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Abstract

With the development of technology and improved understanding of nuclear spin-spin in-
teractions and their behavior in static/oscillating magnetic fields, NMR spectroscopy has
emerged as a powerful tool for characterizing molecular structure in wide range of systems
of chemical, physical and biological relevance. Here in this thesis, employing the concept
of effective Hamiltonians, an analytic theory is introduced to describe transitions in a
multi-level system in nuclear magnetic resonance (NMR) spectroscopy. Specifically, the
discussion is centered towards the treatment of selective and non-selective excitations in
static single-crystal and magic angle spinning (MAS) powder sample in quadrupolar spin
(I > 1/2) systems. Employing the spherical tensor formalism, effective radio-frequency
(RF) Hamiltonians are proposed for describing transitions in /=1, 3/2 and 5/2. The
optimum conditions desired for selective excitation in a multi-level system are derived
pedagogically from first principles and presented through analytic expressions. As an
extension of this approach, multi-quantum (MQ) excitation in quadrupolar systems is
discussed. Since M@ NMR spectroscopy of quadrupolar nuclei forms the basis for struc-
tural characterization of inorganic solids and clusters, we believe that the analytic theory
presented herein would be beneficial both in the understanding and design of MQ NMR

experiments.
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Chapter 1

Introduction

1.1 Background

Recent technological advancements and innovations in methodology have established nu-
clear magnetic resonance'™ (NMR) as one of the most reliable spectroscopic tools avail-
able for determining molecular structure® both in ordered and intrinsically disordered
systems. 14 In comparison to other forms of spectroscopy, the phenomenon of NMR 1>
results from an intrinsic quantum mechanical property, commonly referred to as ‘spin’?’ %
and characterized through 27 + 1 spin states (‘I’ represents the nuclear spin quantum
number). To induce appreciable transitions, presence of an external magnetic field?° is
necessary to lift the degeneracy of the nuclear spin states. Subsequently, transitions be-
tween nuclear spin states are induced by employing oscillating magnetic fields'™ with
frequencies in the radio-frequency (RF) region of the electromagnetic (EM) spectrum.
Nevertheless, the smaller energy gap between the nuclear spin states renders NMR, spec-
troscopy, a less sensitive tool in comparison to other available spectroscopic techniques.
In spite of this inherent limitation, the versatility (and uniqueness) of NMR spectroscopy
lies in the flexibility that it provides in the design of experiments through careful control
and manipulation?” of the spin interactions at the atomic level. In particular, the nuclear
spin interactions play an important role in defining the utility of NMR as a molecular
probe. The information characterizing the chemical surroundings of the desired nuclei
under investigation, depends on the availability of high-resolution spectrum.?® In general,
the resolution of the NMR spectrum depends on the state of the sample?”° in addition
to the spin quantum number of the nucleus under investigation. For example, in the case
of a liquid sample, the inherent molecular motion renders the spin interactions isotropic
and results in sharp, narrow spectra. On the contrary, the restricted mobility in the solid

state renders the spin interactions anisotropic and results in broad spectra.

Depending on the magnitude of the spin quantum number of a particular nucleus, the



nature of the spin interactions vary. For spin-1/2 nuclei, the spin interactions mainly
comprise of the dipole-dipole interaction between spins, chemical shift anisotropy (CSA),
indirect spin-spin interaction (J-coupling), etc. Due to rapid molecular tumbling mo-
tion, the dipolar interactions in the liquid state are averaged to zero. With the ad-
vent of Magic angle spinning®*” (MAS) and other sophisticated double resonance and
multiple-pulse experiments such as cross-polarization®**° (CP) and hetero-nuclear decou-
pling**~*% methods, the differences between solution and solid-state NMR, (ssNMR) of
spin 1/2 nuclei have narrowed down in recent years.*”°! These developments, together
with the continuing advances in NMR hardware and software, have facilitated molecular
level structure determination of materials (of both chemical and biological relevance) in

the solid-state. %4

In spite of this tremendous success, the advancement of NMR methodology in quadrupo-
lar nuclei (nuclei with 7 > 1/2) is only marginal. Since, 70% of the nuclei in the periodic
table possess spin quantum numbers greater than 1/2, the NMR study of such nuclei be-
come relevant. In contrast to their spin 1/2 counterparts, nuclei with spin I > 1/2 possess
a non-spherical distribution of charge around the nucleus leading to an intrinsic property,
commonly referred to as the “quadrupole moment".”> The interaction between this non-
symmetrical charge distribution around the nucleus with the electric field gradients (EFG)
resulting from the local charge distribution in a molecule (created by surrounding elec-
trons) is referred to as the “quadrupolar interaction'.*”*?77 In contrast to other internal
spin interactions, the quadrupolar interactions are stronger and are primarily responsi-
ble for the observed line broadening. Interestingly, the rapid molecular tumbling motion
present in liquids diminishes the impact of the quadrupolar interactions in solution NMR.
Nevertheless, quadrupolar interactions do have a prominent role on the 7} and 75 relax-
ation times of nuclei in the solution state.?® In the past, de novo structure determination
(biological systems in particular) was primarily centered around studies involving spin
1/2 nuclei.*°® The dipolar interactions in particular, have remained the main source
for providing molecular constraints such as intramolecular distances (**C'—13C, 13C' —15N)
and molecular torsion angles.”? 94029 In a typical multidimensional solid-state NMR (ss-
NMR) experiment involving spin 1/2 nuclei, the spatial averaging effect of MAS is partially
compensated through multiple-pulse schemes during selected periods of time (or dipolar
mixing time), resulting in the reintroduction of dipolar interactions without compromising
the spectral resolution afforded by MAS. %% Depending on the nature of the experiment,
the dipolar interactions are reintroduced in a controlled fashion.® ™ A detailed account

69-74

of such experiments is well documented in the literature and would not be elaborated

upon any further in this thesis.

Alternatively, we shall confine our discussion to the quadrupolar interactions encoun-

tered in the study of quadrupolar nuclei. Many interesting systems (such as biological
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molecules, catalysts, glasses, metals, semiconductors, superconductors and other advanced
materials) of importance containing quadrupolar nuclei are insoluble in typical solvents
and/or lose their structure on dissolution. In cases where these materials are soluble in
liquids, rapid molecular tumbling averages the nuclear quadrupolar interactions result-
ing in broad, uninformative NMR peaks. Hence, their characterization in the solid state
is mandatory. Furthermore, ssNMR spectra of quadrupolar nuclei (in contrast to their
spin 1/2 counterparts) are extremely sensitive to the inherent dynamical changes in the
molecular structure. Very often, the dynamical changes taking place in the structure are
monitored through the changes in the NMR line shapes and the chemical shifts of the
participating nuclei. In the case of spin 1/2 nuclei, the observable dynamical time scale is
limited to the milli-seconds regime (often decided by the dominant interaction present in
the system), while dynamical processes occurring at faster time scales (in the range of few

micro-seconds) could well be studied using quadrupolar nuclei as molecular probes.

To realize these objectives and beyond, it is important to quantify the line-shapes of
quadrupolar nuclei.*”""® This in turn, requires spectral resolution, which in the case of
quadrupolar nuclei is obscured by the presence of the dominant quadrupolar interactions.
To this end, special techniques such as Variable Angle Spinning”"™ (VAS), Double Ro-
tation™ (DOR) and Dynamic Angle Spinning®*®*? (DAS) were introduced in the past to
improve the spectral resolution of quadrupolar nuclei. Due to technical limitations and the
degree of sophistication required, such techniques could never be implemented with the
available NMR hardware. To overcome this limitation, Frydman and co-workers proposed
the multi-quantum (MQ) MAS (MQMAS) experiments®*** for acquiring isotropic spectra
of quadrupolar nuclei with traditional NMR hardware. The MQMAS technique® 7 is
essentially a two-dimensional experiment, that provides a correlation between the second-
order quadrupolar shifted isotropic chemical shifts in the indirect dimension (or MQ
dimension) with that of the second-order quadrupolar powder pattern in the direct di-
mension. The local structural information contained in the electric field gradients (EFG’s)
of the individual sites is deduced from the resolution obtained in the MQ dimension. Al-

85,88-97

though, such an approach seems very viable, the poor excitation efficiency of the

87,88,93,94,98-101 6 detectable single-quantum (SQ) co-

MQ coherences and its reconversion
herence, seems to be the major limiting factor. The multi-quantum (MQ) coherences
are quite important not only for MQMAS experiments of half-integer quadrupolar nuclei,
but also for X-1“N HMQC type of experiments.'??"1%* Since measurements in NMR are
carried out on bulk samples, the efficiency of excitation depends on contributions from
the individual crystallites present in a polycrystalline sample. In a typical powder sample,
the presence of anisotropic interactions such as CSA, dipolar and quadrupolar interac-
tions results in a distribution of resonance frequencies leading to the so-called “powder

spectrum”. In such cases, the excitation profile and the overall excitation efficiency of a



particular transition depends on several parameters that includes the type of anisotropic
interaction, its magnitude relative to the amplitude of the RF fields, the pulse duration

besides the sample rotor period in MAS experiments.

In cases where the amplitude of the RF fields employed in the excitation pulse exceeds the
magnitudes of the internal interactions present in the system, uniform excitation similar
to those obtained in the solution state is possible, at least in principle. Such idealized
conditions are less practical in the NMR studies involving quadrupolar nuclei. Addi-
tionally, the presence of multiple levels in the quadrupolar spin system, only adds on
to the complexities involved in the excitation process. For example, in the case of half-
integral quadrupolar spin systems, the line broadening effects arising from the first-order
quadrupolar interactions are avoided when the excitation is confined either to the cen-
tral or the symmetric MQ transition (of highest order) present in the system. However,
both the central and MQ transitions are influenced by second-order quadrupolar inter-
actions and the information about the local environment contained in the EFG tensors
are obtained by quantifying the second-order quadrupolar interactions manifested in such
transitions. Despite its success in improving the resolution in the MQ dimension, the
utility of MQMAS experiments depends on the extraction of the quadrupolar coupling
constant and asymmetry parameters from the experimental data. This in turn, requires
a formal understanding of the response of the system (say quadrupolar nuclei) under an
RF pulse.

29,105-108

In the past, several theoretical approaches based on fictitious spin operators and

109-124 were proposed to address this issue. In par-

spherical tensor operator formalisms
ticular, fictitious spin operator formalism has been employed extensively for describing
selective excitations!”® in a wide range of quadrupolar systems.!Y%107%:1257130 However, a,
rigorous description of the spin dynamics under MAS conditions has not yet been reported
in the literature. This has been the main motivation behind this thesis. As an alternative,
a solution in the form of effective Hamiltonians is proposed in this thesis for describing
the evolution of the system under RF pulses under different experimental conditions. The
differences in the excitation conditions in single crystals and polycrystalline sample are
investigated and optimum excitation conditions are derived both in spinning and non-

spinning regimes. A brief outline of the thesis is presented in the following sections.

2. Objectives and Motivation

To quantify the experimental data in NMR experiments involving quadrupolar nuclei,
systematic investigation of the quantum evolution of the system during the pulse and
free evolution under MAS conditions is mandatory. To realize this objective, a formal

theoretical framework based on spherical tensor formalism is presented in this thesis.
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To explicate the inconsistencies in the notations and conventions, the spherical tensor
formalism is revisited and a consistent framework for the representation of the spatial
and spin tensor operators is presented. Employing the spherical tensor formalism, ef-
fective radio-frequency (RF) Hamiltonians are proposed to describe both single-quantum
(SQ) and multi-quantum (MQ) transitions in quadrupolar systems under static and MAS
conditions. Below, we give a briefly outline the general methodology adopted in this

thesis.

1.2 Methodology

In quantum mechanics (QM), depending on the state of a system the response of a sys-
tem is studied using either the Schrodinger equation or through the Quantum-Liouville
equation.’ When the state of a quantum mechanical system (comprising of single or
collection of identical systems) is represented through a single wave-function, the time-
evolution of the system is described through a simple linear differential equation proposed

by Schrédinger:

dlo(n)
i = H(t) 6 (1) (L1)

In the above equation |1(t)) represents the state of the system after time ‘t’ and H () is
the Hamiltonian of the system. The solution to the above differential equation is given
by,

() = Ut to) [¢(to)) (1.2)

where [¢)(t9)) is the initial state of the system at time t = ¢, and U(¢,t) is the evolution

operator,

Ult,to) = Texp(—; / H(t)dt') (1.3)

In Eq. (1.3) ‘T” represents the Wick-Dyson time ordering operator,'*>!'#3 and orders the
Hamiltonian H(t) at different times such that only products ... H(t3)H (t2)H (t1) with ...
t3 >ty > t; are allowed. Since, the state of a quantum mechanical system is not defined
(prior to measurement), the state function [¢(t)) is often expanded in terms of a complete

orthonormal basis |p;) as given below,
[(8)) = D_ci(t) es) (1.4)
j

>



Subsequently, the expectation value of any observable at time ‘t’ is calculated using the

standard expression

O] olv (1)
©) = ) (15)

Since measurements in NMR spectroscopy are made on bulk sample, a single state func-
tion does not suffice to provide a complete description. Often, the state of such a system
(comprising of a collection of identical quantum mechanical systems) is said to be in a
mixed state. From a theoretical standpoint, it would be impractical to calculate a macro-
scopic property (such as spin polarization) by handling the state function of each spin
individually and summing the results over the entire ensemble. In such cases, the den-
sity operator formalism is employed in quantum mechanics (and in particular in NMR
spectroscopy) to study the evolution of a system.'**1%6 To present a reasonable depiction
of the system, the idea of describing the states of individual spins is abandoned in favor
of a description for the entire ensemble. Operationally, the state of the entire ensem-
ble is described (through p(t)) by defining an average over the entire ensemble as given

below,

p(t) = [(1)) (Ve (t)] = Zps 7)) (¥°(1)] (1.6)

Employing a suitable basis (the choice of which is dependent on the problem of interest),

the density operator for a system is constructed as described below,

)= 3 p 3 S0 (1) ) o

(e (1) ;) (@l (1.7)

p]l |SOJ |

In Eq. (1.7), p;y(t) = ¢;(t)cj (t) represents the elements of the density matrix. The diagonal

p)
elements p,.(t) = ‘cj(t)’ of the density matrix are the populations of the corresponding
states, while the off-diagonal elements p;(t) = ¢;(t)cj(t) are known as coherences.***%?
When the off-diagonal elements are non-zero, the states |p;) and |p;) are statistically
correlated. The coherence order between spin states |¢;) and |¢;) is given by the difference

of corresponding magnetic quantum numbers(m) as given below,

My =m; —my (1.8)



When an external magnetic field is applied to an ensemble of spins at a temperature
‘T, the coherence between states with differing energies are absent and the populations
define the probability of finding the system in a given energy eigenstate. Subsequently,
employing the Boltzmann distribution, the equilibrium density operator for a system at

a given temperature ‘T’ is defined by,

Peq(t) = Aexp(—H/kgpT)

= Aexp(—BH) (19)

1
Tr{exp(—BH)}

temperature (kg = 1.3807 x 1072 JK~! is the Boltzmann constant). Under the high-

temperature approximation (generally fulfilled at room temperature), expanding and ne-

where A = and B = 1/kgT is called the thermodynamic beta or the inverse

glecting the higher order terms in B, a truncated form of the above equation is employed

as indicated below,
p“(t) ~ A(I — BH) (1.10)
In the high temperature limit, the value of A is equal to,

_ 1 _1
with ‘n’ denoting the dimension of the system. Since the Zeeman interaction (Hamil-
tonian) is dominant (proportional to I,), the density operator at thermal equilibrium

(neglecting the Identity operator) is usually represented by,
(1) = 1. (1.12)

Employing Eq. (1.6) in Eq. (1.1) the evolution of the quantum mechanical system is
described by,

ih®0 = [H(t), p(t)] (1.13)

This differential equation is commonly referred to as Liouville- von Neumann equation '

or more simply density operator equation and is of central importance for calculating the

dynamics of quantum mechanical systems. 7131137140



Analogous to Eq. (1.3) the formal solution to the Liouville equation is represented by,

p(t) = U(t,to)p(to) U (t, o)

; ¢ ; L 1.14
= Texp(— / H(#)dt')plto) exp(y / H(t')adt') .

to

In cases where the Hamiltonian is time-independent, the solution reduces to a much

simpler form as illustrated below,

p(t) = exp|—4 H(t — to)]p(to) expl H(t — to)] (1.15)

In contrast to Eq. (1.5), the expectation value of an observable is calculated employing

the following equation,
(o) = Tr[p(t).o] (1.16)

When the Hamiltonian is explicitly time-dependent (refer to Eq. (1.14)), analytic descrip-
tion of the time evolution becomes complicated. In such cases, the standard approach
involves a description based on numerical methods. In the numerical approach, the evo-
lution under a time-dependent Hamiltonian is approximated through a description that
involves a series of time-independent Hamiltonians defined at shorter time-scales. Accord-
ingly, the total evolution of the system is expressed as a product of the evolution at shorter
times through the solution described in Eq. (1.15). Although, such methods yield accurate

results, they are of less utility in the design and optimization of experiments.

To this end, development of analytical methods has remained a major pursuit for sev-
eral decades. 11417146 I the analytic based methods, the time-evolution of the system
is described through a time-averaged Hamiltonian under certain approximations. In
NMR spectroscopy, analytical methods are based on (1) Average Hamiltonian theory
(AHT) 719 (2) Floquet theory. '™ In the AHT framework proposed by Waugh and Hae-
berlen, the evolution of a system under time-dependent Hamiltonians is described through
a time-averaged Hamiltonian that is derived based on the Magnus expansion 471517193 for-
mula for time-dependent equations. By contrast, in Floquet theory, the time-evolution is
described in terms of time-independent Hamiltonians defined in an infinite dimensional

143,154-159

vector space. Employing the contact transformation procedure, the dimension-

ality of the problem in the Floquet calculations are alleviated through the concept of

effective Hamiltonians. 143,160-16

2 Here in this thesis, we confine our discussion to Floquet
based methods for describing the dynamics of quadrupolar nuclei under RF fields. In
the following Section 1.2.1, we list the analytic methods employed for studying the time

evolution of a system (1/2) under different experimental conditions.
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1.2.1 Concept of effective Hamiltonians

To, illustrate the effective Hamiltonian approach, a pedagogical description of the ‘spin
dynamics’ is presented with an isolated spin / = 1/2 nuclei as an example. The Hamilto-

nian for an isolated spin (I = 1/2) system is represented by,

H = hwol, + hwyoigol, + 2wy coswt I,
——
Hyz HC,iso Hrr

(1.17)
= hw.I, + 2hw; coswt I,
—— N———

Hzc Hgrr

with H; denoting the Zeeman interaction, Hc s, the isotropic chemical shift and Hrp

the interaction of the oscillating RF field with the spin system.

In the above equation wy = —vBj represents the Larmor frequency, w, the chemically
shifted Larmor frequency, w;s, = —0;s, 7By the isotropic chemical shift, w the carrier
frequency and w; the amplitude of the oscillating field. To describe the effects of the

oscillating field, the Hamiltonian is transformed into a rotating frame,
H=UHU" (1.18)

where U = exp(il,wt). When w = wy the rotating frame Hamiltonian has both a longitu-

dinal as well as transverse component.

\e T
:‘:: a)() wO + wiso
{451 —
Hz HZ+HCS

Figure 1.1: Energy level diagram for spin I = 1/2 system in the presence of chemical shift off-set along
with simple single pulse sequence.

H = hAwl, + hw I, (1.19)

where Aw is the off-set frequency (i.e Aw = w,—w). Depending on the magnitudes of these

interactions, different theoretical frameworks?*3%107:112,1637165 have emerged in the past to



describe the evolution of the system under time-dependent fields. For illustrative purposes,

some of the general procedures employed in this thesis are summarized below.

Case I: w; > Aw

When the amplitude of the oscillating field exceeds the magnitude of the chemical-shift
offset term, the off-set contributions (Aw) are ignored during the pulse. Subsequently,

the effective Hamiltonian during the pulse is represented by,

He.pp = huil, (1.20)

To have a consistent description, the initial density operator is also transformed into
the rotating frame (i.e. U = exp(il.wt)). Since, [I,,p(0)] = 0, the equilibrium density
operator remains invariant. Subsequently, the density operator after the pulse is evaluated

and is represented below.
p(ty) = I, cos(wity) — I, sin(wity) (1.21)

As depicted in Eq. (1.21), the maximum signal in the transverse plane is obtained when

wit, = 5. Subsequently, the density operator after the pulse is represented by,

ﬁ(tp) = _Iy (122)

The density operator after the pulse evolves under the chemical shift Hamiltonian and is

represented below,
p(t, +t) = —1, cos(Awt) + I, sin(Awt) (1.23)

To have a consistent description, the detection operator ‘7’ is also transformed (1: T =
UItU~ = I*(t) = ITexp(iwt)). Employing Eq. (1.16), the optimized time domain signal

is evaluated.

(I*(t)) = Trlp(t, + )I*]
1 (1.24)
= 0(1)25 exp(iwy + Awt)

Case I: w; = Aw

Method I: Brute force approach

When the magnitude of the chemical shift offset term is comparable to that of the ampli-
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tude of the RF field, a more rigorous description is required. In the brute force approach,
the evolution of the system during the pulse is evaluated using the Baker-Campbell-

Hausdorff (BCH) ' 171LITLIT2 expansion as given below,

~ w2 2 w .
pt,) = [fiff + wg;f cos(wefftp)} I, + [ﬁg:f _ ﬁig;;l cos(wessty)| I — e sin(wegrtp) 1y
(1.25)

with werr = /w? + Aw?. As illustrated in Eq. (1.25), maximum signal in the transverse
plane is obtained when w.yst, = 7. Subsequently, the density operator after the pulse is

evaluated and is represented by,

~ UJ2 ww w
p(tp) - fgff L+ ﬁgffl L = “’ell’f L (1.26)
1 (A)
0.8
0.6
0.4

= o N
‘0-02 T T . ; . | . :
= 0 10000 20000 30000 40000
|3
g 17 (B)
0.8
0.6
0.4
0.2 J
ol A A A ) )
T T T T T T T T T
0 10000 20000 30000 40000

Frequency (Hz)

Figure 1.2: Simulations depicting the the role of off-sets (Av = 0 to 40 kHz) on the NMR line shapes.
In panel A, the the off-sets were ignored in the optimization process (wit = 7/2). In panel B, off-set
frequencies were included in the optimization process i.e weyst = m/2 along with intensity correction (see
Egs. (1.25) and (1.28)).

Following our earlier description, the density operator under free evolution is represented

11



pt, +1) = fzifz -1, [w‘”;f cos(Awt) — 251 sin(Awt)]
e erf

! (1.27)
Awwy W1 g
+ 1, Lgff cos(Awt) + oy sm(Awt)}
Accordingly, the optimized time-domain signal is evaluated and is represented by,
2 w 1Aww ;
(I*(6) = CO* 32 + 581) expiwt) (1.28)

In Fig. 1.2, the effects of finite off-sets on the NMR line-shapes is depicted through a
set of simulations employing different offsets. In systems with finite off-sets, the flip
angle depends on both the RF amplitude as well as the chemical shift off-set. When the
chemical shift off-set terms are incorporated in the optimization of the flip angles along
with intensities, the distortions observed in the line shapes are removed completely from

the spectrum.

Method II: Tilted rotating frame method

As an alternative to the brute force approach, the Hamiltonian in the rotating frame is
34,164,165

transformed into a tilted frame such that the effective field experienced by the spin

is quantized along the z-axis. Mathematically, this is accomplished by the transformation

function,

U = exp(ifl,) (1.29)

w1

where tanf = 3L. The effective Hamiltonian in the tilted rotating frame during the pulse

is represent by,

Hepp = UHU™ = hwegysl, (1.30)

Accordingly, the initial density operator is transformed and is represented in the tilted

rotating frame by,
p(0) = I, cos® — I,sind (1.31)

Employing the effective Hamiltonian (Eq. (1.30)), the density operator after the pulse
(under the Eq. (1.30)) is evaluated and represented by,

p(ty) = I, cos O — I, sin 6 cos(weyft,) — I, sin @ sin(wesst,) (1.32)

12



Figure 1.3: The figure depicts the tilted
rotating frame transformation about —6
along y-axis.

As depicted in Eq. (1.32), the maximum signal in the transverse plane is obtained when
Wey sty = 5. Following this procedure, the density operator in the titled rotating frame is

transformed into the rotating frame by the following reverse transformation:
p(t,) = U p(t,)U = cos?0I, + sin 6 cos 01, — sin 01, (1.33)

The evolution of the density operator under the chemical shift Hamiltonian in the rotating

frame is represented by,

p(t, +t) = cos’0I, — I, [sin O cos(Awt) — cos @ sin 0 sin(Awt)]

(1.34)
+ I, [cos 6 sin 6 cos(Awt) + sin 0 sin(Awt )]
The optimized time-domain signal is evaluated accordingly and is represented by,
<I+(t)> = C(1)*.3(sin 6 + i sin 6 cos 0) exp(iw.t) (1.35)

On substitution (sinf = s cosf = wA—f“’f), the above Eq. (1.35) reduces to the familiar
form depicted in Eq. (1.28)

Method III: Contact Transformation Method

To illustrate the utility of the contact transformation

- EA—15 . . .
143,154-159 procedure in the derivation

of effective Hamiltonians, an alternate description based on perturbation theory is pre-
sented in this section. Since the amplitude of the RF field often exceeds the magnitude of
the chemical-shift off-set, the RF Hamiltonian defined in the rotating frame is quantized
along the z-axis through a 7/2 rotation along y-axis using the transformation function

U = exp(ifl,). Asis the case with perturbation techniques, the Hamiltonian in the tilted

13



rotating frame is divided into zero-order and first-order term as given below.

H = b I, — hAwl,
— =
Hy H,

(1.36)

Following the procedure described in the appendix Section 1.A, the off-diagonal contri-
butions in the original Hamiltonian are folded through a unitary transformation, defined
by the transformation function,

S = —Awf (1.37)

w1 Y

The operators (along with their coefficients) present in the transformation function are
chosen such that the off-diagonal contributions resulting from H; are removed to first

order. Following the procedure, the second order corrections are evaluated.

HQ(I) =1 [SlaHl] - % [Sh [ShHOH

= 5 [S1, Hi] (1.38)

hAwW?
2w1

z

The effective Hamiltonian during the pulse (to second order) is represented by,

H.pp = hwy I, + D292 ], (1.39)

2w1

In a similar vein, the initial density operator is transformed using the transformation

functions, as illustrated below.

e

(0) =—-1I, cos(ﬁ—f) + 1, sin(ﬁ—i") (1.40)

Subsequently, employing the effective Hamiltonian, the evolution of the density operator

under the pulse is calculated as represented below,

5(tp) =1, sin(ﬁ—‘l") — I, cos(£2) cos ((w1 + sz)tp>

1 2wy

-1, cos(ﬁ—‘f) sin ((wl + A—“JQ)tp)

2w1

(1.41)

From Eq. (1.41), the maximum signal in the transverse plane is obtained when (w; +

w2
A7)1519 - 2

e As described earlier, the density operator after the pulse is transformed

back into the standard rotating frame through the reverse transformations as illustrated

below.

p(t,) = U_e_islps(tp)eislU = sin?(29) [, + sin(22) COS(A—ZJ)]JC — cos(29)], (1.42)

w1 w1 w w1

14



The free evolution of the density operator under the chemical shift Hamiltonian in the

rotating frame is calculated and the time-domain signal is evaluated.

p(t, +1t) = sin (AW)I — 1, [cos( “) cos(Awt) — sm(A“) cos(A“) sm(Awt)}

(1.43)
+ I, [COS(A“’) sm(A‘”) cos(Awt) + cos(A‘”) sm(Awt)}

(It (t)) = C(1)* 3[cos(82) + i sin(42) cos(42)] expiw.1) (1.44)

It is important to realize here that, when the magnitudes of the perturbing Hamiltoni-
ans are comparable to the zero order Hamiltonian, there could be significant deviations
observed in the results emerging from the contact transformation procedure with those
derived from other methods. Moreover, the extension of the methods proposed in this
section to the study of the quadrupolar spin is less straightforward and forms the main

motivation behind this thesis.

1.3 Organization of the thesis

In this thesis, an analytic framework based on the concept of effective Hamiltonians is
proposed to describe the effects of RF pulses on quadrupolar nuclei. The description
presented is well suited for describing the excitation in both static and spinning sam-
ples. To present a pedagogical description, the conventions employed in the description
of spin Hamiltonians in the solid-state based on spherical tensor formalism is revisited
in chapter-2. Although, several descriptions do exist in the literature, 3:56:75-87.1737179 the
motivation for this pursuit has been to develop a consistent notation for the description of
both spatial and spin tensor operators and develop a framework for extending its utility
in the description of coupled spin systems. Accordingly, the normalization constants and
phase factors employed in the description of spatial and spin tensor operators is re-derived.
Employing the spherical tensor formalism, effective Hamiltonians are derived to explain
the excitation of quadrupolar nuclei in the third chapter. To understand the effects of the
spatial anisotropy, excitations in single crystals and powder samples is described both in
the static and spinning conditions. The optimum conditions required for excitation are
derived for both selective and non-selective excitation conditions. Employing the method
of contact transformation, the excitation of quadrupolar nuclei is described in terms of ef-
fective RF Hamiltonians. In the fourth chapter, excitation of MQ transitions is described.
The role of sample spinning frequency, RF amplitudes, duration of the pulse and the mag-
nitude of the quadrupolar coupling constant in the excitation process is analyzed in detail.
In the past, such descriptions existed only for static single crystals. %707 The validity of
the secular approximation in the MQ excitation process is discussed thoroughly through
analytic expressions and simulations. Finally, a brief summary of the proposed effective

Hamiltonian approach is presented in chapter-5 along with possible extensions.
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Appendix

1.A The van Vleck and Contact transformation

In NMR spectroscopy, the magnitude of the internal Hamiltonians differ significantly
from one another. Since the eigenvalues encode the frequencies observed in the spectrum,
accurate determination of them play an important role in the spectral interpretation. To
this end, analytical methods such as the Rayleigh-Schrodinger perturbation theory have
found extensive utility in the determination of eigenvalues. In the Rayleigh-Schrédinger
method, corrections to the zero-order (dominant term) eigen values are obtained in terms
of matrix elements. As an alternative to this exercise, derivation of effective Hamiltonians
has long been known and practiced in molecular spectroscopy. 29159180 In this section, we

143,1567159,181)

describe two such methods (van Vleck'*!% and contact transformation for

deriving effective Hamiltonians. In contrast to the Rayleigh-Schrodinger approach, the
perturbation corrections are obtained in terms of operators resulting in the concept of

effective Hamiltonians.

Analogous to the standard perturbation theory, the interaction Hamiltonians are arranged

in the decreasing order of their magnitude as follows,
H=Hy+\H, +)NH,+ ... (1.45)

where A is perturbation or bookkeeping parameter, H,, is the zero-order Hamiltonian and
H,, H,, etc. are the perturbation Hamiltonians. Employing series of unitary transforma-

tions, the original Hamiltonian is transformed.
H=H"™ =UHU! (1.46)
The series of unitary transformations are represented by,

U = UnUn,1 ...... U2U1 (147)
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with
U, = "o (1.48)

The transformation functions Sy, Ss, S3, ... are chosen to remove the effects of off-diagonal
operators in H to order X\, A%, A3, .... respectively. Each of the successive transformations
produced by the development of U is known as a contact transformation, while the first
transformation (H") = U HU ' =e"t He=*") is what is usually referred to as the van

Vleck transformation.

Now we can expand the Hamiltonian after the first transformation (van Vleck transfor-

mation) as given below,
HY = U, HUT =HS + AHY + 32 HY + . (1.49)

The transformed Hamiltonian H" obtained after first transformation is given by,

n

H(l) = UlHUflIH_F Z i”)!\” [517 [Sla sy [517H]] (150)
n=1 —_—

with unitary transformation:
Up =™ = 14408 — A28 (1.51)

Equating like powers in Eqs. (1.49) and (1.50), the perturbation corrections to orders are

obtained.

H(gl) - H07
Hl(l) = Hl + i[Sl,HO],
HY = Hy, +i[Sy, Hi] — L[51, [S1, Holl,

1
0 , . | (1.52)
HS = H3 + Z[SIJHQ] - 5[517 [SI7HI]] - %[Sla [517 [Sl7H0]]]7

In general, the n'*-order correction (resulting from the first transformation) is represented
by,

n—1
HY = H, + S 2" 18,151, .... [ S1, Hpl...
n mZ::O i 1 L_; [ Sy, Hip). ] (1.53)

The crux of the contact transformation procedure lies in the determination /choice of trans-
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formation function.**!%% For e.g, the transformation function S; is chosen to compensate

the off-diagonal term in H;.
HY = Hy +i[Sy, Hy (1.54)

In general, H; may contain both diagonal and off- diagonal terms. The operator S is
chosen such that the transformed Hamiltonian H1 does not contain any off-diagonal
terms to order A\!' (commutator [S}, Hy] compensates the off-diagonal terms present in
Hy).

The above procedure can be repeated to perform a second contact transformation. The
Hamiltonian obtained by van Vleck transformation can be subjected to successive contact
transformations using transformation function Sy such that Hy + \H 1(1) + H2(2) would be

diagonal.
H® = VS ffe=iNSa_ gD 4 \g® 4 2 (1.55)

Equating like powers in Eq. (1.55) we get,

H(Z) Ho,
Hl(Q) H(l)
H3? = Hy" +i[Sy, Ho

+ (.52, Hol,
HY = H“) +i[Sa, H{V),
HY = H}" + il S, Hy") -
H® = HSY +i[S,, HSV] -

(1.56)

[S [527H0H7
(S5, [S, H;]),

1
2
1lrg
2

The above procedure is repeated until eigenvalues of the transformed Hamiltonian are

closer to the exact eigenvalues of the untransformed Hamiltonian.

In general, the effective Hamiltonian after k" transformation is given by,

(n—m
)

n—k
. )
HF = gHb 4+ 3 (,l_i’fm' [Sk, [Sks woes [ Sy HEV]] W 22 tintegers
m=0 k7

n—m

k

(1.57)
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Chapter 2

Conventions and Notations for
generalized representation of spin

interactions

2.1 Background

The versatility of NMR spectroscopy ' * lies in the interactions of the nuclear spins among
themselves in addition to external sources such as static and oscillating magnetic field
strengths.” 'Y The controlled manipulation of nuclear spin interactions through radio-
frequency (RF) pulses'™'? has led to many exciting developments in the field of NMR
spectroscopy and remains an active area of research. To maximize the information content
derived from NMR experiments, understanding of the nuclear spin interactions” %1319
is quintessential both in the design of new experiments as well as in the interpretation

16-20

of experimental data. Since the phenomenon of magnetic resonance emerges from a

21727 seems to be the theory of choice

quantum mechanical property, quantum mechanics
for any formal description of the spin physics. From a theoretical perspective, a semiclas-
sical approach has always been employed to describe the interaction of radiation (both
electric or magnetic field) with matter.>”?® The classical potential describing the inter-
action of EM radiation with matter is recast into a Hamiltonian form and the dynamical
changes in the system are monitored within the Hamiltonian framework. Although, sev-
eral excellent treatise on NMR theory do exist in the literature, 45236 the notations and
conventions employed in the description of the spin interactions seem to differ. In partic-
ular,understanding the convention/notations employed in the description of nuclear spin

E & . ]
35-51 yemains a daunting task

interactions in terms of spherical tensor operator formalism
for a beginner or any serious experimentalist. This has been the main motivation behind

the inclusion of this chapter in this thesis. Since analytic formulation of the nuclear spin

27



5,14,52756 ig facilitated through the tensor operator

dynamics involving quadrupolar nuclei
formalism, a formal understanding of the notations seem mandatory. Furthermore, since
tensorial representation of the spatial and spin components is convenient for theoreti-
cal studies in MAS experiments,®?°"%® the transformation properties??:3%:38:43:44,51,59-65 of
the tensor operators under rotations is essential. Below, we summarize the conventions
and notations that would be closely followed in the thesis to describe the spin dynamics

involving quadrupolar nuclei.

2.2 Nuclear spin Hamiltonians and their representa-
tions

Just like charge, mass etc, spin is also a fundamental property of matter and is exhibited by
all subatomic particles. In addition to the spin property, each nucleus in turn comprises
of fundamental particles (that possess electric charge) that are coupled together. The
presence of moving charged particles within the nucleus results in an intrinsic total angular
momentum J and a total magnetic moment, ;. When these two vectors are aligned in

parallel, they are related through a simple expression illustrated below.

p="J (2.1)

(where ‘4’ represents the gyromagnetic ratio and is characteristic of a particular nucleus)
The total angular momentum (J) is related to a dimensionless angular momentum oper-

ator through the equation illustrated below.
J=hi (2.2)

The individual components of the angular momentum operator (say I, I,, I,) com-
mute with /2 and are non-commuting among themselves. Employing commuting set of

observables (I, and I?), the basis set (|Im)) for a given spin system is constructed.

I?[Im) = I(I +1)|Im) )3
L |Im) = m|Im) (23)
The changes observed (due to rotation) in the magnetic moment and the electric charge
within a nucleus, results in an interaction energy and is quantum mechanically studied
through the corresponding interaction Hamiltonians (or internal Hamiltonians). In gen-
eral, the nuclear spin Hamiltonian has two contributions, an electric spin Hamiltonian,

which describes the way the nuclear electric energy changes (as the nucleus rotates) and a
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magnetic spin Hamiltonian, which describes the way the nuclear magnetic energy changes
as the nucleus rotates. Accordingly, the spin Hamiltonian operator for a nucleus may

therefore be written as
H = Heee + Hmag (24)

In NMR, all spin interaction Hamiltonians are magnetic spin Hamiltonians, with quadrupo-
lar interaction being the one exception. In addition to the internal interactions, the inter-
action of the nuclear spin with the external magnetic fields (both static and oscillating)

is often referred to as external interaction.
H = Hpgy + Hiyyg (25)

To have a consistent notation, a brief quantum mechanical description of the interactions

is illustrated in the following sections.

2.2.1 External Hamiltonians

The external Hamiltonian comprises of the interactions between the nuclear spin magnetic

moment with the static and oscillating magnetic fields.

Hpy = Hy + Hpp (2.6)

2.2.1.1 Zeeman interaction

The direct magnetic interaction of the nuclear spin with the static external magnetic field
is called Zeeman interaction. In spin I = 1/2 nuclei, Zeeman interaction dominates all
other internal spin interactions. In the absence of static external magnetic field, all the
2™ energy levels corresponding to ‘n’ spin I = 1/2 nuclei are degenerate. By contrast, the
electric quadrupolar interaction (only found in nucleus with I > 1/2), dominates all other
internal spin interactions and in some cases has magnitudes comparable to the Zeeman
interaction. In the absence of the static magnetic field, the (27+1) states in a quadrupolar

nuclei are doubly degenerate and are studied through NQR spectroscopy.

The application of a static magnetic field (of strength B) results in an interaction energy

in the nucleus and is quantum mechanically represented by,
H=-> ;B (2.7)
j=1

where the negative sign is indicative of the fact that the interaction energy is minimum,

when the magnetic moment of the nucleus is parallel to the applied field. When the static
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external magnetic field is applied along the z-direction, the Eq. (2.7) reduces to a simpler

form,
HZ = _hzfijOIjz
’ (2.8)
= thjOIjZ
J
with wjo = —v;By representing the Larmor frequency of the 3" nucleus. Following the

description presented in the Appendix, the above Hamiltonian is reexpressed in terms of

irreducible spherical tensor operators.

In Eq. (2.9), the constant ‘C’ differs depending on the number of spins presented in the
system and is deduced from the Table 2.6.

2.2.1.2 RF interaction

The interaction of the nuclear spin with the oscillating external field is commonly referred
to as RF interaction. When the oscillating field (with amplitude Bj) is applied along

x-direction, the Hamiltonian is represented by,

HRF = _ZHZ/Yij,l COS(w]‘t —|— QZS]‘)]J‘J;

’ (2.10)
= 2hz ij COS(w]‘t —|— ¢j)ljm
J
where wj; = —v;B; is the nutation frequency, w; is carrier frequency and ¢; is the phase

of the RF pulse for the j* nucleus. The corresponding Hamiltonian in terms of tensor

operators is represented below,

J

(2.11)

2.2.2 Internal Hamiltonians

The internal Hamiltonian represents the sum contribution of all the interactions present

within the system.
Hpyw=He+Hy+ Hp+ Hg+ Hg (2.12)
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2.2.2.1 Chemical Shift interaction

The indirect magnetic interaction of the nuclear spins with the static external magnetic
field mediated through the surrounding electronic clouds in a molecule is often termed as
the chemical shift interaction. The magnetic fields induced by the surrounding electronic
clouds differ at different nuclear sites aid in the identification of different nuclear sites
within a molecule. The local field at a site ‘j° has contributions from the static field as

well as that induced by the surrounding electron cloud.

Bj,local = BO + B',Induced (213)

where B; mduced = 0/.By. In general, the chemical shift Hamiltonian is represented

through a product between vectors (I & B) and a second rank tensor ‘o’

’ . (2.14)
= —hZ’YjIszizBo
J
In Eq. (2.14), o7 represents the orientation dependent chemical shift tensor and in the

principal axe frame (PAS) is represented by,

0. 0 0
ol=1 0 o, 0 (2.15)
0 0 o/,

Due to rapid molecular motion, the chemical shift interaction is isotropic in the solution

state and is represented by,

HC = _hzvjazjso]szO
J

. (2.16)
=h Z O-zqsowjoljz
J
where o7, represents the isotropic value of chemical shift tensor.
Tloo = 3(000 + 07, + 0L) (2.17)

Along with the isotropic chemical shift, the chemical shift interaction is defined in terms

of chemical shift anisotropy 6]C and asymmetry parameter r]jc.

5],0 =0l — (ol + aiy +0) =0, —0ol, (2.18)
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-
Ny = T (2.19)

Employing these definitions and the relations described in Tables 2.7 and 2.8, the chem-
ical shift interaction is represented in terms of spherical tensors. The spatial and spin
irreducible tensors (operators) depicting the chemical shift interactions are listed in Ta-
ble 2.1.

Spatial components Spin components
RO = e300 y©0 = Q20 1, By = Ba(10(p..1,0..)
ROp =0 Yo =g
RO =0 y L = (ORI ) = ~Bo(E1(p,1,0..)
RER = ooy (V309) || Y@ = =200 1) By — “2Bor(00(0..1,0..)
REF =0 y @ = HECLE) Ry — Fr(EL (0, 1,0..)
Rg,);EQ _ C(0710(60 ) y@+2 _
He = hz ce 20q2k< 1) IRE R Y Wi(T) where Cf = —~;

Table 2.1: Chemical shift Hamiltonian in tensorial representation.

2.2.2.2 J-Coupling interaction

The indirect magnetic interaction of the nuclear spins with each other mediated through
bonded electrons is commonly referred to as J-coupling or spin-spin coupling interac-

tion.

Hy=h> 1,01 (2.20)

j<l

The term J7! represents the orientation dependent J-coupling interaction tensor between

lth

4™ and " nucleus and is represented by (in the PAS),

Jie 00
F=| 0 g o (2.21)
0 0 J
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Similar to the chemical shift interaction, the J-coupling interaction tensor in the solution
state is averaged out to isotropic form due to rapid tumbling motion. Accordingly, the

isotopic form of J-coupling or scalar coupling Hamiltonian represented by,

Hy=hr"'y 1., (2.22)

J<l

with J7' representing the isotopic J-coupling or scalar coupling constant.

J]l _

1
iso ~ 3

(JIL + JIL+ i) (2.23)

In addition to the isotropic constant, the J-interaction is characterized through the J-

coupling anisotropy 47 )i and asymmetry parameter 7731

O = JI = S(JL + JiL + i) = JIL = T,
st (2.24)
My = — 57

The spatial and spin components of the tensors are represented in Table 2.2.

Spatial components Spin components
Ry = WUZJO) T(9(0..1,0..1,0..) = %@--hﬁ[j,h

RIP =0 TW0(0..1;0..1,0..) = CO00) [16 7 — 17 [F]

R =0 TWE(0..1,0..10..) = L0100 (7, 1 1]
R(JZ-;B = o1, co oo \/g i) T®9(0..1;0..1,0..) = w [31;.11, — 1;.1)]

REF =0 TA41(0..150..1,0..) = £ 91010 (1 p 4 1 1)
R = oo (mh) T+2(0..150..1,0..) = =040 10.) o g

Hy=h Zz o) kfj 2 )" Ry “T®9(IT) where C, = 1
j< 0q=

Table 2.2: J-coupling Hamiltonian in tensorial representation
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2.2.2.3 Dipolar Coupling interaction

The direct magnetic interaction of the nuclear spins with each other (through space) is
referred to as the dipolar interaction. In the spherical polar coordinates, the dipolar

Hamiltonian is represented by,

_fo | et 3(pgra) (i)

Hp = 2.25
Am 55 7] |70 ( )
Hp = —hY_ bu(Aj + Bj+ Cj+ Dy + Ej + Fy) (2.26)
<l
with b, = —Zfr’lzflr?f denoting the dipolar constant and pg = 47 x 107" Hm ™! the magnetic

constant or permeability of free space. The dipolar alphabets® in Eq. (2.26) are repre-

sented below,

3 ,
Aji=1I;:0.(1 - 3605291'1) Dj; = —5(1]7]& +1;.1, )sinf;; cos Hjle“f)jl
1
o (7tT —7+\(1 _ 2. )
Bj = = (I 17 + I 1,")(1 = 3cos0y) By = _zfﬁrsmggﬂefzwﬂ

— 3 + +\ o} —i¢; 3 .
le = —5(1‘7 Ilz + IJZIZ )Slnejl COS Hjle L Fjl _ _ZI;Il—Sin29j1621¢jl

(2.27)

r(x,y,z)

Figure 2.1: Relationship between
cartecian coordinates x, y, z (describing
the position of nucleus j relative to nu-
cleus 1) and the polar coordinates r, 8, ¢

Analogous to the scalar interaction (see Eq. (2.20)), the dipolar Hamiltonian is reexpressed

in terms of the dipolar tensor, D7

Hp =Ry "ot Dl (2.28)

j<l
For illustrative purpose, the explicit form of the components in the dipolar tensor is

represented below,

Dl = 5 (0as — 3eacs) with (a,f) = x,y,7 (2.29)

7503
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DIl = Irjlz 5 (1 — 3sin?0;,c08%¢) Dily = Délt =— m_lllg (3sin?0;; cos ¢ sin @)
D% = |7"j1l‘3 (1 — 3sin?0;;sin%¢ ;) DIt = DIt = flr#g@ sin @; cos 0;; cos ¢;;) (2.30)
DIt = Irjlz 5 (1 — 3cos?0;;) DZJ/Z = Dié} = fm%w(?) sin @;; cos 0 sin ¢ ;)
In the PAS (0; = 0 and ¢;; = 0), the dipolar tensor has a simpler form.
jl 1
Dl 0 0 o000
gt — ; —
Di=t 0 pi o [=| 0 s o0 (2.31)
il
0 0 DI 0 0 —25
|7']l|

Based on the relations listed in Tables 2.7 and 2.8, the spatial and spin tensors for the

dipolar interaction are listed in Table 2.3.

Spatial components Spin components

RY% =0 T0(0.1;0..1,0..) = C&L0A0) g,
RWY — 0 T10(0..1;0..1,0..) = OB 1= — 1]
ROE =0 TW(0..1,0.1,0..) = COLPAC) [P — [ T

RSP = oo | T2°0-10-10.) = SO0 B1 T~ 1)
RPE ¢ T@#1(0..1,0..1,0..) = £ EOLDL0D [, 4 1, T
RPE — 0 T™2(0.1,0..1,0..) = ~AO1010) 4 o
Hp=hy cR éo qé (=1 RY P T®(IT) where C} = i

Table 2.3: Dipolar coupling Hamiltonian in tensorial representation

2.2.2.4 Quadrupolar interaction

The interaction of the quadrupole moment (observed in spin I > 1/2) with the sur-

rounding electric field gradient (generated by molecular electronic clouds) is termed the
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quadrupolar interaction.

. 13
Hq=3_ Z 6@(2%- D {Vofg [Q(Ijaljﬁ + Liglia) — dapli(1; + 1)]}
GQ | - (2.32)

The term @Q; represents the quadrupolar moment of the j nucleus and ‘e’ the elemen-
tary charge. The components of the electric field gradient tensor chﬁ are conveniently

expressed.

! VszJz (2.33)
qu =Vzz

The asymmetry parameter 7; is in the range (0 < 7; < 1) with the convention V7, > V;J >
Vi . Employing these relations, the above Eq. (2.32) reduces to,

€*q;Q;
Ho=Y — 2% 312 —L(I; +1 (13— I?
Q 241](21_1)[3 Jjz ](]+ )+nj( Jjx ]y)]

PAS " (2.34)
= —hz QJ BIL — LI+ 1)+ (L + 7))

3¢20.0, 3nC, 0.
where wg;“s = I;E; I;?J_%h = (27; Q) the quadrupolar splitting parameter and Cq, = © qule

is quadrupolar coupling constant for the j** nucleus. In terms of the electric ﬁeld gradient

tensor V7, the quadrupolar Hamiltonian is often represented by,

eQ; .
Ho=hY ———< ___[.VI.I
e 5rar, o (239

The form of the electric field gradient tensor in the PAS is represented below,

Vi, 00
j — A 2.
|4 0 Vi 0 (2.36)
0 0 Vi

Following the procedure described in the previous sections, the spatial and spin tensor

operators are derived and listed in Table 2.4.
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Spatial components Spin components
RYp =0 TOO(I) = C(0..0;..0)I
RSP =0 TWO(I) = C(0..1;..0)il,
R(l)il —0 T0O-15-01(]) = :FC(O'%“O)iIi
RS = — s (ieas) || T®O(D) = =220 312 — (1 +1)]
R =0 TEF([) = £ 90201 1, 1, 1)
RS};Q = _20(0}2]--.0) (”JQqu') TO#(I) = _M[iji
Hg = hZ c? kzo qz (=) Ry B TW(T) where CF = ﬁ

Table 2.4: Quadrupolar coupling Hamiltonian in tensorial representation

2.2.2.5 Spin-Rotation interaction

Interaction of the nuclear spins (nuclear spin magnetic moment) with the magnetic mo-

ment produced by the angular momentum of the molecule due to rotational motion is

defined as spin-rotation interaction. Even though spin-rotation interaction in solids is

unimportant (due to restricted mobility of molecule), a brief description is presented to

complete the description of spin interactions in NMR.

Hs=h> 1;.57.]
J

(2.37)

In Eq. (2.37) S7 denotes the spin-rotation interaction tensor. The isotopic form of the

spin-rotation interaction (in liquids) is represented by,

with §7

180

S]

180

_1
3

HS:hZSJ ;.J

180

denoting the isotopic spin-rotation coupling constant.

(S, + S, +5%)
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In similar vein, the anisotropic part of the interaction is represented through spin-rotation

anisotropy (5;3 and asymmetry parameter 773-9 .

5 ng_%<sc{:x+sgj/y+sgz) SJ _Sz]so
s sh_si, (2.40)
i = 75

The normalized tensor operators for the spin-rotation interaction is represented in Ta-
ble 2.5,

Spatial components Spin components
RYY = s (5%,) T©0(0.1,0..1;) = Co=L0-10 7
R{E =0 T1W0(0..150..1,) = SO [1 7= — 17 ]
Ry =0 TMF(0..150..1;) = SR 157 1 J#]

2)0 _ : —C(0..1,0..1
RGY = sy (/305 | T®0(0.150.1,) = SO0l 37, 7. — ;.]

+ C(0..1,0..
RYF =0 T*(0.150..1;) = £ OO [y 4 1 g
2)+2 —C(0..1;0..1
2k k—q ) =4 (k S
Hs=hYC? > > (-1)" "Ry p T™4(1]) where C§ =1
j k=0 q=k

Table 2.5: Spin-rotation Hamiltonian in tensorial representation

2.2.3 Transformation of spin Hamiltonians

As illustrated in the previous sections, the spatial tensors (R¥)9) are defined in the PAS of
the respective interactions. A detailed description of the rotational transformations and
conventions employed are briefly discussed in the Appendix. Employing Wigner rotation

matrices, the spatial tensors defined in the PAS are transformed in the LAB frame.

In the case of MAS experiments involving powder samples, three sets of transforma-
tions are required to transform the spatial tensors from the PAS to the LAB frame (see
Fig. 2.2).

PAS P8 yro1ag PR pag PEeL) 1A (2.41)

38



Figure 2.2: The figure depicts the set of transformations which are required to transform MAS Hamilto-
nian from PAS to LAS for a single molecule in the powdered sample. The coordinate axes frames shown
in blue, red, green and black are corresponding to PAS, MolAS, RAS and LAS respectively.

Based on the relations expressed in Tables 2.1 to 2.5 the spin Hamiltonian can be expressed

as a product of the spatial and spin tensor operators.

Hy = hC? i i (1) R TP (2.42)
k=0 g=—Fk

In Eq. (2.42), ‘X’ represents the spin interactions (such as chemical shift, J-coupling, dipo-
lar coupling, quadrupolar coupling, spin-rotation coupling). The term R(A%O corresponding
k = 0 is isotropic part and is invariant under rotational transformations. The tensors R&%)Lq
corresponding to k = 1 are traceless antisymmetric parts have no importance in NMR
(more over from above Tables 2.1 to 2.5 the contribution of these parts are zero). The
tensors Rgﬂq corresponding to k = 2 are traceless symmetric parts and contribute to the

spectrum in MAS experiments.

2
= hC*ROPT + ™ 3 (=1)* "R T (2.43)

q=—2

At higher external magnetic field strengths, the contributions from the terms that are non-

commuting with the Zeeman interaction (i.e [I,, T®)9] # 0 for ¢ # 0) are ignored.

The transformed spatial part of the Hamiltonian R‘j)f is represented by,

2
RO = % RUFDEL@ea) D (Qarm) DSy (Qne)

) 4392 2q qq
q1,92,93=—
v (2.44)
2) 2 2
- Z R quéan (Q M)Df(lzzll (QMR)D;?I(_W’”?&’ Pre, O)
q1,92,93=—2

Employing the spatial components and the properties of the Wigner-rotation matri-
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ces, 2338434463 the Hamiltonians is reexpressed in a compact form. The secular (¢ = 0)

9

spatial part of the Hamiltonian” is represented by,

2
A p(2)0 ( )0 eimwr

C'R )\L - 22 A,m ! (2'45)

"m0

with
2
Gon=C" 3 RIEPDY, (Qear) D) (Qusr)di (Bre) (2.46)
q2,93=—2

The non-secular (¢ # 0) spatial part of the Hamiltonian (relevant only in the case of

quadrupolar interaction) is represented by,

C)\< )2 qR(Q) 9 _ _Z2G )a zmwrt (247)
"m0
with
GOt — 0@ Z R DA (Qpar) DR, (Qir)d 2 (Brr) (2.48)
q2,q3=—2

Employing these relations, the Hamiltonian under MAS is represented by,

H = Hy + Hgp + hCORCPT° + 1 Z GO eiment 0 4 py Z Z GO gimart (24

—,_/ m=——2 =2 m——2
Isotropic(A=C,J,S) m#£0 q#0 m#0
Secular(A\=C,J,D,Q,S) Non—secular

(2.49)

2.3 Effective Hamiltonians for spin [ = 1/2 system
under MAS

The Hamiltonian for an isolated spin (I = 1/2) system under MAS in rotating frame is

represented by,

—2
H=honL,+hY Wi Lemet (2.50)

m#0

m=2
with wC = —iC(1 \/> ByG?° Since the magnitude of the RF field exceeds the CSA

(m

interaction (wg ), the RF Hamiltonian is quantized along the z-axis using unitary trans-
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LT
: Uyl
formation, U = e'2"¥

-2
H=honl—hY WiV Lemet (2.51)
m#0

m=2
Employing the Floquet framework (see Appendix Section 2.D) the time-dependent MAS
Hamiltonian is transformed into time-independent Floquet Hamiltonian.®® The Floquet

Hamiltonian corresponding to equation Eq. (2.50) is written as follows

Hp = hwIp + hw g — th (2.52)

m7#0
m=2

The index ‘m’ denotes the off-diagonality in the Fourier space and is folded using the

contact transformation procedure.®! 335772 To facilitate the process, the Hamiltonian is

expressed as a sum of zero-order and perturbation Hamiltonian.

Ho = hew I+ hun L (2.53)
-2 m
o= h Y el L= - S 0 4 1) (2.54)
m#£0 m##0
m=2 m=2

The effective Hamiltonian is obtained by transforming the Floquet Hamiltonian using a

unitary transformation.
H.pp = ' Hpe ™ (2.55)

The transformation function®' S; = 4 i (CymI + Cspnl,) is chosen to compensate
m#0
m=2

the off-diagonality due to H; (i.e HY = H, + i[S1, Ho]) with the constants Cy,, =
W

(m)
w . . N .
,Com = 57 “——. The diagonal corrections to the zero order Hamiltonian are

2(mwr+w1 2(mwy—w1)

obtained by evaluating the expression given below,
1 i
H{ = 1[5, Hy)

Y (W5 Cr e — ™ Co ) I (2:56)

m##0
m=2

To second-order, the effective Floquet Hamiltonian during the pulse is represented by,

H.py = Hy+ Hy" (2.57)
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Since [1,, p(0)] = 0, the thermal equilibrium density operator (p(0)) remains invariant in
the rotating frame i.e. p(0) = p(0). The density operator after second transformation is
represented by 5(0) = —I,. Subsequently, in the Floquet frame, the density operator gets

reduced to,

2

N Cim — C: sina

50) = ~Locosay + Y G = Cam)sinar (258)
m##0 !
m=2

The density operator after the pulse is denoted and represented by,

- —2
f)(tp) = —cosail, cos | [wy + Z (w(cfm)CLm — wgm)ngm)]tp

m#0

m=2 (2.59)

2
—cosalysin | [wi + Y (w(c_m)CLm — w(c_m)c'z,m)]tp

m7#0
m=2

where a; = \/(Cl,m — Cy.)(C1—m — Ca—p). As depicted in Eq. (2.59), the maximum

—2
signal in the transverse plane is obtained when [w; + > (w(cfm) Cim — w(cfm) Com)lty = 5.
m#0

m=2
The density operator corresponding to maximum signal after the pulse is given by,

p(t,) = U_e_islbz(tp)eislU = — cosay cos azl, (2.60)

with as = \/ (Crm + Com)(Cy— + Co ). Subsequently, the system evolves under the
evolution Hamiltonian. In the Floquet framework, the evolution Hamiltonian is repre-

sented by,

—2
Hp = liw e+ S Wi L,
— 20 (2.61)

Ho m=2

Hy

Employing the contact transformation procedure, the effective Hamiltonian during the

—2 (m)
evolution period is obtained by the transformation function S; = —i fn%[zvmv
0 s
m
Heyoo = Hy = hw, I (2.62)
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Figure 2.3: Simulations depicting the effects of spinning frequency on line shapes and intensities em-
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line for static and black lines with spinning frequency v, = 10 kHz at different asymmetry parameters
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Accordingly, the density operator after the pulse is derived and represented by,

-2
(m1), (mg)
= - _ _ Yo TWo Iy7m1+m2
p(t,) = — cos ay cos as[1, Z o Izm + Z o +..] (2.63)
m7#0 m1,mo7#0
m=2 mi,mo=2
The density operator after the evolution for the time ‘t” is given by,
N =2 L . WV Iy by —i(my 4 ma)eont
) ——cosay coscnll, 3 S, et 45 SV fmpom ity )
m##0 m1,ma7#0
m=2 mi,ma=2
(2.64)
Bty +1) = 7 5ty + e
il _2 Wiy im2),ms) imiwrt i(mi1+mo)wrt
— T C C C - 1Wr - 1 2 )Wr
— — COS a1 COS as [y—7 Z W(e — € ))
mi,mz,m3#0
mi,mz,ma=2
mi1+mo+m3=0
-2
N, Z wéml)wémQ) e*imlwrt N I, Z wéml)wémz)wémg)w(cm4) e*i(m1+m2)wrl‘/
Y mimeow? 212! mimamgmawi .
m1,m2#0 m1,ma,m3,ma70
mi,mo=2 mi,mz,m3,mq=2
m1+mo=0 mi+mo+m3z+myg=0
(2.65)

Employing Eq. (1.16), the time-domain signal is evaluated accordingly and is represented
by,

—2 m m m
<]+(t)> __ cosajcosaz.C(1)? e~ wol _ Z M(e—i(mwrﬂm)t . e—i[(m1+m2)w+wo}t)
- 2 2lmimaemsaw?
m1,ma,m3#0
mi,ma,mg=2
m1+mao+m3z=0
m (m —2 m m m m
- Z w( 1) 2)6 i(miwr+wo)t + Z U-’(c l)uJ(C 2>""(c S)w(c 4)e—i[(m1+m2)wr+wo)]t
m1m2w2 212Imymomsmaw? .
m1,ma#0 m1,ma,m3,mag#0
mi,ma=2 mi,m2,m3,ma=2
mi1+mo=0

mi+mo+m3+ma=0

(2.66)

In the Floquet framework, the time-domain signal comprises of the center band and a

series of side bands.The simulations depicted in Fig. 2.3, substantiate the analytic results
presented in this section.
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Appendix

2.A Irreducible spherical tensors?’

Tensors: Tensors are geometric objects with arrays of numbers or functions that describe

linear relations between scalars, vectors and other tensors.

Yeu ny Y.
Y = Yye Yy Y. (2.67)
Y. Y.,y Y.

Cartesian tensor

The more familiar cartesian tensors are not suitable because they usually appear in re-
ducible form. Thus, from direct product of cartesian tensors, one can form sets of linear
combination of components of a cartesian tensor which transform differently. Transfor-
mation laws are much simpler for the tensors with spherical components since they are

proportional to the spherical Harmonics, Y;™

Irreducible spherical tensor: An irreducible tensor operator of rank ‘k’ is defined as a
set of 2k + 1 functions 79, which transform under the 2k + 1 dimensional representation

of the rotation group as®
D(afy)TPID (afy) = Z DY) (afy) T (2.68)

(or)
The set T*)7 constitutes an irreducible tensor if the following commutator relationships

with angular momentum operators are fulfilled

I, T®a) = g7k

(1%, 7®9) =\ [k(k + 1) — q(q £ 1)T®
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Employing the theory of addition of angular momentum, a general representation of irre-
ducible spherical tensors®*>*"" for a coupled spin system is represented by,
(k)q krkoks.. .k
7_7(K1K2K3.A.AKN72)( 1h2Rs N) (270)
where N is the number of spins, k is the overall rank, ¢ the component which takes values

from —k to k, Kn_s the intermediate angular momentum vector and ky the rank of

individual spins and it takes the values from 0 to 21y.

74-76

These tensor operators are irreducible and symmetric traceless and are denoted by

[1]®). The normalized form™""™ of these operators are given by,

2k+1 (1))
= Va2 NTICEETIG (2.71)

Tr[T™(DH*T™ (1] = 2k + 1 (2.72)

The factor in denominator in Eq. (2.71) is evaluated by the equation given below,

k) ~krm(k) —  (kD?(2I+k+1)!
[[]( o m( ) = 2k (214+1)(2k)! (21 —k)! (2‘73)

Based (Eq. (2.73)), The normalization constant C'(k) is defined.

[ (2k+1)2F(2k)! (21 —K)!
O(k)_\/ (ED? (20 +k+1)! (2'74)

T® (1) = C(k)[1]™ (2.75)

The 2k + 1 spherical components of above tensor 7" (I) can be written with respect to

74-76

covariant! spherical basis e which is given in Tables 2.7 and 2.8. The complex

conjugate of e is
e®as — (—1)kaek)—a — e(k) (2.76)
Accordingly, the spherical components in this basis is expressed by,

T®™a(1) = TW(1)oke®a (2.77)

(k)

IIn literature we find covariant representation as component g in superscript ey~ and for contravariant
representation as component ¢ in subscript e*)9 but we are following opposite convention just for better
representation of spin and other label in covariant tensors.
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k C(k)
1 23, /& = \foris
2 2\/_\@ \/ 2+ 1)1 1+1 (21+3)(21 )

3 W10,/ Gray
4 12v70,/ 61535
5 2V T2 655
6 16v/3003,/ G2
7 96715, vy

C(kiks...k) = C(k)C(ks)...C(kn)

Table 2.6: Explicit form of the normalization constant for single spin operators up to rank k£ = 7 and
multiple spin operator in N spin basis

with the complex conjugate of T*)? defined by,

T®aNt = (=1)kar®=a(1) = 7® (2.78)

q

The normalization condition for the tensor operators is defined by taking the quantum

trace.
Tr[TW I TE (1] = Sppr b (2.79)
The quantum trace of any individual tensor operator defined by,

TrT®(1)) = ATr[T®(1)TO0([)] = 2kela0 (2.80)

Cc(0) C(0)
with 70 is the tensor with rank zero. In usual terms we call it as a scalar.
TONT) = C(0)] (2.81)

where I is the Identity operator. The spherical basis e*)7 and the corresponding com-

ponents of cartesian tensors with different ranks are given in Tables 2.7 and 2.8. The
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explicit form of tensors up to rank 1 in the basis e(M? of Table 2.7 are given by,

TWOT) = C(1)il, (2.82)
CWi '

Spherical coordinates || Spherical components

eM0 =42 Yy (0 — gy,
(W= (@ ig) || YO = — (Y, +4Y,)
et =J(@—ig) | YO = 5V, —iY,)
Y — S (=1)" 7y Mae)—a
q=1

Table 2.7: The spherical basis e(*)9 and the corresponding spherical components of cartesian tensor of
rank k=1

Spherical coordinates Spherical components
eV = Jo(zx + yy + 22) YOO = 2o (Yo + Yy + V22)
6(1)0 = _ﬁ(xy - yx) Yo = _%(ny - Y;/z)
eWH = 120 — a2z +i(zy —y2)] | YO = LY, - V,. +i(V,, — Y,.)]

= _%[sz + Z‘Yzy - (sz + ZY;/Z)]
eV = A3zz — (zz +yy +22)] | YOO = *T[BY — (Yoo + Yy +Y22)]
@+ — :I:%[:vz +zx +i(yz + 2y)] | YO* = +3[Va. + Voo £i(Y,. + V2]

i%[Ym +1iY,, + Y., £V},

el = T lex —yy £i(ay + ya)] Y@= = 5 Yoo — Yy £i(Yay + Yya)]

2 —k
V=3 % (=) 1y ®eek)—a
k=0 q=Fk

Table 2.8: The spherical basis e*)9 and the corresponding spherical components of cartesian tensor of
rank k =2

The higher rank tensors are constructed by coupling of lower rank tensors as illustrated

in Eq. (2.83). Explicit forms of tensor operators corresponding to single spin up to rank
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k = 7 is given in Table 2.9. The general relation of T™4(I) operator with product

operators is given in Appendix Section 2.B.2.

q ol B Rk
T =Y e+ (=t T T(ka(k)es (2.83)
q1,92

q1 q2 —q

Extending this algebra, tensor operators corresponding to multiple spins derived by cou-
pling of individual spin operators as given in Eq. (2.84). The essential tensor operators

in multiple spin basis is given in Appendix Section 2.B.3.

T‘({?NQ}(kle....kN) = Y R+ 1) Q2K+ 1) (2K + 1)(2k + 1)
q1,92....9N
q1,92...qN—2

(_1>(I_<1+I_<2+---I_(N—2)(_1)(k1+k2+k3---kw+k) (_1)(él+62+---§1v—2) (_1>(k—q) ki ko K
G @ —q

Kook Koo A Bvee By R pa gy e gy e gy

@1 93 —Q2 qn—2 qN  —q
(2.84)

2.B Essential relations of tensor operators

2.B.1 Explicit form of T")9(I) operators up to the rank k=7

k q T®a(T)

1| +1 | g8,

2 | £1 | 92, L),

2 | +2 | —C€2p2

3 0| SEEBR-s2-1)L

3 | £1 | 2990 3 (12— 51, +1/2), 1],

Continued on next page
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Table 2.9 — Continued from previous page

q T®a(1)
+2 3)i\/§1ilei
+3 | 5901
0 | sE[(351% — B0I2I2 4 2512, + 34 — 61%)]
+1 | 724 LT3 = 3171, — 1), T4,
+2 | SQ[12 - 12 —5),13],
+3 | 7SR, 18],
+4 | Y014
0 @\/g[ﬁ?ﬂj + 3513(3 — 212) 4 I, (12 — 5012 + 151%)]
+1 244203 + 7129 — 21%) £ 141 ,(3 — I%) — 812 + I* + 12]
w2 | C90 e (313 4912 + 1.(12 - 1) £ (6 - I?)]
3 | FOQ [ER o £ 271, + 24— ]
4 | O(5)iy/ SILIL %2
+5 | 75901
0 | —CO 5L [231I + 105T4(7 — 12) + 2112(14 — 2517 + I*) + 5(~ 121 + 8I* — I¥)
+1 | 9O LT [6615 + 16512 4 6013(6 — I2) £ 1512(25 — 612) + 21 (117 — 5512 + 51*) +
(12 — 40I% + 1))
+2 —@\/%@[3313 + 13213 + 3I2(91 — 61%) £ 61,(47 — 61%) — 2612 + I* + 120]
+3 i@\/%@ [2213 £ 9012 + 1791, — 6121, F 912 + 120]
+4 | 9O B AI1I2 4 441, + 50 — 7]
+5 | £C(6)y/ S IL[21. + 5]
+6 | —<9r¢
0 | —<s \/;[42917 +23115(10 — 312) + 2113(101 — 10512 + 15*) + I (180 — 88212 +
3851* — 351%)]
+1 | 2900 ST T [42076 4+ 128715 + 16512(23 — 312) + 49513(11 — 212) + 312(1832 —

8
64512 + 451*) 4+ 91 ,(332 — 16012 + 1511) + 5(144 — 10812 + 200I* — I¥]

Continued on next page
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Table 2.9 — Continued from previous page

k q T®4(I)
7| 2 | 9D T2 14315 £ TIBIE 4 B513(37 — 212) £ 5512(59 — 61%) + 1,(2862 — 49012 +
157%) £ 15(72 — 1812 + I*)]
7| £3 | £ T T3 [14312 85813 + 1112(215 — 612) £ 661 , (49 — 312) + 3(600 — 6212 + I*]
7| 4 | —CQE T3 £ TSI2 + 1791 — 3I2L. £ 6(25 — I*)]
7| &5 | 2908 [TIR1312 £ 651 + 90 — 1]
7 | +6 —C(?)i\/gfg (I, + 3]
BRI ES
Table 2.9: Explicit form of 7®)4(I) operators up to the rank k=7
2.B.2 General relation of T (k)q(l ) operator with product opera-

tors
T (1) = C (k) (TO* (1)) (2.852)
(k)g=£1 — 1 (k)a
TOHE]) = s (L, T®9(1))] (2.85b)

T = (55 [ 10 (1, o [, (1)1, ) (2.85¢)
TW-5(1) = () [gls0 10w (L, o, L, (1)1, ) (2.85d)
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2.B.3 Explicit form of T(k)q([_) operators in multiple spin basis

(Essential two spin tensor operators)

N
0)0 _ 3 3
T (0..1;0..1,0..) = 1_[1 \/(2151+1)\/Ij(1j+1)(21j+1)\/ll(ll+1)(211+1) %[j-[l (2.86a)
ssyfj,l

€(0..1;0..1;0..)
TW(0..1,0..140..) = C(0..1;0..140..).5 0 I I = I; I} | (2.86b)
T®°(0..1,0..1,0..) = C(0..1;0..1,0..). 7 8Lz Iy — 1.1 (2.86¢)
TW=0..1,0.140..) = C(0..1;0..150..).3 [[F i — 1. I (2.86d)
T@*0..1,0.140..) = C(0..1;0..150..). & § [IF i + L[] (2.86¢)
T@*2(0..1,0..1;0..) = C(0..1;0..1;0..). 3L I [f (2.86f)

2.B.4 Relation with level shift operators” 5!

2k I kI

[IMY (IM| = (1) 3" 3" V2k + 1(—0)" T®a(1) (2.87a)
k=0 q=k _M q M’
K I-M I kI
T®UT) = V2k + 16)" > (=1) |[TM) (IM| (2.87b)
MM’ —M q M

These follow from Wigner-Eckart theorem and reduced matrix element ?%3%:44,63,05,82-84

given below

(1 |7®9) 1y = V2E+1()" 611 (2.88)
2.B.5 Relation with unnormalized or non-unit tensors?%-°164

Ty (kiko..ky) = (i) *athetetb) O kg ey ) T3 (krka..ky) - (2.89)

(K1 Ko...Kn_3) (K1Kg...KN_o
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2.B.6 Commutator relation between tensor operators®>3” T()4(])’s

Single spin:

(1), T ( 1)] = 3 Q(RKE) (=) (@) 2k + 1) (2K + 12k + 1)

k//,q//

k—k' k" Kk K

x (—1) (cya | BR R e g

I I T ¢ ¢ —q"
(2.90)
with go(kk’k”) — [1 . (_1)k+k/+k//]
Multiple spin:

1 11

all k"1 n.q",
1" 17
K"1 o N_2,k

% (i)k1+k2+uk1v(i)k'1+k'2+-.k'1\1(i)k”1+k”2+..k”1v\/(Qk._|_ 1)(2k"+ 1)(2k”—|— 1)

N-2 N
J [T @K +1)2K, + 1)K + 1) [T (2k; + 1)(2k'; + 1)(2k"; + 1)

=1 j=1
k—k' k" k‘”l kq ]{2,1 ]{3//2 ko k‘lg k‘”N kn kZ,N
x (—1) .
L L L L I Ip Iy Iy Iy
ki ko Kj Ky ks Ky Ky kn k
X kll ]{},2 _K'/1 Kll kilg K/2 .. K/N,Q k,/N k?/

k”l k//Q }'('//1 }'('//1 k//3 }'{Il2 K//N—Q k/IN k//

/ !/
1)1@’/7(1” k‘ ]C k’ (k”)q

{K//} (klllk// k//N)

X (—
/ /!

q ¢ —q
(2.91)

% kj+k j+k" ;
with it (k) = [L— (-DF )

2.C Transformation properties

In the Euclidean space, transformation from one coordinate axes to another is described
through three angles, commonly referred as Euler angles (c, 3, ). 2%38:43,44,51,62,63.82,83 g
transformation is accomplished through either the so called passive rotation (shown in

Fig. 2.5) or through active rotation (shown in Fig. 2.7).
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Figure 2.4: Euler angles: A passive rotation by a(0 < a < 27) about z-axis called vertical axis, a
passive rotation by 8(0 < 8 < 7) about y’-axis called line of nodes and a passive rotation by v(0 < v < 27)
about z”-axis called figure axis.

The rotation operator corresponding to passive rotation of coordinate axes frame (for

rotation shown in Fig. 2.4) is represented by,

D(aﬁv) — e—i’ylzlle—iﬂlyle—ialz

I (2.92)
_ efzalzefzﬁlyefz'ylz

For the positive rotation of the coordinate axes system, the relative rotation of vector is
negative. Hence the rotation operator corresponding to rotation of any tensor depicted

in Fig. 2.4 is represented by

D(—O{ _ B . ,y) — ei’yleleiﬁfyleialz

_ gialz jifly givl. (2'93)
Passive Active
Direction Axes tensor tensor
Positive D(apy) D(-a—pf—7) | D7 (~a—p~—7)=D(pa)
Negative D(—a—8-7) D(afv) D~Yapy) =D(-y - B —aq)

Table 2.10: The rotation operators corresponding to passive and active rotations.
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2.C.1 Passive rotation

In the passive rotation, rotation of the coordinate axes frame is accomplished through

instantaneous axis, while tensor (or body) is passively fixed in coordinate system.

Figure 2.5: A passive rotation of co-
ordinate axes by —« or rotation of vec-
tor by a about z-axis.

Positive rotation: By definition, a positive rotation is based on the simple convention,
on rotation right handed screw move to wards positive direction of the axis (away from
the origin). In quantum theory of angular momentum, this is referred to as anti-clock

wise rotation. In this rotation we follow right hand rule which is shown in Fig. 2.6. The

Figure 2.6: Right hand rule: The right
thumb denotes the axis of rotation, the remaining
curled fingers depicts the direction of the rotation
of tensor.

rotation operator corresponding to positive rotation of the vector (Fig. 2.5) is defined

by,
D(aﬁy) — e—iodze—iﬂlye—m[z (2'94)

The corresponding transformation of the covariant tensor is given by,

D(afy)T®ID L (apy) = ZD (afy) T (2.95)

q'=
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In a similar vein, the transformation of contravariant tensor is given by,
D(apy) T, D~ (afBy) = Z DY) (—aB — )T, ™ (2.96)

where D( (aﬁy) % are the elements of Wigner D-matrix or Wigner rotation matrix
D™ (a3v) called Wigner functions.

Dy (aBy) = (kq| D(af7) [ka)
_ </<;q’\ efiodzefiﬂlyefi'ylz ]kq>
— ¢TI (gl eI |feg)
S )

(2.97)

with dé’f;(ﬁ)gg is the element of reduced Wigner rotation matrix d*)(3) called Wigner

formula. Some useful relations of Wigner functions and Wigner formulae are given below,

(D® (aBy)] = DX (—y = B - a) dS)(B) = (—=1)7 71d%) ()
= (-1)"'DY,_(aB) =<—1>""qd(’“><—ﬂ> (2.98)

2.C.2 Active rotation

Rotation of the tensor or body using space fixed axis system is called active or space fixed
rotation. In this rotation, body or tensor is actively rotated along coordinate axis, hence

in the literature it is defined as vector rotation.

Figure 2.7: An active rotation of a
vector with negative rotation by —a
about z-axis

Negative rotation: By definition, a negative rotation is based on simple convention, on

rotation right handed screw move to wards negative direction of axis (towards the origin).
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In quantum theory of angular momentum, this is referred to as clock wise rotation. In

this rotation we follow left hand rule which is shown in Fig. 2.8.

Figure 2.8: Left hand rule: The left thumb
denotes the axis of rotation, the remaining curled
fingers depicts the direction of the rotation of ten-
SOT.

The rotation operator corresponding to negative rotation of vector (Fig. 2.7) is defined
by,

DY apy) = eTzeiPlugial: (2.99)

The corresponding transformation of the covariant tensor given by,

“Hapy)TMD(aBy) = Z D) (—aB — )™ (2.100)

In a similar vein, the transformation of contravariant tensor is given by,
D (aBy)T, ®D(afy) = Z D 0467 (2.101)

Based on Eqgs. (2.95) and (2.100) the transformation of covariant tensors components is
described by passive rotation of vector with positive rotation. In a similar vein, (from
Egs. (2.96) and (2.101)) the transformation of contravariant tensors components is de-

scribed by active rotation of vector with negative rotation.

2.D Floquet theory

In the Floquet formalism,% a periodic time-dependent Hamiltonian, represented in a
finite dimensional basis set, is transformed into a time independent Hamiltonian (usu-
ally referred as Floquet Hamiltonian) represented in an infinite dimensional basis set via
Fourier series expansion.® Vega et al. introduced the Floquet operators®®® for studying
the time evolution during MAS in the Floquet-state space. Subsequently, the Floquet
approach was formulated into a Fourier state representation by Levante et al.®” and to
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an integral representation by Filip et al.®® We can write the state function of the system
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with periodic time-dependancy as given below,
00 l )
2 D cn(®)e™ |pjn) (2.102)
n=-—o00 j=1
and the Hamiltonian of the system as:
> Hpe™ (2.103)

Now the time-dependent Schrodinger equation given by

L)

2L = 1@ () (2.104)

[eS) l
p3 Z( pdozall) mwt<ij>—cjm(t)(nlhw)€m1m%m) S Hae ST S e 0

- j m=—o0 n=—oo s=1

(2.105)

multiplying left side with (;,, | and equating like powers on both sides for the condition

Ny =m-+mnorm=n; —n we get,

0 L dcin, (1)
Z [m jd;f — Cjny (1) (N17iw) = (P, | Z ZHM nCsn(t) [@sn)

n1=—0o0 n=—oo s=1

[ee)

L dcin, (T <t
= Z Zh%)ﬁ() = Z Z [(@jm‘ Hyyn |905n> + nhW5j85n1n]csn(t) (2-106)

ny=-—0o0 n=—oo s=1

Hp

Now from the above Eq. (2.106) we can write the time independent Floquet Hamiltonian

as:

00 l
Hp = Hy, +hw Y Y nlein) (il

n=-—00 j=1

Floquet off-diagonal operator (2 107)
Floquet diagonal operator
Now the time-dependent Schrodinger equation in Floquet basis given by,
. d t
ih WCZ( ) = Hp [p(t)) (2.108)

where |¢p(t)) represents the Floquet state, defined by,

|r(t) Z chn ) @) (2.109)

n=—o00 j=1
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The Floquet basis states are constructed as the direct product of spin states |¢;) and

Fourier states |n) as given below,

i) = (1) @ |©;) (2.110)

The off-diagonal contributions in the Floquet Hamiltonian (i.e H,, = F,, ® H) are repre-

sented through Fourier operator F,,

o0

F,= Y |n+m)(n| (2.111)

n=—oo

The diagonal contributions in the Floquet Hamiltonian (i.e Ir = F; ® I) are represented
through the I, equivalent of Fourier diagonal operator F7,

Fr= > nln)(n| (2.112)

n=—oo

The following commutators relations between the operators is employed.

[IFalx,m] = [FlaFm]Ix = mFm]m = me,m O
[Iaz,mla Iy,mz] = Finitms [[x: Iy] = 1Al tms (2.113)
Similarly the commutator relations of Floquet tensor operators given by,
[Ir, T(k)q] = [F, Fm]T(k)q — mFmT(k)q — mTFa
" (;’?) , (2.114)
(T ] = By [T, TEI2) = T

2.E  Normalization factors corresponding to different

detection operators in NMR theory

Detection I TW-1(0..1;..0) ¥ TW1(0..1,..0) L. TW0(0..1;..0)
Pulse

X —iC(0..1;..0)2 | —v/2C(0..1;..0) | iC(0..1;..0)% | —v/2C(0..1,..0) | C(0..1,..0)* | —iC(0..1;..0)

Y C(0..1,..0)% | —iv/20(0..1;..0) | €(0..1;..0)% | i3/2C(0..1,..0) | C(0..1;..0)% | —iC(0..1;..0)

Table 2.11: The normalization factors corresponding to different detection operators for typical single
X, Y-Pulses.
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Chapter 3

Concept of effective Hamiltonians
for Single Quantum (SQ) transitions

in multi-level systems

3.1 Background

Theoretical description of radio frequency (RF) pulses on quadrupolar spins is unique
and challenging due to the presence of (a)quadrupolar interaction (b) multiple levels
in the system.'® Since quadrupolar nuclei constitute more than 70% of the elements
in the periodic table, they are often employed as molecular probes to investigate the
local environments in inorganic compounds and clusters.”” '’ Consequently, suites of ex-

11-15

perimental techniques centered on the manipulation of the quadrupolar interactions

have emerged in the last two decades for investigating the structure of inorganic com-

679 In all these experiments, the local environment is primarily characterized

pounds.
through the quadrupolar coupling constant and asymmetry parameter and is experimen-
tally obtained through the quantification of the line-shapes and intensity measurements
in a single crystal or a polycrystalline sample. »1%'41% In contrast to spin I = 1/2 systems,
analytic description of the evolution of the density operator in multiple-pulse experiments

has always remained elusive while dealing with quadrupolar systems.

1,19-22 5149

To this end, several theoretical approaches based on fictitious spin operators
spherical tensor operator?*3* formalisms have been proposed in the past.'%!? In particu-
lar, the fictitious spin operator formalism?? has been employed extensively for describing

20,21,35-40° Although, these approaches have

selective excitations in wide range of systems.
enhanced our understanding of the spin dynamics involving quadrupolar spin systems,
they often remain semi-analytical and have limited utility in describing multiple-pulse

experiments involving coupled spin systems that involve quadrupolar nuclei. Addition-
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ally, the factors governing the optimal excitation of a particular transition in a multi-level

system are less tangible with increasing spin magnitude.

41744 45 proposed for

As an alternative, a solution in the form of effective Hamiltonians
understanding the excitation process in quadrupolar systems. Employing the spherical
tensor operator formalism,'? effective RF Hamiltonians are derived by transforming into
the quadrupolar interaction frame. Although, the application of the spherical tensor for-
malism for describing pulses in quadrupolar systems in the hard-pulse limit is known, 227
the description of pulses in the soft-pulse regime is of practical relevance due to larger
magnitude of the quadrupolar coupling constants in comparison to existing RF ampli-
tudes. To this end, a more general treatment in terms of effective RF Hamiltonians is
proposed for studying the effect of RF pulses on quadrupolar systems. The proposed effec-
tive RF Hamiltonian in the quadrupolar interaction frame encodes the various transition
frequencies and is suitable for describing transitions (both selective and non-selective) in a
multi-level system. The validity of the secular approximation is thoroughly examined and
effective RF Hamiltonians for selective and non-selective excitations are derived from first
principles. Additionally, the differences in the excitation conditions in single crystals and
polycrystalline sample are investigated and optimum excitation conditions are derived.
Depending on the relative magnitudes of the RF amplitude and the quadrupolar coupling
constant, optimum conditions required for the excitation of a particular transition are
derived from analytic expressions. In particular, the interplay between selectivity /non-
selectivity of transitions in multi-level systems is explained in terms of the secular ap-
proximation employed in the derivation of effective Hamiltonians. Employing effective
RF Hamiltonians, analytic expressions for the density operator are derived along with

suitable expressions for the time-domain signal. In terms of the analytical expressions for

the density operator, optimum flip angles and duration of pulses are derived.

3.2 Methodology

In this section, the general methodology employed for understanding the effects of RF
pulses is outlined. To begin with, the Hamiltonian for an isolated quadrupolar spin
system is represented by,

H=Hz;+ Hg+ Hpp (3.1)

with Hz denoting the Zeeman interaction, Hg the quadrupolar interaction and Hgp the

interaction of the oscillating RF field with the spin system.

Hy = hwol, (3.2a)

2
Ho=h Y G®ir@s (3.2b)

q=—2
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Hpp = 2hw, coswtl, (3.2¢)

In the above equation, wy denotes the Larmor frequency, w the carrier frequency and w,
the RF amplitude. The spatial part of the quadrupolar interaction is represented by G?,
(‘q’ denotes the coherence order). When the magnitude of the Zeeman interaction exceeds
the quadrupolar interaction, to first-order, the quadrupolar interaction is truncated and
represented through T30 (G®)° coefficient) operator. Unlike in the spin /=1/2 case, the
magnitude of the quadrupolar interaction often exceeds other internal spin interactions in
a given system. Consequently, analytic description of the density operator during radio-
frequency pulses entails the presence of the quadrupolar Hamiltonian. To address these
issues, a general description in the form of effective RF Hamiltonians are proposed to
describe the effect of RF pulses on quadrupolar spin systems. Specifically, selective and
non-selective excitations in quadrupolar systems are described in terms of effective RF
Hamiltonians. To provide a pedagogical description of the underlying spin dynamics, we

outline the three important stages employed in the analytic calculations.

Stage-1I:
In the calculations involving first order quadrupolar interactions, the initial step involves
the transformation of the spin Hamiltonian (Eq. (3.1)) into the quadrupolar interaction
frame. A ‘

A(t) = eie! e~ et (3.3)

In equation Eq. (3.3), Hg denotes only the first-order quadrupolar interaction represented
by

1 wgl(a,B,y) 2)0
Ho=nh . T 3.4
Q \/— ( )

G(2)0

—31Cq ( 3cos2—1
1211 2

ting parameter, CQZSQ%Q the quadrupolar coupling constant and 0(2):\/(21+1>1(1+1‘“§?21+3)(21_1) .

The term wg(a, 5,7v)= + Zsin?f cos 2r) represents the quadrupolar split-

The angle («, 3, ) denotes the Euler angles required for the transformation from the PAS
to LAS.

In the quadrupolar interaction frame, the Zeeman Hamiltonian remains invariant (i.e.
Hy = Hy), while the RF Hamiltonian (see below) acquires multipole character due to

the mixing of single-quantum (SQ) coherences corresponding to different ranks.
f:{RF(t) = G%HQtHRF(t)e_%HQt (35)

Depending on the spin magnitude I, the form of the RF Hamiltonian differs and a closed

form solution in terms of spherical tensor operators is proposed in the quadrupolar inter-
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action frame.

Stage-II:
The next stage in the calculation involves the transformation into the Zeeman interaction

frame,

Hpp(t) = eh 2 Hpp(H)e 112! (3.6)

Employing the secular approximation, the SQ transitions in a given spin system are
identified in terms of effective Hamiltonians. Depending on the magnitude of the RF
amplitude relative to the quadrupolar coupling constant, the effective RF Hamiltonian
reduces to an ‘I, operator in the hard pulse regime (non-selective excitation), while in the
soft-pulse limit (selective excitation) the Hamiltonian comprises of SQ operators ‘T*)%1’

with k = 1,2, ...21).

Stage-III:
Employing the appropriate effective RF Hamiltonians, the time-evolution of the system
during selective and non-selective excitation is studied from the quantum-Liouville equa-

tion. - )
n 0 _ [, 0] (3.7

When the Hamiltonian is time-independent, the solution is expressed by,
5(t) = e nHret5(0)en Hrrt (3.8)

with p(0) depicting the initial density operator (p(0) o I,). Employing the above solution,

the density operator after a pulse of duration ‘¢,’, is calculated.

plty) = e ntlnrte j(g)entinets (39)

Subsequently, employing the appropriate detection operator, the time-domain signal is

evaluated using the standard expression given below,

(O)) = Tr [3(t,)0(1)] (3.10)

In the above equation, O(t) denotes the detection operator in the quadrupolar interaction
frame i.e. O(t) = exp(%HQt)O exp(—%HQt). A detailed description of the underlying spin
dynamics along with analytic expressions for the time-domain signal is presented in the

following sections.
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Figure 3.1: Energy level diagram for spin I=1 system in the presence of first-order quadrupolar
interactions.

3.3 Theory and Discussion

3.3.1 Effective Hamiltonians for /=1
3.3.1.1 Static (Single-crystal)

The first order quadrupolar Hamiltonian for a single crystal is represented by,

Hg = hG20 720 (3.11)

Following the description in the previous section, the RF Hamiltonian in the quadrupolar

interaction frame for an isolated spin /=1 system is derived and represented by,

Hpp(t) = 2hw, cos wt {ZT ) cos fG —iT®(s) sin \[G(Z Ot] (3.12)

26 combinations!

where the suffices (s) and (a) refer to the symmetric and antisymmetric
respectively. Employing Eq. (3.6), the above Hamiltonian is transformed into the Zeeman
interaction frame. To elucidate the resonance conditions, the Hamiltonian in the Zeeman

interaction frame is re-expressed as a sum of SQ transitions (see Fig. 3.1),

Hpp(t) = Hrpalt) + Hrpp(t) (3.13)

The Hamiltonians H gr (), H grp(t) depict the transitions associated with the excitation

ISymmetric ~ TW(s) = T*F)a 4 7*)—a
Antisymmetric THMa(q) = Tk — (k)—q
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frequencies w = wy — \/gG(Q)O and w = wy + \/gG@)O respectively (see Fig. 3.1),

ﬁRF,A(t) _ %(iT(l)l + T(Q)l)e—i[w—(wo—\/§G<2>0)}t _ %(ﬂ-‘(l)—l + T(z)—1)6+i[w—(wo—\/§G<2>0)]t
I:{RF,B(t) _ %(iT(l)l _ T(2)1)67¢[w7(w0+\/§G<2)0)1t _ mTl(iT(l)—l _ T(2)—1)e+i[w7(wo+\/gG(Q)O)]t
(3.14)

Depending on the choice of the excitation frequency (wo F \/gG(Q)O), the above time-
dependent Hamiltonian Eq. (3.14) reduces to much simpler time-independent effective

Hamiltonian as represented below,

Hpra =" [T (@) + T (a)]
- (3.15)
2

Hprpp =

In general, the excitation of a transition between any two-levels in a multi-level system de-
pends on (a) the magnitude of the internal interactions (such as dipolar, quadrupolar etc)
(b) the amplitude of the RF source. When the amplitude of the employed RF field exceeds
the magnitude of the internal spin interactions (inclusive of the quadrupolar interaction),
all SQ transitions in a given spin system are excited simultaneously. However, when the
magnitude of the quadrupolar interaction exceeds the amplitude of the RF modulation,
only selective excitations are possible. Although, these two conditions conform to the two
extremes and are well understood, the excitation in the intermediate regime requires a
more thorough understanding. To this end, we intend to present an analytic description
in terms of effective RF Hamiltonians to elucidate the optimum conditions required for
excitations in all the three regimes. The approach presented herein is extended to spins

of higher magnitude and forms the preface for the sections that follow.

Case-I: (wg << wy)

When the amplitude of the RF field exceeds the internal interactions (inclusive of quadrupo-
lar interaction), all the SQ transitions are excited in the system. For a spin I=1, both
the transitions (w = wy F \/gG(Q)O) depicted in Fig. 3.1 are excited simultaneously, result-
ing in an effective Hamiltonian that comprises of contributions from both iy rr.A(t) and
i rrp(t) as depicted in Eq. (3.13). The excitation in this limit is termed non-selective

and is described by the effective RF Hamiltonian given below,

[:[RF,eff = ﬁRF,A + FIRF,B

(3.16)
= hwliT(l)l(a) = hwllw
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Since, {T(z)o, ,0(0)} = 0, the thermal equilibrium density operator (p(0)) remains invariant
in both the quadrupolar and Zeeman interaction frames, i.e. p(0) = p(0). Subsequently,

the density operator after a non-selective (hard) pulse reduces to the familiar form,

p(ty) Non—setective = I, coswit, — I, sinwit, (3.17)

Employing Eq. (3.10), the detection operator in the effective interaction frame is evaluated
and represented below,

f(l)l(t) _ % (T(l)l + iT(z)l) ei(wo+\/§G(2>°)t 4 % (T(1)1 _ iT(Q)l) ei(wof\/ggmo)t (3.18)

As depicted in Eq. (3.17), the maximum signal in the transverse plane is obtained when
wit, = 5. Employing Eq. (3.10), the optimized time-domain signal is evaluated. Since
the effective RF Hamiltonian in the non-selective regime includes ﬁ rr.4 and ﬁ[ rF.B (see
Eq. (3.16)), the time-domain signal comprises of both the frequencies as represented

below,

(T 1)) = V3C(1).Tr [5@%“”@)] o

where the constant C(1) = |/ @rryrrn is derived from Table 2.6 (Section 2.A, Chapter 2).
In contrast to pure selective excitation (see Eq. (3.22)), the signal intensity is higher in

the case of non-selective excitation and is in accord with experiments.

Case-11: (wg >> w)

When the magnitude of the quadrupolar interaction exceeds the amplitude of the RF
field (i.e. wg >> wy), the effective RF Hamiltonian (see Eq. (3.13)) corresponding to the

excited transition (excitation frequency w = wy — \/gG(Q)O), reduces to

Hrperr = Hrra (3.20)

In this limit, the time-dependent high frequency term 0 rr (1) is neglected under secular
approximation. Subsequently, the density operator after the selective pulse (corresponding
to the excitation frequency w = wy — \/gG@)O), is represented by,

Blty) setective = I — 35 [T (s) T ()] sin vty — 3(LiTH0 4\ [3T0) (cos vV t, — 1)
(3.21)

As depicted in Eq. (3.21), the maximum signal in the transverse plane is obtained when
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wit, = f—f Employing Eq. (3.10) and Eq. (3.18), the optimized time-domain signal is

2V2
evaluated and represented by,

(TOH(1)) = V2O(1).5h5e 0 V3G (3.22)

When the excitation frequency chosen corresponds to w = wg — \/gG(Q)O, i rrA in Eq
Eq. (3.13) is time-independent while i rrp(t) is time-dependent and oscillates with a
frequency that is proportional to the quadrupolar coupling constant. In such cases, the
suitability of invoking the secular approximation in analytic treatments, depend on the
relative magnitudes of the quadrupolar coupling constant and the RF amplitude and might
lead to erroneous results if the time-dependent terms due to i rr.p(t) are neglected.

To address this issue, an effective RF Hamiltonian corresponding to the selected transition

(excitation frequency w = wy — \/gG(z)O) inclusive of the time-dependent term is derived
and represented by,

= = w1 . i (2) . _ _ i (2)
HRF,eff(t):HRF,A‘F%\/%GQ)O [(lT(l)l_T@)l)(e ‘/EG”t—l)—&-(zT(l) 1_ (2 1)(8 \/6G20t_1)}
(3.23)

Since, the complete effective RF Hamiltonian comprises of both iy rra(t) and i rr5(t),
the optimum flip-angles that were deduced (see Eq. (3.21)) are inadequate for improving
the selectivity of a particular transition. To alleviate this problem, an additional con-
straint in the form of the duration of the pulse (¢,) is proposed as a solution to improve
the selectivity of the excited transition. As depicted in Eq. (3.23), when the duration of
the pulse is adjusted to the quadrupolar coupling constant (i.e. t, = 2nm/ 2\/§G(2)0), the
selectivity of the excited transition could in principle be improved. Hence, for improved
selectivity and maximum signal intensity, a unique set of (wy,t,) that simultaneously sat-
isfies Eqs. (3.21) and (3.23) (Le. wit, = ;% and ¢, = QW/Q@GQ)O) is required. The

above optimum conditions are equally valid for w = wy + \/gG(z)O.

To verify the validity of the analytical predictions, simulations depicting the FT-spectrum
of a single crystal are presented in Fig. 3.2 (Al). In these simulations, the amplitude of
the RF field was deliberately chosen higher (than the quadrupolar coupling constant) to
depict the possible single-quantum transitions in a given system. Alternatively, when the
magnitude of the quadrupolar coupling constant exceeds the RF amplitude, only selective
excitations are possible. This is illustrated in Fig. 3.2 (A2) through simulations involving
selective excitation in a single crystal. To illustrate the validity of the derived analytic
expressions, the intensities associated with a particular transition depicted in Fig. 3.2
(A2), have been normalized with respect to their corresponding intensities in the case of
non-selective excitations. As depicted, the intensities in the case of selective excitation

are lower in contrast to the intensities in non-selective excitations. The preliminary sim-
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Figure 3.2: Simulations depicting the FT-spectrum of ®Li (I = 1) system corresponding to non-selective
and selective excitation in a single crystal. The following parameters were employed in the simulations:
Cq = 30 kHz and in panel (Al) J-pulse with RF amplitude v; = 150 kHz, duration t, = 1.67 pus
and excitation frequency v = v, in panel (A2) ;%—pulse with RF amplitude v; = 3.98 kHz, duration

tp = 44.44 ps and excitation frequency 22.5 kHz (i.e v = vg + %2).

ulations depicted in Fig. 3.2 (A1) and (A2) yield results that are in excellent agreement
with the analytic theory.

To further substantiate the analytic theory, the FT spectrum of a polycrystalline powder
sample was simulated. Since the quadrupolar coupling constants in majority of the sys-
tems are larger than the RF amplitudes, the objective of our investigation was to derive
optimum conditions required for improving (a) the selectivity (b) the signal intensity of
the excited transition in a powder sample. In a typical static powder sample, the inherent
spatial anisotropy due to restricted mobility results in a wide distribution of quadrupolar
coupling constants. As illustrated in Eq. (3.4), the anisotropy in the G coefficient is
described using the spatial variables («, 3). However, the statistical weight associated
with a given set of orientations («, 3) in a polycrystalline sample is different. In particu-
lar, the statistical weight for a given value of ‘3’ varies with maxima centered at ‘4 = 7"
Consequently, for axially symmetric systems (n = 0), the excitation frequency depicted by
w=wpyF ‘%Q in Fig. 3.1 is modified to w = wy + “fTQ. To illustrate this aspect, simulations
with excitation frequencies corresponding to w = wy + =2 in Fig. 3.3 (Al), w = wy + 5
in Fig. 3.3 (A2) are presented. As depicted, enhanced signal intensity (see Fig. 3.3 (A1))
is obtained only with the modified resonance condition corresponding to w = wy + “2.
Interestingly, this orientation dependence is unobserved in the case of the single crystal

spectrum shown in Fig. 3.2 (A2)).

To further improve the efficiency of the selected transition, a series of numerical simu-
lations with varying flip-angles (implemented by varying the RF amplitude for a given
pulse duration) were performed in our studies. As depicted in Fig. 3.4 (see figure (B2)),
maximum signal intensity for the selected transition is obtained for a unique flip-angle

2
Eq. (3.21). In contrast to Fig. 3.3 (wit, = 0 = 7), the signal intensity in Fig. 3.4 is higher

(witp = 0 = 375) (different from the standard wit, = 6 = 7) and is in agreement with
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Figure 3.3: Simulations depicting the selective excitation using a §-pulse (vi = 20 kHz, ¢, = 12.5 us)
in a powder sample corresponding to I=1 system. The following parameters were employed in the
simulations: I=1, %Li, Cqg = 2.9 MHz, vg = 4.35 MHz, n = 0. In a typical powder sample, the spectral
width for /=1 system ranges from UTQ to —UTQ, however due to higher statistical weight, the maxima is
attained at iUTQ. The above plots depict the role of the excitation frequency in a powdered sample. The
7 in panel (A1) vo 4+ 22 (%% = 1.0875 MHz) and in panel (A2) vo + %2 (%* = 2.175 MHz) denotes the

frequency of excitation.
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Figure 3.4: Simulations depicting the role of the flip angle in the selective excitation in a powder sample
corresponding to /=1 system. The quadrupolar parameters are identical to Fig. 3.3 and the frequency of
excitation is vg + UTQ (%2 = 1.0875 MHZ). The spectrum depicted in panel (B1) corresponds to the flip
angle 2”% (v1 =20 kHz, t, = 8.84 pus). In panel (B2), the intensity is measured as a function of the RF
amplitude (vq) for ¢, = 8.84 us. As depicted, the maximum intensity is obtained when wit, = % and

is in accord with the theoretical predictions.

74



1.0 Unoptimized 1 Optimized
(A1) (A2)
0.8 1 ¥
*
0.6 1
=
‘»
C
$0.44 1
£
0.2 1 |
0.0 L L

200 0 200 -200 0 200
Frequency (kHz)

Figure 3.5: Simulations depicting the selective excitation (v = vg + 22 (%2 = 75 kHz)) in I=1
system corresponding to Cg = 200 kHz, vg = 300 kHz, n=0. As depicted in the figure (see Al),
the excitation is no longer selective in spite of the optimized flip angles and excitation frequency. As
described in the theoretical section, the additional peak results from the non-secular time-dependent
terms in the effective Hamiltonian. The following parameters were employed in the simulations: in panel
(A1) v, = 17.68 kHz, t, = 10 ws and in panel (A2) v = 26.52 kHz, t, = 6.67 us. As depicted, maximum
selectivity is achieved in panel (A2) in spite of employing higher power. Hence, lowering the RF amplitude
may not only be the solution for selective excitation.

with the optimum flip angle. Hence, in the pure soft-pulse regime, sets of (wy,?,) could

satisfy the condition for the optimum flip angle derived in Eq. (3.21).

From an experimental perspective, the more interesting case arises when the quadrupolar
coupling constants are weaker and comparable to existing RF amplitudes. In such cases,
the excitations are no longer selective and additional constraints other than the optimized
flip-angle are required for improving both the selectivity and efficiency of the selected
transition. As described in the previous section, the effective RF Hamiltonian in the
intermediate regime is no longer selective and additional constraint is deduced by the
manipulation of the time-dependent terms proportional to @ (et — 1) in the effective
Hamiltonian. Following the description in the previous section, the selectivity in such
cases is obtained when the duration of the pulse ‘¢, is adjusted to compensate the time-
dependent term in the effective Hamiltonian ie. ¢, = 5—2. In combination with the
optimized ‘¢,” and the flip-angle (wit, = 6 = %), the selectivity associated with a
particular transition is improved. Hence, in the intermediate regime (when the non-
secular terms become relevant), maximum selectivity and signal intensity is obtained for
a unique set of (wy,t,). This analytic insight is substantiated through simulations (see
Fig. 3.5) depicting a comparison between the selective excitation using the standard and
the optimized approach. As depicted, the selectivity and the relative signal intensity in
I=1 system is enhanced (see panel (A2), in Fig. 3.5) when the duration of the pulse is
chosen in accord with Eq. (3.23). To further substantiate this aspect, a comparison is
made between simulations employing different pulse widths in Fig. 3.6. Since the intensity

of the undesired peaks is proportional to @, increasing ‘t,” to ‘2t,” reduces the intensity
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Figure 3.6: Simulations depicting the role of ¢, on the efficiency of excitation. The excitation frequency
and quadrupolar parameters are identical to Fig. 3.6. The following parameters were employed in the
simulations: in panel (Al) v; = 26.52 kHz, t,, = 6.67 s, in panel (A2) v; = 17.68 kHz, ¢, = 10 us and
in panel (A3) vy = 13.26 kHz, t, = 13.33 us. The ‘t,’” employed in panel (A3) is twice that of the one
employed in panel (A1) and seems to yield both maximum selectivity and signal intensity.

of the undesired peaks to half as depicted in Fig. 3.6 (see panel (A3)).

3.3.1.2 Magic Angle Spinning (Powder-sample)

The Hamiltonian for an isolated quadrupolar spin system under MAS is represented

by,

2
H=Hz+Hpp+h Y, GPOemertq0 (3.24)
m=—2
m#0

In Eq. (3.24), G,(ﬁ)o denotes the spatial anisotropy associated with the quadrupolar inter-

action (also see Table 2.4) and is represented below,

2)0 2
Gpm = C° Z RGE DY) (par) D) (Qurr) it (Bre) (3.25)
q2,43=—2
In the case of selective excitation (corresponding to excitation frequency w = wy —

\/gG(Q)O), the Hamiltonian after transforming to Zeeman and quadrupolar interaction

(see Eq. (3.13)) frame is represented by,

H h Z G 0 mertT hG "’ HRFA (326)

m=—2
m#0
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In contrast to the static case, the Hamiltonian in the rotating frame under MAS is time
dependent and periodic. To present a general framework, Floquet theory*® was employed
in our study. In the Floquet formalism,***%*7 the time-dependent Hamiltonian described
in a finite dimensional basis set is transformed into a time-independent Hamiltonian via
Fourier series expansion. The proposed Hamiltonian (commonly referred to as Floquet
Hamiltonian) is described in an infinite dimensional vector space through an operator
basis constructed from the direct product between the spin and the Fourier operators.
Employing the irreducible Floquet tensor operators,****% the Floquet Hamiltonian de-

picting first-order quadrupolar interaction is represented by,

2
Hp = hoIp +h Y GO0 — hGOOTE + 9 (T (@) + T (a)]  (3.07)
m=—2
m##0

In the rotating frame, the RF Hamiltonian is diagonal in the Fourier dimension. To
compensate the off-diagonality introduced by the quadrupolar interaction, the Floquet

Hamiltonian is transformed by a unitary transformation as illustrated below.

Hp = 1 Hpe ™1 (3.28)

To facilitate this procedure, the Floquet Hamiltonian Hp is expressed as a sum of two

terms.
Hp = Hy + H;

Hy = hw, Iy — hGOOT° (3.29)

2
Hy = [T (a) + T @) +5 Y ¢0T20
m=—2 (3.30)

Hl,diagonal m;éO

Hl,offfd'iagona,l

The diagonal part of the H; comprises of RF Hamiltonian, while the anisotropic part of
quadrupolar interaction is classified into Hi off—diagonai- The transformation function S,

is chosen to compensate the off-diagonality in Hy (i.e Hi off—diagonat)

2
Si=—i Y Gu-TP’ (3.31)



HY = Hy +i[S,, Hy|

| (3.32)
= Hl,diagonal + Hl,off—diagonal + Z[Sh HO]

H{l) = Hi giagonar (0r) in other words Hj off—diagonat = —4[S1, Ho| (3.33)

Employing the BCH expansion, the higher-order corrections to the effective Hamiltonians

are evaluated.
Hél) = i[Sla Hl,diagonal]

H?El) = _71[81, [Sl, Hl,diagonal“

In the Floquet frame work, the effective Floquet Hamiltonian describing a selective pulse

is represented by,

Hp = hw,Ip — hGPOT 0

2 2 2)0 ~(2)0
(1)1 2)1 G®0 (1)1 2)1 - GGl )1 2)1
IV + T =\ RO TN + (0 S ST + T )
L@ 0 a0
2 2 (2)0 ~(2)0
(1)—1 2)—1 GP° . (1)-1 2)—1 G Griy (1) —1 2)—1
2 LuarOt -y - @ D G T - 53 % ] R A e
m=— mi,ma=—
m#0 m1,m27#0
(3.34)

Under special condition (i.e. nw, = \/gG(z)O), the effective Hamiltonian reduces to a

much simpler form.

App = "0, (iT5) + TG — b, (T + T271)] (3.35)

and for m* side band as
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Figure 3.7: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 1, (excitation frequency, v = vy + UTQ or v = vy + 90 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 10 kHz and in panels (BI1,
B2) v, = 11 kHz. The remaining parameters Co = 240 kHz (vg = 360 kHz), excitation frequency
v = 90 kHz , v; = 31.79 kHz, t, = 5.56 us were held constant in all the simulation. The analytic
simulations depicted in panels (A1), (B1) are based on the effective Hamiltonian, while the simulations
in panel (A2), (B2) are from Simpson. "

where the constants a,, b, (for m=0) and a,4m, byim are given by following equa-

tions

2 2)0 2 2)0 ~(2)0
tim =2 Y Gy’ | 3 3 Gin) Gy ]
n+m — 2 miwyr 212 mimow? (3 37)
mp=—2 mi,ma=—2 .
mij=—n+m mi+mo=—n+m
m17#0 m1,m27#0
2 2)0 2 2)0 ~(2)0
boim = [\/2 D Gy + 3 3 Gy Gy’ ]
n+m — 2 miwyr 212 mimow? 7"
mi=—2 m1,m2272 " (338>
mi=n+m m1+mo=n+m
m17#0 m1,ma7#0

Subsequently, the density operator after the selective pulse (corresponding to the excita-
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Figure 3.8: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 1, (excitation frequency, v = vy + UTQ or v = vy + 90 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 18 kHz and in panels (B1,
B2) v, = 19 kHz. The remaining parameters Co = 240 kHz (vg = 360 kHz), excitation frequency
v = 90 kHz , v; = 31.79 kHz, t, = 5.56 us were held constant in all the simulation. The analytic
simulations depicted in panels (A1), (B1) are based on the effective Hamiltonian, while the simulations
in panel (A2), (B2) are from Simpson. "
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Figure 3.9: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 1, (excitation frequency, v = vy + UTQ or v = vy + 90 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 30 kHz and in panels (B1,
B2) v, = 31 kHz. The remaining parameters Co = 240 kHz (vg = 360 kHz), excitation frequency
v = 90 kHz , v; = 31.79 kHz, t, = 5.56 us were held constant in all the simulation. The analytic
simulations depicted in panels (A1), (B1) are based on the effective Hamiltonian, while the simulations
in panel (A2), (B2) are from Simpson.
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tion frequency w = wy — \/gG@)O), is derived and represented below,

plty), = I — miib[an(:rﬁlgl — TN 4 b, (T — T2~ sin(\/2anbpwit)

(3.39)
s (T + VBT %) [cos(v/2ap b ty) — 1]

~ 1)1 (2)1 1)—1 (2)—1 .
p(tp)n+m: Iz_m[anﬁ-mu{rhm - ZT£73+m) + bn-i-m(TéJr)m - ZTr(LJr)m )] Sm( V 2an-‘:-mbn—m""lt)

— Wﬁ(iTo(l)o + \/§T0(2)0)[COS(\/ 2an+mbn7mW1tp) — 1]
(3.40)

Accordingly, the detection operator corresponding to the excitation frequency (wy —

\/gG(z)O) in the effective interaction frame is derived and represented below,

(3.41)

2
(2)0 ~(2)0 .
1 3 Gmy Gy M1 (2)1 tlwo+(m1+ma)wr]t
+ 5\/; Z mimaw?2 (Tm1+m2 - ZTmH—mg)e + ]
mi,ma=—2
m1,ma7#0

Employing Eq. (3.10), the optimized time-domain signal is evaluated.

<T(1)1(t)> = \/50(1). ;ﬁ;;n sin(\/2anbnw1t)eit(w0_\/gG(m) (3.42)

V an mOn—m it(wo—/ 3 mwr
(T2 0) = VRO T2 T2 sy 2o b Viem

In Figs. 3.7 to 3.9, the role of spinning frequency on the selective excitation profile in
MAS experiment is depicted. When an integral multiple of the spinning frequency is
matched to the quadrupolar off-set frequency (UTQ), the efficiency of excitation increases.

The results are in accord with the predictions emerging from the analytic theory.

3.3.2 Effective Hamiltonians for /=3/2

3.3.2.1 Static (Single-crystal)

To illustrate the spin dynamics involving half-integral quadrupolar spins, spin [=3/2
is employed as a case study in this section. Following the procedure outlined in the

previous sections, the RF Hamiltonian in the quadrupolar interaction frame is derived
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Figure 3.10: Energy level diagram for spin I=3/2 system in the presence of first-order quadrupolar
interactions.

and represented by,

@T(l)l(a)(\/%—o + 5 cos G2)0¢) — \/giT(Q)l(s)(sin G2)%)
+\/§iT(3)1(a)(1 — cos G2)0%)

HRF(t) = 2hw; coswt (3.44)

In contrast to integral spins, the RF Hamiltonians involving half-integral spins in the
quadrupolar-Zeeman interaction frame comprises of the central and satellite transitions

as illustrated below,

Hpp(t) = Hgp(t) + Hgp(t) (3.45)

As depicted in Fig. 3.10, the RF Hamiltonians associated with the central transition
(involving states ‘%> — ‘—%>) is represented by,

ﬁg}g(ﬂ _ hwl[(\/g AL \/g iT(S)l)efi(wfwo)t _ (\/% iTW-1 4 % Z'T(B)fl)ei(wfwo)t]

The satellite transitions associated with the states ‘%> — ‘%> ,

_%> - ‘—%> are expressed

as a set of Hamiltonians given below,

~ ST ~ ST ~ ST
Hpp(t) = Hppia(t) + Hppip(t) (3.47)
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r7ST hw 73 Zz 11 —+ 73 1 (2)1 3Z‘T(3)1 —it[w—(c O_G(Q)D)]
T )] - itjw—(wp—G )0
\/?L (1)— _|_ \/> ZT(Q) 1 \/gl (3) l)e tlw—(wo—G )]

@ (\/i?oiT(l)l _ \/g iT@1 _ \/%,L'T(?))l)efit[wf(woJrG(Q)O)]
’ (AT — \/g ire - \/giT(?’)_l)e“[w—(wo+0(2>0)1

The effective RF Hamiltonian describing non-selective excitation is derived by adding
Egs. (3.46) and (3.47) and reduces to the familiar form obtained earlier.

FIEIZCJB(O = (3-49)

H'RF,Nonfselective = ha}l \/g’lT(l)l(a) = h&ﬂlx (350)

The transformed detection operator is represented by,

z (D1 .
T (t):(%T(l)l + @T(@l)ezt(wo) + %(%T( ) + \/7ZT ’Lt WO G(Z)O) (3 51)
QTN BTN BT )ew<wo+0<2) )

Employing the detection operator (see Eq. (3.51)), the time-domain signal in the case of

non-selective excitation is evaluated and represented below,

(TWH(1)) = VEO(1). 5 [2670) 4 3(e0mC) g it Gy (3.52)

3

In the pure soft-pulse regime (wg >> wy), selective excitation of either the central or the
satellite transition is possible. For e.g, in the selective excitation of the central transition

(w = wy), the effective RF Hamiltonian under secular approximation reduces to,
~ CT
Hpp = hwl[\/giT(l)l(a) + \/%T(&l(a)] (3.53)

Subsequently, the density operator after the selective excitation of the central transition

reduces to,

plty)ers =1, — %[\/%T(l)l(s) + @T(g)l(s)] sin 2wt — %(\/giT(l)O + \/giT(‘g)O)[cos 2wity — 1]

(3.54)

Based on the above equation, maximum signal in the transverse plane is obtained when
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Figure 3.11: Simulations depicting the FT-spectrum of “Li (I = 3/2) system corresponding to non-
selective and selective excitation in a single crystal. The following parameters were employed in the
simulations: Cg = 85 kHz and in (A1) F-pulse with RF amplitude v; = 150kHz, duration ¢, = 1.67 us
and excitation frequency v = v, in (A2) CT Z-pulse with RF amplitude v; = 5.31 kHz, duration
t, = 23.53 ps and excitation frequency v = vy and ST ;W—pulse with RF amplitude v; = 6.13 kHz,

duration ¢, = 23.53 us and excitation frequency 42.5 kHz(i.e v = vy + vg).

_

wit, = 7, as represented below,

(TOL()) = V20(1) 4y 260! (3.55)

In a similar vein, the effective RF Hamiltonian corresponding to the selective excitation

of one of the satellite transitions (say w = wy — G??), is represented by,
~ ST
Hppe = [ 2T WY (a) + /3T (s) — /3T (a)] (3.56)

The corresponding density operator and time-domain signal is evaluated and represented

below.

ptp)srs =1 — = (% 04 Bp@0 _ 7@ ) [cos V3uwit, — 1}

(3.57)
%[%Tu)l(s) — ST () — /3T (s)] sin v3uwnt,

(TON(1)) = V2C(1).4y/ Felten=6™) (3.58)

In contrast to the central transition, maximum signal intensity in the case of the satellite
transition (see Eq. (38)) results when wit, = 55 Additionally, the effective RF Hamil-
tonian describing the selective excitation of the central transition comprises of only odd
rank SQ operators (see Eq. (3.53)).
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Figure 3.12: Simulations depicting selective excitations (v = vo+ 5 (5 = 300 kHz) in figures D1, D2)
and (v = vy in figures D3, D4) in I=3/2, system corresponding to Cg = 1.2 MHz, vg = 600 kHz, n= 0.
Since, the difference between adjacent peaks is 2, the duration of the pulse 2t, = 2(”7@)_1 = 6.67 us.
The optimum flip angles for the satellite transition %(Dl7 D2) and central transition §(D3, D4) were
employed in the simulations. The following parameters were employed in the simulations: (D1) v; =
17.3 kHz, t, = 8.33 us; (D2) vy = 21.65 kHz, t, = 6.67 us; (D3) v1 = 15 kHz, ¢, = 8.33 s and (D4)
v = 18.75 kHz, t, = 6.67 us.

As described in earlier Section 3.3.1.1, the selectivity in the excitation of the central

and satellite transitions could further be improved when the duration of the pulse ‘¢, is

adjusted to compensate the undesired terms in the effective Hamiltonian i.e. ¢, = é(’?{o . In

combination with the optimum flip-angles based on Egs. (3.54) and (3.57), the efficiency
1
could further be improved. In Fig. 3.12, simulations depicting the selective excitation in

and selectivity of the excited central (wit, = 7) and satellite transitions (wit, = ;77=)

[=3/2 system is presented. As described earlier, the spin [=3/2 system comprises of a

central (see figures D3, D4) and a set of satellite transitions (figures D1, D2). The flip

angles employed are in accord with those tabulated in Table 3.1.

3.3.2.2 Magic Angle Spinning (Powder-sample)

The Hamiltonian for an isolated quadrupolar spin system under MAS is represented
by,

2
H= HZ + HRF + h Z G’Sg)OeimwrtT(Q)O (359)
m=—2
m70

In the case of selective excitation (wg >> w;), the Hamiltonian after transforming to
Zeeman and quadrupolar interaction (see Eq. (3.13)) (w = wo—G®?) frame is represented
by,
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- hG®

H=n Z GOetmert ) 0 HEL,

m=—2

m#0

(3.60)

Following the description in the previous section, the Floquet Hamiltonian is derived and
represented below,

2 ~ ST
Hp = hw,Ip +h Z Gg)OTS)O _ hG(2)OTéQ)O i HRF,A

m=—2
m7#0

(3.61)

To compensate the off-diagonality due to quadrupolar interaction, the Floquet Hamilto-
2 (2)0

> SnT20). When
=2

m
m##0
an integral multiple of the spinning frequency matches to the quadrupolar frequency, the

nian is transformed using the transformation function S; (S; = —i

Floquet Hamiltonian reduces to much simpler form.

A = %[ zT 1)1 \/’ i1t 2)1 \/’ 7t 3)1 OiTr(zl)_l n \/g T \/giﬂ(lg)q)]
(3.62)
and for m*" side band as
(3)1
. At ( T +\/72T \[’LT_ )
Appm = hw Ip + 2 | e ?*m e (3.63)
2
_bn+m( n+m +\/7 Tn+m \[ n+m
where the constants ay, b, (for m=0) and a1, bpim given by following equations
2 2
G20 G Gy
Y- ST RNV -
mi=—2 e mlam2:_2 mimaey (3.64)
mi=—n-+m mi1+mo=—n+m
m17#0 my,mz7#0
2 2
a0 G20 4(2)0
binsn = ual e
=l L w2 (3.65)
mi=n+m m1+mo=n+m
m17#0 m1,m27#0

Subsequently, the density operator after the selective pulse (corresponding to the excita-
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Figure 3.13: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 3/2, (excitation frequency, v = vg + %% or v = vy + 270 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 10 kHz and in panels (B1,
B2) v, = 11 kHz. The remaining parameters Cg = 1.08 MHz (vg = 540 kHz), excitation frequency
v = 270 kHz , v; = 19.5 kHz, t, = 7.4 us were held constant in all the simulation. The analytic
simulations depicted in panels (A1), (B1) are based on the effective Hamiltonian, while the simulations
in panel (A2), (B2) are from Simpson. "
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Figure 3.14: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 3/2, (excitation frequency, v = vg + %% or v = vy + 270 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 18 kHz and in panels (B,
B2) v, = 19 kHz. The remaining parameters Cg = 1.08 MHz (vg = 540 kHz), excitation frequency
v = 270 kHz , v; = 19.5 kHz, t, = 7.4 us were held constant in all the simulation. The analytic
simulations depicted in panels (A1), (B1) are based on the effective Hamiltonian, while the simulations
in panel (A2), (B2) are from Simpson. "
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Figure 3.15: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 3/2, (excitation frequency, v = vg + %% or v = vy + 270 kHz). The following
parameters were employed in the simulations: in panels (A1, A2) v, = 30 kHz and in panels (B1,
B2) v, = 31 kHz. The remaining parameters Cg = 1.08 MHz (vg = 540 kHz), excitation frequency
v = 270 kHz , v; = 19.5 kHz, t, = 7.4 us were held constant in all the simulation. The analytic
simulations depicted in panels (A1), (B1) are based on the effective Hamiltonian, while the simulations
in panel (A2), (B2) are from Simpson. "
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tion frequency w = wy — G?°), is evaluated.

p(ty), = 1. — m ( T éTéZ) T(3)0))(cos \/3anbpwit, — 1)
3 3

(H1 3 (2)1 (31
an(—=12,, Sal) — 2T,
(V 10 \/g 5 ) sin(y/3a,b,w1t)
3 (1)1 3 m(2)-1 37(3)—1
—ba( BTt = /3 TP — 3T

Ptp) i =12 — 5an+mb — ( T(l)0 ‘[T 20 _ 0(3)0))(cos vV 3 tmbn—mwit, — 1)

1 (3.66)
" 2vBanbn

3 (1)1 2)1 3(3)1
I CLn+m OT7n+m \/7 T*”er \/jT7n+m Sjn(mwlt)
2¢/3antmbn—m by (BT —\f P AC. \fT@) )
n+m m n+m n+m 5 nt+m
(3.67)

Accordingly, the detection operator corresponding to excitation (wy—G (2)0) in the effective

interaction frame is evaluated and represented below,
Tigl)l(t) :%[(%To(m _ \/% Ty @To(gn)ei(wo)t

(2) .

(3.68)
G(2>0G(2>0 (3)1 wo+(m1+ma)wr]t
+2’\[ Z m1m2w2 5 m1+m2 \/> m1+m2 Tm1+m2) ot (matma)uor]

mi,mo=—2
m1,m27#0

4]

Employing Eq. (3.10), the optimized time-domain signal is evaluated.

(TWH(t)) = V2C(1).5/ 228 sin(\/3a,bywnt e 0= (3.69)

(TP (1)) = V20 (1). Ly fBemsmbain in (1 /301 by o )it (20~ G0 F i) (3.70)

The simulations depicted in Figs. 3.14, 3.15 and 3.17 substantiate the analytic theory.
Hence, the choice of the spinning frequency play an important role in the excitation of

satellite transition in half-integer quadrupolar spins.

3.3.3 Effective Hamiltonians for /=5/2
3.3.3.1 Static (Single-crystal)

As depicted in Fig. 3.16, the spin /=5/2 system, comprises of a central and two sets of

satellite transitions (denoted by 1 and 2). In the effective RF Hamiltonian framework,
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the SQ transitions are represented by,

~CT ~ ST ~ ST

Hpp(t) + Hppy(t) + Hppo(t) (3.71)

Hrp(t) =

The central transition is depicted by,

(i T+ 2T 46

V35
(AT~ 71_’_6\/g2'T(5)71)eit(w7w0)

5 )1 g it(w—wo)
2 ) (3.72)

1 6 .73

while, the two sets of satellite transitions (with C; = l\/g ) are represented by,

Hg;,m(t) =

= hw
Hipap(t) = —

Figure 3.16:

interactions.

fuwoy

2 8 m(1)—
(\/%’LT

2

=~ ST
Hpgpa(t)

=~ ST

=~ ST
= Hrpaa(t) + Hrpap(t) (3.73)

(Feir™ +

T(3)1 4 / T(5)1—|—4 /1 T(2)1+2\[T(4)1) —itlw—(wo—C1 G(20)]
it W w ( )
1+¢T?ZT(3) 1*4\/51T<5 +4\/ T2> 1+2\[T4> 1) (wo—C1G(2)0)]

(3.74)

\/%iT@)l — 4/ BTt — 4 /LT 2\/§T<4>1) o itlw—(wo+C1G D))

(Feir+

2 (\/%iT(l)*l + \/%iTB)—l _ 4\/gT(5)71 _4 /ﬁT(z)ﬂ _ 2\/§T(4)—1) eit[w*(wo+CIG(2)o)]
(3.75)
= ST = ST = ST
Hppao(t) = Hrroa(t) + Hrr2p(t) (3.76)
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Energy level diagram for spin I =5/2 system in the presence of first-order quadrupolar
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(\/%ZT(UI 2T 4 /TN 4,/ TT - QfTvm) —itfw—(wo—2C1G0)]
8

}:155214(25) =
’ 2 1)—1 2 .p(3)—1 5 (5)—1 T (2)—1 4)—1) it[w—(wo—2C1 G20
(Em) — 2T 4 /BT 4 /LT 2 /2T )e [w=(wo =21 G

(3.77)

(\/%ZTu)l 152’T(3)1 +4y/BAiTON 4 /TN | 2\/§T(4)1) o itlw—(wo+201G(D0)]
8 7'j'v(l)fl _ \/%751-1'1(3)71 +4 /%iT(5>71 —4 /iT(2)71 +2\/§T(4)71) eit[wf(woJr?ClG(Q)O)]
(3.78)

h
Hitkon(t) = glL

(

e

The effective RF Hamiltonian describing non-selective excitation is derived by adding
Egs. (3.71) and (3.72) and reduces to the familiar form obtained earlier.

I:[RF,Nonfselecti'ue = hwl \/%?ZT(1)1<G) = h&.ﬂ[x (379)

The detection operator in the effective RF interaction frame is derived and represented

T _ (91 | 6 1
T (1) = (STW + S LTE! 4 LY/BTON) et
41 (mT(m LA L@ 4 2pen é\/imm _ 4iT(4>1> @itleo—C1GEP0)
2\ 35 521 7V 3 7V 5 7
L (161 4 4 4 f2mp(B)L | 4 [2:(2)1 | 441 Lit(wo+C1GPO
+2<35T(> . ?\/;T() +?\/;ZT(> _|_7ZT()>6(0+1 )
+§<§T<” 27O L, a7 T 4 ZT(4)1>e Hwo—2C1G)0)
+§<§T<1> ZTO1 4 1, [27O1 | A0 $¢T<4>1) @it +201G)
(3.80)

Employing the detection operator (see Eq. (3.80)), the time-domain signal in the case of
non-selective excitation is evaluated and represented below,

(f(l) ()) fc( ) W[gelt(wo) +8( lt(wo C1G(2)O)+ lt(w0+ch(2)0))+5( lt(wo 201G(2)0) + ’Lt(w()+2ch(2)0)}

(3.81)

In the pure soft-pulse regime (wg >> wy), selective excitation of either the central or the

satellite transition is possible. The effective RF Hamiltonian under secular approximation
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for selective excitation of the central transition (w = wy) reduces to,

HEGE() = [T a) + L=iT @ (a) + 6,/ 5T (3.82)

Subsequently, the density operator after the selective excitation of the central transition

reduces to,

plty) =1 — 3 (\/>1T(1 + \FZT 10 ZT(5)O> [cos (Bwit) — 1]
(3.83)
- [\/%T(l)l(s) + = )+ 6\/7T(5)1 } sin (3w1t)

Based on the above equation, maximum signal in the transverse plane is obtained when

wit, = %, as represented below,

T 1) = VEO(). et (3.84)

In a similar vein, the effective RF Hamiltonian corresponding to the selective excitation

of one of the satellite transitions (say w = wy — C1G??), is represented by,

hw .
HRF1A() 71 \/%ZT(I)I(S)-F 27O (s 4\/7T(5)1 +4\/>T +2\/§T(4)1(5)}

(3.85)

The density operator after the selective pulse and the time-domain signal is calculated
using the standard procedure.

plty) =1I.— (\/325@(1)0 4/ ET@0 4 [Lip®0 4 fes o _ ,/ggz'T@O) [cos (VBunt) — 1]

L2 MW(s) + 2T (s) — 24/ 107G (5) — 24 /2iT P (5) — 24/ 2iT™1(s) | sin (vBuwit
T8 | V3B V5 7
(3.86)
= (1)1 oit(wo—Ch (2)0
(T (1)) = V2C(1).y/) Fe oG (3.87)

The effective RF Hamiltonian corresponding to the selective excitation of one of the
satellite transitions (say w = wy — 2C1G?0), is represented by,

HRFQA( )= 21 EZT(l)l(s) - J%zT(?’)l(s) + 4\/%ZT(5)1(8) + 4\/gT(2)1(3) — 2\/§T(4)1(5)}
(3.88)
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Figure 3.17: Simulations depicting the FT-spectrum of 2" Al (I = 5/2) system corresponding to non-
selective and selective excitation in a single crystal. The following parameters were employed in the
simulations: Cg = 118 kHz and in (A1) $-pulse with RF amplitude v; = 150 kHz, duration ¢, = 1.67 us
and excitation frequency v = wvp, in (A2) CT g-pulse with RF amplitude v; = 1.48 kHz, duration

= 56.5 us and excitation frequency v = vy, ST1 Lf—pulse with RF amplitude v; = 1.56 kHz, duration

= 56.5 ps and excitation frequency 17.7 kHz (i.e v = vg + vg and ST2 \/5 -pulse with RF amplitude
v1 = 1.98 kHz, duration ¢, = 56.5 pus and excitation frequency 35.4 kHz (i.e v = vy + 2vg).

The corresponding density operator and time-domain signal is evaluated and represented
below.

Bty =1 — 1 (@mno +/2T@0 | [rr@o _ fap@o \ﬁiT(@O) [cos (VBunt) 1]
2\f [\/7T(1)1 \/7T(3)1 + \FT(5)1 \/72T(2 )+ [szl ] sin (ﬁwlt)

(3.89)

<~(1)1> Vac(). \/7 it(wo—2C1 G(0) (3.90)

Analogous to the spin I=3/2 description, the optimum time-period for selective excitation

of central and satellite transitions are identical (i.e. t, = %) with optimum flip-
angles wit, = ¢, wit, = ﬁ and wit, = ﬁ respectively. The simulation depicted

in Fig. 3.17, illustrate the selective and non-selective transitions and those depicted in

Fig. 3.18, substantiate analytic theory.

3.3.3.2 Magic Angle Spinning (Powder-sample)

In the case of selective excitation (w = wy — ClG(z)O), the MAS Hamiltonian after trans-
forming to Zeeman and quadrupolar interaction (see Eq. (3.13)) frame is represented
by,
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Figure 3.18: Simulations depicting selective excitations (v = vg+ UTQ(UTQ = 120 kHz) in figures E1, E2),
(v="v9+vg (vg = 240 kHz) in figures E3, E4 and v = v¢ in E5, E6) in I=5/2, system corresponding to
Cqo =1.6 MHz, vg = 240 kHz, n= 0. Since, the difference between adjacent peaks is UQ , the duration of
the pulse 2¢, = 2("7Q) = 16.67 ps. Based on Table 3.1, the optimum flip angles f(El E2), f(E3

F4) for the satellite and (E5, E6) for the central transition were employed. The following parameters
were employed in the simulations: (E1) v1 = 4.9 kHz, t, = 18 pus; (E2) vq = 5.3 kHz, ¢, = 16.67 us; (E3)
v = 6.21 kHz, t, = 18 us; (E4) v1 = 6.71 kHz, t, = 16.67 us; (E5) vy = 4.63 kHz, t, = 18 us and (E6)
vy = 5 kHz, t, = 16.67 ps.

H=r Z GRPOement 0 — pGe 0T2)0+HRF1A (3.91)
m=—2
m#0

Following the description presented in the previous section, the effective Hamiltonian
(under nw, = C;G?°) is represented by,

Hpp = h%[an(\/%iTg)l + \ﬁ T(3) — 4/ 5T 5)1 + 4\/;T(2 + 2\/;T 4)1

(3.92)
. 1)—1 -(3)—1 . 5)—1 2)—1 4)—1
R A R (W Y (NN O
HF n+m — = hw IF + M[aner(r T£172+m r T£372+m -4 T£573—1i-m +4 14T£272+m 7T£472-1',-m)
- bn+m( ﬁZTT(Lle \/* TT(L?-)'Bm -4 Té?ml + 4 Tni-)ml + 2\/;T7(Li—m )]
(3.93)

where the constants a,,, b, (for m=0) and a, 1, by given by following equations

2 (2)0 5 2 (2)0 ~(2)0
a = [—C Z Gmy + ‘1 Z Gmy Gy ]
n+m 1 miwr 21 mimow? 3.94
mp=—2 m1,m2:—2 ( ° )
mi=—n+m mi1+mo=—n+m
m17#0 m1,m27#0
2 2
o | ity
bn+m - [Cl Z miws + 2! Z mimow?2 "77° 3.95
mi=— m17m2:—2 ( ° )
mi=n-+m mi+mo=n+m
m1#0 mi,mz7#0
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Figure 3.19: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 5/2, (excitation frequency, v = vg + %% or v = vy + 150 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 10 kHz and in panels (BI1,
B2) v, = 11 kHz. The remaining parameters Co = 2.0 MHz (vg = 300 kHz), excitation frequency
v =150 kHz , v; = 13.33 kHz, ¢, = 6.63 us held constant. The analytic simulations depicted in panels
(A1), (B1) are based on the effective Hamiltonian, while the simulations in panel (A2), (B2) are from

Simpson. *°

Subsequently, the density operator after the selective pulse(corresponding to the excitation
frequency w = wy — C1G?0), is represented by,

ptp),, = I.— 2m (\/7 T(l)0 \/7T(2)0+\[ T(3)0+\/7T(4)0 \ﬂiTémo) [cos(v/8anbpwity,)—1]

(1)1 (3)1 5)1 /1 (2 (4
_ sin(V8anbpwit) (ﬁT_n + ﬁT—n —4 T —4 14 i \/7 1
2v/8anb,
nen (1)—1 3)—1 (5)—1 .(2)—1 .n(4)—1
b (BT 4 2P g [ETOT g [P Q\E@Tn )
(3.96)
ﬁ(tp)nfmlz_z\/ui—b («/ 351T(1>0 \/>T(2)0+\/>’LT(3)0+\/>T 40 \/>T(5)0> [cos(/8antmbn—mwity)—1]

8 (1)1 TG

(5)1 /* (2)1 (4)1
_ sin(/8animbn_mwit) [ a"+m(ﬁT—n+7n + \/17 —n+m -4 2T—n+m —4 14 T—n-‘rm 2\/>ZT—n+m ]
24/8an4+mbn—m 1)—1 (3)—1 (5)—1 2)—1 (4)—1
\/ + +bn+’m( 85TT(1+7YI/ + 2 Tn+m _4\/ 42Tn+)m -4 Tr(z+m \/> Tn+m
(3.97)

Accordingly, the detection operator corresponding to excitation frequency w = wg —
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Figure 3.20: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 5/2, (excitation frequency, v = vg + %% or v = vy + 150 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 30 kHz and in panels (B1,
B2) v, = 31 kHz. The remaining parameters Cgo = 2.0 MHz (vg = 300 kHz), excitation frequency
v =150 kHz , v; = 13.33 kHz, ¢, = 6.63 us held constant. The analytic simulations depicted in panels
(A1), (B1) are based on the effective Hamiltonian, while the simulations in panel (A2), (B2) are from
Simpson. *’
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Figure 3.21: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 5/2, (excitation frequency, v = vg + %% or v = vy + 300 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 10 kHz and in panels (B1,
B2) v, = 11 kHz. The remaining parameters Cgo = 2.0 MHz (vg = 300 kHz), excitation frequency
v =300 kHz , v; = 13.33 kHz, ¢, = 8.39 us held constant. The analytic simulations depicted in panels
(A1), (B1) are based on the effective Hamiltonian, while the simulations in panel (A2), (B2) are from
Simpson. *’
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Figure 3.22: Simulations depicting the role of spinning frequency on the excitation efficiency of SQ
transitions in spin I = 5/2, (excitation frequency, v = vg + %% or v = vy + 300 kHz). The following
parameters were employed in the simulations: in panels (Al, A2) v, = 30 kHz and in panels (B1,
B2) v, = 31 kHz. The remaining parameters Cgo = 2.0 MHz (vg = 300 kHz), excitation frequency
v =300 kHz , v; = 13.33 kHz, ¢, = 8.39 us held constant. The analytic simulations depicted in panels
(A1), (B1) are based on the effective Hamiltonian, while the simulations in panel (A2), (B2) are from
Simpson. *’

100



C1GPY in the effective interaction frame is evaluated and represented below,

11 1)1 (3)1 5)1 (2)1 i
T () = (35T0() + 2T )——fT()—f\[T)——zT 1 gilwo)t

(2)0 )
+4/2 Z C;zTr(ﬁTvgzl)l 2 T(3)1 \/7T(5)1 7\/7 T — 2T eilwotmen)t

0 (3.98)
8 (1)1 (3)1 2 [om(5)1
+ \/72(;(2)06;55;0 35 Tmitma 5ﬁTm1+m2 N 7\/; m1tms eilwot(mitma)wr]t 4
21
mi, mszgllmzw _2 ,Z‘T(Q)l T(4)
m1,ma#0 7 5t mi+me mi-+mo

Employing Eq. (3.10), the optimized time-domain signal is evaluated.

<T(1)1(t)> _ \/50(1»\/\2;%% Sin(\/%wlweit(wo—claz)()) (3.99)

2 n mbn—m . ; _ 2
<Tn(11)1(t>> = \/50(1).% S (/801 by t)e 0~ OEI M) (3.100)

In a similar vein, the optimized time-domain signal corresponding to the selective excita-

tion of one of the satellite transitions (say w = wy — 2C,G?)), is represented by,

TOYH)) = V20(1). Sntln sin(y/5c,d,wit Qit(wo—2C1G) (3.101)
2v/35

(T()) = \/50(1).”5?\/’"’?‘)_?"” SN (/5 mor )@t e0 201G man) (3 109)

where the constants c,,, d,, (for m=0) ¢, 44m, dpim given by following equations

2 2
o = <201 3 Gy | 4c1 3 GGy’ _ ]
n+m 1 miwy mimawy (3 103)
mi=—2 m1,me=—2 .
mi=—n+m mi+me=—n+m
m1#£0 m1,m27#0
2 2
doom = 26, 3 o’ 44 3 Gy Gy’ ]
ntm 1 miwr 120 mimaw? (3.104)
mi=— my,ma=—2 '
mi=n+m mi+ma=n+m
m1£0 m1,ma#0

The simulations depicted in Figs. 3.19 to 3.22 substantiate the analytic theory presented
in this section. In accord with our description for spin I = 3/2, the excitation efficiency

of satellite transitions depend on the choice of the spinning frequency.

3.4 Conclusions and Perspectives

In summary, a unified description of the spin dynamics involving irreducible spatial and

spin tensor operators is presented for describing the effect of RF pulses in quadrupolar spin
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systems. The concept of effective RF Hamiltonians introduced for describing transitions
in a multi-level system provides important constraints for improving both the selectivity
and efficiency of the excited transitions. The validity of the secular approximation com-
monly employed in analytic treatments is thoroughly investigated and is well explained
and substantiated through extensive numerical simulations. In contrast to existing de-
scriptions in the literature, both selective and non-selective excitations are described in

terms of effective Hamiltonians based on spherical tensor operator formalism.

From the above derivations presented in this chapter, it is clear that the excitation ef-
ficiency of a particular transition say |I,m) — |I,m — 1), depends on parameters that
are inherently related to the quadrupolar-coupling constant and the amplitude of the RF

irradiation. In the case of non-selective excitation (hard-pulse regime) the optimum flip

us

2
|I,m) — |I,m — 1) is summarized by,

angle is always g(wltp = )and the intensity associated with a particular transition say

[(I4+m)(I—m-+1)]

S (T4 mp) (T —my+1) (3.105)

my=—1I

INon—selectiUe (|]>m> — |]7m - 1>) -

Interestingly, the optimum flip-angle in the case of selective excitation depends on the

states involved and are depicted below along with the expression for the intensity.

0)1,m)—1,m-1) = 2\/(1 T (I —mt 1) (3.106)
IT4+m (I —m+1
ISelective(|Iam> — |I7m_ 1>) = ]\/( * )( ! ) (3107)
% (T ma) (= my 4 1))

We believe that the analytic approach presented in this chapter could be extended for
studying multiple-pulse experiments and understanding phase cycling in quadrupolar sys-
tems. In particular, the effective RF Hamiltonians in the soft-pulse regime could be
employed to construct phase-alternated schemes to minimize distortions in the powder
spectrum. In experiments involving excitation of multi-quantum coherences, the effective
RF Hamiltonians provide insights into the choice of a particular sequence. For e.g. in
the hard pulse regime, the density operator after a single pulse results in the creation
of only single-quantum coherences (of rank 1). Hence, evolution under the quadrupolar
Hamiltonian is a prerequisite for the creation of multi-quantum coherences in the three-
pulse schemes. Alternatively, in the case of selective pulse excitation, the density operator
after a single pulse creates single-quantum coherences corresponding to different ranks. In

such cases, an additional pulse creates multi-quantum coherence without evolution under
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Table 3.1: Summary of intensities and flip angles for selective excitations in integral and half-integral
quadrupolar systems. The intensities depicted in the brackets correspond to non-selective excitation (see
Egs. (3.105) and (3.107)).

S

quadrupolar Hamiltonian. The formalism presented here provides a framework for under-
standing these experimental observations in a tangible manner. A formal description of
the evolution of the density operator in multi-quantum experiments along with optimum

conditions for excitation would be described in the following chapter.
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Chapter 4

Theory of Multi-Quantum (MQ)

excitation in multi-level systems

4.1 Background

Ever since its inception in 1995, Multi-Quantum ? (MQ) NMR spectroscopy (due to Fryd-
man and Harwood) of quadrupolar nuclei (I > 1/2) has held the centre stage in the struc-
tural characterization of inorganic solids owing to the simplicity of its implementation.®™

With the combined efforts of several researchers, %17 18227 to

interesting new innovations
the original scheme have emerged in recent past, resulting in exciting applications of this
methodology in studying inorganic clusters comprising of nuclei possessing higher spin
quantum numbers. Although, recent advancements in the form of high field magnets,
faster spinning modules, efficient high power probes have enabled in better implemen-
tation of experiments, improved understanding of the M(Q phenomenon is quintessential
for both design and interpretation of MQ experiments/experimental data. In particular,
improvement to the signal-to-noise ratio (S/N) in MQ experiments (relies on efficient
excitation /re-conversion of M() coherences) remains a daunting task both from an exper-
imental as well as a theoretical perspective. Depending on the relative magnitudes of the
quadrupolar coupling constant and the amplitude of the oscillating radio frequency (RF)

field, the mode of excitation /re-conversion of MQ coherences in experiments differ.?®

In general, the efficiency of excitation differs and suitability of a particular pulse scheme
depends on external parameters such as the frequency of excitation, duration, amplitude,
spinning frequency and flip angle of the pulse in addition to the intrinsic quadrupolar
coupling constant of a particular system. Hence, a suitable analytic framework inclusive of
these experimental parameters is essential for understanding the underlying spin dynamics
and for reliable extraction of quadrupolar coupling constant and asymmetry parameters

in MQ experiments. Here in this chapter, we confine our discussion to the development
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of analytic methods for understanding M(Q NMR experiments of quadrupolar nuclei in

both single-crystal and MAS cases.

To this end, seminal contributions to understand MQ NMR experiments originated from
Vega and co-workers.?”#! In particular, the approach of Vega and Naor®' has been used
extensively for the description of MQ-NMR experiments and its variants. In combina-

14,32,33 29,34

tion with numerical methods and the fictitious spin operator formalism, semi-

analytical treatments have also emerged for describing both static and MAS experiments

14,32:35,36 A5 an alternative, spherical tensor based formalisms

involving quadrupolar nuclei.
have also been employed for studying quadrupolar spins in both NQR and NMR spec-
troscopy.®”** In particular, employing the hard-pulse approximation (a condition that
is satisfied in systems with smaller quadrupolar coupling constant), multiple-pulse ex-
periments involving quadrupolar nuclei have been studied using the spherical tensor for-
malism.**?%%3 Although, such approaches have helped our understanding of the basic
methodology, they are of limited utility in describing systems with larger quadrupolar
coupling constants. To address these concerns, an alternate approach in the form of ef-
fective Hamiltonians®%** % based on spherical tensor formalism was recently proposed
to describe selective and non-selective excitations in quadrupolar systems.*” Here in this
chapter, we demonstrate the utility of this approach in understanding the excitation of

MQ-coherences in single-pulse experiments involving quadrupolar nuclei.

In the approach of Vega and Naor,?!

a diagonalized representation of the Hamiltonian
(comprising of the RF and the quadrupolar Hamiltonian) was proposed as a solution to
describe the spin dynamics in the soft-pulse regime. Although, such an approach has
been demonstrated for studying spin I=1, 3/2 systems,*® ™! their extensions in higher
spin systems are less straightforward. Alternatively, by invoking the concept of “Secu-
lar Approximation” (also known as rotating wave approximation),®® the nuances of MQ
excitation is explained through effective RF Hamiltonians. As a test case, excitation of
MQ coherences in spin 1 (DQ coherence), spin 3/2 (TQ coherence) and spin 5/2 (TQ, 5Q
coherences) systems are described. In Section 4.2, analytic theory of MQ excitation in
multi-pulse experiments is discussed along with simulations followed by a brief summary

in Section 4.3.

4.2 Theory and Discussion

To understand the nuances of MQ) excitation, we begin our discussion with the Hamilto-

nian of an isolated quadrupolar spin system,

H = hwol, + RGPOTR0 4 9K, cos wtl,
—_—— @ — —

4.1
H, Hq Hgrp ( )
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In the above equation, the external interactions are represented in terms of ‘wy’ the Larmor
frequency, ‘w’ the carrier frequency of the RF field and ‘w;’ the amplitude of the RF field.
The quadrupolar interaction (to first-order) is represented by G?° and is anisotropic for

a polycrystalline sample, represented by,

\/6 wQ<a7677) (42)

(20 _
¢ ONG

—3nCq ( 3cos?—1
121 2

ting parameter, CQZEQ%Q the quadrupolar coupling constant and 0(2)3/ Greny

The term wg(a, 5,7v)= + Isin’f3 cos 2a) represents the quadrupolar split-

30
T(I+1)(201+3)(21—1) *

The angle («, 3,7) denotes the Euler angles required for the transformation from the PAS
to LAS.

To describe the effects of the RF modulation on the system, the Hamiltonian defined
in the laboratory frame (Eq. (4.1)) is transformed into the Zeeman-Quadrupolar (Z-Q)

interaction frame, resulting in an effective RF Hamiltonian.*"

F; i i3(2)04(2)0 _iG2)0(2)0 4
HRF(t) — ezwotlz'ezG tT He iG tT e dwotl, (43)

Depending on the relative magnitudes of the quadrupolar coupling constant and the RF
amplitude, both selective and non-selective excitations have been described in terms of
effective RF Hamiltonians (as described in Chapter 3). In the hard pulse limit (w; >>
wg), the effective RF Hamiltonian reduces to an I, (for an x-pulse) operator. Here
in this chapter, we focus our discussion to the description of MQ experiments in the
intermediate regimes. In the following sections, analytic description in the form of effective
RF Hamiltonians are presented for understanding the MQ behavior depicted in Figs. 4.1
to 4.3 (for I = 1), Figs. 4.4 to 4.6 (for I = 3/2) and Figs. 4.7 to 4.9 (for I = ).

4.2.1 Description for /=1 system
4.2.1.1 Static (Single-crystal)

In the Z-Q interaction frame, the RF Hamiltonian corresponding to the excitation fre-

quency w = wy is represented by,

(iT(l)l + T(2)1)e—i\/gg(2)0t _ (z’T(l)_l + T(Q)—1)ei\/§g<2>ot

Hpr(t) = g

. (4.4)

FHETOY — T(2)1)ei\/§a<2>0t — (TW-! — T(2)—1)67i\/§G<2)0t

The above RF Hamiltonian is time-dependent and if neglected under “secular approxi-
mation” would result in a trivial result i.e. p(t) = exp(F Hpperrt)p(0) exp(: Hppept) =
p(0). Hence, to explain the observed DQ coherence from the single-pulse experiment,

Eq. (4.4) has to be retained. This inference suggests a possible breakdown of the secular
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approximation and is bit counter-intuitive, since the amplitude of the RF pulses employed
in panel (B1) of Fig. 4.1 is much smaller than quadrupolar coupling constant Cg. The
discrepancy could however be resolved by invoking ‘time’ as a criterion for deciding the
suitability of secular approximation. For e.g., when the time-evolution of a quantum sys-
tem is monitored for shorter time periods, the effects of high frequency oscillating terms
are of lesser consequence and could be neglected in the dynamics. However, for longer
durations of observation, the oscillating time-dependent terms may have a profound effect

as illustrated by the simulations depicted in Figs. 4.1 to 4.9.

To facilitate analytic description and alleviate the complexity due to time-dependent

Hamiltonians (i.e. p(7) = exp (;L’ fﬁRF’eff(t)dt> p(0) exp (;L fﬁRF’eff(t)dt> ), an alter-
0 0

nate approach is presented below. In this approach (instead of transforming into the Z-Q

interaction frame), the Hamiltonian described in Eq. (4.1) is transformed into the RF

frame of reference (for on-resonance irradiation) defined below,

H = exp(iwotl,) H exp(—iwytl,)

(2)077(2)0 (4.5)
= RGP TYY + by I,

Since v6G®° > wy, effective Hamiltonians based on the method of contact transforma-

45,46,53-55

tion are proposed to explain the simulation results. Following this approach, the

dominant term due to the quadrupolar interaction is included as the zero order Hamilto-

nian, while the RF part forms the perturbation.

H = Hy + H,
Hy = hGPOT2)0 (4.6)
Hy = hwy [iT"" (a)]

Employing a unitary transformation defined by S;, the above Hamiltonian Eq. (4.5) is

transformed into an effective Hamiltonian H.y, illustrated below,
Heff = Gisl ]:Ie_isl (47)

Following the standard procedure, the n'* order correction to the zero order Hamiltonian
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is expressed in terms of operators® by expanding Eq. (4.7)

HY = Hy = RGPOT®°
HY = H, +i[Sy, Hy) = 0

. 1 4.
HYY = i [S1, Hi) = 5 [, 51, Hol 49
fw? Two?
— 120 L p(2)2
=gl ganl )
In the above equation, the transformation function S; (i.e. S; = i \/525"(12)0T(2)1(3)) is

chosen carefully to compensate the off-diagonality due to H;. Subsequently, the effective

Hamiltonian to second order during a pulse is represented by,

et
\/60(2)0

T@2(s) (4.9)

H _ hG(2)O h’w% T(2)O
eff — - G(2)0 T

To have a consistent description, the initial density operator is re-defined in the frame of

the transformation function Si, as represented below,

p(0) = 1 e

(4.10)
= I, cosb + sin b7 (a)

2w1

where b = gt Since wg > wi, the term proportional to sinb in Eq. (4.10) tends
to zero and the term proportional to cosb tends to 1 i.e the effect of the transformation
function S; on the density operator can be neglected. Employing the effective Hamiltonian
(Eq. (4.9)) the density operator after a pulse (of duration 7) is evaluated and represented
by,

plr) = e wets j(0)entlers

= I, cos by +isin6;7??(a) (4.11)

~ p(r) = e 1 p(r)e™
where 6, = \/62%?2)07—' The time-domain signal corresponding to the D@ coherence in the

rotating frame is evaluated employing the standard procedure and is represented by,

< TP? > = Tr[T®?5(r

[T7p(7)] (4.12)
= —¢sin 61

As depicted in Fig. 4.1 (see panels Al & A2), the frequency of oscillation (DQ coher-
ence) increases with the amplitude of the RF fields, employed in the excitation process.

With increase in quadrupolar coupling constant (panels Al & B1), the frequency of os-
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Figure 4.1: Simulations depicting the role of RF amplitude and quadrupolar coupling strength on
excitation efficiency of double-quantum (DQ) transitions in single-crystal spin I = 1. The following
parameters were employed in the simulations: in panel (Al) Co = 0.5 MHz, v; = 60 kHz, in panel
(A2) Co = 0.5 MHz, v; = 120 kHz, in panel (B1) Cg = 1.0 MHz, v; = 60 kHz and in panel (B2)
Cqo = 1.0 MHz, v; = 120 kHz. The remaining parameters spinning frequency v, = 0 kHz, n=0, excitation
frequency v = 0 kHz were held constant in all the simulation. The analytic simulations depicted red dots
are based on the effective Hamiltonian, while the simulations in black solid lines are from Simpson.°%
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cillations decreases. This trends is in accord with the analytic expressions presented in
Eq. (4.12).

4.2.1.2 Magic Angle Spinning (Powder-sample)

The Hamiltonian for an isolated quadrupolar spin system under MAS is represented

by,

2
H=Hz+Hpp+h Yy, GPOemriT0 (4.13)
m=—2
m#0

In Eq. (4.13), G,(ﬁ)o denotes the spatial anisotropy associated with the quadrupolar inter-

action (also see Table 2.4) and is represented below,

GoP =@ Z REE D2 (Qpar) D2, (Qarr)dng(Brr) (4.14)

q3q2 qa2m
q2,93=—2

The corresponding Floquet Hamiltonian®” in the standard rotating frame is represented
by,

-2
H=hwdp+h Y, GPTP + ke, (4.15)
m=2
m7#0

Unlike the single-crystal, two transformations are necessary in MAS descriptions. To
facilitate the contact transformation method, the Hamiltonian is divided into two parts

as represented below,

—2
2)0(2)0
Ho=h 32 GIPTLY (4.16)
Mo
H, = Fw Iy + oL, (4.17)

Following the standard procedure, the higher-order corrections are derived employing the

transformation function S; (i.e. Sy =1 \/6'2;(12)0 T2)1(5s)), as represented below,

HY = Hy=n Z G2
m;éU
HY = H, +i[8), HO] = hw,Ip

o (4.18)
Hy' =[Sy, Hi] — [517[51,H0H
—2 (20
1 ﬁwQG 1
- T+ 2T - Jerlims | r@o . Lpez)
Z o [ t % X e 7
m7£0 m1+ma+ms=0
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Figure 4.2: Simulations depicting the role of RF amplitude and quadrupolar coupling strength on
excitation efficiency of double-quantum (DQ) transitions in spin I = 1. The following parameters were
employed in the simulations: in panel (Al) Cq = 0.5 MHz, v; = 60 kHz, in panel (A2) Cg = 0.5 MHz,
v1 = 120 kHz, in panel (B1) Cg = 1.0 MHz, v; = 60 kHz and in panel (B2) Cg = 1.0 MHz, v; = 120 kHz.
The remaining parameters spinning frequency v, = 10 kHz, n=0, excitation frequency v = 0 kHz were
held constant in all the simulation. The analytic simulations depicted red dots are based on the effective

56

Hamiltonian, while the simulations in black solid lines are from Simpson.

The effective Hamiltonian after first transformation is divided based on the diagonality

in the Fourier basis as in conventional way and is given below,

Hep = HY + HY + HY
= Hy+ H;

where

2)0 1 2)2
[T() + %T() (s>]

-2 mZG@)O
1~m
Hy = hw,Ip — Z (2)0 (23)0

mi,mo,m3=2 Gm1 Gmg
mi+ma+m3z=0

-2 -2
Hi=h)Y GPTX 4+ M
m=2 m=2

m#£0 m=£0

1
[T(Z)O + T(2)2(S)1

m \/ém

hw?
G0
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Figure 4.3: Simulations depicting the role of RF amplitude and quadrupolar coupling strength on
excitation efficiency of double-quantum (DQ) transitions in spin I = 1. The following parameters were
employed in the simulations: in panel (Al) Cg = 0.5 MHz, v; = 60 kHz, in panel (A2) Co = 0.5 MHz,
v1 = 120 kHz, in panel (B1) Cg = 1.0 MHz, v; = 60 kHz and in panel (B2) Cg = 1.0 MHz, v; = 120 kHz.
The remaining parameters spinning frequency v, = 30 kHz, n=0, excitation frequency v = 0 kHz were
held constant in all the simulation. The analytic simulations depicted red dots are based on the effective
Hamiltonian, while the simulations in black solid lines are from Simpson.®°
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55,58

The corresponding transformation function is represented by,

—2 ZG(2)O -2 Z.OJQ 1

§i=- % G0en 5t BTy Lron)
%2 e %2 G mew, V6 (4.21)
m=#0 m##0

Employing the above transformation function, the final effective Hamiltonian after two

transformations is represented by,

—2 hw2G(2)0 1
He - herF — 1 ms [T(Q)O + T(Z)Q(S)‘|
Y ml,mg,;q@B:z GOGR) V6 (4.22)

mi+ma+m3z=0

To have a consistent description, the initial density operator is re-defined in the frame of

the transformation function S; and S5, as represented below,

5(0) — eiSQ€i51 ]’Zefislef’iSQ

(4.23)
=TI, cosc
2
with c = S Employing the effective Hamiltonian (Eq. (4.22)) the den-
m=—2 muw,,/GP°G*°
m#0 -m
sity operator after a pulse (of duration 7) is evaluated and represented by,
5(7’) = cos c[I, cos Oy + i sin 0,72 (a)] (4.24)
=2 QwQng)O : i
where 6y = > WG(S)OT. Subsequently, the density operator after the pulse is

m1,ma,mz=2  Gmy Gmy
mi1+ma+m3=0
transformed back into the standard rotating frame through the reverse transformations

as illustrated.

ﬁ(T)DQ _ 6—@'516—@'525(7_)61’52 61‘51

(4.25)
= cos? c[i sin G, TP?(a)]

The time-domain signal corresponding to the DQ coherence in standard rotating frame is

evaluated employing standard procedure and is represented by,

< T@? > = Tr[T@2p(7)] (4.26)
= —jcos® csin by '

To substantiate the validity of the analytic theory, excitation of DQ transition in spin
I = 1 is depicted in Figs. 4.2 and 4.3. In contrast to the result obtained from single-
crystal, the excitation efficiency is much lower in MAS experiments involving powder

samples. This decrease in the efficiency is due to the presence of cos? ¢ term in Eq. (4.26).
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As depicted, the simulations emerging from the effective Hamiltonians are in excellent

agreement with those emerging from exact numerical methods.

4.2.2 Description for /=3/2 system

4.2.2.1 Static (Single-crystal)

Following the description for the I = 1 case, the Hamiltonian for an isolated spin (I = 3/2)

system is represented as a sum of two terms.

H == HO -+ Hl
Hy = hGPOT2)0 (4.27)
H, = hwyy /3T a)

Employing the transformation function S; = z\/g 245 T@1(s), the effective Hamiltonian
H.;p = e®'He ™1 is derived. In contrast to spin I = 1 system, corrections to third
order are essential for the creation of T(Q coherence in single-pulse experiments involving
spin I = 3/2 systems. Neglecting the off-diagonal contributions and retaining terms that

commute with Hy, the effective Hamiltonian is re-written as follows:

3hw? 3hw?
_ (2)0 1 (2)0 2" (3)3
Hepr = <hG + 2G(2)0> T I (2)0)21T (a) (4.28)

In a similar vein, the initial density operator (I.) is transformed as represented be-

low,

. 1 1
50) =1, + ET<2)1(a) sin + == (=T 4+ 273 (cosb — 1) (4.29)

with b = v/35355. Employing the effective Hamiltonian (Eq. (4.28)) the density operator
after a pulse (of duration 7), is evaluated and represented below.

~ i ~ i
i) = et j(o0)eltHes

s 3 3 (4.30)
p(r) = e 1 j(r)e = I, + 5 sin 0,733 (s) + NG (—SiT(l)O + iT(3)O) (cosby — 1)
where 0, = % Accordingly, the time-domain signal for T(Q coherence is evaluated
(i.e. Tr[—T®35(7)])" and represented by,
3
<TBB >= —5 sinf (4.31)

IThe negative sign in the detection operator corresponding to odd quantum coherence is arising from
the convention we used for RF nutation frequency (i.e w; = —yBi)
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Figure 4.4: Simulations depicting the role of RF amplitude and quadrupolar coupling strength on
excitation efficiency of triple-quantum (TQ) transitions in single-crystal spin I = 3/2. The following
parameters were employed in the simulations: in panel (Al) Cg = 1.08 MHz, v; = 60 kHz, in panel
(A2) Co = 1.08 MHz, v; = 120 kHz, in panel (B1) Cg = 2.16 MHz, v; = 60 kHz and in panel (B2)
Co = 2.16 MHz, v; = 120 kHz. The remaining parameters spinning frequency v, = 0 kHz, =0,
excitation frequency v = 0 kHz were held constant in all the simulation. The analytic simulations
depicted red dots are based on the effective Hamiltonian, while the simulations in black solid lines are

from Simpson. %%
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The simulations presented in Fig. 4.4 shows similar trends exhibited for spin I = 1 system

and are in good agreement with exact numerical methods.

4.2.2.2 Magic Angle Spinning (Powder-sample)

Following the description for spin I = 1 system, the initial Hamiltonian (Eq. (4.13))

is transformed using the unitary transformation function S; = z\ﬁ fg)OT 2)1(s) and is

divided as represented below,

Heff = Hy+ H, (432)
where
_9 3
Shwy
Hy = hw,Ir —Z 7)02T(3)3(a)
ml,mgfo 4Gm1 Gm2
mi1+me
D) Sh? s (4.33)
=h Z GROT = 2GEGED mi-tms (@)
m;é() m11-;-77122;0
The corresponding transformation function is represented by,
-2 ;(2)0 —2 3
1G 3hw
S, = — Zm p(2)0 1 T(3)3
2T 2 oyt man GEPGER ) 480
m;éO ml_;:_m2?£0

Subsequently, the final effective Hamiltonian after two transformations is derived and
represented by,

-2 3hw3 . (3)3
Hepp = hw,Ip =y WZT (a) (4.35)

mi,mao=2 4Gm1
m1+mo=0

The initial density operator is re-defined in the frame of the transformation function S;

and S, as represented below,

(0) — 6i526i51 Ize—isle—iSQ

D

(4.36)
_ 9(:0501'
— 10 'z
-2
3 . . I
where ¢ = it . Employing the effective Hamiltonian
2)0 2)0 (2)0 ~(2)0
mi,mo=2 2m1+m2)w,~\/G Zmy _m2
m1+mao7#£0

Eq. (4.35), the density operator after a pulse (of duration 7) is evaluated and represented
by,

. 3 3
pr) = Leone [1 + 5 sin 0,733 (5) + N (—SiT“)O + iT(3)0> (cos By — 1)1 (4.37)
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Figure 4.5: Simulations depicting the role of RF amplitude and quadrupolar coupling strength on
excitation efficiency of triple-quantum (TQ) transitions in spin I = 3/2. The following parameters were
employed in the simulations: in panel (Al) Cg = 1.08 MHz, v; = 60 kHz, in panel (A2) Cg = 1.08 MHz,
v1 = 120 kHz, in panel (Bl) Cqo = 2.16 MHz, v; = 60 kHz and in panel (B2) Co = 2.16 MHz,
vy = 120 kHz. The remaining parameters spinning frequency v, = 10 kHz, n=0, excitation frequency
v =0 kHz were held constant in all the simulation. The analytic simulations depicted red dots are based
on the effective Hamiltonian, while the simulations in black solid lines are from Simpson.>°
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Figure 4.6: Simulations depicting the role of RF amplitude and quadrupolar coupling strength on
excitation efficiency of triple-quantum (TQ) transitions in spin I = 3/2. The following parameters were
employed in the simulations: in panel (Al) Cg = 1.08 MHz, v; = 60 kHz, in panel (A2) Cq = 1.08 MHz,
v1 = 120 kHz, in panel (Bl) Co = 2.16 MHz, v; = 60 kHz and in panel (B2) Co = 2.16 MHz,
v; = 120 kHz. The remaining parameters spinning frequency v, = 30 kHz, n=0, excitation frequency
v =0 kHz were held constant in all the simulation. The analytic simulations depicted red dots are based
on the effective Hamiltonian, while the simulations in black solid lines are from Simpson.>°

< 3w . o .
where 0y = > —mwt@o7. To have a consistent description, the density operator
mima=2 2Gmy Gmy

m1+mo=0
after the pulse is transformed back into the standard rotating frame through the reverse

transformations as illustrated.

p(T)rg = efz'sleﬂ'sggﬁ)eisg oiS1

— 27cos"c ‘;%52 € sin 92T(3)3(3)

(4.38)

The time-domain signal corresponding to T(Q in standard rotating frame is evaluated

employing standard procedure and is represented by,

< TO3 > = Tr[—-TG35(7)]

= =2Tco’c (3 5in f,)

(4.39)

The simulations depicted in Figs. 4.5 and 4.6, substantiate the analytic predictions emerg-

ing from the effective Hamiltonian.
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4.2.3 Description for /=5/2 system

4.2.3.1 Static (Single-crystal)

j’:’ == H() + H1
Hy = hGPO7 )0 (4.40)

H1 hwl\/?’z?zT(l)l(a)

Following the description presented in the previous Sections 4.2.1.1 and 4.2.2.1, the effec-
tive Hamiltonian for spin I = 5/2 system is derived by employing the transformation func-
tion Sy = \/%iﬁgmiT(z)l(a) + %ZT ®1(q). Employing the higher-order corrections, the
effective Hamiltonian depicting the TQ & 5Q excitation in spin I = 5/2 is derived.

iT®3(a) (4.41)

2
Heff,m=<hG(2)°+13hw1 ) T2)0_ A9/

2G(®)0 2(G@0)2

iT®?(a)

Heyps0= (ﬁG 2., 180t 1477%%) (2)0 (15%% 595t )T(4)0 _245hwp

ToG(2)0 24((;(2)0)3 + \/gg(z)o_g\/g(g(2)0)3 12((;(2)0)4
(4.42)

Employing the effective Hamiltonians Eqs. (4.41) and (4.42), the density operators cor-
responding to TQ and 5Q after a pulse (of duration 7), is evaluated and represented
below.

5(r) = 6—%Heff5(o)e%Heff (4.43)

p(T)pg =1+ \/g (T(3)3( )) sin 0y + ( 18\/>zT +i7® ) (cosf; — 1) (4.44)

™

()5 =L — g (T®)5(s)) sin 0 + 5v/5 (—\/Ez'T(UO - éiT(S’)O) (cosf — 1) (4.45)

5 3
49\[ 24507

where 0, = 3 G(Q)O)QT and 0y = WT. Accordingly, the optimized time-domain signal

corresponding to TQ and 5Q coherence is evaluated and represented by,

< TGB > = Tr[-T®35(7)]

B (4.46)
= — 58111 1

122



21 (Al) 27 (A2)

B
= -2 T T T T T -2 T T T T
2 0.0001 0.0002 0 2e-05 4e-05
- - B2
% 3 (Bl) 3 (
= 2.5 2.5 1 ’
2] 7 . 2 ; T
1.5 1.5 *
11 1
0.5 0.5
0 T T 0 T T T 1
0 0.05 0.1 0 0.001  0.002  0.003  0.004
Time (s)

Figure 4.7: Simulations depicting the role of RF amplitude on excitation efficiency of triple-quantum
(TQ) transition in panels (Al & A2) and five-quantum (5Q) transition in panels (B1 & B2) in single-
crystal spin I = 5/2. The following parameters were employed in the simulations: in panel (Al & B1)
v1 = 60 kHz and in panel (A2 & B2) v; = 120 kHz. The remaining parameters Cg = 3.2 MHz spinning
frequency v, = 0 kHz, n=0, excitation frequency v = 0 kHz were held constant in all the simulation.
The analytic simulations depicted red dots are based on the effective Hamiltonian, while the simulations
in black solid lines are from Simpson. %
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< TOP > = Tr[-T®®5(7)]
5 (4.47)

= 5 sin 92

The simulations presented in Fig. 4.7 shows similar trends exhibited for spin I = 1 and

I = 3/2 system and are in good agreement with exact numerical methods.
4.2.3.2 Magic Angle Spinning (Powder-sample)

Following the description presented in the previous section, the initial Hamiltonian is

transformed using the unitary transformation function S; = \/é?’ég)o i1 (a)—l—%iﬂf)l (a).

Five-quantum (5Q):
The transformed Hamiltonian corresponding to 5Q is divided as represented below to

facilitate the second contact transformation.

Hepp = Ho + H,y (4.48)
where
0= riF 1 a
ml,mg,mg,m4:20 ].QG'E;%ZO 7(720 glOGgio
mi1+mo+ms3+ma=
= (2)0(2)0 72 245hw? )5 (4.49)
Hy=h G T + 'mmmm<a)
mzzjz mm%:ng 12G2PGROGA R0 e
m#0 mi+mo+m3z+ma#0

The corresponding transformation function is represented by,

52 _ _—2 ZG’E?%)OT(Q)O B i 245%? (5)5 (a)
P mw, mm17m2’m37m4:2 12(m1 + s +m3+m4)wrngoGgZOGgloGgiO mi+maz+msz+my
m##0 mi+ma+maz+ma#0
(4.50)
The final effective Hamiltonian after two transformations is represented by,
-2 5
245hw .
Hepp = hwrlp = ) 1 i7" (a) (4.51)

e 126G G GAPGP

m1+mo+ms3+mg=0

The initial density operator is re-defined in the frame of the transformation function 5

and S, as represented below,

(0) — ei52€i51 ]’Zef’islef’iSQ

D

(4.52)

= %]Z cos ¢
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Figure 4.8: Simulations depicting the role of RF amplitude on excitation efficiency of triple-quantum
(TQ) transition in panels (Al & A2) and five-quantum (5Q) transition in panels (Bl & B2) in spin
I = 5/2. The following parameters were employed in the simulations: in panel (Al & B1) v; = 60 kHz
and in panel (A2 & B2) v; = 120 kHz. The remaining parameters Cg = 3.2 MHz spinning frequency
v, = 10 kHz, n=0, excitation frequency v = 0 kHz were held constant in all the simulation. The analytic
simulations depicted red dots are based on the effective Hamiltonian, while the simulations in black solid

lines are from Simpson. %

—2

245hw? ;
where ¢ = > = . Employing
M, Mg, M, =2 6(m1+mz+ms+m4)wr'\/GﬁiUGEﬁL"GSSQOGifl”G(fZ’ el el el
mi+ma+ms+ma#0 1 2 3 4

the effective Hamiltonian Eq. (4.51), the density operator after a pulse (of duration 7) is

evaluated and represented by,

(1) = 6_%Heff5(())e%Heff (4.53)

D

ﬁ(T)5Q — e*islef’iSQE(T)eiSéeiSl

; 5 (55 . (4.54)
= 2 cosc[5 T"”(s) sin 03]
—2 5
_ 245hw? . . ~ .
where 6, —mhm%:&mﬂ SO Fe E e G GEI GG T Accordingly, The time-domain
m1+m2-§-ms+m4¢0
signal corresponding to 5Q is evaluated.
< TOP > = Tr[-T®Pj(7)]
s o s (4.55)
= - cos” c(5 sin 03)
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Triple-quantum (TQ):
In a similar vein, The transformed Hamiltonian corresponding to TQ is represented
by,

Heff :H0+H1 (456)

where

=2 49k}
=y <Y i T3 )
mi,mo=2 2Gm1 sz

m1+mo=0

(4.57)

_— 49hw?
=hny G — a0 @0 Do e (@)
Z ml% ) 2Gm1 Gggo 1+m2
m7é0 m1+ma7#0
The corresponding transformation function is given by,
ZG =2 4977/&}3 3)3
S T e T 39
m#0 m1+ma7#0

Employing the two transformation functions, the final effective Hamiltonian after two

transformations is represented by,

—2 49hw?

Hyp = hw I — i T®3(a)
m% ) 2Gm1 gio (4.59)
m1+mo=0

The initial density operator is re-defined in the frame of the transformation function S,

and S, as represented below,

(0) — engeisl IzefislefiSQ

D

(4.60)
— %(cos 4d + 2 cos \/1_Od)[z

-2

. 49 . . N
with d = i Employing the effective Hamiltonian
m1,ma=2 6(mi+ms)w \/G(Z)OG(Z)OG@,? el
m1+ma7#0 1 2

Eq. (4.59), the density operator after a pulse (of duration 7) is evaluated and represented
by,

ﬁ(T)TQ — e*’islefiSsz(T)eiSQ€iS1

4.61
= (COS 4d + 2 cos® \/_d)\/>81n94T °(s) | )
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Figure 4.9: Simulations depicting the role of RF amplitude on excitation efficiency of triple-quantum
(TQ) transition in panels (Al & A2) and five-quantum (5Q) transition in panels (Bl & B2) in spin
I = 5/2. The following parameters were employed in the simulations: in panel (Al & B1) v; = 60 kHz
and in panel (A2 & B2) v; = 120 kHz. The remaining parameters Cg = 3.2 MHz spinning frequency
v, = 30 kHz, n=0, excitation frequency v = 0 kHz were held constant in all the simulation. The analytic
simulations depicted red dots are based on the effective Hamiltonian, while the simulations in black solid
lines are from Simpson. %

5 .
—2 49\£wf

with 04 = > —m@o.@oT. Accordingly, The time-domain signal corresponding to
mi,mo=2 5G"ml G'mz
mi1+mo=0

TQ is evaluated.

< T3 > = Tr[-T35(7)]

(4.62)
= o (4 cos® 4c + 10 cos \/Ec)(—\/%sin 04)

The simulations presented in Figs. 4.8 and 4.9 illustrate the role of RF amplitudes and
quadrupolar coupling constants in the excitation profile. In general the efficiency of MQ
excitations increases with the amplitude of the RF field employed in MQMAS experiments.
By constant, the efficiency of excitation is inversely proportional to the quadrupolar cou-
pling constant. This trend is exhibited in all the spin systems described in this chapter

and is in agreement with the numerical simulations.
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4.3 Conclusions and Perspectives

In summary, the concept of effective RF Hamiltonians presents an attractive approach for
understanding the phenomenon of multi-quantum (MQ) excitation in quadrupolar nuclei.
Employing effective RF Hamiltonians, the mechanism of MQ excitation is investigated.
In the original two-pulse scheme (incorporated from solution NMR) , evolution under the
quadrupolar Hamiltonian between pulses was essential for the creation of M(Q) coherence.
However, this requirement is crucial only to systems with smaller quadrupolar coupling
constants. Since the magnitude of the quadrupolar coupling constant exceeds the RF
amplitude in majority of the systems, the original two-pulse M(Q excitation scheme was
subsequently refined to a single-pulse experiment. From a theoretical perspective, this
refinement of the experimental scheme could be explained by invoking the concept of
effective Hamiltonians introduced in this chapter. For example, when w; > wg (hard-
pulse limit), the effective RF Hamiltonian in the Z-Q) interaction frame reduces to an
(for an X-pulse) I, operator. Consequently, the density operator after the initial pulse
comprises of only SQ coherences (of rank 1). To create SQ coherences of higher ranks
(k > 1), evolution under quadrupolar Hamiltonian is mandatory. Introduction of a second
pulse is essential to convert the higher rank SQ coherences (k > 1) into MQ coherences.
Hence, evolution under the quadrupolar Hamiltonian is a prerequisite for creating MQ
coherences in two-pulse experiments. Interestingly, the above description is invalid when

the magnitude of the quadrupolar coupling constant exceeds the RF amplitude.

By contrast, excitation of MQ coherences in single-pulse experiments (see Figs. 4.1 to 4.9)
relies on the time-dependent terms in the effective Hamiltonian, suggesting a possible
breakdown of the secular approximation. This inference of ours is bit counter-intuitive.
Hence, the suitability of secular approximation in MQ NMR experiments depends on
the duration of the pulses employed in the study. When the duration of the pulses is
longer, the time-dependent oscillating terms have an important role in the excitation
of MQ coherences. Consequently, the excitation period is often longer in single pulse
experiments. The analytic theory presented in this chapter could be employed to develop

models for quantify the MQMAS experiments.
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Chapter 5
Conclusions and Perspectives

The utility of NMR spectroscopy as a tool for characterizing molecular structure de-
pends on the accuracy of the constraints estimated through experiments. To facilitate
this process, a formal understanding of the nuclear spin interactions at the atomic level
is quintessential in the interpretation of experimental data as well as in the design of
new experiments (that includes improvements to existing experimental schemes). In par-
ticular, the description of NMR experiments in the solid-state has always remained a
challenging task both from an experimental and theoretical perspective. To this end, we
believe that the present thesis makes a modest attempt to address some of the perti-
nent issues of relevance to both experimentalist and theoreticians in the field of magnetic
resonance. As a preliminary step, a unified description of the nuclear spin interactions
in terms of irreducible spatial and spin tensor operators is presented in this thesis with
important derivations. In contrast to spin 1/2 nuclei, the spherical tensor formalism is
of extreme importance in the study of quadrupolar nuclei. Although, several excellent
treatise on spherical tensor formalism do exist in the literature, a consistent description
along with appropriate conventions has always remained a mystery. The phase factors
and normalization constants employed in the construction of the tensor operators are ex-
amined thoroughly and are derived systematically for facilitating their extension in the

description of NMR experiments that involve both spin 1/2 and quadrupolar nuclei.

In the second half of the thesis, the concept of effective RF Hamiltonians is introduced
to describe the spectroscopically allowed transitions in quadrupolar nuclei. In contrast to
their spin 1/2 counterparts, analytic description of the transitions in quadrupolar nuclei is
fraught with difficulty owing to the presence of (a) multiple levels (b) quadrupolar inter-
actions. Employing the spherical tensor operator formalism, effective RF Hamiltonians
are proposed for describing both selective and non-selective transitions in quadrupolar
nuclei. Depending on the magnitude of the quadrupolar coupling constant, important

constraints for improving both the selectivity and efficiency of the excited transitions are
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derived employing the density matrix formalism. The validity of the secular approxima-
tion commonly employed in analytical treatments is thoroughly investigated in all regimes
and is well explained and substantiated through extensive numerical and analytic simula-
tions. In contrast to existing descriptions in the literature, both selective and non-selective
excitations are described in terms of effective Hamiltonians based on the spherical tensor
operator formalism. In combination with Floquet theory, the effective RF Hamiltonian
approach presented in this thesis is extended for describing MAS (magic angle spinning)
experiments in solid-state NMR. Below, we summarize the three major highlights of this

thesis.

5.1 Concept of effective RF Hamiltonians

To verify the authenticity of the normalised spherical tensor operators presented in this
thesis, transitions in quadrupolar nuclei (spin /=1, 3/2 and 5/2) were investigated in
static systems. Employing the concept of effective Hamiltonians, an analytic framework
based on the density operator formalism is presented for elucidating the optimum con-
ditions for exciting transitions in quadrupolar nuclei. Depending on the spin-quantum
number and the participating levels, optimum flip angles are derived along with appropri-
ate excitation frequency (see Fig. 5.1). Although, the application of the spherical tensor
formalism for describing pulses in quadrupolar systems in the hard-pulse limit is known,
the description of pulses in the soft-pulse regime is of practical relevance. To this end,
a more general treatment in terms of effective RF Hamiltonians for studying the effect
of RF pulses on quadrupolar systems is presented. The proposed effective RF Hamilto-
nian in the quadrupolar interaction frame encodes the various transition frequencies and
is suitable for describing transitions (both selective and non-selective) in a multi-level
system. The validity of the secular approximation is thoroughly examined and effective
RF Hamiltonians for selective and non-selective excitations are derived from first prin-
ciples. Additionally, the differences in the excitation conditions in single crystals and
polycrystalline sample are investigated and optimum excitation conditions are derived.
Depending on the relative magnitudes of the RF amplitude and the quadrupolar coupling
constant, the optimum conditions required for the excitation of a particular transition are
derived from analytical expressions. In particular, the interplay between selectivity /non-
selectivity of transitions in multi-level systems is explained in terms of the secular approx-
imation employed in the derivation of effective Hamiltonians. Employing the effective RF
Hamiltonians, analytical expressions for the density operator are derived along with suit-
able expressions for the time-domain signal. Based on the analytical expressions for the
density operator, optimum flip angles and durations of pulses are derived for both integral
and half-integral systems. The simulations presented in Figs. 5.1 and 5.2 are representa-

tive of the conditions that are required for optimizing transitions in a multi-level system.
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Figure 5.1: Simulations depicting in panel (A) the role of excitation frequency using a ZF-pulse
(v1 =20 kHz, ¢, = 12.5 ps) and in panel (B) the role of the flip angle in the selective excitation of a
powder sample corresponding to I=1 system. The following parameters were employed in the simula-
tions: (I=1, °Li, Cg = 2.9 MHz, vg = 4.35 MHz, = 0). In a typical powder sample, the spectral width
for I=1 system ranges from UTQ to —UTQ, however due to higher statistical weight, the maxima is attained
at £52 (=2 = 1.0875 MHz) as depicted in panel (A). In panel (B), the intensity is measured as a function
of the RF amplitude (v;) for ¢, = 8.84 us and the frequency of excitation v + UTQ (UTQ = 1.0875 MHz).
As depicted, the maximum intensity is obtained when w;t, = ﬁ and is in accord with the theoretical

predictions.
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Figure 5.2: Simulations depicting the FT-spectrum of Li (I = 1) system corresponding to non-selective
and selective excitation in a single crystal. The following parameters were employed in the simulations:
Cq = 30 kHz, n=0 and in panel (A1) Z-pulse with RF amplitude v; = 150 kHz, duration ¢, = 1.67 us
and excitation frequency v = vg, in panel (A2) ;—ﬁ—pulse with RF amplitude v; = 3.98 kHz, duration

tp = 44.44 ps and excitation frequency 22.5 kHz (i.e v = vg + 552).

5.2 Excitation of satellite transitions in MAS exper-

iments

Integrating Floquet theory and the method of contact transformation, effective Floquet
Hamiltonians are proposed for describing MAS experiments. To begin with, excitation of
single-quantum transitions in quadrupolar systems under MAS conditions is investigated.

In the case of integral quadrupolar spin systems, the excitation frequency of SQ transitions
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Figure 5.3: Numerical simulations depicting the role of spinning frequency on the excitation efficiency
of SQ transitions in spin I = 3/2, (excitation frequency, v = vg + %% or v = vg + 270 kHz). The
following spinning frequency was employed in the simulations: in panel (A1) v, = 10 kHz, in panel (B1)
v, = 11 kHz, in panel (A2) v, = 18 kHz, in panel (B2) v, = 19 kHz, in panel (A3) v, = 30 kHz and in
panel (B3) v, = 31 kHz. The remaining parameters Cg = 1.08 MHz (vg = 540 kHz), n=0, excitation
frequency v = 270 kHz, v, = 19.5 kHz, t, = 7.4 us were held constant in all the simulation.

has a profound dependence on the first-order quadrupolar interactions. By contrast,
the central transitions in half-integral quadrupolar spins are independent of first-order
quadrupolar interactions. In a typical powder sample, precise matching of the excitation
frequency is hindered due to the anisotropic nature of the quadrupolar interaction. Our
objective in this study was to design alternate strategies for improving the excitation
of SQ transitions in both integral and half-integral quadrupolar systems. To this end,
the simulations depicted in Fig. 5.3 illustrate an interesting trend. When the off-set
frequency (proportional to quadrupolar frequency) is matched to an integral multiples of
the sample spinning frequency (nw, = wg), enhanced excitation efficiency of the satellite
transitions is observed both in the integral and half-integral quadrupolar spin systems.
This observation of ours was deduced based on the effective Hamiltonians and is well
corroborated through both analytic and numerical simulations (see Fig. 5.3). A detailed

description of this resonance phenomenon is discussed in the thesis.
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5.3 Excitation of M(Q transitions in MAS experiments

To extend the utility of the effective Hamiltonian approach, excitation of M(Q transition in
quadrupolar systems was investigated under MAS conditions. In contrast to other exist-
ing descriptions,the effective RF Hamiltonian approach, presents an attractive framework
for understanding the phenomenon of multi-quantum (MQ) transitions in quadrupolar
nuclei. In the original two-pulse scheme (incorporated from solution NMR), evolution
under the quadrupolar Hamiltonian between pulses was essential for the creation of MQ
coherence. However, this requirement is crucial only to systems with smaller quadrupolar
coupling constants. Since the magnitude of the quadrupolar coupling constant exceeds the
RF amplitude in majority of the systems, the original two-pulse MQ excitation scheme
was subsequently refined to a single-pulse experiment. From a theoretical perspective,
this refinement of the experimental scheme could be explained by invoking the concept of
effective Hamiltonians introduced in this thesis. For example, when w; > wg (hard-pulse
limit), the effective RF Hamiltonian in the Z-Q interaction frame reduces to an (for an
X pulse) I, operator. Consequently, the density operator after the initial pulse comprises
of only SQ coherences (of rank 1). Hence, evolution under quadrupolar Hamiltonian is
required to create SQ coherences of higher ranks (k >1). Introduction of a second pulse
is essential to convert the higher rank SQ coherences (k >1) into M) coherences. Hence,
evolution under the quadrupolar Hamiltonian is a prerequisite for creating MQ coherences
in two-pulse experiments. Interestingly, the above description is invalid when the magni-
tude of the quadrupolar coupling constant exceeds the RF amplitude. When wg >> wy,
the form of the effective RF Hamiltonian differs and is sequence specific. The subsequent
action of pulses, facilitates the creation of M(Q coherences without the requirement for
evolution under the quadrupolar Hamiltonian. Since the pulses employed are of shorter
duration, the time-dependent terms in the effective Hamiltonian are neglected in these
experiments under secular approximation. By contrast, excitation of MQ coherences in
single-pulse experiments relies on the time-dependent terms in the effective Hamiltonian.
Hence, the suitability of secular approximation in MQ NMR experiments depends on the
duration of the pulses employed in the study. When the duration of the pulses is longer,
the time-dependent oscillating terms have an important role in the excitation of MQ co-
herences. The predictions emerging from the analytic theory are well corroborated with

simulations emerging from exact numerical methods (see Fig. 5.4).

We believe that the theoretical framework presented in this thesis would provide the nec-
essary impetus for the development of sophisticated multiple pulse experiments involving

quadrupolar nuclei.
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Figure 5.4: Simulations depicting the role of RF amplitude and quadrupolar coupling strength on
excitation efficiency of triple-quantum (TQ) transitions in spin I = 3/2. The following parameters were
employed in the simulations: in panel (A1) Cg = 1.08 MHz, v; = 60 kHz, in panel (A2) Co = 1.08 MHz,
v1 = 120 kHz, in panel (Bl) Co = 2.16 MHz, v; = 60 kHz and in panel (B2) Co = 2.16 MHz,
v; = 120 kHz. The remaining parameters spinning frequency v, = 10 kHz, n=0, excitation frequency
v = 0 kHz were held constant in all the simulation. The analytic simulations depicted red dots are based
on the effective Hamiltonian, while the simulations in black solid lines are from Simpson.
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