Levitt et al. to design
heteronuclear dipolar decoupling sequences. Principles of symmetry treats various NMR
interactions on the basis of rotational properties exhibited under MAS and RF [12]. As
various interactions can be distinguished on the basis of "rotational signatures", pulse
sequences can be designed to selectively remove or retain any of them. A set of C-
symmtery sequences was demonstrated for heteronuclear dipolar decoupling, but im-
provement over TPPM was not realised [49]. Riedel et al. attempted incorporation of
adiabatic pulses in C-sequences which demonstrated improvement in performance. The
performance with this approach is comparable to that of TPPM [50,51].

A conceptually distinct approach for heteronuclear dipolar decoupling was taken by
the group of Ernst. It was demonstrated that a pair of 180° shifted pulses of duration
defined by rotor period, named XiX, is effective over TPPM for MAS frequencies over
25 kHz at RF field of 100 kHz [52]. The origin of this sequence could be traced to an
attempt by Tekely et al. [53].

A perpetual desire of narrowing the width of resonance in NMR exists and it becomes
more relevant in the solid state. A demand for more efficient heteronuclear decoupling
schemes than SPINAL exists but the features of easy implementation, consistent per-
formance with MAS frequencies, and immunity to RF inhomogeneity are also desired.
Modifications of TPPM with these set of guidelines are presented in this thesis which

will be shown to be comparable or more efficient to SPINAL in the range of lower and
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intermediate MAS frequencies and XiX in the higher MAS frequencies.

An understanding of heteronuclear dipolar decoupling is necessary to design schemes
with improved performance and ease of implementation. The status of understanding
of heteronuclear dipolar decoupling in solid-state NMR will be presented now. A brief

discussion of the factors hindering development of this area will also be made.

1.6.3 Understanding heteronuclear dipolar decoupling

An interaction is decoupled in NMR when its influence from the evolution of the spin sys-
tem is removed. Hahn demonstrated the refocussing of chemical shift by a 180° pulse.
The phenomenon of refocussing can be understood on the definitive role of external
interaction which can force the reversal of evolution of spin system under internal in-
teraction. The sign of spin coefficient is inverted by 180° rotation along the appropriate
axis, i.e. £ I,/I, change to F I,/I, by a 180° pulse applied along y axis. Thus, an echo
is formed as if the spin system has not evolved under the chemical shift. Decoupling is
thus achieved by repetitive refocussing of corresponding interaction. After refocussing of
chemical shift was discovered, variety of schemes has been devised to decouple various
internal interactions.

MAS alone is capable of refocussing all 2" rank tensorial anisotropic interactions.
It refocusses CSA completely, giving isotropic spectrum along with spinning sidebands.
The form of heteronuclear dipolar coupling Hamiltonian is similar to that of CSA and it
should also be averaged under MAS. However, isotropic spectrum with sidebands is not
obtained for heteronuclear dipolar coupled systems suggesting that the simple first-order
picture of heteronuclear dipolar coupling is not sufficient. Inclusion of higher orders
of perturbation treatment was shown to be necessary to understand certain aspects of
heteronuclear dipolar decoupling [54].

Isotropic spectrum along with spinning sidebands for a heteronuclear dipolar cou-

pled system was experimentally observed on a sample having isolated pair of >N nuclei
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coupled to 'H spins. The compound was specially synthesized for this purpose where
the heteronuclear dipolar coupled pairs were separated from each other by placing them
in between a large number of 2H nuclei [32]. This suggested a strong influence of
homonuclear dipolar coupling on the heteronuclear interaction. Higher-order terms of
heteronuclear dipolar coupling and its cross terms with other interactions, like CSA and
homonuclear dipolar coupling, are also present in the spin system and they were proved
to be a source of the line broadening [32,55]. Additionally, the presence of homonuclear
dipolar coupling poses difficulty in the numerical analysis of the problem [55].
Heteronuclear dipolar decoupling via RF is attained by modulating the spins. Modu-
lation of spins causes their rapid rotation which is capable of averaging the orientation
dependent interaction. This was the motivation of applying CW, a continuous burst of RF
irradiation on abundant spins to enhance the resolution of rare spins and line narrowing

to a certain degree was achieved [28].

1.6.3.1 Difficulty in understanding heteronuclear dipolar decoupling

The development of heteronuclear dipolar decoupling in solid-state NMR is hampered by
the inherent difficulty and the interplay of various spin interactions. The shortcomings
in the way of understanding the heteronuclear dipolar decoupling will be sketched in
this Section.

Heteronuclear dipolar coupled systems under the influence of MAS alone do not give
isotropic spectrum, and the resolution achieved is insufficient to resolve and identify
even a small number of chemical sites. This can be observed in the histidine spectrum
(Figure with only 6 chemical shifted *C resonances. Ineffectiveness of MAS alone
on heteronuclear dipolar coupled systems suggested the coupling with other internal
interactions. Under CW decoupling scheme, the presence of cross term of CSA with
heteronuclear dipolar coupling was shown to be the principal contributor to the line

width of rare spins in solids [32,55].
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With emergence of TPPM and other sophisticated schemes, several drawbacks of
CW decoupling scheme were also noticed. Contrary to expectation, a broadening of
spectral lines was observed with increase in MAS frequencies (shown in Figure [1.2),
which was explained by the reduction in the rate of spin diffusion which averages the
cross terms of heteronuclear dipolar coupling with CSA of the abundant spins [32].
Under XiX decoupling scheme, the cross term of heteronuclear and homonuclear dipolar
coupling was found to be the factor determining the line width of rare spins [56]. An
understanding of heteronuclear dipolar decoupling is hence involved.

To summarise, a rigorous understanding of spin interactions with higher-order terms
and cross terms among various interactions is needed to unravel the mechanism of het-
eronuclear dipolar decoupling. Results from bimodal Floquet analysis will be presented
in the next Chapter which also suggest cross terms of CSA and heteronuclear dipolar

coupling contributing to the line width of rare spins in solids.

1.6.4 Interference of MAS and RF field

MAS modulates spatial part of the NMR interactions and application of heteronuclear
dipolar decoupling scheme perturbs the spin part of the interaction. Both the techniques
introduce time dependence in the system and simultaneous application of both the tech-
niques is expected to cause interference, producing constructive or destructive effect on
the spectrum. Dipolar couplings and CSA are averaged under MAS but with suitable RF
modulation schemes, they can be reverted in spectrum. This phenomenon is called re-
coupling which allows estimation of distance and orientation but results in loss of spetral
resolution.
The application of CW decoupling scheme at an RF fields strength of v; under MAS
at a frequency v, can lead to recoupling of dipolar couplings when v; = nv, with n
1

equal to yorl [54]. The case of n = % leads to homonuclear rotational recoupling

(HORROR) [57] and n = 1 to rotary resonance recoupling (R®) [58] which recouples
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heteronuclear dipolar couplings.
The HORROR condition is indicated to be good for heteronuclear dipolar decoupling
[55]. It is advisable to avoid the later resonance condition by suitably choosing the

strength of RF field and the MAS frequency.

1.7 Conclusions

A brief introduction of NMR was presented with an emphasis on the spectroscopy of the
rigid solids. Various spin interactions were revisited and their dominance in different cir-
cumstances were stated. A physical basis of salient features of NMR was also presented.
A universally applicable technique for resolution enhancement, magic-angle spinning
and another widely used technique for sensitivity enhancement, cross-polarisation, per-
tinent to solid-state NMR, were discussed.

In the later half of this Chapter, the factors enhancing the resolution of rare spins
dipolar coupled to abundant spins in the rigid solids were outlined. The particular em-
phasis was on the irradiation schemes applied on the abundant spins, heteronuclear
dipolar decoupling sequences. A summary of the existing schemes with their perfor-

mance was presented.

1.8 Description of this thesis

The existing heteronuclear decoupling sequences and their performance can be sum-

marised in the following lines in order to state the context of this work.

e The efficiency of the classical method, CW scheme, deteriorates with MAS fre-

quency and it becomes largely ineffective at higher MAS frequencies, v, > 15 kHz.

e TPPM delivers resolution enhancement over CW scheme by a factor of two and the

resulting linewidth remains unaffected with MAS frequency. The optimum perfor-
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mance under TPPM scheme is realised after careful optimsation of experimental

parameters. Thus, its implementation is demanding.

e SPINAL scheme was designed by taking TPPM as the building block and incorpo-
rating phase modulation over it. This method was shown to deliver an enhanced
performance over TPPM. It was also known to be insensitive to certain experimen-
tal parameters, facilitating its implementation [45]. The design principle of this
method was based upon the irradiation spectrum. The underlying principle of the

incorporation of supercycling in the design is not clear.

e XiX scheme was shown to be far superior to TPPM at higher MAS frequencies, v,
> 25 kHz, but the RF field strength required is usually much larger than 100 kHz,

making it less useful, especially for heat-sensitive samples.

For heteronuclear dipolar decoupling, schemes delivering enhanced performance and
a ready to use implementation protocol are desired. Another desired feature is the effec-
tive performance at high MAS frequencies. Effectiveness of decoupling schemes at low
RF field strength is desired for sensitive samples.

This thesis presents improved heteronuclear dipolar decoupling sequences for appli-
cations in solid-state NMR. These sequences will be shown better than or equally efficient
to SPINAL in the lower and intermediate MAS frequencies and to XiX, at higher MAS fre-
quencies. Additionally, these sequences are robust with respect to various experimental
parameters facilitating an easy implementation. The design principle of these sequences
will be explained in the next Chapter and their experimental demonstrations will follow

the later Chapters of this thesis. The outline of this thesis is as follows:

e Chapter 2 presents design principle of the new schemes for heteronuclear dipolar
decoupling. An intuitive picture derived from a thorough theoretical analysis [55]

is also presented.
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e Chapter 3 covers experimental investigation of efficiency of these schemes on spin
% nuclei in rigid solids. It also presents the investigation of regions of good per-
formance for these schemes and influence of MAS frequency and homonuclear
coupling on their performance. An investigation of SPINAL series is also presented
which correlates the design with the performance. A study of heteronuclear dipo-

lar schemes for J-decoupling in isotropic solutions is also presented.

e Chapter 4 consists of experimental investigation of the newly designed heteronu-

clear dipolar decoupling schemes on spin % nuclei in liquid crystal phase.

e Chapter 5 contains experimental demonstration of new schemes for heteronuclear
dipolar decoupling on abundant spin % nuclei to enhance the resolution in the

spectrum of a half-integer spin quadrupolar nucleus.

e Chapter 6 presents a study of heteronuclear dipolar decoupling schemes on spin

% nuclei in soft condensed matter systems.






Chapter 2

Improved sequences for heteronuclear

dipolar decoupling in solid-state NMR

High-resolution spectrum of rare spins in solid-state NMR is routinely obtained with
the combined use of MAS and suitable RF modulation scheme on the abundant nuclei.
An appropriate RF modulation scheme is applied to decouple the dipolar couplings to
the abundant nuclei and is called heteronuclear dipolar decoupling sequence. Decou-
pling improves the resolution of rare-spin spectrum as resonances appear with narrower
frequency distribution which is naturally followed by enhanced sensitivity. Efficient het-
eronuclear dipolar decoupling sequences are needed to obtain resolved spectrum of 3C,
15N, and *'P nuclei when they are coupled to the omnipresent 'H nuclei in biomolecules,
drugs, and many other systems.

Many decoupling sequences have been designed and investigated over the years,
among them mention of CW [28], TPPM [33], SPARC [35], SPINAL [36], and XiX [52]
has to be made to sketch the progress in this area. A brief description of development
in the area of heteronuclear dipolar decoupling is presented in Chapter (1| and more
comprehensive coverage can be found in the recent reviews [59, 60].

A demand for heteronuclear dipolar decoupling schemes with features of easy imple-

mentation and robustness exists, the efficiency of which can be comparable to SPINAL at
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lower MAS frequencies or XiX at higher MAS frequencies. With this set of requirements,
improved sequences are designed and their experimental demonstrations are presented
in this thesis.

This Chapter presents improved heteronuclear dipolar decoupling sequences for en-
hancing the spectral resolution in the NMR of rare spins in rigid systems. Their improved
performance under various experimental conditions constitutes the rest of this thesis.

The methods designed are modifications of TPPM.

2.1 Design of new decoupling sequences

The design principles of the various new decoupling schemes will be outlined in this
Section to frame the discussion in later parts of this thesis. To facilitate this, design of a
few of the existing methods will be outlined.

CW decoupling involves application of a continuous burst of RF on abundant nu-
clei. TPPM was the first sequence dedicated for heteronuclear dipolar decoupling. The
sequence consists of two pulses of equal length (denoted by 7) having a small phase
difference (denoted by ¢). This schematic can be represented as [T, T_].

Many effective schemes for heteronuclear dipolar decoupling were designed by mod-
ifying the basic TPPM block. Fung et al. designed SPARC series of decoupling sequences
by cycling the phase of TPPM pair. Notating the TPPM block as Q and defining Q as [T_¢
74], SPARC-2, SPARC-4, and SPARC-8 are obtained as QQ, QQQQ, and QQQQRQQQQQ
respectively. These cycling schemes were inspired from the work on J-decoupling in so-
lution state NMR by Levitt et al. [42]. In liquid crystals, SPARC series yielded certain
degree of spectral enhancement over TPPM.

SPINAL is another scheme designed by Fung et al. and is designed by incrementing
the phase of TPPM pairs followed by supercycling. The basic SPINAL-8 scheme can be
notated as [T,y T_10] [T15 T_15] [T T_sol) [T15 T_15]. Taking phase vs the occurrence

in the series, this profile would resemble three-quarter of a Gaussian. Taking SPINAL-8
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block as Q and defining Q as [T_1o T10] [T_15 T15] [T—_00 Tao) [T_15 T15], higher members
of SPINAL series were designed by cycling the phase in the same way as was done for
SPARC series, and this cycling was called supercycling. For liquid crystal sample, SPINAL
series of sequences delivered spectral enhancement over SPARC, and although this series
was designed for liquid crystals, it was also found efficient for spinning samples. Efficient
performance and ease of use over TPPM led to the widespread popularity of SPINAL-
64 [55].

XiX is another scheme of two pulses, but phase difference is set to 180° and optimum
pulse length is a function of rotor period. Thus, it can be notated as [t T/4,], where "r"

in the superscript denotes the rotor period dependence of pulse length.

2.1.1 Improved sequences for heteronuclear dipolar decoupling: SW -

TPPM

This thesis introduces improved methods for heteronuclear dipolar decoupling in solid-
state NMR. The first method was designed by tangentially sweeping the pulse length
(defining the frequency of phase modulation) of TPPM, and the method was named
SWept-frequency TPPM, SW,-TPPM. SW;-TPPM consists of eleven TPPM pairs with
pulse length varied tangentially and can be represented as [0.787, 0.787_,] [0.867,,
0.867_4] [0.9474 0.947_,] [0.967 0.967_,] [0.987, 0.987_,] [1.007, 1.007_,]
[1.027, 1.027_,] [1.047, 1.047_,] [1.067, 1.067_4] [1.147, 1.147_,] [1.227
1.227_4]. The duration of the central pulse pair (7) is defined and the tangential fre-
quency sweep is achieved by the multiplicative factor to . A schematic of the design is
presented in Figure

For spin % rare nuclei, SW;-TPPM offers robust performance under MAS [37, 39]
which is presented in Chapter Spectral enhancement of liquid crystal samples is

achieved under static conditions with SW;-TPPM scheme [38, 39] and these studies

are presented in Chapter 4, SW;-TPPM also offers intensity enhancement and robust
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Figure 2.1: TPPM scheme, two pulses of equal duration with a small phase difference
is shown on the top. The SW;-TPPM decoupling scheme consists of 11 TPPM blocks
with pulse length increased tangentially. Pulse durations are mentioned as a multiplying
factor to the central TPPM block and the tangential profile is maintained by these factors.

performance for half-integer spin quadrupolar nuclei under MQMAS scheme [40], which
will be covered in Chapter

A pulse length corresponding to flip angle of 180° normally delivers optimum per-
formance under SW;-TPPM decoupling scheme. The optimum value of phase difference
(2¢) lies in the region of 10°-50°.

The motivation for the incorporation of tangential frequency sweep to enhance the

performance of TPPM will be explained after presenting a semi-quatitative understand-

ing of its efficiency.

2.1.2 A semi-quantitative understanding of TPPM

An understanding of reason(s) of decoupling efficiency of TPPM is a primary requirement
to improve its performance. With a completely numerical approach, group of Emsley

earlier derived the cosine modulation of phase as a means to improved decoupling [46].
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The first term in the Fourier expansion of phase modulation (in TPPM) is %sin(wct). In

the rotating frame of phase-modulated sequences, the RF Hamiltonian is given by

H=w, {Z IL cos(¢ (1)) +Zl,iv sin(qb(t))} (2.1)

An analysis of the case where the RF phase ¢(t) is acos(w.t) will be done, a and
w.(t) respectively representing the modulation depth and frequency of the phase mod-
ulation. The analysis for other sinusoidal modulation patterns will only differ slightly.
The spin system Hamiltonian consisting of chemical shift of an S spin and many I spins,

the heteronuclear (I;S) and homonuclear (I;1;) terms is given by
Hy =S+ Y o0+ w0251+ > o (O - L +1H)]  (2.2)
i i i,j

where the time dependence is arising from MAS, the period of which is given by 7,.
The RF Hamiltonian becomes time independent, w,I,, in a frequency-modulated
frame defined by T = exp(—i¢(t) Y., I't), but the I spin offset becomes (w;(t) — ¢(t)).
Often in heteronuclear decoupling of rotating solids, the RF Hamiltonian is large relative
to its offset which allows transformation into the frame defined by the large term, given
by T" = exp(—iw, ), I;'t). The heteronuclear decoupling by phase modulation happens
in this frequency-modulated interaction frame. Excluding this frequency modulation, the
analysis thus, far is identical to CW decoupling [32]. In this frame, the only difference

from CW case is shown by the I spin offsets, which are given by
(i) = (D) (1;’ cos(awyt) +1 sin(colt)) (2.3)

For cosine modulation, ¢(t) = —aw, sin(w,t) where the modulation frequency is
often close, if not equal to w;. When the equality holds at resonance, the average

Hamiltonian over the nutation period 7, = i—" is of the form —%I y» which looks like an
1
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aw,

3 and will be referred

additional RF term. The amplitude of this term is defined by —
to as w].

A second averaging about this term will be performed which is justified by the large
time scale separation between 7, and 7, (corresponding to w’) given by 7, > 7,. The
case of w) = %wr leads to recoupling of homonuclear dipolar coupling under MAS by
the HORROR condition [57] which leads to efficient spectral diffusion. Earlier studies
established the connection between enhanced spectral diffusion over the network of
abundant spins and improved efficiency of heteronuclear dipolar decoupling [46, 54].
Efficiency of all phase-modulated schemes over CW decoupling can be accounted by
the reintroduction of the homonuclear dipolar coupling among abundant spins at the
HORROR conditions.

The improvement in the decoupling efficiency of TPPM can be made by making
the HORROR condition broadbanded. The conventional HORROR condition was made
broadbanded in the DREAM (Dipolar Recoupling Enhancement through Amplitude Mod-
ulation) sequence by amplitude modulation [61]. A simple approach of sweeping though
the HORROR condition in the most efficient manner was borrowed from adiabatic meth-
ods. Adiabaticity is known in NMR before the advent of Fourier transform in NMR. In
other words it was known before the birth of pulsed NMR. Before the discovery of Fourier
transform, a resonance was detected by sweeping the frequency through it. The adia-
batic sweep through the resonance was found to be most efficient way of acquiring the
spectrum, where the rate of frequency sweep was faster away from the resonance and
slower passage was adopted close to the resonance. Tangential variation was found to
be the intuitive adiabatic function.

Variation of modulation depth a or the modulation frequency w, can achieve adia-
batic sweep in TPPM. SPINAL series of sequences was designed by varying a [36], the
other parameter, w ., was swept tangentially to design SW,-TPPM. The justification of

adiabatic sweep was deduced by Leskes et al. [55] in a theoretical analysis using bimodal
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Floquet theory. At a later stage, decoupling schemes were designed with enhanced adi-
abatic sweep, which will be presented towards the last Section.

A clarification about HORROR as the decoupling condition has to be made. The
HORROR condition was proposed to be accountable for improved decoupling efficiency,
the efficient performance of phase modulated decoupling schemes is often realised away
from the HORROR condition [55]. The quantitative analysis by Leskes et al. using bi-
modal Floquet approach lead to the general decoupling condition for phase modulated
decoupling schemes, but the adiabatic sweep through this decoupling condition was
also achieved by SW;-TPPM scheme. A description of their analysis will be presented in

a later Section.

2.1.3 Characterisation of the decoupling sequences

One of the characterisation of decoupling sequences was made on the basis of power
spectrum which conveys the distribution of available power into various available fre-
quency components. Taking f (1) as the function describing the modulation, its discrete

Fourier-transformation is given by [62]:
N-1
F(v)=N"! Z f(1)e2rlv/N)T (2.4)
7=0

The square of the Fourier coefficients, |F(v)|?, of a modulation scheme is plotted
against frequency to represent the corresponding power spectrum. It can be of direct
consequence if the system behaves linearly with frequency, which is often not true in
NMR. In the intuitive and semi-quatitative arguments of Fung et al. [48], the multi-
frequency power spectrum for SPINAL series was suggested to be the cause of its im-
proved performance over TPPM. For SW;-TPPM and its analogues, power spectrum rep-
resents the modulation frequencies generated by the variation of pulse length. Power

spectrum of SW;-TPPM was compared with TPPM and SPINAL-64, which is shown in
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Figure with time profiles of phase and pulse durations shown in the inset.
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Figure 2.2: Power spectrum of (a) TPPM, (b) SPINAL-64, and (c) SW;-TPPM sequence
with v; = 100 kHz, pulse duration corresponding to flip angle of 165°, and phase differ-
ence 2¢p = 20°. For SPINAL-64, the prescribed values of phases were taken with starting
phase of 10°. The sampling time was 1 us. The insets of each plot shows time domain
(¢) and phase profile (M) of a set of eleven pairs of pulses for each of the sequences.

Like SPINAL-64, SW-TPPM also contains additional frequency components in its
power spectrum but with a more normal distribution. The optimal distribution for ef-
ficient decoupling is far from obvious and there one is inclined to prefer uniform or

normal distribution.

2.2 Theoretical understanding of SW,-TPPM

The dominance of coherence in NMR was explained in Section where the simpli-
fication of spectroscopy by this phenomenon and the feasibility and implementation
of multiple-pulse NMR was discussed. The time evolution of non-interacting spins in
multi-pulse experiments is extremely simple where the evolution of a single spin can
be calculated by taking pulses as rotation operators. In the case of isotropic solutions,
the averaging of large anisotropic interaction by motional averaging leads to survival of
isotropic interaction of significantly smaller magnitude and single-spin calculations hold

good. The averaging of J-coupling was understood on the basis of single-spin calcula-
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tions and the analysis also suggested ways to improve the decoupling schemes [13].

The analyses of multiple-pulse schemes on rotating rigid solids is involved. The
assumption of non-interacting spin is broken in dipolar coupled system as homonuclear
dipolar coupling between pairs of spins does not commute and this complicates the
analysis of both heteronuclear and homonuclear dipolar coupled systems. The analysis
of quadrupolar systems is made complicated as the internal interaction is often orders
of magnitude larger than the strength of the RF field. The presence of two sources of
time dependence in multiple-pulse experiments of spinning solids makes their analysis
complicated.

A simple way to deal with time dependence in solids is by the average Hamiltonian
theory, where the average of modulated anisotropic interactions is taken over the cycle
time imposed by the modulation source [63]. Thus, averaging of the anisotropic in-
teraction of certain strength demands larger amplitude of modulation. This scheme is
insufficient for systems having two periodicities of incommensurate time scales. Thus, it
can not handle the general scenario of RF perturbation on spinning samples.

The problem of two periodicities is general in the NMR of solids where RF schemes
and MAS are often applied simultaneously. The scenario of commensurate time scales is
seldom met and both time dependences have to be dealt with explicitly. The application
of phase-modulated heteronuclear dipolar decoupling (RF) schemes on spinning samples
is often done on unrelated time scales and integral ratios of these periodicities are known
to interfere. Thus, a more elaborate theoretical treatment is needed to understand phase-
modulated heteronuclear dipolar decoupling schemes.

A fitting technique to examine time dependence of systems with many periodicities,
Floquet theory in solid-state NMR, was pioneered by Vega [64,65] and Meier [66, 67].
Vega and coworkers applied this tool to understand and improve homonuclear dipo-
lar decoupling schemes [65]. Ernst and coworkers used it to explain some features of

heteronuclear dipolar decoupling [54,56] and developed a simplified version of this ap-
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proach in this process [68]. Floquet theory involves transformation of time dependent
systems into frequency domain where periodicities appear in respective frequencies and
their multiples. The spin system is described in the form of an infinite matrix where
eigenstates of various Hamiltonians appear in the diagonal whereas the off-diagonal
elements represent the terms of Hamiltonian connecting these eigenstates. The time
dependence arising from modulations of incommensurate scales is described by modes,
where a mode represents the basic frequency of a modulation and its multiples. Thus,
bimodal treatment is needed to describe the spin system under combined influence of
MAS and RE The effect of periodic schemes on the spin interactions is calculated ex-
actly by diagonalisation of the Floquet matrix or approximate solutions are achieved by
suitable perturbation treatment.

An extensive theoretical analysis of heteronuclear dipolar decoupling under MAS
was undertaken by Leskes et al. [55]. Bimodal Floquet theory was applied to the spin
system and the study explained the efficiency of phase modulation for heteronuclear
dipolar decoupling. The decoupling conditions explored earlier by Ernst et al. [54, 56]
and some results of Paépe et al. [46] were also reproduced. This study unified the
understanding of heteronuclear dipolar decoupling to deliver an intuitive picture and
concrete conclusions. Additionally, the adiabatic frequency sweep in SW;-TPPM was
found to be the source of robustness. It also explained the results of many experimental
attempts. The complete treatment is given in the original report [55]. The results are

reproduced in this Section with bare essentials of the treatment.

2.2.1 Bimodal Floquet theory of heteronuclear dipolar decoupling
under MAS
A spin system is taken with various interactions, namely chemical shift, heteronuclear

dipolar couplings, and homonuclear dipolar couplings. In the notation of Leskes et al.

the equation describing the spin system with phase-modulated decoupling in the frame
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of rotor is given by
H(t)= Z Awly, + Z O'agn’alé,aei””’t + Z waGn’aIé,aSéei””rt
a n,a n,a

+ (e (DI + e (O )+ Y 0ayGrapl? e (2.5)

n,a<b
where the first and second term represent respectively the isotropic chemical shift and
associated anisotropy of the abundant spins, the labels I and S are used for abundant and
rare spins respectively. The third and fifth term represent respectively the heteronuclear
and homonuclear dipolar coupling among spin pairs. g and G represent the geometric
factors of corresponding interactions, arising from their orientation dependence. Phase-
modulated irradiation scheme applied on abundant spins is represented in the fourth
term where w, represents the amplitude of RF field, and the e-coefficients in the this
term come from the phase modulation. The basic TPPM block can be deconvoluted into
two fields: a small phase-modulated component and the large time-independent (in the
interaction frame of the RF) component, a diagrammatic representation being shown in
Figure The large component is similar to CW scheme and is taken along y-axis in
the treatment.

In the laboratory frame, the Hamiltonian is decomposed into two parts, arising from
the eigenstates (a and f3) of the rare spin (S,). The difference in these Hamiltonians
determines the line width of rare spins. The purpose of the RF irradiation is to make the
two Hamiltonians equivalent.

The system is transformed into the interaction frame of the RE the frame rotat-
ing with the cycle time of TPPM and this cycle time is equivalent to RF field for the
pulse length of 180°. This transformation removes the large static component of TPPM
scheme. In this frame, the time-dependent component arising from phase modulation
remains and its analysis should explain the efficiency of phase modulation. The trans-

formation of the spin system in this interaction frame led to Hamiltonians of the form,
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H:I:(t): Z AQ:I: dl Il einwrteikwct +Zw16m,k1;eikat

n,a m,k m,a
m,n,k,a m,k

+ Z a)abG,mbern’kI2 elnert gikoct (2.6)

m,ab
m,n,k,a<b

where Aﬂfa represents the following coefficients:
+ 1
AQn,a = A(")aén,o + O-agn,a:tﬁwaGn,a (27)

The term of Aﬂia creates differences in the Hamiltonians. The decoupling pulse
scheme must create appropriate €,, , coefficients which can remove the influence of this
term. The equations of the spin system are transformed in the Floquet space to determine
the evolution and to derive the decoupling conditions. The influence of IT couplings was
ignored in deriving the decoupling condition and its effect on the decoupling condition
will be investigated at a later stage.

The Hamiltonian containing the line width contributions under CW decoupling in

Floquet representation is given by

~ (G 1 w
AG® < LS e aas, 10
a,n#0 r q

(2.8)

27
c

which arises from correlation of CSA and heteronuclear dipolar coupling with themselves
and with each other. g is incorporated here to give a unified treatment for TPPM and

its variants and is defined as the ratio between RF field intensity along y-axis (w,,,) and

Wint

the cycle time of the sequence (w;,,), i. e. ¢ = =%. w;,, is very close to w;, the actual

RF field strength. This equation clearly indicates the presence of spin components along
the time-independent component of the RF field which can not be averaged under CW
scheme.

The effective Hamiltonian pointing towards I, terms can only be cancelled by RF
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terms pointing towards x and z. The exact magnitudes of x and gz coefficients of the
decoupling scheme are governed by the values of RF phase and pulse durations of the
decoupling sequence. Thus, the first decoupling criterion is the elimination of I, terms
in Equation by optimisation of the RF parameters. This decoupling condition can be
seen in the simulated contour plots for TPPM and SW,-TPPM displayed in Figure
The vertical band of efficient decoupling in both these plots corresponds to the first
decoupling condition. The intensity of a '*C spin dipolar coupled to five 'H spins is nu-
merically calculated with SPINEVOLUTION package [69]. The spatial coordinates and
the NMR parameters of the spin system were also provided with the simulation package.
These contour plots represent the decoupling efficiency of TPPM (left) and SW;-TPPM
(right) as functions of RF field strength (v;) and phase difference (2¢), along the x and y
axes respectively. The lighter areas in these contours represent efficient decoupling, and
SW,-TPPM scheme delivers efficient performance uniformly over a larger range of pa-
rameters. As in the theoretical analysis, homonuclear dipolar couplings between 'H spins
are turned off in the simulation. The effects of incorporation of homonuclear coupling
in explained later in this Section and some simulations of these effects are presented in
Chapter (3| It is sufficient to know that incorporation of homonuclear interaction does
not shift the position of resonances observed in this contour and it merely broadens the
areas of efficient decoupling.

The decoupling condition in Equation |2.8|does predict the achievable high resolution
under TPPM, but does not address the dependence on the RF inhomogeneity. The effec-
tive Hamiltonian along y varies as a function of crystallites and is also indirectly affected
by the strength of CSA and heteronuclear dipolar coupling. This decoupling condition
is not universal and is a local effect. Localised nature of decoupling condition of Equa-
tion suggests experimental optimisation of decoupling efficiency for each case. A
spread in the decoupling condition, due to variations in magnitudes of interactions and

their orientations can exist, is a contributer to the line width of solids. The analysis of
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Figure 2.3: Simulated contour plots of intensity of *C resonance of a CHs spin system
taken from an isobutyl skeleton. The contour plots on the left and right are obtained
by applying TPPM and SW-TPPM schemes respectively on 'H spins, where RF field and
phase of these schemes are varied along the x and the y axis respectively. The RF field is
varied from 60.0 to 100.0 kHz with a resolution of 1.0 kHz while the variation of phase
difference is from 5° to 25° with step size of 1°.

off-resonance also suggested shifting of decoupling condition which can result in distri-
bution of chemical shift of abundant spins to broaden the rare spin spectrum. Thus, an
efficient design of the method is needed which can cover the variation and the spread of
the decoupling condition, predicted by Equation

An effective way to average the influence of the effective Hamiltonian in Equation|2.8
on a and f3 subspace of spins is to make the €, , terms time dependent and sweep their
values adiabatically through the adiabatic condition. It can be achieved by changing
the RF field strength (v,), phase difference (2¢), or cycle time (27) of the basic TPPM
block. SPINAL series was designed by modulating the phase difference of TPPM blocks
while SW;-TPPM was designed by adiabatically sweeping the modulation frequency of
the same basic unit. Compared to TPPM, the performance of both these methods is less
dependent on experimental parameters while the adiabatic approach of SW-TPPM can
explain its superior robustness.

The frequency of phase modulation schemes as well as that of MAS influences the first
decoupling condition, where the earlier assists the heteronuclear dipolar decoupling, the

later leads to broad lines in the spectrum of rare spins. These effects can be seen in the
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contour plots of Figure [2.3] as the approximately circular bands of efficient and poor
decoupling performance for these schemes.

Another condition for line narrowing is to design schemes with such RF parameters
that generate kw, bands which cross the first decoupling condition. Crossing of these
two bands generates an area of extreme decoupling which is insensitive to w; variation.
The additional requirements for this condition is that the kw. bands are formed by
large enough off-diagonal elements which can override the broadening influence of nw,
bands. This condition becomes important for SW;-TPPM as cycle time is reduced in the
process of sweep.

The influence of homonuclear dipolar couplings between 'H spins in heteronuclear
decoupling is evaluated by measuring its influence on the phase modulated schemes.
Since homonuclear dipolar coupling is unaffected by the + subscript of Floquet Hamil-
tonian, it can equalise the corresponding eigenvalues giving rise to line broadening. The

interference of MAS and RF can lead to degeneracy conditions defined by,
mego = nw, + ko, (2.9)

where m, n, and k represent integral values and ¢, arises from the perturbation scheme.
An area of efficient decoupling is achieved for the HORROR condition where m = 2 and

k = 0. This condition might be interesting to study but implementation is involved.

2.3 Analogues of SW;-TPPM

Tangential frequency sweep of modulation frequency of TPPM is the major reason for
the superior performance of SW;-TPPM. Following this, various sweep profiles were
designed and tested for their performance. The design principles of these schemes are
explained here and their experimental comparison is presented in the next Chapter.

The numbers multiplying T in SW;-TPPM scheme provide control over the profile of
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the sweep and a recipe to generate new sequences. Many sweep profiles were designed
with qualitative difference in their power spectrum.

The profiles of the new SW;-TPPM analogues and their power spectra are given in
Figures and in the left and right columns respectively. The numbers plotted
on the ordinate in the left column of Figures and are the multiplicative factors

(denoted by f;) that determine the profile. The numerical values are given in Table

Table 2.1: Pulse durations for various SW;-TPPM analogues.

# | SW,-TPPM SW/"-TPPM SW "'-TPPM SW,"*-TPPM SW}/“-TPPM SW}/™-TPPM SWZ-TPPM SW,-TPPMj
1 0.78 0.67 0.65 0.742 0.900 0.800 0.75 0.85333
2 0.86 0.71 0.75 0.789 0.916 0.833 0.80 0.96
3 0.94 0.77 0.85 0.830 0.930 0.870 0.85 0.98667
4 0.96 0.83 0.90 0.868 0.950 0.909 0.90 1.01333
5 0.98 0.91 0.94 0.903 0.970 0.952 0.95 1.04
6 1.00 1.00 0.96 0.936 0.990 1.000 1.00 1.14667
7 1.02 1.11 0.98 0.968 1.010 1.053 1.05

8 1.04 1.25 1.00 1.000 1.030 1.111 1.10

9 1.06 1.43 1.02 1.031 1.050 1.190 1.15

10 1.14 1.67 1.04 1.063 1.100 1.250 1.20

11 1.22 2.00 1.06 1.097 1.122 1.333 1.25

12 1.10 1.131

13 1.15 1.170

14 1.25 1.211

15 1.35 1.258

These SW,-TPPM variants are designed by varying the pulse length of TPPM pairs in
various ways. A summary of obtaining f; of SW;-TPPM variants will be described where

i denotes the occurrence of the TPPM block.

e The inverse function, f; = 1/x; where x; is given by 1.5 — 0.1 x (i — 1) is adopted

to design SW{"'-TPPM.

. SW}‘"“—TPPM and SW}anZ—TPPM were designed by generating tangential profile
around 1. 15 equidistant points were chosen by evaluating 1+ tan 6 with 6 varied
in the range of ~ F20° in the case of the former and between ~ F14° in the latter.

Six equidistant points were sampled in the range ~ F8° to design SW-TPPM.
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e Alinear sweep was chosen to design SWJE -TPPM where pulse durations were swept

from 0.75 to 1.25 times 7 with increment of 0.05. The corresponding equation of

f; is given by f; =0.7540.05 x (i — 1).
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Figure 2.4: Left and right columns show respectively the time and frequency profiles of
SW}”V—TPPM, SW}C””—TPPM, and SW}“”Z—TPPM. The power spectrum is calculated with a

flip angle of 180° at an RF field of 100 kHz.

. SW}/ "L.TPPM and SW}/ "2.TPPM are distinct forms of inverse function and they

are based on the SW(1/7)-FAM scheme used for the enhancement of the central-
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transition signal of half-integer spin quadrupolar nuclei [70]. Increasing the fre-
quency components in a decoupling sequence with a fixed number of pulse pairs
and hence a fixed cycle time requires the sweep width to be increased. This ap-
proach was originally conceived in the context of FAM and the suitable set of equa-
tions were reported by Brauniger et al. [70]. These equations were adapted to de-
sign SW}/ "L_TPPM and SW}/ "2.TPPM with sweep widths of 22 and 50 kHz around

the central RF field strength of 100 kHz.

Few shorter SW;-TPPM analogues were designed in order to suit higher MAS fre-
quencies. The suitability of smaller profiles for higher MAS frequencies will be presented

in the Chapter 3] These sweep profiles are approximately tangential and are presented

in Table
Table 2.2: Pulse durations for shorter SW;-TPPM schemes.
# | SW,;-TPPMg, SW,-TPPM,, SW,-TPPM, SW,-TPPM;, SW,-TPPM;, SW,-TPPM; SW,-TPPM, SW,-TPPM,,
1 0.90 0.80 0.70 0.95 0.90 0.85 0.93 0.90
2 0.96 0.92 0.91 0.99 0.98 0.97 0.99 0.98
3 0.99 0.98 0.85 1.00 1.00 1.00 1.01 1.01
4 1.01 1.02 0.90 1.01 1.02 1.03 1.07 1.1
5 1.04 1.09 0.94 1.05 1.10 1.15
6 1.10 1.20 0.96

In these analogues of SW;-TPPM scheme, the numbers in the subscript represent the number of TPPM
pairs and determines the cycle time of these schemes. The letters at the subscript represents the relative
sweep width of these schemes where s, m, and [ stands for large, medium, and small respectively.

2.4 Enhanced adiabatic TPPM: Frequency- and phase-

swept TPPM

Quantitative analysis of Leskes et al. indicated that the adiabatic frequency sweep re-
alised by tangential variation of pulse length is the main source of robustness in SW-

TPPM decoupling scheme. Tangent function was a straighforward approach for adiabatic
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sweep and it was used to design SW-TPPM. According to well known principle of adia-
baticity [71] in NMR [4], during the adiabatic sweep, the spins follow the course of RF
field. This aspect of adiabatic sweep motivated its use in inversion and J-decoupling ex-
periments [72,73]. Various adiabatic functions were explored numerically and enhanced
performance in these applications was demonstrated [72,73].

One of the improved adiabatic function is %, where amplitude and frequency was
varied in the form of hyperbolic tangent and tangent respectively [73]. Frequency was
varied tangentially in SW;-TPPM by varying pulse length and amplitude can be varied
by varying phase difference hyperbolic-tangentially. The design principle is explained
in Figure The top row shows the deconvolution of two pulses with small phase
modulation into a main time-independent field and a small field with time-dependence
given by the frequency of phase modulation. The amplitude of phase modulation is given
by the value of phase itself. This picture indeed represents the TPPM in the RF frame,
and thus, phase needs to be swept in the form of hyperbolic tangent.

An 11 pulse method was designed on this principle and called SWept-(frequency
& phase) TPPM (SW;,-TPPM) [41]. According to previous notation, it can be de-
noted as [1.227, 1.227 ] [1.147, 1.147_ ] [1.067, 1.067 ] [1.047_ 1.047 ] [1.02T,
1.027r_] [z, 7=_, ] [0.987  0.987 ][0.967_0.961 ] [0.947 0.947t ] [0.867
0.867__] [0.787  0.787  ]. SW;,-TPPM demonstrated improved off-resonance over
TPPM, SPINAL-64 and SW;-TPPM at various MAS frequencies and RF field studied.
Smaller profiles were designed in order to suit high MAS frequencies. Various variants of

SW;,-TPPM are described in Table and comparison of their performance to existent

methods is presented in the next Chapter.

2.5 Conclusions

This thesis introduces two approaches for designing heteronuclear dipolar decoupling

sequences for application is solid-state NMR based upon adiabatic pulses in NMR. The
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Figure 2.6: Left and middle circles on the top row show deconvolution of RF pulses of
phase ¢ and —¢ into two mutually perpendicular components. The circle on the right
shows the resultant for a TPPM block, where the large static component represents CW
decoupling and the smaller oscillating component perpendicular to it describes the phase
modulation. The large static RF field is removed in the interaction frame of RF and the
small phase modulation remains which leads to efficient decoupling performance for
TPPM and analogues. In this interaction frame, the frequency and amplitude of phase
modulation is given by the cycle time (27) and phase difference (2¢) of the TPPM block.
Two graphs in the next row are drawn, showing the principle of adiabatic sweep in SW-
TPPM and SW,,-TPPM schemes and marked accordingly. The left graph describes the
tangential frequency sweep through the resonance condition in SW;-TPPM where the
amplitude of the modulation is kept constant. The graph on the right describes a known
way to realise enhanced adiabatic sweep (used to design SW,,-TPPM), where amplitude
and frequency are varied in the form of tanh and tan respectively. The profile of these
modulation schemes are shown in the bottom part of diagram where variation in the
duration of pulses can be seen along the X-axis while the modulation of phase difference
in shown along the Y-axis.
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first approach involves adiabatically sweeping the pulse length of TPPM pairs. Thus,
phase-modulation frequency is varied tangentially, and the method is named SWept-
frequency TPPM, SW,-TPPM. This scheme was found to be an improved method on
various rigid systems, the experimental demonstrations forming the rest of this thesis.
In order to improve the adiabatic sweep, the frequency and the phase of TPPM block
are swept in the form of tangent and hyperbolic tangent functions respectively. The
decoupling scheme designed along this principle is named SWept-(frequency & phase)

TPPM, SW;,-TPPM. Its experimental performance will be presented in the next Chapter.

Table 2.3: Pulse durations and phase (in subscript) of SW;,-TPPM sequences.

# | SW,,-TPPM, SW,,-TPPM, SW,,-TPPM; SW,,-TPPMs, SW,,-TPPM,

1 1.245 1.28, 1.20,. 1.20, 1.20,
1.24 . 1.28_, 1.20 . 1.20_, 1.20_
2 1.12, 1.20, 1.02, 1.02¢ 1.02;
1.12_, 1.20_q 1.02_ 1.02_¢ 1.02_,,
3 1.04 1.02, 1.00,- 1.00,4 1.00,5
1.04_q. 1.02_ 1.00_,4 1.00_,4e 1.00_,.
4 1.02,. 1.00,- 0.98,5 0.98_,, 0.98_,
1.02_ 1.00_,r 0.98_ 5 0.98_,, 0.98_,
5 1.00,4: 0.98,5: 0.8, 0.8 0.8,
1.00_,4r 0.98_15 0.8_,s 0.8_ 0.8_yy
6| 0.98, 0.8,5
0.98_ 5 0.8 s
7| 096 0.72,6
0.96_,5: 0.72,6
8| 0.88,
0.88_¢
9| 0.76,,
0.76_ 5

In these analogues of SW;,-TPPM scheme, the numbers in the subscript represent the number of TPPM
pairs and determines the cycle time of these schemes. For SW;,-TPPMs scheme, two variants were de-
signed with different range of phase. The range of phase values for SW,-TPPMg, is slightly larger than
SW,-TPPM; while the entire range of phase was increased by 5° to design SW,-TPPMg,,.



Chapter 3

Heteronuclear dipolar decoupling: Spin

% nuclei in rigid solids

Dipolar coupling to the abundant nuclei, heteronuclear dipolar coupling, is the strongest
interaction governing the resolution of the NMR spectrum of the spin % rare nuclei in
rigid solids. High resolution in the spectrum of rare spins is obtained with the combined
use of MAS and appropriate radiofrequency irradiation on the abundant spins. *C and
'H is a prominent example of rare and abundant spins and this example alone, illustrates
the importance of heteronuclear dipolar decoupling. Other commonly encountered rare
spin % nuclei are °N, ?°Si, and *'P while another abundant nucleus of significance is
E Thus, heteronuclear dipolar decoupling is applicable to a wide range of systems for
resolution and sensitivity enhancement.

A continuous burst of RF irradiation, CW, was the first decoupling sequence at-
tempted to enhance the resolution of rare spin nucleus and routinely used till 1995.
Two-Pulse Phase Modulation (TPPM) was demonstrated in 1995 to deliver improved
decoupling efficiency over CW. TPPM was the breakthrough scheme for heteronuclear
dipolar decoupling and many attempts to design schemes with improved performance
followed. A survey of these attempts was presented in Chapter |1} A thorough under-

standing of heteronuclear dipolar decoupling is difficult due to the influence of other
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interactions and cross terms among them. A detailed description of these shortcom-
ings was presented in Chapter (1| Various attempts to understand heteronuclear dipolar
decoupling were presented in Chapter |1/ and a unified mechanism, derived from the
bimodal Floquet theory, was presented in Chapter [2| The bimodal Floquet analysis sug-
gested incorporation of adiabatic sweep in TPPM to enhance its performance. A scheme
was designed by adiabatically sweeping the modulation frequency of TPPM which was
named SW,-TPPM. In order to enhance the adiabatic sweep, frequency and amplitude
of the phase modulation were swept to design SW;,-TPPM. The design principle of these
schemes has been presented in Chapter

This Chapter presents experimental investigation of SW,-TPPM, exploring its im-
proved performance and regions of good decoupling. A general investigation of het-
eronuclear dipolar decoupling is also presented which covers influence of 'H-'H cou-
pling and MAS frequency on the performance of decoupling sequences. Comparison of
various sweep profiles for decoupling efficiency is presented. The profile of SPINAL-64 is
also investigated where the prescribed values in the literature [36] are found to be sub-
optimal. Investigation of heteronuclear dipolar decoupling sequences for J-decoupling
in the isotropic liquid phase is also presented. Towards the end, the performance of

SW¢,-TPPM is compared with the existing schemes.

3.1 Materials and methods

Majority of the experiments were done on a Bruker Avance 500 MHz spectrometer
equipped with 4 mm triple resonance and 2.5 mm double resonance probes. U-'3C
labelled tyrosine and naturally labelled glycine were used for experiments. The spec-
tra of spinning samples were acquired with ramped cross polarisation method. 4 mm
probe was used for experiments involving MAS frequency upto 14 kHz and 2.5 mm
probe was used for higher MAS frequencies. Few experiments were done on BBI and

3.2 mm double-resonance probes, and these are mentioned in the corresponding places.
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RF field strength on 'H channel was calibrated by nutation experiment on a sample of

adamantane.

3.2 Performance evaluation of SW;-TPPM

The decoupling efficiency of SW;-TPPM was compared to TPPM and SPINAL-64 in the
MAS frequency range of 6-14 kHz at RF field strengths of 70, 90, and 100 kHz on a
sample of uniformally 3C labelled tyrosine. A representative spectrum of this compound
at MAS frequency of 14 kHz is shown in Figure where 'H decoupling was applied
with SW;-TPPM scheme at an RF field strength of 100 kHz. Cross polarisation was
used for the labelled sample as it offers the advantage of faster decay of 'H polarisation
governs the signal averaging of rare spins. This factor is of larger significance for labeled

samples over the regular *C intensity enhancement of 4 times.

CH
CH,

MJ‘M L 7Y T

A S e S e e B I e e |
250 200 150 100 50 0 ppm

Figure 3.1: Cross-polarised MAS Spectrum of U-1*C labelled tyrosine acquired with ap-
plication of SW;-TPPM decoupling at 100 kHz of RF field strength and MAS frequency
of 14 kHz.

Intensity of CH, (at 38 ppm) and CH resonances (at 138 ppm) were taken to compare

the efficiency of decoupling sequences, these resonances are marked in Figure



58 Heteronuclear dipolar decoupling: Spin % nuclei in rigid solids

Figure shows the signal intensity of CH, and CH peaks in the left and right
columns respectively, as a function of MAS frequency (v,) for three different RF field
strengths (v;) of 100 kHz (top row), 90 kHz (middle row), and 70 kHz (bottom row).
SW;-TPPM performs comparable to or marginally better than the existent decoupling
sequences for both the resonances over the range of MAS frequencies and RF field
strengths. The performance of XiX is known to be discouraging at low RF field strengths
and its decoupling efficiency is only evaluated at the high value of 100 kHz.

The linewidth of both the resonances are over 100 Hz owing to the *C-13C dipolar
couplings. In a sample with natural abundance of 3C, lack of *C-3C dipolar couplings
results in a linewidth of ~ 50 Hz. Increase of peak intensity with MAS frequency suggests
resolution enhancement at higher frequencies. This might be arising from the scaling of
13C-13C dipolar couplings. The presence of a dip at 9.8 kHz in CH, comparison (left
column in Figure is due to a rotational-resonance condition, where a spinning side-
band of a resonance (unresolved doublet at 120 ppm) falls on to that of CH,. Choosing
a MAS frequency to avoid rotational-resonance condition for a sample with many reso-
nances is not straightforward. A simple strategy to avoid rotational-resonance condition
is to spin the sample at a frequency higher than the largest chemical shift difference of

the sample.

3.2.1 Robustness of SW;-TPPM

Robustness of decoupling sequences was compared by systematically varying the para-
maters at MAS frequency of 14 kHz and RF field strength of 100 kHz. Intensity of CH,
resonance was monitored as a function of (plot A) pulse length, (B) phase, and (C) 'H
off-resonance in Figure The intensity values were normalised to individual optimum
values under various decoupling sequences for 'H off-resonance investigation. For other
comparisons, a universal optimum value among all decoupling sequences was taken.

The efficiency of TPPM and SPINAL-64 was found to be sensitive to pulse length and
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Figure 3.2: Spectral intensity comparison of TPPM (M), SPINAL-64 (e), XiX (V¥), and
SW;-TPPM (A) on the CH, (at 38 ppm: left column) and CH (at 138 ppm: right column)
peaks as a function of MAS frequency, v, = 6.2, 8.0, 9.8, 12.5, and 14 kHz. Top, middle,
and bottom rows show the comparison at RF field strength of 100, 90, and 70 kHz

respectively.
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Figure 3.3: Intensity of the CH, peak monitored as a function of (A) pulse duration (7),
(B) phase difference (2¢), and (C) 'H off-resonance (Av(*H)) for TPPM (M), SPINAL-
64 (e), and SW;-TPPM (4). In (A) and (B), all intensities are normalised with respect to
those of SW;-TPPM. In (C), intensities with a scheme are normalised with its optimum
value.
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phase respectively but that of SW,-TPPM was insensitive to either of these. The efficiency
of SW;-TPPM was also found to be the least affected by 'H off-resonance compared to
TPPM and SPINAL-64. Thus, efficient performance of SW;-TPPM can be realised over
a wide range of pulse length, phase, and 'H off-resonance, making it a ready to use
method.

Robustness of a method is important as it reduces the time to set it up experimentally
for optimum performance. It also takes care of instrumental fluctuations. Instrumental
fluctuations are of various origin and are of uncontrolled nature and can only be tackled

by the suitable design of methods.

3.2.2 Performance evaluation of SW;-TPPM on unlabelled sample

Efficiency and robustness of SW;-TPPM was compared to that of TPPM and SPINAL-
64 on unlabelled glycine, shown in Figure The intensity of the C, resonance is
plotted as a function of MAS frequency at RF field strength of 100, 90, and 70 kHz in
the (1A), (1B), and (1C) plots of Figure Robustness of the decoupling methods are
compared in the right column where intensity of the C, resonance is plotted as a function
of pulse length, 'H off-resonance, and phase respectively in (2A), (2B), and (2C) plots of
Figure The peak intensity for the three decoupling sequences is clearly differentiable
in the left column, which were similar for the labelled sample. The intensity of C,
resonance decreases with MAS frequency, which is due to inefficient cross-polarisation.
Modulated TPPM methods, SW;-TPPM and SPINAL-64 perform superior to TPPM at low
MAS frequency of 6.2 kHz for RF field strength of 100 kHz and their performance drops
with increase in MAS frequency. Towards lower RF field strengths, performance gains of
modulated TPPM methods at MAS frequency of 6.2 kHz reduce and at RF field strength
of 70 kHz, they perform comparable to TPPM. SW,-TPPM is less affected by this trend
compared to SPINAL-64. Thus, performance of modulated TPPM methods deteriorates

with decrease in RF field strength where SPINAL-64 is more affected by this trend.
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Figure 3.4: Decoupling efficiency comparison of TPPM (A), SPINAL-64 (e), and SW-
TPPM (M) on glycine with natural abundance of *C. The left column shows the peak
intensity of CH, resonance of glycine as a function of MAS frequency (v,) at RF field
strengths (v;) of 100 kHz (1A), 90 kHz (1B), and 70 kHz (1C). The right column com-
pares the the intensity at RF field strength of 100 kHz and MAS frequency of 14 kHz as
a function of the (2A) pulse length (), (2B) 'H off-resonance (Av(*H)) and (2C) phase
difference (2¢), from top to bottom. All intensities are normalised with respect to those
of SW;-TPPM.
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The sensitivity of performance of decoupling sequences to the experimental parame-
ters shown on the right column of Figure conforms with the observation on labelled
tyrosine sample. One noticeable difference is the higher sensitivity of SW;-TPPM to the
'H off-resonance over TPPM and SPINAL-64. This sample dependent phenomena may
arise from the smaller 'H bath present in glycine compared to the earlier studied ty-
rosine. The explanation could be the smaller differences in resonance frequency of 'H
nuclei in the tyrosine molecule compared to glycine. As the process of spin diffusion
spreads the influence of RF irradiation by means of I*IF £ IFI* kind of terms from the
Hamiltonian of homonuclear dipolar coupling. The 'H resonances with smaller chemi-
cal shift differences between them will lead to efficient propagation of RF perturbation.
This scenario suggests for better off-resonance behaviour of all decoupling sequences on
(uniformly labelled) tyrosine. The relative drop in intensity with the variation of 'H off-
resonance for glycine was indeed higher than that for tyrosine. The role of homonuclear
dipolar couplings in heteronuclear dipolar decoupling will be presented in Section

The 'H off-resonance behaviour of TPPM, SPINAL-64, and SW,-TPPM has been ex-
plored with MAS frequency, as both RF decoupling and MAS are time dependent aver-
aging processes and likely to interfere. Three cases of relative values of cycle time, 7,
of modulated TPPM sequences and rotor period, 7., were taken by suitably adjusting RF
field strength and MAS frequency. A smaller analog of SW-TPPM, SW;-TPPM, consist-
ing of 6 TPPM pairs, was also studied. The results are shown in Figure [3.5| wherein the
MAS frequencies and RF field strengths are mentioned for each case.

The relative insensitivity in the 'H off-resonance behaviour of modulated TPPM se-
quences is observed when the cycle time of the sequences is shorter than the rotor period.
Plot (A) and (B) of Figure show the performance of TPPM, SPINAL-64, SW;-TPPM,
and SW,-TPPM, at MAS frequency of 14 kHz and RF field strength of 100 kHz and 80
kHz respectively. Plot (C) shows the comparison at MAS frequency of 8.8 kHz and RF

field strength of 100 kHz. The cycle time for TPPM, SPINAL-64, SW;-TPPM, and SW,-
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Figure 3.5: Decoupling efficiency comparison of TPPM (A), SPINAL-64 (), SW-TPPM
(M), and SW;-TPPM, (V) on glycine with natural abundance of "*C. Plots (A) and (B)
show the 'H off-resonance (Av(*H)) dependence of the intensity of CH, resonance as a
function at MAS frequency (v,) of 14 kHz at RF field strengths (v;) of 100 and 80 kHz.
Plot (C) corresponds to a MAS frequency of 8.8 kHz and RF field strength of 100 kHz. All
intensities are normalised with respect to the most intense values in each comparison.
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TPPM, at RF field strength of 100 kHz are 10, 80, 110, and 60 us respectively. A MAS
frequency of 14 kHz corresponds to a rotor period of 71.4 us, and for application of de-
coupling sequences at this MAS frequency with RF field strength of 100 kHz, only TPPM
and SW;-TPPMg have 7, < 7,. The (A) plot indicates that these two modulation schemes
are the least affected by 'H off-resonance variation. For an RF field strength of 80 kHz,
the cycle time of SW;-TPPMg, 75 us, becomes longer than the rotor period of 71.4 us
and performance of the modulation scheme becomes very sensitive to 'H off-resonance
in the (B) plot, while TPPM with cycle time of only 12.5 us is relatively insensitive to
misset of carrier frequency. At lower MAS frequencies of 8.8 kHz with rotor period of
113.6 us, as the case in plot (C), the cycle time of all the modulation schemes are shorter
than 7,, and all the modulated TPPM sequences are less sensitive to 'H off-resonance
than TPPM.

This comparison clearly suggests shorter analogues of SW;-TPPM to be more effec-

tive at higher MAS frequencies.

3.2.3 Robustness evaluation of SW;-TPPM

Experimental comparison of decoupling efficiency away from the ideal values of phase
and flip angle was carried out for TPPM, SPINAL-64, and SW,-TPPM. The intensity of
the C, peak of glycine as a function of phase difference (2¢) and 'H RF field strength
(v,, which correspond to the flip angle for fixed value of pulse length of 6.25 us) for the
three decoupling sequences (mentioned in the figure) are shown in Figure The com-
parison at MAS frequency of 5.7 kHz and 11.0 kHz is shown in left and right columns
respectively and decoupling sequences of TPPM, SPINAL-64, and SW;-TPPM are com-
pared in top, middle, and bottom row. The initial phase, ¢, is varied for SPINAL-64
keeping the increment constant. Lighter colours represent more efficient regions of de-
coupling.

The modulated TPPM sequences possess broader regions of decoupling efficiency at
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Figure 3.6: The intensity variation of the CH, resonance of glycine under TPPM, SPINAL-
64, and SW,-TPPM decoupling measured as a function of RF field strength (v;, along
X-axis) and phase difference (2¢, along Y-axis). For SPINAL-64, phase (¢) is plotted
along Y-axis. The left column is for a MAS frequency of 5.7 kHz and the right column is
for 11.0 kHz. The values of phase difference (2¢) increases in steps of 5° with an initial
value of 5°. The maximum values are 40° and 45° for SW;-TPPM and TPPM at MAS
frequency of 5.7 and 11.0 kHz, respectively whilst for SPINAL-64 these are 35° and 30°
respectively. A duration of 6.25 us was taken for pulses in TPPM and SPINAL-64 and the
central pair of pulses in SW;-TPPM. The RF field strengths taken were 63.0, 68.4, 74.0,
79.9, 84.7, 90.0, 96.1, 100.6, 105.8, and 109.5 kHz
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lower MAS frequency of 5.7 kHz. The efficient performance of SW;-TPPM at lower MAS
frequency is achieved at higher values of both parameters, namely phase and RF field
strength, which is also apparent in Figure 3.7

The area of efficient decoupling is quenched for all decoupling sequences at MAS
frequency of 11.0 kHz, with significant reduction in the optimum values of ¢ for SPINAL-
64 and SW,-TPPM. The quenching of robustness can be explained on the basis of scaling
of homonuclear dipolar couplings with increasing MAS frequencies. The performance
of SPINAL-64 at MAS frequency of 11.0 kHz becomes comparable to TPPM while SW-
TPPM remains a method of choice even at higher MAS frequencies as it has a broader
and homogeneous area of efficient decoupling. The influence of II couplings on IS
decoupling will be explored in the next Section.

The robustness of SW;-TPPM was systematically investigated as a function of MAS
frequency and the results are shown in Figure The aim was to investigate the
influence of MAS frequency on the robustness together with finding the optimum values
of pulse length and phase at various MAS frequencies. Figures and show the
efficiency comparison of SW;-TPPM as a function of phase difference (2¢) and pulse
length (1) respectively. The decrease of robustness and optimum values of 2¢p and 7 of

the method with MAS frequency can be noticed.
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Figure 3.7: The optimum values of (A) phase and (B) pulse length determined for SW-
TPPM at MAS frequencies mentioned in the plots. The RF field strength was kept at 100
kHz.
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3.3 The role of homonuclear couplings among abundant
nuclei: Simulations

Deterioration of efficiency of CW scheme with increasing MAS frequency is the signifi-
cant disadvantage of it. In a study by Ernst et al. [54], rate of spin diffusion among 'H
spins was found to decrease with increase in MAS frequency and it was used to explain
the inefficient performance of CW at higher MAS frequencies. The process of spin dif-
fusion is mediated by the non-secular terms of homonuclear dipolar couplings and this
process leads to averaging of heteronuclear dipolar couplings. The residual linewidth
under CW decoupling scheme is larger than that of TPPM, and it even leads to splitting
of a resonance in the absence of IT couplings [54]. The prominent line narrowing in-
fluence of IT couplings at low MAS frequencies helps CW scheme to perform efficiently.
The reduced rate of this process at high MAS frequencies reduces the contribution of
this factor in the residual linewidth under TPPM and other decoupling schemes. Thus,
efficient design of decoupling schemes becomes critical at high MAS frequencies, v, >
30 kHz.

Sustained or improved efficiency of decoupling with MAS frequency is the desired
characteristics for the heteronuclear decoupling schemes. The choice of heteronuclear
decoupling schemes is also decided by the range of MAS frequency. TPPM and SPINAL-
64 are effective in lower and intermediate MAS frequencies upto 25 kHz, while XiX
was demonstrated to surpass either of them at higher MAS frequencies. The SW;-TPPM
scheme was shown to be equally efficient to TPPM and SPINAL-64 in lower MAS frequen-
cies together with the advantage of robustness with respect to experimental parameters.
The influence of MAS frequency and II coupling on the efficiency and robustness of
SW,-TPPM and TPPM are now investigated by numerical simulations.

The role of 'H-'H coupled bath on *C-'H decoupling was evaluated by measuring

the intensity of *C resonance dipolar coupled to n 'H nuclei. The simulations were per-
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Figure 3.8: The peak intensity of TPPM decoupled '*C resonance of isobutyl skeleton
simulated with various spin systems, namely, CH;, CHs, CHy (with IT couplings), and
CH; (without II couplings). The simulations were done at a MAS frequency of 5.818
kHz and pulse length of T = 6.25 us by varying phase difference (2¢, along Y-axis) and
RF field strength (v,, along X-axis). Phase difference (2¢) was varied from 5° to 45° in
steps of 5°. The RF field strengths taken are those implemented in experiments, shown

in Figure
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formed with SPINEVOLUTION package which is able to handle large spin systems [69].
An isobutyl skeleton with NMR parameters and spatial co-ordinates was distributed with
this package which was used to generate desired spin systems. The addition of 'H was
also done according to the numbering scheme of resonances in the original report [69].

The simulations shown in Figures 3.8/ and were performed in order to verify the
experimental observations in Figure The relative robustness of TPPM and SW,-
TPPM were compared at MAS frequency of 5.818 kHz on spin systems of CH;, CHs, and
CH¢ with II couplings and CH; without II couplings. The intensity of *C resonance
is normalised and these plots represent relative variation of intensity and are a clear
indicator of robustness. The area of efficient decoupling, shown by contours in light
colours, increases with the size of spin systems as evident in spin systems of CH;, CHx,
and CHg with IT couplings.

The expansion of area of efficient decoupling is more prominent for SW;-TPPM than
for TPPM. Another significant observation is the severe shrinking of area of efficient
decoupling upon removal of IT couplings, as shown in the spin system of CHs without
IT couplings, which indicates the controlling influence of the interaction on robustness.
SW,-TPPM is more affected by the IT couplings as the method is robust due to inherent
adiabaticity which can be improved by an additional support mechanism. Realistic spin
systems consist of a strong 'H bath which leads to robust performance for both TPPM
and SW;-TPPM and among these the later method is expected to achieve larger gains
due to adiabatic sweep through the resonance conditions [55].

The influence of IT couplings on the efficiency of TPPM and SW-TPPM schemes was
also explored numerically at MAS frequencies of 5.8 kHz, 11.6 kHz, and 17.4 kHz which
are respectively shown in Figures and Optimum values of RF field
strength and phase were found for both decoupling schemes at each spinning speed, the
choice of which is crucial for smaller spin systems. Nominal values of these experimental

parameters give rise to inefficient decoupling, as shown in contour plots of Figure |3.8
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Figure 3.9: The peak intensity of SW;-TPPM decoupled 13C resonance of isobutyl skele-
ton simulated with various spin systems, namely, CH;, CH;, CHy (with II couplings),
and CHs (without IT couplings). The rest of the parameters are as in Figure
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and Figure leading to strange peak shapes. However, higher spin systems are less
affected by this trend due to robustness created by the IT couplings.

Intensity of *C resonance decreases with the introduction of IT couplings upto three
'H resonances under both decoupling schemes at lower MAS frequency of 5.8 kHz. For
larger number of 'H resonances, efficiency of SW;-TPPM scheme improves while that of
TPPM stays at the same level. This clearly highlights the intuition of cooperative effect

of IT coupling on the performance of SW;-TPPM.
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Figure 3.10: The simulated spectra of isobutyl skeleton with various spin systems at a
MAS frequency of 5.8 kHz taking a pulse length of 6.25 us. The spectra of CH; to CHg
are simulated with TPPM (first and second columns at optimum RF field strength of 79
kHz and phase difference of 20°) and SW;-TPPM (third and fourth columns at optimum
RF field strength of 81 kHz and phase difference of 20°).

The performance of both decoupling schemes at higher MAS frequency of 11.6 kHz
are similar to that at lower MAS frequency. The scaled II couplings at this MAS frequen-

cies led SW;-TPPM performance to stay at a constant level with increase in the size of



3.3. The role of homonuclear couplings among abundant nuclei: Simulations 73

spin system. Another noticeable observation is the broad baseline for higher spin systems
(5 or more 'H nuclei) which is more pronounced for TPPM. The broad baseline under
TPPM decoupling was experimentally observed by Ernst et al. [52] and their scheme
XiX was shown to improve performance in this aspect leading to remarkable intensity

enhancement.
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Figure 3.11: The simulated spectra of isobutyl skeleton with various spin systems at a
MAS frequency of 11.6 kHz taking a pulse length of 6.25 us. The spectra of CH; to CHg
are simulated with TPPM (first and second columns at optimum RF field strength of 79
kHz and phase difference of 20°) and SW;-TPPM (third and fourth columns at optimum
RF field strength of 83 kHz and phase difference of 20°).

The same set of simulations for an even higher MAS frequency of 17.4 kHz is shown
in Figure where further enhanced baseline can be noticed for higher spin systems.
SW,-TPPM is clearly inefficient at this MAS frequency and this trend is expected to con-
tinue at higher MAS frequencies. The inefficiency of SW-TPPM at higher MAS frequency

could be due to off-resonance effect of decoupling as shown in Figure Efficient
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sweep profiles at higher MAS frequencies can be designed with suitable modifications.
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Figure 3.12: The simulated spectra of isobutyl skeleton with various spin systems at a
MAS frequency of 17.4 kHz taking a pulse length of 6.25 us. The spectra of CH; to CHg
are simulated with TPPM (first and second columns at optimum RF field strength of 85
kHz and phase difference of 48°) and SW;-TPPM (third and fourth columns at optimum
RF field strength of 97 kHz and phase difference of 50°).

3.4 Performance of SW,-TPPM analogs

Adiabatic sweep of modulation frequency of TPPM through the decoupling condition was
found to be the cause of robust performance of SW;-TPPM where the adiabatic sweep
was mimicked by the tangential variation of pulse length. Other profiles were attempted
to estimate the influence of adiabaticity on the performance of decoupling schemes.
Sweep profiles of various forms were explored to design corresponding schemes, which

were explained in Section The experimental investigation of efficiency and robust-
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ness of various sweep profiles i.e. SW;-TPPM, SW}”V-TPPM, SW}anl—TPPM, SW}anz—TPPM,
SW}/ "LTPPM, SW}/ "2 TPPM, and SWL-TPPM are presented in left and right columns re-
spectively of Figure The intensity of C, resonance obtained with these schemes
are plotted as a function of MAS frequency are shown in (1A), (1B), and (1C) plots for
RF field strengths of 70, 90, and 100 kHz respectively. The sensitivity of performance
of decoupling sequences towards various experimental parameters, i.e. pulse length, 'H
off-resonance, and phase are compared in the (2A), (2B), and (2C) plots respectively.

The sweep width and its symmetry along with the cycle time of the sequences will be
used to explain the observations. Sweep width of a sequence describes the spectrum of
modulation frequency associated with the particular scheme and intuitively, the sweep
is ineffective if the width is smaller than the dispersion of decoupling condition as ex-
plained in Section[2.2] Owing to the design of swept TPPM sequences, their sweep width
is a fraction of applied RF field strength. Power spectrum of a scheme is representative
of the sweep width and it will be correlated with their performance. The symmetry of a
sequence refers to the distribution of amplitude of frequency components in the power
spectrum, displayed in Section SW}”"—TPPM has the largest width and asymmetry in
sweep among all methods. Another method lacking symmetry is SWJE-TPPM which has
significantly smaller sweep width and asymmetry. Sthfm1 -TPPM and SW}“”2 -TPPM con-
sist of 15 TPPM pairs while others contain 11 such pairs. SW}/ "LTPPM and SW}/ “2_TPPM
are symmetric methods but its linear sweep profile is far from being adiabatic.

Among all sweep profiles, methods with tangential profiles i.e. SW;-TPPM, SW}C””—
TPPM, and SW}“”2 -TPPM, remain efficient over the range of MAS frequency and RF field
strength, however performance of SW}anl—TPPM lags at higher RF field strength owing
to its large sweep width. The robustness of these methods is also appreciable in the
normalised plot on the right, whereas the pure tangential profiles, SW}a"1 -TPPM and
SW}anZ—TPPM outperform the approximated profile of SW;-TPPM with best performance

delivered by the SW}“"l—TPPM method owing to its largest sweep width. The large sweep
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Figure 3.13: The left column shows peak intensity of CH, resonance of glycine plotted
at various MAS frequencies at RF field strengths of 100 kHz (1A), 90 kHz (1B), and 70
kHz (1C). The right row shows the comparison of decoupling efficiency of these schemse
as a function of (2A) pulse length (1), (2B) 'H off-resonance (Av(*H)), and (2C) phase
difference (2¢). The robustness comparison were done at an RF field strength of 100
kHz and MAS frequency of 14 kHz.
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width of SW}”V-TPPM makes it least affected by the variation but the lack of symmetry
clearly affects its efficiency. The efficiency of linear sweep profile with smaller asymmetry
and sweep width, SW}—TPPM, is inferior to adiabatic methods, SW;-TPPM and SW}“”—
TPPM sequences.

To conclude, adiabatic sweep profiles lead to better decoupling methods. The insen-
sitivity to the experimental parameters stems from the sweep width of the sequences.
Methods with enhanced adiabaticity are expected to perform better, the demonstration

of this approach will be explored towards the end of this Chapter.

3.5 Modified swept-TPPM methods for higher MAS fre-
quencies

The regular SW,-TPPM sequence was found to be ineffective at higher MAS frequencies
owing to its longer cycle time. This observation was also verified in numerical simu-
lations. The cycle time of SW;-TPPM needs to be reduced in order to suit higher MAS
frequencies. The cycle time of SW;-TPPM is a product of number of TPPM pairs (11) and
the duration of A~ 180° pulse. Thus, effective sweep profiles at higher MAS frequencies
can be designed by either applying higher RF field strength to reduce the duration of
180° pulse or by reducing the number of pulses to realise the sweep. Higher RF field
strength leads to heating of the sample and this approach is not suitable for all samples,
and the appropriate approach could be the reduction in the number of TPPM pairs to
achieve the adiabatic sweep. Few analogues of SW-TPPM are designed with small num-
ber (4 to 6) of TPPM pairs, which are described in Section The efficiency of these
shorter schemes is tested against TPPM and XiX.

The efficiency of shorter SW.-TPPM sequences is compared with TPPM by observ-
ing the C, resonance of natural labelled glycine at 20.6 kHz of MAS frequency with 'H

decoupling applied at an RF field strength of 110 kHz, which is shown in Figure |3.14
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The spectrum marked with (1) is acquired with TPPM scheme while other spectra to-
wards right are acquired with SW;-TPPMg, (2), SW;-TPPMg,, (3), SW;-TPPM, (4),
SW,-TPPMs, (5), SW;-TPPMs, (6), and SW;-TPPMs; (7) respectively. The efficiency
of swept TPPM sequences improves with increase in sweep width for both SW;-TPPMg
and SW;-TPPM; family of sequences. This effect is dramatic for the later SW;-TPPM;
class which could be due to the smaller sweep width or the smaller number of TPPM

pairs achieving the sweep.
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Figure 3.14: C, resonance of glycine spinning at MAS frequency of 20.6 kHz acquired
with various 'H decoupling schemes applied at an RF field strength of 110 kHz. The
spectrum marked with 1 is acquired with TPPM scheme while others are obtained with
shorter SW;-TPPM variants. Spectra marked with 2-4 are acquired with SW;-TPPMg
schemes i.e. SW;-TPPMg; (2), SW;-TPPMg,, (3), and SW;-TPPM, (4) schemes, while
those marked with 5-7 are acquired with SW;-TPPMs schemes i.e. SW-TPPM;; (5),
SW;-TPPM,, (6), and SW;-TPPM; (7) respectively.

SW;-TPPM, series of sequences are found to be more efficient than the longer ana-
logues at even higher MAS frequencies, results are presented towards the end of this

Section. The decoupling efficiency of TPPM, SW;-TPPM,;, and XiX at MAS frequency
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of 30.2 kHz are compared at an RF field strength of 122 kHz, the peak shapes of C,
resonance (of glycine) obtained with these schemes are shown in Figure from left
in the same order. With XiX decoupling scheme, an intensity enhancement 20% over
TPPM is achieved and SW;-TPPM,, performs comparable. This intensity enhancement is

lesser than that mentioned in the original report, 29% [52].

1 b

45 43 45 43 45 43ppm

Figure 3.15: Intensity of C, resonance of glycine spinning at MAS frequency of 30.2 kHz
acquired with 'H decoupling applied at an RF field strength of 122 kHz. The spectrum
on the left, middle, and right is obtained with TPPM, SW,-TPPM,;, and XiX schemes
respectively.

The influence of 'H off-resonance on the performance of these decoupling sequences
is compared in Figure [3.16] at the same values of MAS frequency and RF field strength.
The (A), (B), and (C) rows in this plot show the 'H off-resonance dependence of XiX,
TPPM, and SW;-TPPM,, respectively where carrier frequency is varied in a range of 7.0
kHz for each case with a step size of 0.5 kHz. It can be noticed that the performance
of TPPM and XiX are severely affected by the 'H off-resonance while the SW;-TPPM,

scheme is more tolerant to this effect. For a bigger molecule, containing large number
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Figure 3.16: Comparison of 'H off-resonance behaviour of XiX (A), TPPM (B), and SWi-
TPPM,,; (C) schemes. The carrier frequency was varied in the steps of 500 Hz (increasing
from left to right), spanning a range of 7 kHz in each case. The decoupling schemes
were applied at an RF field strength of 122 kHz on the glycine sample spinning at a MAS
frequency of 30.2 kHz.
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of 'H resonances with a distribution of chemical shifts, improved 'H off-resonance will
lead to spectral enhancement and thus, SW;-TPPM,, is a method of choice at this MAS
frequency.

The dependence of decoupling efficiency on the pulse length was compared for TPPM
and SW;-TPPMy,, and is presented in (A) and (B) rows respectively, of Figure m
The pulse length was increased from 3.4 us to 3.8 us (from left to right) in steps of
0.05 us for both the schemes. The robustness of swept TPPM sequences towards pulse
length, which was prominent at lower MAS frequencies, is absent for SW;-TPPM,, in
this comparison. It is a direct effect of reduction of robustness with increasing MAS
frequencies. At lower MAS frequency the performance of TPPM depends acutely on
pulse length but the sudden dip, seen here, was not observed in Figures and
The dip in the intensity variation is also observed for SW;-TPPM,; scheme. This
seems to be arising from the interference of cycle time of RF modulation scheme to that
of MAS.

The decoupling efficiency of TPPM (marked with 1), SW;-TPPMg; (2), SW;-TPPMj,
(3), SW,-TPPM,; (4), and XiX (5) is compared at MAS frequency of 32.0 kHz and RF
field strength of 130 kHz. The corresponding peak shape obtained for C, resonance is
displayed in Figure in the same order from left. TPPM is the most effective method
in these comparisons while the efficiency of swept-TPPM sequences improves with re-
duction in the number of TPPM blocks. The inferior performance of the XiX scheme is
surprising, and it can be due to couple of factors. The first is the sensitivity of decoupling
efficiency of TPPM on the RF inhomogeneity and amplifier stability and this factor can
be seen in Figure This is due to the fact that the efficiency of TPPM scheme is a func-
tion of flip angle at a given RF field strength. Thus, decoupling efficiency of TPPM will
improve with amplifier stability and better RF homogeneity. Efficient decoupling under
XiX scheme, on the other hand is realised at values of pulse length governed by rotor

period and its performance is relatively unaffected by the variation of RF field strength,
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Figure 3.17: A and B rows compare the intensity of C, resonance of glycine as a func-
tion of pulse length for TPPM and SW,-TPPM,; schemes respectively. The decoupling
schemes were applied at an RF field strength of 122 kHz on the glycine sample spinning
at a MAS frequency of 30.2 kHz.
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Figure 3.18: The decoupling efficiency on C, resonance of glycine was compared for

TPPM (1), SW;-TPPM; (2), SW;-TPPMy; (3), SW;-TPPM,; (4), and XiX (5) at MAS
frequency of 32.0 kHz and RF field strength of 130 kHz.

a fact demonstrated in the original report [52]. Spectrometer manufacturers keep im-
proving these aspects of their products and experiments reported here were done on a
newer hardware. The second aspect in this consideration is the interference of v; and v,
on the decoupling efficiency of TPPM, as even 10" order interference was reported in
simulation [69]. In the original report of XiX, its efficiency is often compared with TPPM
at such values of v; and v, where higher order interference is indeed possible [52].

To conclude, shorter SW,-TPPM analogues are effective at higher MAS frequencies as
they are comparable if not superior than existing methods. Shorter SW;-TPPM analogues
are far superior in performance than other methods considering the 'H off-resonance
bandwidth. In the original report, XiX scheme was reported to be superior than TPPM at
high MAS frequencies, v, > 30 kHz on the same sample, however the intensity enhance-
ment is lesser than the reported value which can be explained on the basis of evolution

of spectrometer hardwares. In some values of MAS frequency and RF field strength, XiX
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was outperformed by TPPM. This could be due to certain combination of the cycle time
of the two averaging processes, this factor needs further investigation. Influence of some

other factors can not be ruled out.

3.6 J-decoupling by phase modulation

In their semi-quantitative study of heteronuclear dipolar decoupling, Fung et al. [48]
suggested inhomogeneity in the RF field strength across the sample as well as the distri-
bution of 'H chemical shift in the sample as a source of line width of rare spin spectrum of
solids when abundant spins are decoupled with TPPM. They investigated J-decoupling in
isotropic phase with TPPM and found optimum pulse length to have a constant flip angle.
Thus, pulse length at 'H off-resonance is governed by the effective field and a hyperbolic
variation of pulse length with 'H off-resonance was found optimal for decoupling. As a
remedy to the situation and to enhance the decoupling performance, they designed and
demonstrated the use of multifrequency excitation approach for heteronuclear dipolar
decoupling. This also justified their argument of multifrequency "irradiation spectrum"
of SPINAL series of heteronuclear dipolar decoupling sequences [36].

SW;-TPPM also possess a series of frequency components in the power spectrum but
with a normal distribution which might be an advantage. Under MAS, this method was
also found to be insensitive to pulse length and this might explain the superior per-
formance at lower MAS frequencies. The performance of SW;-TPPM was compared to
TPPM for J-decoupling in an aqueous solution of methanol. These experiments were
done on a BBI probe. The spectra were acquired with a 90° pulse and decoupling se-
quences were applied with an RF field strength of 5 kHz, which is measured by the
duration of corresponding 360° pulse.

A doublet structure of *C resonance was found when 'H decoupling was either not
applied or inefficient. Hydroxyl 'H was not observed (in doublet) due to prominent

exchange with water molecules. This suggested that sequences of shorter time scales are
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Figure 3.19: Comparison of TPPM and SW,-TPPM for J-decoupling on methanol. 1A
and 1B plots show intensity of 1*C resonance as a function of pulse length for TPPM and
SW;-TPPM schemes respectively. Smaller step size for TPPM was taken owing to acute
dependence on the pulse length. The carrier frequency on 'H channel was set 500 Hz
off-resonant for this study. 2A and 2B plots show the influence 'H off-resonance on the
intensity of 1*C resonance for the same set of decoupling schemes. The pulse length for
TPPM and SW,-TPPM decoupling schemes were taken as 88 us.
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effective on longer time scales. The sequences for J-decoupling (long time scales) was
found ineffective for heteronuclear dipolar decoupling [35]. The optimum pulse length
was determined by the maximum intensity of *C resonance. The optimum pulse length
under TPPM decoupling scheme is crucial while that under SW;-TPPM is unaffected
over a large range of values. A representative data is shown in 1A (TPPM) and 1B
(SW;-TPPM) sub-plots of Figure

The optimum pulse length under TPPM decoupling was found to vary as a function of
'H off resonance as reported by Fung et al. [48]. The range of optimum pulse length un-
der SW;-TPPM decoupling underwent negligible shift at large off-resonance. A common
optimum pulse length for a large range of 'H off-resonance will result in broadbanded
performance for SW;-TPPM. This intuition appears in the 'H off resonance comparison,
which is shown in 2A (TPPM) and 2B (SW;-TPPM) sub-plots of Figure m

These observations suggest narrower line width of *C resonance with SW;-TPPM
than with TPPM in the presence of RF field strength inhomogeneity and/or distribution
of chemical shifts. It results from larger 'H off-resonance bandwidth for SW;-TPPM
decoupling.

The intensity of *C resonance decays at sub-optimal values of pulse length as well
as 'H off-resonance under both decoupling schemes and the splitting into doublet ap-
pears at values significantly away from the optimum. This observation may trans-
late to enhanced intensities with phase modulated decoupling schemes over the con-
ventional J-decoupling schemes. Thus, efficiency and 'H off-resonance of SW;-TPPM
and SW;,-TPPM (Section can be compared with the conventional sequences for
J-decoupling in isotropic solutions. Since these sequences are effective for extremely
smaller time scales for heteronuclear dipolar decoupling as well as for long time scales
for J-decoupling, these methods can also decouple interactions of the intermediate or-
der. These decoupling schemes can also be used for decoupling the residual dipolar

interactions in biological systems of large molecular mass.
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3.7 Significance of phase in SPINAL performance

SPINAL was designed by modulating the phase of the TPPM blocks. Four TPPM blocks
were taken in the original design of SPINAL-8 with the phases (10°,—10°), (15°,—15°),
(20°,—-20°), and (15°,—15°). If the phases of the TPPM blocks in SPINAL-8 were taken
against their order of occurence, the profile approximates to three quarter of a Gaussian.
The higher members of the SPINAL series were designed by supercycling, explained in
Section 2.1l

Pulse length is the only parameter which is generally optimised in SPINAL, but the
design of SPINAL allows variation of the initial phase ¢ and the phase increment step 6.
In the original report the combination of initial phase (¢ = 10°) and phase increment
step (6 = 5°) was defined and fixed but it was found to be sub-optimal in our studies
on spinning rigid solid as well as static liquid crystal. While the initial phase (¢) of 5°
delivered better performance over the prescribed value of 10° for rigid solids under MAS,
a higher value of 15° was an improvement for liquid crystals under static conditions.
Liquid crystal studies are presented in Chapter [4

The performance of SPINAL-8 and SPINAL-64 with different ¢ and 6 was investi-
gated. The initial phase of 5° was the maximum value studied as it was repeatedly
found to be better than the larger values, shown in Figure and

The efficiency comparison of SPINAL-8 scheme as a function of step size (&) is shown
in Figure The comparison is done for initial phase (¢) values of 1°, 3°, and 5° at
MAS frequencies of 5, 10, 15, and 20 kHz, and the plots are marked with corresponding
values. The first striking observation is the lack of universal optimum step size and
its value depends upon the initial phase as well as on the MAS frequency. Another
distinct feature is the significance of optimum combination with the MAS frequency, as
the optimum combination is critical for higher MAS frequency of 20 kHz and is not
significant for lower MAS frequency of 5 kHz. The comparisons at MAS frequency of

10 and 15 kHz display the intermediate behaviour between the low MAS frequency (5
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Figure 3.20: The decoupling efficiency of SPINAL-8 block compared as a function of the
step size (6) at various MAS frequencies. The initial value of the phase (¢;,;,) was 1°,
3°, and 5° for square (W), circle (o), and triangle (A) respectively.
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kHz) to high MAS frequency (20 kHz). These observations are understandable in the
light of robustness created by 'H-'H couplings. As robustness scales with the scaling
of 'H-'H under MAS, the optimum combination becomes critical at MAS frequency of
20 kHz. The efficiency delivered by the optimum combination found from the study is

comparable to SPINAL-64, suggesting that supercycling is perhaps not critical.
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Figure 3.21: The decoupling efficiency of SPINAL-64 sequence compared as a function
of the step size (&) at various MAS frequencies. The initial value of the phase (¢,,;.) was
1° and the MAS frequencies are mentioned in the Figure.

The efficiency of SPINAL-64 as a function of step size was investigated at various
MAS frequencies, the results are plotted in Figure In the original report of SPINAL,
initial phase of 10° was prescribed, but a value of 5° was found to be superior in the study
presented in Section The comparison was done at initial phase of 1° as this starting
phase was found to be more efficient than the higher values. Taking the optimum initial
phase, step size was varied to maximise the efficiency in this study. In this comparison
also, the combination of these parameters are not critical at lower MAS frequencies of
5 and 10 kHz but combinations become increasingly critical at higher MAS frequencies
of 15 and 20 kHz. Thus, optimum combination changes with MAS frequency and the
selection of combination becomes critical at higher MAS frequencies. The efficiency of
the optimum combination is comparable to the prescribed combination at lower MAS

frequencies but is far superior at higher MAS frequencies.
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The experimental investigations suggest that besides the pulse length (1), the initial
phase (¢) and the phase increment step (&), need to be optimised for efficient perfor-
mance of SPINAL scheme. Optimum value of both these parameters are governed by
the MAS frequency. Reduction in robustness with MAS frequency was also observed for

SW,-TPPM, shown in Figure

3.8 Enhanced adiabatic SWf -TPPM: SWf »-TPPM

SW,-TPPM was designed by incorporating tangential frequency sweep in the TPPM by
corresponding pulse length variation. In theoretical analysis, the tangential frequency
sweep in SW,-TPPM was found to result in adiabatic sweep through decoupling condi-
tion of phase modulation [55]. A brief discussion of theoretical analysis was presented
in Section

A decoupling sequence with enhanced adiabaticity, SW,,-TPPM was designed by
modulating the phase in the form of hyperbolic tangent combined with tangential varia-
tion of the pulse length. The design alongwith the involved principles were explained in
Section The values of phase were chosen keeping SPINAL study in hindsight. Few
smaller sweep profiles are designed in order to suit higher MAS frequencies. Enhanced
insensitivity to experimental parameters are expected from SW,,-TPPM. A set of simu-
lations was run to verify the expectations, scanning a range of RF field strength and 'H
off-resonance for 'H decoupling under TPPM, SW,-TPPM, and SW,-TPPM decoupling
schemes. A CH, spin system was taken from isobutyl skeleton, the NMR parameters
and spatial coordinates of which was provided in the SPINEVOLUTION package [69].
Figure shows the intensity of *C resonance at MAS frequency of 8.08 kHz acquired
with TPPM, SW,-TPPM, and SW,-TPPM schemes where the top and bottom rows show
the simulations with and without IT couplings. The simulations were performed keep-
ing the pulse length of TPPM, or central pulse pair of swept-TPPM sequences at 6.25 us

while RF field strength and off-resonance of 'H channel were varied along the horizon-
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tal and vertical axes respectively. The regions of efficient decoupling is shown by lighter
colours, and elongation of this region along an axis indicates robust performance with

the corresponding parameter.

Av(‘H)/ kHz
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Figure 3.22: Simulated intensity of CH, peak of isobutyl skeleton is plotted as a function
of RF field strength and 'H off-resonance. The top row shows the simulation with II
couplings and bottom row shows without IT couplings. MAS frequency of 8.08 kHz was
taken in these simulations.

The circular area of efficient decoupling for TPPM highlights the sensitivity of decou-
pling efficiency on both parameters, which was indeed observed experimentally. This
area is broadened by II couplings in the upper row but with a loss in decoupling per-
formance, an observation true for all decoupling sequences investigated. The maximum
intensity for lower row of contours is a larger value than that of the upper row and
contours are plotted accordingly. The area of efficient decoupling for SW;-TPPM under
the presence of II couplings is elongated along the axis of RF field strength, verifying
the observed robustness with respect to the pulse length. This set of simulations do not
correspond well with the simulations performed in the absence of II couplings, suggest-

ing a major influence of II couplings in the 'H off-resonance behaviour of SW;-TPPM
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decoupling scheme. The set of simulations without II couplings suggests improved per-
formance for SW,-TPPM over TPPM.

The area of efficient decoupling for SW, ,-TPPM with II couplings is vertically elon-
gated, suggesting the larger 'H off-resonance bandwidth of the decoupling scheme.
Many bands of large 'H off-resonance range can be seen and another observation of
significance is the optimum flip angle clearly well above 180°. According to the simula-
tions, this sequence is sensitive to the flip angle. As it was found with SW;-TPPM, the
contours of SW; -TPPM in the presence and absence of I couplings do not match. In
the absence of II couplings, the optimum performance of SW,,-TPPM is comparable to
that of SW;-TPPM.

The experimental comparisons spanning a range of MAS frequencies are presented

for RF field strengths of 100 and 130 kHz.

3.8.1 Experimental

Experimental performance of decoupling sequences was compared on a sample of glycine
using a Bruker AV500 MHz spectrometer with a 3.2 mm CPMAS probe. The '3C spectra
were acquired with ramped cross-polarisation and 'H spectrum was obtained with a 90°
pulse. Histidine spectra were acquired on a 4 mm probe at an spectrometer of the same

field.

3.8.2 Experimental performance of SW,,-TPPM at low MAS frequency

Figure shows the comparison of performance of various decoupling schemes at
MAS frequency of 6 kHz and RF field strength of 100 kHz. Plot (A) shows the intensity
of C, peak of natural abundance glycine as a function of 'H off-resonance (Av (*H)) for
TPPM, SPINAL-64, SW;-TPPM, SW; ,-TPPMs, and SW;,-TPPM;. All modulated TPPM
sequences deliver efficient performance over TPPM in the range of 'H offset and SW,-

TPPM is superior over others in the entire range. Performance of these sequences as a
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function of pulse length is compared in plot (B), with the same set of legends as in plot
(A). Modulated TPPM sequences in general, are less affected than TPPM by the variation
of pulse length. SW, -TPPM sequences are the least affected by pulse length variation
with optimum pulse length being significantly higher than 5 us which translates to opti-

mum flip angle of clearly higher than 180°.
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Figure 3.23: Intensity of CH, peak of glycine is plotted as a function of (A) 'H off-
resonance and (B) pulse length. Decoupling sequences investigated in (A) and (B) are
TPPM, SPINAL-64, SW,-TPPM, SW,,-TPPM,, and SW,,-TPPM; and both the plots share
the same set of legends. Plot (C) shows pulse length dependence of SW;,-TPPM; for
various 'H off-resonance positions.

Discrete bands of enhanced 'H off-resonance and sensitivity to RF field strength for

SW¢,-TPPM sequences were found in simulations and experiments. Insensitivity towards
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pulse length can be explained on the basis of enhanced robustness realised at low MAS
frequencies. Maxima and minima in the variation of pulse length might separate at
higher MAS frequencies. Pulse length variation was done for SW,,-TPPM; at various
'H offsets to detect the presence of bands of enhanced off-resonance, the results are
presented in the (C) plot of Figure It can be noticed that the optimum pulse length
at on-resonance is sub-optimal for off-resonant decoupling. Comparing the on- and off-
resonance behaviour, pulse lengths of 5.0 and 6.6 us are more relevant for decoupling
and off-resonance of SW;,-TPPM sequences shown in top plot were done with the pulse
length of 6.6 us.

The band structure of 'H off-resonance in the simulation of SW;,-TPPM suggests
the optimum pulse length to have the best off-resonance behaviour. Pulse duration for

largest off-resonance bandwidth has to be optimised at large offset.

3.8.3 Experimental performance of SW, ,-TPPM at intermediate MAS

frequencies

Figure shows the performance comparison of SW; ,-TPPM sequences with TPPM,
SPINAL-64, and SW,-TPPM sequences at intermediate MAS frequencies of 14 to 22 kHz
and at RF field strengths of 100 and 130 kHz. First (1A and 1B) and second row (2A and
2B) from the top show the comparison at MAS frequency of 14 and 20 kHz respectively
keeping the RF field strength at 100 kHz, while third (3A and 3B) and fourth row (4A and
4B) show the comparison at MAS frequencies of 20 and 22 kHz respectively where the RF
field strength was kept at 130 kHz. Performance of decoupling sequences as a function
of pulse length and 'H off-resonance is shown on the left and right column respectively.
SW;,-TPPM sequences of 5, 7, and 9 TPPM pairs were taken to monitor the relative effect
of cycle time on the performance as a function of the MAS frequency. A shorter SW-
TPPM analogue of 6 TPPM pairs, SW;-TPPM¢ was also investigated. A guiding point that

has to be considered in the 'H off-resonance comparison is the better performance for
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positive values than for the negative values. The root of this requirement is the general
occurence of additional resonances in the 'H spectrum with larger chemical shifts. Better
performance in positive 'H off-resonance is likely to result in enhanced spectrum. The
convention of representing NMR spectrum, where frequency increases towards left hand
side, is opposite to the general convention of number system and this aspect has to be
considered while interpreting 'H off-resonance behaviour.

The decoupling efficiency comparison at MAS frequency of 14 kHz and RF field
strength of 100 kHz is shown in (1A) and (1B) of Figure which displays the crit-
ical dependence of TPPM, SPINAL-64, and SW,-TPPM, on the 'H off-resonance. The
shorter SW;-TPPM; delivers enhanced bandwidth over the longer analogue which comes
with an unwanted loss of efficiency. SW;,-TPPM, performs comparable if not superior
to SW,,-TPPM; and both of them possess larger off-resonance bandwidth than other
methods. Thus, enhanced robustness to 'H off-resonance was delivered by SW;,-TPPM
sequences and another significant observation is the smaller relative drop in efficiency
by off-resonant decoupling at MAS frequency of 14 kHz compared to that at 6 kHz, see
Figure This trend is also observed at higher MAS frequencies.

The variation in the decoupling efficiency of various sequences as a function of pulse
length at MAS frequency of 14 kHz shows sensitivity of TPPM performance and robust-
ness of modulated TPPM sequences. The local maxima for SW,,-TPPM are more resolved
than at 6 kHz.

A comparison of decoupling efficiency at MAS frequency of 20 kHz and RF field
strength of 100 kHz was done with the inclusion of XiX which is shown in (2A) and
(2B) of Figure XiX is known to perform poorly in this region and its overall
performance was matched by TPPM and easily surpassed by SPINAL-64. The shorter
SW;-TPPM analogue, SW,-TPPM, performs clearly better than TPPM and SPINAL-64.
The performance of SW,,-TPPM sequences is comparable if not superior to that of SW-

TPPM,. The performance of all decoupling sequences becomes more sensitive to pulse
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Figure 3.24: Intensity of CH, peak of glycine is plotted as a function of pulse length in
left column (marked with 1A, 2A, 3A, and 4A) and and as a function of 'H off-resonance
in right column (marked with 1B, 2B, 3B, and 4B). 1A and 1B show these comparisons
at MAS frequency of 14 kHz and RF field strength of 100 kHz. 2A and 2B show these
comparisons at MAS frequency of 20 kHz and RF field strength of 100 kHz. 3A and 3B
show these comparisons at MAS frequency of 20 kHz and RF field strength of 130 kHz.
4A and 4B show these comparisons at MAS frequency of 22 kHz and RF field strength
of 130 kHz. Decoupling sequences investigated are TPPM, SPINAL-64, SW;-TPPM, XiX
and various SW,,-TPPM analogues.
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length and this variation was show less smooth at this combination of MAS frequency
and RF field strength. This can arise from either RF field strength being an integer mul-
tiple (5 times) of MAS frequency, or a possible scaling of desired RF field strength with
MAS frequency.

Another comparison of decoupling efficiency was done at higher RF field strength
of 130 kHz keeping the MAS frequency at 20 kHz which is shown in (3A) and (3B) of
Figure XiX is again the least effective method over the entire range of 'H offset, and
the performance of SPINAL-64 becomes comparable to that of TPPM. The optimum peak
intensity at 'H on-resonance is delivered by the regular SW;-TPPM but outperformed
by the shorter analogue, SW;-TPPMg, at large offsets. SW,,-TPPM, matches the best
performance at 'H on-resonance and its performance is the least affected by the variation
of carrier frequency, making it a method of choice. The pulse length variation of various
decoupling sequences are smoother than in lower RF field strength of 100 kHz at the
same MAS frequency. Also, a smaller relative drop of intensity away from optimum
value can be observed. The trend is more similar to that observed at MAS frequency of
14 kHz and RF field strength of 100 kHz, i.e. 1A and 1B.

The final comparison of decoupling efficiency was done at RF field strength of 130
kHz and MAS frequency of 22 kHz which is shown in (4A) and (4B) of Figure XiX
remains the least effective method over the range of 'H offset. The performance of TPPM
and SPINAL-64 matches near 'H on-resonance but the later performs superior to TPPM
at large off-resonance. SW;,-TPPM; and SW ,-TPPM; outperform other methods in this

comparison, but the shorter analogue is clearly a better choice at large 'H off-resonance.

3.8.4 Optimum SW -TPPM profiles

The design of decoupling schemes involving adiabatic sweep can result in a multitude
of combinations. Step size of pulse length and phase difference can be chosen with var-

ious starting and finishing values. Owing to these number of possibilities, a universally
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applicable design is a desired method. It was shown earlier that smaller sequences are
more effective at higher MAS frequencies, leading to MAS frequency specific designs.
Comparison of few SW,,-TPPM analogues are done to judge the good values of phase

and pulse length and/or to select the optimum profile in regions of MAS frequencies.
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Figure 3.25: Intensity of CH, peak of glycine is plotted as a function of 'H off-resonance
for various SW;,-TPPM sequences (mentioned in the figure) at various combinations of
MAS frequency and RF field strengths. (A), (B), and (C) plots show the comparison at
MAS frequencies (RF field strengths) of 20 kHz (100 kHz), 20 kHz (130 kHz), and 22
kHz (130 kHz).

Plot A of Figure compares the 'H off-resonance behaviour of the SW;,-TPPM
profiles at MAS frequency of 20 kHz and RF field strength of 100 kHz. This compari-

son suggests longer SW; ,-TPPM, to more effective over shorter SW,,-TPPMs sequences.
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Among SW;,-TPPM; profiles the sequences with same central phase difference covering
similar phase increments, SW,,-TPPM; and SW,,-TPPM;, performs comparably while
the sequence with a larger central phase difference with the same phase steps is a less
effective method at MAS frequency of 20 kHz and RF field strength of 100 kHz.

Plot B of Figure shows the comparison of SW, ,-TPPM profiles at MAS frequency
of 20 kHz and RF field strength of 130 kHz where SW,,-TPPM; outperforms longer
(SW,-TPPM,) and shorter (SW,-TPPM; and SW¢,-TPPM;,) methods, but the varia-
tion of intensity with 'H off-resonance is not smooth. Among all methods SW¢,-TPPM;
delivers smoothest variation of 'H off-resonance.

The performance of SW;,-TPPM,, SW,-TPPMs, and SW,-TPPMs, is compared at
MAS frequency of 22 kHz and RF field strength of 130 kHz which is shown in the Plot C
of Figure At this combination of MAS frequency and RF field strength, SW; ,-TPPM;

is better than the other methods.

3.8.5 Spectral enhancement with SW; ,-TPPM

The 'H spectrum of glycine at MAS frequency of 22 kHz is shown in the top of Fig-
ure the chemical shift is presented in frequency units and referenced with respect
to 'H on-resonance frequency of C,. The frequency scale is chosen consistent with the
convention to spectral representation in NMR. The 'H on-resonance position of C, res-
onance clearly lies towards aliphatic region, suggesting the isotropic chemical shift to
be the on-resonance frequency for heteronuclear dipolar decoupling. This leads to sep-
arated 'H on-resonance frequencies for different 1*C resonances, and thus, a distribu-
tion of 'H chemical shifts can also lead to spectral broadening. A decoupling sequence
with larger 'H off-resonance bandwidth can result in intensity enhancement of *C reso-
nances, specially in a sample with widely distributed chemical shifts. Intensity enhance-
ment obtained with swept TPPM sequences over TPPM at lower MAS may be due to the

averaging of linewidth contribution by distribution of the 'H chemical shifts. An overall
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enhanced spectral performance may be realised with enhanced off-resonance at higher
MAS frequencies also.

A direct comparison of 'H decoupling performance of TPPM and SW¢,-TPPM, is
shown on '3C spectrum of histidine. The 'H carrier frequency was set on-resonant for C,
resonance and it was naturally off-resonant to other '3C resonances in the molecule. A
visible intensity enhancement for high-field resonances is obtained with the application
of SW;,-TPPM. More significant gains may be materialised on bigger molecules with

large number of 'H and '3C resonances.

3.9 Conclusions

A method for heteronuclear dipolar decoupling, SW;-TPPM, was designed by tangen-
tially sweeping the modulation frequency of TPPM. The method was found to be com-
parable in efficiency to TPPM and SPINAL-64, but has the advantage of robustness with
respect to the experimental parameters. The inherent adiabaticity of sweep is the source
of robustness as suggested by theoretical analysis.

Various sweep profiles were tested for their efficiency and robustness in which adia-
batic profiles were found to perform better than the others. A qualitative estimation of
sweep width was also made in the study. A numerical study of the influence of IT cou-
pled bath on IS decoupling was made which suggested the assistance of the bath for het-
eronuclear decoupling under SW;-TPPM scheme. The numerical study also highlighted
the inefficient decoupling of SW,-TPPM at higher MAS frequencies where variants with
smaller number of TPPM pairs were designed to deliver improved performance. Study
of starting phase and the increment step of SPINAL series suggested the sub-optimal
performance of prescribed combination and indicated the need of optimisation at higher
MAS frequencies.

The approach of adiabatic sweep was modified to design SW,,-TPPM, a decoupling

sequence with enhanced adiabaticity. Alongwith the tangential variation of modulation



3.9. Conclusions 101

TPPM

SW,,-TPPM,

" 18 FUURPHIOTY WV W9

180 160 140 120 100 80 60 40 20 ppm

Figure 3.26: Plot A shows 'H spectrum of glycine at a MAS frequency of 22 kHz, the
chemical shift axis is referenced with respect to on-resonance frequency of C,. Subse-
quent plots in (B) compares the *C spectrum of histidine acquired with TPPM (upper)
and SW,-TPPM (lower) decoupling scheme with carrier frequency on-resonant to C,.
The sample was spinning at MAS frequency of 14 kHz and 'H decoupling was applied
with an RF field strength of 100 kHz.
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frequency, as in SW;-TPPM, the amplitude of phase modulation was also varied in the
form of hyperbolic tangent. The choice of sweep width and phase variation was chosen
from study of swept-TPPM and SPINAL series of sequences. SW; ,-TPPM demonstrated

enhanced robustness to 'H off-resonance and spectral enhancement in the study.

3.10 Future directions

Towards the end of this Chapter, improved methods were shown that resulted from
enhanced adiabatic sweep. The method with enhanced adiabatic sweep, SW; ,-TPPM
shows larger bandwidth for 'H off-resonance over SW;-TPPM, with the shortcoming
of dependence of its performance on pulse length. The adiabatic sweep can be further
enhanced to improve this aspect as well. Few adiabatic profiles were explored by Ugurbil
et al. which are tolerant to variation of inhomogeneity as well as off-resonance of the
applied RF field [73]. Ugurbil et al. also demonstrated adiabatic methods effective at
lower values of RF field strength [74]. These approaches can be directly adapted for
heteronuclear dipolar decoupling. Application of symmetry sequences for high MAS
frequencies is also appealing.

A surprising observation of enhanced resolution was made by Paepe et al. [75],
where longer dephasing time for *C coherence was obtained with a 180° pulse under
'H decoupling. As 180° pulse refocusses the evolution of *C chemical shifts, collaps-
ing the spectrum, this effect appears in experiments involving transfer of magnetisation
during the indirect dimensions. The decoupling method, CM, which was developed and
investigated by Paepe et al. is a numerically optimised solution and the application is
involved [45]. The investigation of these effects under adiabatic decoupling methods
can be made.

SW;-TPPM scheme is also effective for J-decoupling and the study can be extended
for SW;,-TPPM scheme. These methods can be useful for J-decoupling and can also be

effective for decoupling the residual dipolar coupling in macromolecules.



Chapter 4

Heteronuclear dipolar decoupling

sequences in liquid crystal applications

Liquid crystals are one of the demanding systems in NMR for developing and testing
methodologies. This phase also offers many model specific studies. Incomplete averag-
ing of dipolar couplings in liquid crystals causes broadening of NMR spectrum. Sensi-
tivity of this phase towards RF heating complicates the design of decoupling sequences.
This Chapter describes the application of heteronuclear dipolar decoupling sequences,
designed for spinning samples, for spectral enhancement in liquid crystals under static
conditions. A systematic investigation of heteronuclear dipolar decoupling for a static
sample is also presented, which uncovers the origin of resolution enhancement for liquid
crystals with modulated TPPM methods and the criticality of pulse length for implemen-

tation of these methods.

4.1 Liquid crystals in NMR

The liquid crystal phase is characterised by partial or complete alignment of the molecules
along a certain direction. This alignment is energetically favored over thermal tumbling

motion by the molecular structure. A few liquid crystals suitable for NMR studies are
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described here with their molecular structure in Figure Numbering scheme of *C

and 'H resonances which are followed in literature are also mentioned in the diagram.

1. MBBA N-(p-methoxybenzylidene)-p-n-butylaniline
2. EBBA N-(p’-ethoxybenzylidene)-p-n-butylaniline

3. 5-CB 4-pentyl-4’cyanobiphenyl
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Figure 4.1: Structure of few liquid crystals popular for NMR studies. The nomenclature
and numbering schemes of peaks are also shown.

Molecular structure of all these liquid crystals possess couple of aromatic benzene
rings which favor stacking with an energy difference to overcome thermal tumbling. The
liquid crystal molecules have preferential direction of motion allowed by their molecular
alignment.

Such ordered structures mimic a large number of biologically important systems.

For example, cell membranes, which are essentially lipid bilayers, are more similar to
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liquid crystal phase than liquid or solid phase. Thus, membrane proteins residing in an
aligned medium are modeled by liquid crystals. Membrane proteins, situated in plasma
membrane, are known to play important roles in life processes, like transportation of
hydophilic nutrient through hydrophobic cellwall [76]. Probing these structures along
with their dynamics can unleash a great amount of novel information. However, such
compounds have various levels of structural organisation with each level having its own
relevance. NMR can be a candidate of choice for such studies as it can reveal various
levels of hierarchy in structure associated with such systems, as in the case of proteins.
However, being a partially aligned phase, resonances in the NMR spectrum are normally
broad because of incomplete averaging of dipolar couplings. Incomplete averaging of
homonuclear and heteronuclear dipolar couplings affects the observation of both 'H
and '3C nuclear spins. Obtaining resolved 'H spectra in liquid crystal is involved and
unravelling information from '*C spectra requires the need for efficient heteronuclear
dipolar decoupling schemes at lower RF field strengths owing to deleterious effects of RF
heating to such systems. Recent reviews cover the details of the use of NMR experiments

to the study of liquid crystals with an emphasis on *C NMR [77,78].

4.1.1 Heating effect of RF

An RF field of amplitude higher than the coupling strength is needed to effect heteronu-
clear dipolar decoupling. The application of RF decoupling produces heating effect,
given by the universal laws of electromagnetism [79], is proportional to the square of
RF field strength. Thus it is all the more important to use lower strength of RF field
for sensitive samples. Owing to their rigidity, solids can tolerate large RF field strengths
but liquid crystal phase stands upon a small stability over thermal energy. Thus liquid
crystal is more sensitive to RF heating. Some liquid crystals are more tolerant to heating
effect owing to their structure. MBBA is sensitive to RF heating, while EBBA and 5-CB

are more tolerant to this effect. However, the presence of motion in this system makes
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decoupling effective at lower RF field strengths.

The heating effect originates from the dissipation of RF field strength in the sample.
In many biological samples, this process is assisted by the interaction of RF field with the
ions in the salty sample and/or electric dipole moment of the molecules in the dielectric
[80-83]. The heating effects increases with Zeeman field, owing to increased absorption
of energy [84]. These effects can be controlled by the flow rate of the cooling gas [84].
At higher Zeeman field, enhanced dispersion of chemical shift demands higher RF field
strength for effective decoupling of protons. Thus, it is important in the case of liquid

crystals, to design decoupling methods which are effective at lower RF field strength.

4.2 Heteronuclear dipolar decoupling sequences for lig-
uid crystals

Several heteronuclear dipolar decoupling sequences have been suggested for the study
of liquid crystals. These include TPPM, SPARC, SPINAL, CM, and FLOPSY [33, 35, 36,
43,85]. In fact, the SPINAL method orignally conceived for liquid crystals is univer-
sally adopted for MAS experiments in solids. Design principles and schematics of these
decoupling sequences are described in Chapter[2]

The SPARC scheme designed by Fung et al. [35] was an improvement over TPPM
[33] and SPINAL [36], again from the group of Fung, was a further improvement.
Both SPARC and SPINAL rely on rapid phase cycling and phase increment was added
in SPINAL. Such methods generate frequency modulations and an intuitive understand-
ing of the efficiency of such sequences may be obtained on the basis of the Fourier
picture of the corresponding RF schemes. Pulse duration of the basic TPPM scheme was
tangentially swept to design SW;-TPPM sequence. Tangential sweep of pulse length in
SW,-TPPM generated a normal distribution of Fourier components. Under MAS, SW-

TPPM was found to be more robust with respect to various experimental parameters in
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comparison with both TPPM and SPINAL. Subsequently, RF modulation schemes were
designed on a variety of sweep profiles and found to be effective.

This Chapter presents the application of swept TPPM sequences, SW;-TPPM, along
with SW}‘"”-TPPM and SW}"'-TPPM for decoupling liquid crystal under static conditions.
Among other variants, SW}anl—TPPM and SW{"'-TPPM were chosen for delivering better
performance at lower MAS rates. A combined reference to SW;-TPPM and analogues
are made by swept TPPM sequences. The performance of these sequences is compared
with SPINAL-64 and TPPM. A systematic optimisation of the initial phase on the static
sample led to spectral enhancement under the SPINAL-64 scheme. The performance of
swept TPPM sequences was studied as a function of phase difference (2¢) where higher
values were found to perform better. Various *C resonances separated by large chem-
ical shift were found to possess significantly separated on-resonance positions and this
investigation suggested better 'H off-resonance performance of swept TPPM sequence
to result in spectral enhancement.

SPINAL-64 delivered a far superior performance than TPPM in the original report
[36]. This observation was verified and the origin of enhanced performance of SPINAL-
64 than TPPM was investigated. It was found that TPPM possess acute dependence on
'H off-resonance under static conditions, and modulated TPPM sequences perform in a
superior way owing to larger 'H off-resonance bandwidth. Modulated TPPM methods
refer to the set consisting of SPINAL-64 and swept TPPM sequences. The dependence of
SPINAL-64 and swept TPPM sequences on 'H off-resonance was found to be affected by
the value of phase (¢) taken. A systematic study on the interplay of the 'H off-resonance

and phase are presented to corroborate this observation.

4.3 Improved decoupling sequences under static case

Decoupling efficiency comparison of SPINAL-64, SW,-TPPM, SW}”V-TPPM, and SW}“”L

TPPM will be presented in this Section. Value of phase (¢) and phase difference (2¢) is
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denoted as subscripts for SPINAL-64 and swept TPPM sequences respectively.

4.3.1 Experimental

Experiments described in this Section were performed on a Bruker AV500 MHz spectrom-
eter equipped with a double-resonance BBI probe. These experiments were performed
on a liquid crystal sample of MBBA maintained at 22°C. Temperature was kept steady
by appropriately regulating the gas flow (in excess of 11 1/min) and long recycle delays
were given for cooling the sample. Recycle delays of 40 s were used for a decoupling RF
field strength of 30 kHz and 30 s for RF field strength of 25 and 20 kHz. The acquisition
time of 30 ms for RF field strength of 30 kHz and 40 ms for RF field strength of 25 and
20 kHz were chosen to avoid RF heating effects. These values of acquisition time and

recycle delay were chosen following Fung’s suggestion [77].

4.3.2 Off-resonance behavior of modulated TPPM sequences

Figure shows intensity comparison of C,, C4, and C, resonances as a function of 'H
off-resonance, Av("H), for SPINAL-64,_,,, SPINAL-64,_,5, SW;-TPPM, sw;;“V-TPPM,
and SW}‘””—TPPM. The relatively larger bandwidth for swept TPPM sequences is evident
here with SW{""-TPPM and SW}‘I"1 -TPPM being the least sensitive to 'H off-resonance.
After optimisation of initial phase (¢), SPINAL-64,_,5 was found to deliver larger band-
width than the prescribed SPINAL-64,_,,. Initial phase of 15° was found to be the
optimum in the study, which can be seen in Figure [4.12

A more striking observation was the different 'H on-resonance positions for different
13C resonances. Optimum 'H on-resonance frequency for C, resonance was found to be
3 kHz away (towards high-field side) from those of C, and C4 peaks. C, and Cg reso-
nances possess the same 'H on-resonance frequency within the resolution of investiga-
tion, 1.0 kHz. This difference of 'H on-resonance frequencies corresponds to difference

in 'H chemical shift of resonances in corresponding environments. This explanation as-
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Figure 4.2: Comparison of spectral intensity as a function of H offset (Av(*H)) of CH,
(C,, top plot), Cp (middle plot), and C, peaks (bottom plot) of MBBA obtained with
various decoupling sequences, namely SPINAL-64,,, SPINAL-64,5, SW-TPPM, SW}“V-

TPPM, and swjf‘”l-TppM. The RF field strength was 25 kHz.
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sumes isotropic chemical shift of 'H resonances as on-resonance frequency for bonded
13C resonances. This is surprising as 'H spectra of anisotropic medium is broadened by
homogeneous homonuclear dipolar coupling and this interaction is capable of spreading
the effect of RF irradiation by the process of spin diffusion. The presence of individual
'H off-resonance for various *C resonance will yield overall spectral enhancement under
heteronuclear dipolar decoupling with large bandwidth.

The C,, Cg, and C; resonances are chosen for study owing to their sensitiveness to
decoupling. C, (CH,) resonance belongs to the aliphatic tail attached to benzene ring
and dipolar interaction in this group is the least averaged by the wagging motion of
aliphatic tail but the spatial interactions are relatively more averaged in the next CH,
group (Cg). Aromatic 13C resonances are also sensitive to decoupling as they belong to
relatively immobile part of molecule. C, (CH,) is a representative aromatic resonance,

as it forms the bridge between two benzene rings.

4.3.3 Spectral performance of modulated TPPM sequences

Figure shows the spectra of MBBA obtained with SPINAL-64,,, SPINAL-64,5, SW,-
TPPM, SW}anl-TPPM, and SW}”V—TPPM decoupling schemes applied on-resonance to C,
at an RF field strength of 25 kHz. The phase differences of swept TPPM sequences were
35°, 35°, and 45° for SW;-TPPM, sw}“”l-TPPM, and SW{"-TPPM respectively. The in-
tensity of C, resonance stays the same with application of various decoupling sequences
as the carrier frequency is on-resonant to it. The other peaks, especially aromatic res-
onances on the high field side of the spectrum show intensity enhancement with de-
coupling sequences of larger off-resonance bandwidth. In general, SPINAL-64,s and the
swept-TPPM sequences perform well for all the the *C resonances. Considering the
overall spectral appearance, SW}anl—TPPM and SW|"-TPPM perform particularly better
than the other sequences.

Figure shows the comparison when 'H carrier frequency was kept 1 kHz off-
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Figure 4.3: Static spectra of MBBA obtained with various decoupling sequences (men-
tioned on the figure itself) at an RF field strength of 25 kHz, the 'H carrier-frequency
was kept on-resonant to C, (CH,) peak.
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Figure 4.4: Static spectra of MBBA obtained with various decoupling sequences (men-
tioned on the figure itself) at an RF field strength of 25 kHz, the 'H carrier-frequency
was 1.0 kHz off-resonant to CH, (C,) peak.
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resonant (towards high field, in deshielding convention) to 'H on-resonance of C, peak.
The other parameters were kept the same as in Figure Now, it can be noticed that all
peaks in the spectra recorded with swept TPPM sequences are more intense than those
obtained with SPINAL-64,, scheme. Among the various methods, application of SW}anl-
TPPM and SW}"V—TPPM decoupling sequences resulted in the best resolution. This fea-
ture is a manifestation of the larger 'H off-resonance bandwidth of these sequences.
Comparing the performance of various decoupling sequences in Figure and Fig-

ure swept TPPM sequences especially SW}‘““—TPPM and SW}”V—TPPM are recom-

mended for heteronuclear dipolar decoupling in liquid-crystal NMR applications.

4.3.4 Performance of swept-TPPM sequences as a function of phase

Robustness of Sthfm1 “TPPM and SW{"-TPPM sequences towards the phase difference
(2¢) will be examined in this Section. The intensity of C, and C, peaks of MBBA as a
function of 2¢ at three RF field strengths of 20, 25, and 30 kHz is shown in Figure 4.5
Both the sequences are fairly insensitive to a phase variation from 35° to 45°. This
feature is a clear advantage over SPINAL-64 where efficiency was critically dependent
on the initial phase.

To determine the phase for optimum performance and for comparing the spectral
enhancement of various decoupling schemes, intensity of the sensitive C, peak of MBBA
is monitored in Figure The specrum obtained (C, peak) with TPPM, SPINAL,,,
SPINAL,5, SW;-TPPM, sw}‘”"l -TPPM, and SW}"V-TPPM is plotted from left to right in each
trace. The left, middle, and right columns correspond to decoupling RF field strengths
of 20, 25, and 30 kHz, respectively. Decoupling with independently optimised phase for
each sequences is shown in top row. The phase values corresponding to spectra shown
in Figure are shown in Table SPINAL-64,; is more efficient than the originally
reported SPINAL-64,, at all RF field strengths. The performance of SW;-TPPM, SW}C””—

TPPM, and SW}”V-TPPM schemes are nearly the same with SW}”V-TPPM having an edge
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Figure 4.5: The intensity of the C, (top row) and C, (bottom row) peaks of MBBA plotted
as a function of the phase difference (2¢) obtained with SW}"V-TPPM (left column) and
SW}‘"”—TPPM (right column) sequences for decoupler RF field strength, v, of 20, 25,
and 30 kHz.
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over the others which becomes pronounced at higher RF field strengths.
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Figure 4.6: Spectral intensity comparison of the C, resonance of MBBA (at ~182 ppm)
for the decoupling sequences, TPPM, SPINAL,,, SPINAL,5;, SW,-TPPM, SW}“”I-TPPM,

and Sch”V-TPPM from left to right, in each trace. The left, middle, and right columns
correspond to decoupling RF field strengths of 20 kHz, 25 kHz, and 30 kHz respectively.
The top, middle, and bottom rows correspond to decoupling with optimised phases for
each sequence at each RF field strength, with compromise phase values that are differ-
ent for each of the swept TPPM sequences but the same for all RF field strengths, and
compromise phase values that are same for all the swept TPPM sequences for all RF
field strengths, respectively. The phase values for each of the decoupling sequences are
mentioned in Table

§

82

It is evident from Table that for various RF field strengths, the optimal phase
values differ for the swept TPPM sequences with the spectral comparison shown in the
top row of Figure Hence, a compromise has to be made between the conflicting

demands of optimum efficiency and optimisation of the method.
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In the first level of compromise, the same phase values at all RF field strengths were
used for each sequence but different phase for different sequences were taken. The
comparison is shown in the middle row of Figure and the phase values are given
in Table Comparison of top and middle row shows the lack of perceivable change,
especially at higher RF field strengths.

In the second, even grosser level of trade-off, all the swept TPPM sequences were
applied with same phase value at all RF field strengths. The results are displayed in
bottom row of Figure and phase values can be found in Table The compromise
phase values were chosen so that efficiency drop should not exceed 15% of the optimum
values. Comparison with the top row shows a small intensity reduction at lowest RF
field strength of 20 kHz. The phase values for each of the decoupling sequences are

mentioned in Table arranged in the order in which spectra were displayed.

Table 4.1: Phase difference, 2¢, for the various decoupling sequences corresponding to
the spectra shown in Fig.

2¢

Decoupling Sequence 20 kHz | 25 kHz | 30 kHz
TPPM 25° 30° 25°
SPINAL-64,, 20° 20° 20°
SPINAL-64; 30° 30° 30°
Top row | 35° 30° 40°
SW;-TPPM Middle row 35° 35° 35°
Bottom row | 40° 40° 40°
Top row | 40° 35° 35°
SW,"™-TPPM Middle row | 35° 35° 35°
Bottom row | 40° 40° 40°
Top row | 45° 45° 45°
SW"-TPPM Middle row | 45° 45° 45°
Bottom row | 40° 40° 40°
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4.3.5 Conclusions

Heteronuclear dipolar decoupling in the NMR of liquid crystals was revisited. For the
sample (MBBA) studied, SPINAL-64,. was found to be better than the commonly used
SPINAL-64,, for a range of RF field strengths. The application of swept TPPM sequences
designed for decoupling under MAS, namely, SW-TPPM, SW}“"I-TPPM, and SW{"'-
TPPM to the study of liquid crystals under static conditions at low RF field strengths
of 20-30 kHz was investigated. These sequences were chosen according to their superior
performance at lower MAS rates.

Heteronuclear dipolar decoupling sequences, besides providing enhanced intensity
for the resonances, should also be robust with respect to the experimental parameters
such as 'H off-resonance, pulse duration, and phase difference. The scheme should also
be routinely implementable on any spectrometer. Swept TPPM sequences satisfy these
requirements, except the criteria of insensitivity to pulse duration. The performance of
decoupling sequences with variation of pulse duration is presented in the next Section.

All the swept TPPM sequences delivered decoupling efficiency superior or compara-
ble to SPINAL-64,< with sw;‘”” -TPPM and SW}”V-TPPM often having the edge over the
others. The phase of modulated TPPM sequences, including SPINAL-64, needs to be
optimised for performance. The swept TPPM sequences have a larger bandwidth and a
common phase of 40° could be selected with minimal compromise on the efficiency of
decoupling. For heteronuclear dipolar decoupling in liquid crystals, SW}”"—TPPM with a

phase of 40° can be a method of choice.

4.4 Investigation of decoupling efficiency on liquid crys-
tals

Various aspects of heteronuclear dipolar decoupling for NMR applications on liquid crys-

tals are presented in this Section. It includes investigation of superior spectral perfor-
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mance of modulated TPPM sequences over TPPM.

4.4.1 Experimental

All experiments were performed on a Bruker AV500 MHz spectrometer with a 4 mm
triple-resonance CPMAS probe. 5-CB was used as liquid crystal sample and room tem-
perature (27°C) was maintained with moderate air-flow of 4.8 1/min. Spectra were ac-
quired with ramped cross-polarisation technique and heteronuclear dipolar decoupling

schemes were applied for 30 ms with an RF field strength of 30 kHz.

4.4.2 Unraveling the origin of resolution enhancement

An experimental investigation of decoupling sequences was done to understand the

mechanism of decoupling in liquid crystals under static conditions.
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Figure 4.7: A representative spectrum of 5-CB acquired with SW;-TPPM;5 decoupling
scheme. Numbering scheme is according to the structure shown in Figure Other
experimental parameters are mentioned in the text.

Figure [4.7| shows a representative spectrum of 5-CB obtained with SW;-TPPM; de-

coupling scheme. The resonances are marked with their chemical sites displayed in
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Figure C, and C, are taken for investigation of heteronuclear dipolar decoupling.
Figure|4.8|shows intensity of C, (right) and C, (left) resonances of 5-CB as a function
of pulse length for SPINAL-64,5, SW-TPPMj;s, sw}“"l-TPPMBS, and SW{"-TPPMjs. The
carrier was kept on resonance to C, in both comparisons. The sensitivity of decoupling
efficiency on pulse length can be clearly seen in both the comparisons. This is against
the observations under MAS, where modulated TPPM sequences were robust with pulse
length. The optimum pulse length for all decoupling sequences is around 16.3 us for

both resonances, which corresponds to a flip angle of 180°.
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Figure 4.8: Intensity of C, (CH,, on left) and C, (CH,, on right) resonances as a func-
tion of pulse length for SPINAL-64,5, SW-TPPMj;s, sw;“”l-TPPMBS, and SW{"-TPPMg;.
Other parameters are mentioned in the text.

A direct comparison of efficiency of various decoupling schemes can be seen in the
Figure Top row of Figure shows aliphatic region of 5-CB spectra acquired with
CW (marked with 1), TPPM;s (2), SPINAL-64,, (3), SW}“’”-TPPM25 (4), SW;-TPPM,;
(5), and SW}”V-TPPM25 (6) at an RF field strength of 30 kHz, keeping the carrier at on-
resonance to C,. Aliphatic regions of 5-CB spectrum is sufficient for current purpose.
CW is not able to resolve C, peak but this peak is clearly resolved with the application
of TPPM. The modulated TPPM methods do not offer visible intensity enhancement on

C, peak over TPPM but other resonances are significantly improved.
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Figure 4.9: Aliphatic region of 5-CB spectra acquired with CW (marked with 1), TPPM;
(2), SPINAL-64,, (3), sw}“"l-TPPlv[25 (4), SW;-TPPMy; (5), and SW™-TPPM,; (6) are
shown in top panel, keeping the carrier frequency on-resonance to C,. The bottom panel
shows the same comparison with higher phase for modulated TPPM sequences, i.e. CW,
TPPM, SPINAL-64,s, sw}“”l-TPPMgS, SW-TPPMj;5, and SW{"-TPPMss.
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Another set of spectral comparison with higher phases for modulated TPPM se-
quences was done keeping other parameters same as in upper row. Lower row of Fig-
ure shows spectra acquired with CW, TPPM;s, SPINAL-64,,,, SW}““I—TPPM%, SW, -
TPPM,., and SW}”V-TPPMSS. Intensity of C, peak is reduced slightly in this compari-
son but other peaks in the vicinity show visible enhancement owing to better 'H off-
resonance characteristics. This aspect will be explored towards the end of this Section.

It was observed in the study on MBBA that better 'H off-resonance leads to an
overall improvement in the spectrum, a possible critical 'H off-resonance behavior of
TPPM can explain limited effectiveness to only C, resonance. 'H off-resonance behav-
ior of TPPM was compared with modulated TPPM methods. Left panel in Figure |4.10
shows intensity of C, resonance as a function of 'H off-resonance with application of
TPPM;5, TPPM,s, SPINAL-64,,, swjf”l-TPPMgs, SW;-TPPMj;s, and SW{"-TPPMj; de-
coupling schemes. Right panel shows an inset of left panel, where the same comparison
is shown for a smaller range of carrier frequency. A critical dependence of TPPM per-
formance on 'H off-resonance can be noticed while modulated TPPM methods display

significantly larger bandwidth for 'H off-resonance.
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Figure 4.10: Intensity of C, (CH,) peak as a function of 'H off-resonance (Av (*H)) for
TPPM,s, TPPM,s, SPINAL-64,,,, sw}“”l-TPPMBS, SW,-TPPMj;, and SW{"-TPPMj;. Left
plot shows the comparison for a larger bandwidth and smaller bandwidth is shown on
right for enhanced clarity. Other parameters are mentioned in the text.



122 Heteronuclear dipolar decoupling sequences in liquid crystal applications

Figure shows the aliphatic region of 5-CB with TPPM decoupling with 'H off-
resonance varied in a region of 1 kHz. The top row shows the spectra obtained with
TPPM with phase difference of 25°, as a function of 'H off-resonance. The carrier fre-
quency is varied in absolute sense which is opposite to high-field convention adopted to
state chemical shift. The spectrum obtained with carrier frequency on-resonant to C, is
the third from right with C, and C, resonances marked on it. The bottom row compares
the performance of SPINAL-64, in the same set of paramters. Following the intensity
variation of C, resonance, critical 'H off-resonance behavior of TPPM can be noticed
and different 'H off-resonance positions for C, and C, resonances can be clearly noticed
in TPPM comparison. This set of comparisons highlights lack of sufficient bandwidth in

TPPM for decoupling in liquid crystals.

4.4.3 Interplay of off-resonance and phase

Modulated TPPM sequences give resolution enhancement over TPPM in liquid crystal
spectrum. SPINAL-64,: displayed larger 'H off-resonance bandwidth over originally re-
ported SPINAL-64,,. The optimum phase-difference for SW;-TPPM sequences for spin-
ning samples was around 25° but enhanced specral resolution for liquid crystal was re-
alised for higher phase difference values of around 40°. The 'H off-resonance bandwidth
was found to depend upon the value of phase difference, 2¢.

A systematic study on the interplay of the phase and 'H off-resonance bandwidth was
done, which is shown in Figure The intensity of C, peak of 5-CB was monitored
as a measure of decoupling efficiency. Figure shows the off-resonance behav-
ior of SPINAL-64,y, SPINAL-64,5, SW;-TPPM,s5, SW|"-TPPM,5, SW{"-TPPM,,, SW}“’”-
TPPM,., and SW}anl-TPPMArO. This comparison indicates improved 'H off-resonance
bandwidth for higher values of phase while the lower values are more efficient at on-
resonance. The reverse was also attempted, determination of optimum value of the

phase difference (2¢)) for various off-resonance positions. The comparison of decou-



4.4. Investigation of decoupling efficiency on liquid crystals 123

Av('H) = - 600: 200: 400 Hz
CYk Jh /J‘N

30 20 10 30 20 10 30 20 10 3 20 10 30 20 10
ppm ppm ppm

Figure 4.11: Spectral comparison (of aliphatic region of 5-CB) as a function of 'H off-
resonance (Av(*H)) for TPPM,. and SPINAL-64,.. 'H off-resonance is mentioned on
the figure in absolute sense, which is opposite to high field convention adopted in NMR.
C, and C, resonances are marked in the spectrum where carrier is on-resonant to C,.
Other parameters are mentioned in the text.
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Figure 4.12: Intensity of the C, peak of 5-CB obtained with various decoupling se-
quence. Plot (A) compares the off-resonance behavior of SPINAL-64,,, SPINAL-64,
SW-TPPM,5, SW™-TPPM,s5, SW{™-TPPMy,, SW}“”I-TPPMZS, and sw}“”l-TPPM4O. Plot
(B) shows the efficiency of decoupling as a function of phase for SPINAL-64, SW,-TPPM,
SWJI}“V-TPPM, and SW}“"I-TPPM under on-resonance condition. (C and D) The compari-
son of decoupling efficiency at off-resonance values of 400 and 800 Hz, respectively as a
function of phase for SPINAL-64, SWjZW—TPPM, and SW}‘””—TPPM. (B-D) share the same

set of legends for sequences where SPINAL-64, SW;-TPPM, SW|"’-TPPM, and SW}anl-
TPPM are denoted by inverted triangle (V¥), square (M), triangle (A) and circle (e),
respectively.



4.4. Investigation of decoupling efficiency on liquid crystals 125

pling efficiency of various sequences as a function of the phase difference (phase for
SPINAL-64) for on-resonance decoupling is shown in Figure[4.12B. Smaller phase values
are more efficient in this situation. Figures and show the same comparison
at off-resonance of 400 and 800 Hz respectively and combining with Figure the
optimum value of phase can be seen to move towards higher side with increase in 'H
off-resonance.

It may be noticed that SPINAL-64,, performs much better than SPINAL-64,5 at on-
resonance while the latter possesses larger 'H off-resonance bandwidth. Similar behav-
ior is observed with swept TPPM sequences e.g. SW-TPPM,, possesses significantly
larger 'H off-resonance bandwidth than SW;-TPPM,s, albeit with slightly lower inten-
sity at on-resonance. It can be noticed that SW;-TPPM sequences are more immune to
this trend than SPINAL-64. The insensitivity to off-resonance is important as any sys-
tem can have more than one '*C resonances which are sensitive to decoupling of 'H
nuclei. Larger 'H off-resonance bandwidth of swept TPPM sequences ensures an overall

improvement in sensitivity and resolution of the spectra.

4.4.4 Conclusions

The investigation of heteronuclear dipolar decoupling in liquid crystal sample of 5-CB
under static condition suggested insufficiency of TPPM scheme owing to its acute depen-
dence on 'H off-resonance. Modulated TPPM sequences possess a significantly larger
bandwidth compared to TPPM leading to overall enhanced spectral resolution.

The 'H off-resonance bandwidth of modulated TPPM methods depends upon the
phase of the modulation offering larger bandwidth at higher phase with loss of resolution
invoking for a compromise. Optimisation of pulse length for modulated TPPM sequences
was found to be crucial and a flip angle of 180° is recommended.

For heteronuclear dipolar decoupling applications in liquid-crystal NMR, SW}”V—TPPM

and SW}“"I-TPPM sequences are recommended with a phase difference of 30°-40°.
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4.5 Future directions

The modulated TPPM methods are shown to be more efficient on liquid crystal samples
than the TPPM scheme. These schemes consist of TPPM blocks and they owe their ef-
ficiency due to sweep of the phase modulation frequency. SW-TPPM was designed by
incorporating the adiabatic frequency sweep. The enhanced adiabatic method, SW¢,-
TPPM, was shown to be more effective on spinning solids. SW;,-TPPM might be more
effective on liquid crystals, and its superior performance is likely to be realised at lower
RF field strengths. Effective schemes at lower RF field strengths are needed as spectrom-
eter field for solid-state NMR applications are being pushed towards higher values by
their manufacturers.

The designs and principles of SW,-TPPM and SW,-TPPM schemes are explained in
Chapter |2, For implementation of SW,,-TPPM on static samples, the phase differences

might be set to higher values.



Chapter 5

Resolution enhancement of half-integer
spin quadrupolar nuclei by

heteronuclear dipolar decoupling

Nuclei having spin angular momentum larger than % are termed quadrupolar and they
constitute a large fraction of NMR active nuclei. These nuclei are important in the study
of inorganic materials which include minerals, catalysts, and zeolites as representative
examples. High-resolution spectrum is achievable in half-integer spin quadrupolar nu-
clei by echoing 2™ order quadrupolar interaction by Multiple Quantum MAS (MQMAS)
scheme [86]. Heteronuclear dipolar decoupling schemes can be applied then to fur-
ther enhance the resolution. This Chapter deals with the application of SW,-TPPM and

SPINAL-64 on quadrupolar nuclei.

5.1 Quadrupolar interaction

Quadrupolar interaction is the strongest interaction for nuclei having spin angular mo-
mentum, I > % These nuclei are non-spherical and their resulting electric quadrupole

moment interacts with electric field gradient of surrounding electric field. Main contri-
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bution of electric field surrounding the nucleus in an atom or molecule is the electronic
charge distribution. A symmetric charge distribution can lead to diminished quadrupo-
lar coupling of a nuclei. Electric origin of quadrupolar interaction makes it orders of
magnitude stronger than other internal interactions which are magnetic in origin. Often
quadrupolar interaction is even larger than amplitude of RF field strength, and thus,
quadrupolar transitions are normally not inverted by RF pulses.

Energy levels of a nucleus with spin I splits into 2I + 1 components under the influ-
ence of magnetic field, the m quantum number of these levels being —I,—I +1,---,I —
1,1. The influence of quadrupolar interaction is decided by the m quantum number
of these levels. Symmetry of Zeeman levels in the nucleus of half-integer spin leads
to simplified treatment of quadrupoles. It is exemplified in the absence of first-order
quadrupolar interaction for symmetric transitions as explained in Chapter |1 Symmetry
in the energy levels of half integer spins allows refocussing of second-order quadrupo-
lar interaction under simultaneous action of RF and MAS, the details of which will be
explained in Section An easily implementable technique MQMAS, which is ex-
plained in the next Section, exploits this scenario to achieve high-resolution spectra of
quadrupolar nuclei with half integer spin [86, 87].

Second-order quadrupolar couplings are averaged to zero under MQMAS scheme,
and contribution of other internal interactions dominates the linewidth of the spectrum.
Dipolar coupling of quadrupolar nuclei with an abundant nuclus becomes the major con-
tributor in the linewidth if the molecular composition allows this situation. The applica-
tion of heteronuclear dipolar decoupling schemes, like CW and TPPM, on the abundant
nuclei had shown promising resolution enhancement [96,97]. The application of more

sophisticated schemes, like SPINAL-64 and SW,-TPPM, is presented in this Chapter.
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5.1.1 The MQMAS scheme

The technique of MQMAS relies upon the absence of 1°* order quadrupolar couplings in
symmetric transitions (m < —m) for half-integral spins and 2"¢ order couplings are av-
eraged by a combination of MAS and RF pulses. Thus, the spectrum obtained with MQ-
MAS scheme is free from quadrupolar broadening and is called isotropic spectrum. MQ-
MAS involves evolution and refocussing of multiple-quantum coherences arising from
symmetric transition under MAS. The coherence order involved in an MQMAS scheme
decides the name of the variant, e.g. 3QMAS and 5QMAS. Many MQMAS variants for a
nuclei can exist as the largest coherence order is decided by the spin angular momentum
of the nuclei.

The basic scheme of MQMAS [86] is a two-pulse experiment, where the first pulse
creates coherence of all possible orders which evolves for an specific amount of time
and then the second pulse converts the coherences into observable single-quantum co-
herence. The desired coherence is selected by appropriate phase cycling. The 2" order
quadrupolar echo is obtained at a fractional multiple of evolution time and this multi-
plicative fraction is decided by the coherence order involved. Thus, position of echo is
a function of evolution period echo keeps getting shifted with the evolution of multiple-

quantum coherence, demanding for special methods of data processing.

5.1.2 The principle of MQMAS scheme

The form of first- and second-order quadrupolar coupling is given in Chapter [1| where
the absence of first-order quadrupolar coupling for symmteric transitions is explained.
Under MAS, the spatial part of second-rank quadrupolar term contains Legendre poly-
nomials with rank 0, 2, and 4. Thus, MAS is ineffective for second-order quadrupolar
broadening. Under special condition of the symmteric transitions, a simple expression is

obtained,



130 Resolution enhancement of quadrupolar nuclei by heteronuclear dipolar decoupling

vé(m, —m) = Z vé(a, B,7)C,(I,m)P;(cos B,,4) (5.1)
1=0,2,4

where P;(cos 0) is the Legendre polynomial of rank [, and C;(I, m) are the corresponding

coefficients. Their explicit forms are produced here:
Co(I,m) =2m[I(I + 1) — 3m?]
C,(I,m) =2m[8I(I + 1) — 12m? — 3]
C,(I,m)=2m[18I(I + 1) — 34m* — 5] (5.2)

The evolution undergone by a m <= —m spin coherence can be expressed in terms

of the phase accumulation, which is given by

¢ =v2mt + v Co(I, m)t +v(a, BIC,(I,m)Py(cos 0)t +v5(a, B)C,(I, m)P,(cos O)t
(5.3)
where 0 is the angle of rotation axis with respect to the static magnetic field, B,,. Isotropic
chemical shift of the spin is denoted by v“*, and C coefficients which are functions of spin
quantum number I and the order of excited coherence, M = 2m are described above.
The phase accumulation (¢) is a function of orientation (a and ) and this equation
describes the scenario for a single crystal. For a powdered sample, distribution of ¢
denotes the dephasing of quadrupolar coherence. This equation also shows 2m-fold
evolution of chemical shift under MQ evolution, thus CSA and heteronuclear dipolar

coupling will also evolve 2m-fold under MQMAS scheme, as pointed out by Duer [92].
In a 2D experiment in which an MQ coherence order evolves during t; and another
MQ coherence order evolves during t,, a spectrum free of anisotropic broadening is
achieved if phase accumulation is set to zero. Thus, an echo will be obtained in this

experiment when the following two conditions are satisfied.

vo(a, B)C,(I,my)Py(cos 0)t, +va(a, BICy(I,m;)Py(cos 0)t, =0 (5.4)
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Vé(a) ﬁ)C4(I, ml)P4(COS 9)t1 + Vé(az ﬁ)C4(I, m2)P4(COS 9)t2 =0 (55)

Any order of MQ coherences can be used in an MQMAS experiment, however central
transition is routinely chosen during t,, this being an observable coherence. This fixes m,
to 1 and refocussing condition for a nucleus of spin I where MQ of order m is correlated

with SQ, is given by
C4(I) ml)

1
C4(17 E)

9 =

f (5.6)

To conclude, an echo is formed at time t,, refocussing second-order quadrupolar
terms. As t, is not equal to t,, the position of echo is a function of t;. Shifting of echo
yields sheared peaks in the spectrum. Time proportional phase correction is employed

to obtain pure phase spectrum.

5.1.3 Improving the MQMAS scheme

Few modifications have been devised to obtain MQMAS spectrum free from phase dis-
tortion [88,89]. These methods essentially work by reconstruction of data either by
acquisition method (called isotropic-reconstruction) [88] or by modifying the pulse-
sequence (called split-t; or whole-echo) [89]. The details of the MQMAS and related

developments are summarised in recent reviews [90,91].

5.1.4 Enhancing the sensitivity of MQMAS scheme

The MQMAS scheme suffers from lack of sensitivity due to inefficient excitation of
multiple-quantum coherences and the subsequent conversion to observable single-quantum
coherence. Another reason for lack of sensitivity is the limited bandwidth of pulses to
excite energy levels broadened by strong quadrupolar interaction.

Many attempts were made to enhance sensitivity of MQMAS scheme by replacing

non-modulated pulses of the basic scheme by modulated pulses of various kinds. Modu-
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lated pulses possess better excitation profiles and significant sensitivity enhancement has
been reported by the application of Fast Amplitude Modulation [93], Double Frequency

Sweep [94], and Hyperbolic Secant [95] pulses.

5.1.5 Enhancing the resolution of MQMAS scheme

Quadrupolar nuclei are part of inorganic materials, and MQMAS is naturally suited to
the study of minerals. The spin half nuclei with large gyromagnetic ratios, 'H and '°F
are often part of molecular structure of inorganic materials and use of heteronuclear
dipolar decoupling methods were found to enhance resolution of MQMAS spectrum of
quadupolar systems.

Hanaya and Harris reported intensity enhancement with CW decoupling [96]. There-
after subsequent linewidth reduction with application of TPPM decoupling was demon-
strated by Lacassagne et al. [97]. In addition, m-fold dephasing by heteronuclear dipolar
coupling during m-quantum evolution in MQMAS scheme was suggested by Duer [92],
hence, it becomes even more important to use improved decoupling sequences. Al-
though SPINAL-64 demonstrated improved performance over TPPM, it was surprisingly
not attempted for MQMAS scheme. A detailed account of decoupling sequences has been
covered in Chapter 2| This Chapter deals with the study of SPINAL-64 and SW;-TPPM

decoupling schemes in MQMAS experiments.

5.2 Experimental

The experiments were performed on a Bruker AV500 MHz spectrometer equipped with a
triple-channel 4 mm probe. Gibbsite, A mineral of composition AI(OH)4 (basic aluminum
trihydroxide) was chosen to demonstrate the performance of the various decoupling
sequences. The molecular and crystal symmetry of gibbsite is monoclinic and C21/c

respectively [98]. Two crystallographically inequivalent aluminium sites are present



5.2. Experimental 133
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t1 Techo 19t1/12 tz
27A1
> QMAS t, 25t,/12
27A1 + Techo

Decoupling Sequence

Figure 5.1: Schematic of 3QMAS and 5QMAS scheme on %’Al nuclei with 'H decou-
pling. Suitable phase cycling of ¢, and ¢, is needed to choose the desired coherence
order during t; evolution. A 180° pulse of phase is applied (on central transition, de-
noted by ¢,) to shift the position of echo by 7,.,, 2.5 ms in the study presented. Split-t,
with whole-echo acquisition was adopted for spectral acquisition, which distinguishes
between positive and negative coherence orders and this aspect is shown in the coher-
ence selection pathway. In a nuclei of spin g, this scheme selects +5 and —3 quantum
coherences, pathways for these are drawn in thin and thick lines respectively. 'H decou-
pling was applied from the first pulse of the MQMAS scheme.
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(denoted by A and B) which form layers of edge-sharing AI(OH)4 octahedra to produce
the stacked layer sequence AB BA AB BA ---. The hydroxyl groups of the adjacent lay-
ers are situated directly opposite to each other creating a large bath of protons which
are strongly dipolar coupled among themselves and with the Al nuclei in the structure.
The structural distinction, quantification, and unambiguous assignment of the structure
building octahedral aluminium environments of gibbsite have been made through MAS
and 3QMAS NMR and ab initio quantum-chemical calculations [99]. They have lead to
the characterisation of the two octahedral Al sites in terms of the chemical shielding and
quadrupole interaction parameters.

Split-t;-shifted echo [89] method was used to obtain ?’Al MQMAS (3QMAS and
5QMAS) spectra of gibbsite at 10 kHz of MAS. The excitation and conversion pulses were
applied at a central-transition nutation frequency of 60 kHz whilst the central-transition
selective 180° pulse to shift the echo was applied at a central-transition nutation fre-
quency of 6 kHz. 10 ms of acquisition time was taken along the direct dimension. The
t; increment was 20 us for both 3QMAS and 5QMAS with 80 and 60 t; increments re-
spectively. Optimal durations of excitation and conversion pulses for 3QMAS were 3.8
and 1.7 us respectively whereas they were 3.2 and 2.1 us for 5QMAS experiments. The
3QMAS and 5QMAS experiments respectively had 48 and 80 transients for each t, incre-
ment and the decoupling was applied from the first pulse of the MQMAS scheme. All the
experiments were performed at MAS frequency of 10 kHz. The RF field strength of 'H
channel was calibrated by nutation experiment on adamantane. A pictorial schematic of

the implementation of decoupling in MQMAS is shown in Figure 5.1

5.3 Results and discussion

In 3QMAS and 5QMAS spectra acquired without application of 'H decoupling, consid-
erably weak intensities for unresolved %’Al sites were obtained. Two distinctly separate

27 Al sites were obtained with 'H decoupling.
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Upper row of Figure is a comparison of the isotropic projection of the 3QMAS
spectra of gibbsite with the decoupling sequences being (from left to right) CW, TPPM,
SPINAL-64, and SW;-TPPM. The peak intensity increases by approximately two-fold
from CW to TPPM. With SPINAL-64 or SW-TPPM decoupling, further intensity en-
hancement of 20% is achieved over TPPM. Lower row of Figure shows the same
comparison for 5QMAS spectra of gibbsite. The separation between two 2’Al sites is
larger here than in the 3QMAS spectrum, owing to isotropic shift contribution from
second-order quadrupolar interaction. An additional peak (marked with asterisk) is the
spinning sideband of the more intense peak. For the low field chemical site, the inten-
sity enhancement for SW;-TPPM over TPPM is around 8%, whereas SPINAL-64 offers
lesser advantage. An improved shape with larger intensity is obtained for resonance
with higher chemical shift.

The duration of 180° pulse for RF field strength of 90 kHz is 5.505 us and optimum
pulse length for 'H decoupling at 90 kHz of RF field strength came out to be 5.5, 6.1,
and 6.1 us for TPPM, SPINAL-64, and SW,-TPPM, respectively. The optimum flip angle
for modulated TPPM sequences is significantly higher than 180°. This can be explained
by the loss of B, intensity owing to the ionic nature of gibbsite.

Figure shows the efficiency comparison of decoupling sequences applied at RF
field strengths of 80 and 100 kHz for 3QMAS spectra of gibbsite. Intensity enhancements
of 15% and 22% over TPPM with the application of SW;-TPPM and SPINAL-64 are
achieved at RF field strengths of 80 and 100 kHz respectively. Pulse length of decoupling
sequences was optimised while optimum values of phase and offset were taken from
earlier investigation. The optimum pulse length for TPPM, SPINAL-64, and SW,;-TPPM
came out to be 6.8, 7.4, and 7.4 us respectively for 80 kHz and 5.1, 5.5, and 5.5 us for
100 kHz of RF field strength. These values are again the signature of ionic character of
gibbsite.

Robustness of the decoupling schemes on 3QMAS scheme at RF field strength of 90
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Figure 5.2: Isotropic projections of the ?’Al 3QMAS (upper row) and 5QMAS (lower
row) spectrum of gibbsite obtained with CW, TPPM, SPINAL-64, and SW;-TPPM are
shown from left to right. The decoupling RF field was applied on 'H spins with an
strength of 90 kHz. The optimal values of T for TPPM, SPINAL-64, and SW;-TPPM were
5.5, 6.1 and 6.1 us, respectively, while 2¢p was 15°, 10° and 25°, respectively, with the
phase increment in SPINAL being 5°.
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Figure 5.3: Isotropic projections of the 2’ Al 3QMAS spectrum of gibbsite obtained with
TPPM, SPINAL-64, and SW;-TPPM are shown from left to right with an RF field strength
of 80 kHz on upper row of spectra and 100 kHz on the lower row of spectra.
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Figure 5.4: Robustness comparison of various decoupling sequences for Al 3QMAS
spectra of gibbsite. The intensity of isotropic projection of 3QMAS spectra (more intense
peak) of gibbsite is plotted as a function of misset of parameters for TPPM, SPINAL-64
and SW;-TPPM. The top, middle, and bottom plots compare the robustness with respect
to pulse length (), phase difference (2¢), and 'H off-resonance (Av (*H)) respectively.
The decoupling RF field was applied on 'H spins with an strength of 90 kHz.
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kHz was also studied. Peak height of the more intense peak in the 3QMAS isotropic
projection was monitored when various experimental parameters were changed from
their optimal values. Figure [5.4] shows the intensity plotted as a function of the pulse
length (1), the phase difference (2¢), and the 'H off-resonance (Av(*H)) for various
decoupling schemes. Relatively minor changes in the intensity of the monitored peak
with the variation of experimental parameters suggest SW,-TPPM to be more robust than
the other decoupling schemes.This observation is consistent with observations under

MAS for spin % nuclei.

5.4 Conclusions

Experimental investigation shows that heteronuclear dipolar decoupling may be essen-
tial in certain half-integer spin quadrupolar systems. In such circumstances, the use of
sophisticated decoupling schemes will be of great help and SW,-TPPM sequence outper-
forms the commonly used decoupling sequences in terms of both efficiency and robust-

ness.






Chapter 6

Study of heteronuclear dipolar

decoupling for HRMAS experiments

Soft condensed matter is a category of solids which are neither rigid nor aligned. Its
NMR behavior stands between rigid solid and liquid crystal. A separate class of NMR ex-
periments, High-Resolution Magic Angle Spinning (HRMAS), has emerged for the study
of soft condensed matter.

This Chapter covers the study of decoupling sequences for HRMAS experiments,
which is gaining in popularity as it is applicable to a wide class of soft condensed mat-
ter ranging from tissues on the one hand to synthetic polymers on the other. These
materials are spun at low spinning frequencies (~ 5 kHz) and do not tolerate high RF
field strengths. Especially in systems with intrinsic motion, decoupling of the 'H spins
is achieved at smaller RF field strengths compared to the case in rigid samples. This
scenario is similar to the case of liquid crystals where both SW,-TPPM and SPINAL-64
have been shown to be effective in Chapter 4 The presence of motion in the system

makes cross polarisation an inefficient process.
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6.1 Study on regular rubber band

Naturally found rubber is a polymer of isoprene, with molecular weight in the range of
100-1000 kDa. Regular rubber band is prepared by adding some additives to modify the

characteristics. It is a known sample for HRMAS experiments.

6.1.1 Experimental

The rubber band was packed tightly in a 4 mm rotor in order to spin the sample. The
sample was spun at 2 kHz and heteronuclear dipolar decoupling schemes were applied
with 50 kHz of RF field strength. The spectra were acquired on a Bruker AV500 MHz
spectrometer using a triple-resonance 4 mm probe. Signal from a 90° pulse was acquired

with 'H decoupling.

6.1.2 Results and discussion

Figure shows the *C NMR spectrum of rubber which consists of five lines. Spectrum
shown on the top is obtained without 'H decoupling and the bottom spectrum is obtained
with SW;-TPPM decoupling scheme. All lines are significantly broad (typical broad lines
as in powder) in the spectrum without 'H decoupling and considerable narrowing takes
place with SW,-TPPM decoupling scheme.

Resonances of 'C spectrum are assigned assuming it to be an isoprene polymer.
Molecular structure of the isoprene unit is also shown in Figure 13C resonance with
the smallest chemical shift normally belongs to CH; group which possesses methyl ro-
tation leading to averaging of anisotropic interactions and are unaffected by heteronu-
clear decoupling. The decoupling efficiency on regular rubber band was made on Cg
resonance. Figure shows the intensity variation of C; peak with phase difference
(left plot) and pulse length (right plot) for TPPM, SPINAL-64, and SW,-TPPM. A ran-

dom variation of intensity with these parameters for decoupling sequences is against the
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140 120 100 80 60 40 20 ppm
Figure 6.1: '*C spectrum of regular rubber band obtained without 'H decoupling shown
on top while the bottom spectrum is obtained with SW;-TPPM decoupling applied on
abundant nuclei. Broad spectra was acquired with larger number of scans and processed
with smaller number of data points to improve the appearance. Width of peaks are
unaffected by processing.
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Figure 6.2: Comparison of various decoupling sequences on rubber band. The variation
in the intensity of the peak labeled 5 in the spectra of rubber-band (Figure obtained
with TPPM (H), SPINAL-64(A), and SW;-TPPM(e) decoupling is plotted as a function
of the phase difference (2¢) on the left and pulse length (1) in the right.
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observations on spinning rigid samples and static liquid crystals. Unlike in the case of
rigid solid and liquid crystal, performance of phase modulated sequences are unaffected
with pulse duration and 'H off-resonance. The mechanism of decoupling with phase
modulated methods suggests a clear maxima with smooth rise and fall of intensity on
either side of it. The random efficiency variation of TPPM based sequences with pulse
length indicates the ineffectiveness of phase modulated decoupling.

The investigation of heteronuclear dipolar decoupling on regular rubber band sug-
gested the need of decoupling for HRMAS experiments. However, the mechanism of
phase modulation seems to be ineffective. Further investigation of heteronuclear dipo-

lar decoupling is done on a synthetic polymer sample.

6.2 Study on a synthetic polymer

Another investigation of heteronuclear dipolar decoupling for HRMAS experiments was
done on a synthetic polymer sample. A block-copolymer named F-127 was used to study
heteronuclear dipolar decoupling for HRMAS studies. It is a mixed polymer of Ethylene-
Oxide (EtO) and Propylene-Oxide (PrO) with the composition (EtO);qq-(PrO)es-(EtO) ;0

and has the molecular weight of 12,600 daltons.
2 2 1 1 2 2
-(O—CHj- CHZ—O)X—((|)—CH— CH;~0O)~(O—CH~CH-0),-
CH,
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T T T T
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Figure 6.3: The structure and a representative *C spectrum of F-127. SW;-TPPM de-
coupling scheme was applied on 'H spins.
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6.2.1 Experimental

The sample was spun at 4 kHz and an RF field strength of 20 kHz was applied to effect
heteronuclear dipolar decoupling. A 90° pulse was applied on the *C channel, the
signal of which was acquired with 'H decoupling. The experiments were performed on

a Bruker AV500 MHz spectrometer using a triple-resonance 4 mm probe.

6.2.2 Results and discussion

The structure and *C NMR spectrum of F-127 consisting of three lines is shown in Fig-
ure along with the resonance assignment. As found earlier with regular rubber band,
all lines were significantly broad (typical broad lines as in powder) when not decoupled.
Decoupling with sophisticated schemes (TPPM, SPINAL-64, and SW,-TPPM) lead to no
pronounced resolution enhancement over simple CW scheme. The intensities of the
spectral lines when the pulse duration, 7,, and the decoupler offset, Av (*H), were var-
ied is shown in Figure It again indicates ineffectiveness of decoupling mechanism

of phase modulation.
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Figure 6.4: Comparison of various decoupling sequences on F-127. The variation in the
intensity of the peak labeled 2 in the spectra of F-127 (Figure obtained with TPPM
(M), SPINAL-64(e), SW;-TPPM(A) and CW (V; only on the right panel) decoupling is
plotted as a function of the pulse length () in the left plot, and the 'H off-resonance
(Av(*H)) in the right plot.
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There are no marked intensity differences amongst the various sequences and the
observed maximum deviation in intensity in these plots is of the order of 15% indicating

that the use of sophisticated decoupling schemes is not mandatory for such samples.

6.3 Conclusions

Study on regular rubber band and F-127 suggested the ineffectiveness of phase modu-
lation for heteronuclear dipolar decoupling. Thus, sophisticated heteronuclear dipolar
decoupling schemes are not needed for HRMAS experiments and simple CW scheme can
be used without significant loss in sensitivity. The small loss in resolution is more than
compensated by the time saved for optimisation of sophisticated decoupling sequences.

These observations can be attributed to the partial averaging of the anisotropic in-
teractions due to the motion present in the system. It is also true that at low spinning
frequencies the interference of the sample spinning on the RF pulse schemes used for de-
coupling is rather limited. To conclude, at the low spinning speeds under consideration
for HRMAS experiments, CW decoupling competes favourably with the other schemes

which have more complicated modulation profiles.
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