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2.2

2.3

24

In the MAS simulations depicted, excitation of DQ transition in spin [=1
system is presented. (A) The black line represent numerical simulations " at
even multiples of % while the red line represent numerical simulations at odd
multiples of % The following parameters were employed in the simulations:
Co = 1 MHz, v, = 40 kHz (7, = 25us) and RF amplitude, v; = 10 kHz
(B) Variation of RF amplitude (Black line- v; = 10 kHz, Red line- v; = 20
kHz, Blue line- 4 = 40 kHz) (C) Variation of spinning frequency (Black line-

v, = 40 kHz, Red line- v, = 60 kHz, Blue line- v, =80 kHz). . . . . . ... ..

In the simulations (static case) depicted, the validity of the ideal pulse limit
is probed by varying the amplitude of the RF pulse. The analytic simulations
based on the ideal pulse approximation (indicated by red broken lines) and per-
turbative methods (Regime-I, blue dots ; Regime-1I, green dots are compared
with those obtained from exact numerical methods based on SPINEVOLU-
TION (indicated by black lines). The following parameters were used in the
simulations: (Al) w; = (1/4)w" (A2) wy = (1/2)w" (A3) wy = (3/4)w’ (B1)

w=w B2)w; =20 (B3) wy =40 ...

In the simulations (static case) depicted, the validity of the effective field
approach is verified through a comparison between analytic simulations (in-
dicated by violet dots) and those based on SPINEVOLUTION ! (indicated
by black solid lines). The following parameters were used in the simulations:

(Al) wy = (1/)w" (A2) wy = (1/2)w" (A3) wy = (3/4)w’ (Bl) wy = ' (B2)

wr =2 (B3)wy =4w' . . .

Matrix representation of the Floquet Hamiltonian for a spin-1/2 system defined

in the Floquet space. . . . . . . . . . . . . ...
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2.5

2.6

In the simulations depicted, the validity of the effective Floquet Hamiltonians
is probed for a given pulse amplitude by varying the sample spinning frequency.
The analytic simulations based on effective Floquet Hamiltonians (Eq. 2.34)
are indicated by red dotted lines, while, those based on SPINEVOLUTION !
are indicated by black solid lines. The following parameters were used in the
simulations: (Al) w, = (1/8)w’ [0.266] (A2) w, = (1/4)w’ [0.286] (A3) w, =
(1/2)w’ [0.333] (B1) w, = w’ [0.5] (B2) w, = (3/2)w’ [1.0] (B3) w, = 2w [0].
In the simulations depicted, the RF amplitude is greater than the magnitude
of the internal interaction (i.e. w; = 4w’). Due to the resonance condition
(w1 — 2w, = 0), the analytic simulations corresponding to the parameters
depicted in the panel B3 could not be performed (w; = 4w’ w, = 2w’). The

numbers given in the square brackets in the panels correspond to the ratio

(W /(12w —wi])]. -« o

In the simulations depicted, the validity of the effective Floquet Hamiltonians
is probed for a given pulse amplitude by varying the sample spinning frequency.
The analytic simulations based on effective Floquet Hamiltonians (Eq. 2.34)
are indicated by red dotted lines, while, those based on SPINEVOLUTION !
are indicated by black solid lines. The following parameters were used in the
simulations: (Al) w, = (1/8)w’ [00] (A2) w, = (1/4)w’ [4.0] (A3) w, = (1/2)w’
[1.3] (Bl) w, = ' [0.57] (B2) w, = (3/2)w’ [0.36] (B3) w, = 2w’ [0.266]. In
the simulations depicted, the RF amplitude is lower than the magnitude of
the internal interaction (i.e. w; = (1/4)w’). Due to the resonance condition
(w — 2w, = 0), the analytic simulations corresponding to the parameters
depicted in the panel A1 could not be performed (w; = (1/4)w’, w, = (1/8)w’).

The numbers given in the square brackets in the panels correspond to the ratio

W /(120 — 1)) o o e



2.7

2.8

2.9

2.10

In the simulations depicted, the validity of the calculations based on the fic-
titious frame is probed for a given pulse amplitude by varying the sample
spinning frequency. For illustrative purposes, the analytic simulations based
on the fictitious frame (first row, panels A1-A4, indicated by red dots based
on Eq. 2.42) and effective Floquet Hamiltonians (second row, panels B1-B4,
indicated by blue dots based on Eq. 2.34) are compared with those based
on SPINEVOLUTION (indicated by black solid lines). The following pa-
rameters were used in the simulations: (A1,B1) w, = (4/3)w’ [0.6] (A2,B2)

= (9/8)w’ [0.8] (A3,B3) w, = ' [1.0] (A4,B4) w, = (1/6)w’ [1.5]. In the
simulations depicted, the RF amplitude is equal to the magnitude of the in-

ternal interaction (i.e. w; = w’). The numbers given in the square brackets in

the panels correspond to the ratio [w'/(|2w, —w1|)]. « . . oo

In the simulations depicted, the relevance of the order ‘n’ employed in Bessel
functions (J,(x)) is examined for a given set of parameters (i.e. w'/w, =
6,w; = w,). The order ‘n’ is varied in the panels: (Al) n=2 (A2) n=4 (A3)
n=6 (A4) n=8. The numerical simulations based on SPINEVOLUTION !

indicated by solid black lines. . . . . . . ... .. ... . L.

In the simulations depicted, the role of RF amplitude in the analytic simu-
lations is examined for a given set of parameters (w' = 6w,). The ratio of

Wmed/w1 s varied as- (A1) 4.0 (A2) 2.0 (A3) 0.5 (A4) 0.25. The numerical

simulations based on SPINEVOLUTION " are indicated by solid black lines. .

In the simulations depicted, the validity of Bessel function calculations is ver-
ified. The following parameters were used in the simulations: (Al) w

(13/8)w’ [0.33] (A2) w, = (6/8)w’ [0.8] (A3) w, = (3/8)w [2.0] (Ad) w, =
(1/4)w" [4.0] (B1) w, = 2w’ [0.33] (B2) w, = (9/8)w’ [0.8] (B3) w, = (1/4)
2.0] (B4) w, = (3/8)w’ [4.0] (C1) w, = (7/2)w’ [0.33] (C2) w, = (21/8)w’
0.8] (C3) w, = (18/8)w’ [2.0] (C4) w, = (17/8)w’ [4.0]. In the simulations de-
picted, the RF amplitude is varied as w; = (1/4)w’ for panels A1-A4, w; = '
for panels B1-B4 and w; = 4w’ for panels C1-C4. The numbers given in the

square brackets in the panels correspond to [w'/(]2w, — wi|)]. The numerical

simulations based on SPINEVOLUTION * are indicated by solid black lines. .
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2.11

2.12

2.13

2.14

2.15

In the simulations depicted, the excitation is described at the resonance con-
dition (i.e. w; = 2w,) using analytic methods based on Fictitious frame (first
row, panels A1-A4, indicated in red dots based on Eq. 2.42) and the Bessel
function approach (second row, panels B1-B4, indicated in blue dots based on
Eq. 2.49). The following parameters were used in the simulations: (A1,B1)
wp = (1/8)w’ (A2,B2) wy = (1/4)w’ (A3,B3) wy = 4w’ (A4,B4) w; = 8w’. The
numerical simulations based on SPINEVOLUTION " are indicated in solid

black lines. . . . . . .

In the MAS simulations depicted, excitation of DQ transition in spin [=1
system is presented. The validity of AHT framework (indicated by red dots
(based on Eq. 2.68) at stroboscopic time intervals, 7, = 25 us) is compared
with numerical simulations based on SPINEVOLUTION (solid black line).

The following parameters were employed in the simulations: Cg = 1 MHz,

n=1.0, v, = 40 kHz and RF amplitude, vy =10 kHz. . . . ... ... ... ..

In the MAS simulations depicted, excitation of DQ transitions in spin I=1
system is presented. The validity of the FME scheme (A(0) # 0, indicated
by red dots based on Eq. 2.90) is compared with numerical simulations based
on SPINEVOLUTION * (solid black line). The following parameters were
employed in the simualtions: Co = 1 MHz, n=1.0, v, = 40 kHz and RF

amplitude, vy =10 kHz. . . . . . . . ..

In the MAS simulations depicted, (a) the coefficient A(t) (refer to Eq. 2.92)
(b) the coefficient B(t) (refer to Eq. 2.93) is plotted. The following parameters
were employed in the simualtions: Cg = 1 MHz, n = 1.0, v, = 40 kHz and RF

amplitude, vy =10 kHz. . . . . . . . . .o

In the simulations depicted, the validity of the FME Scheme (alternate bound-
ary condition) is checked by varying the spinning frequency, v, while keeping
v1 = 40 kHz and Cg = 2 MHz constant (n = 1.0). The analytic simulations
based on the calculations (dotted red line) are compared with those obtained
from exact numerical methods based on SPINEVOLUTION (solid black
line). The spinning frequency, v, is varied as - (A1) 20 kHz (A2) 25 kHz (A3)

40 kHz (A4) 50 kHz. . . . . . . . o
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2.16

2.17

2.18

2.19

In the simulations depicted (MAS case), the validity of the FME Scheme (al-
ternate boundary condition) is checked by varying the RF amplitude, 4 while
keeping v, = 20 kHz and Cy = 2 MHz constant (n = 1.0). The analytic sim-
ulations based on the calculations (dotted red line) are compared with those
obtained from exact numerical methods based on SPINEVOLUTION (solid
black line). The RF amplitude, v; is varied as - (A1) 5 kHz (A2) 10 kHz (A3)

20 kHz (A4) 40 kHz. . . . . . ...

In the simulations depicted, the validity of the FME Scheme is checked for
rotary resonance conditions (v; = v,.), keeping Cy = 2 MHz constant (n =
1.0). The analytic simulations based on the calculations (dotted red line)

are compared with those obtained from exact numerical methods based on

SPINEVOLUTION ’ (solid black line). The RF amplitude in the simulations

is varied as- (A1) 10 kHz (A2) 20 kHz (A3) 40 kHz (A4) 80 kHz. . . . . . . . .

In the simulations depicted, the validity of the FME Scheme (alternate bound-
ary condition) is checked by varying the RF amplitude, 14 and spinning fre-
quency, v, while keeping Cg = 1 MHz (ug )20 = 250 kHz) constant. The
analytic simulations based on the calculations (dotted red line) are compared
with those obtained from exact numerical methods based on SPINEVOLU-
TION * (solid black line). The ratio " is varied as (A1) 0.25 (A2) 0.5 (A3)

1.0 (B1) 2.0 (B2) 4.0 (B3) 6.0 . . . . o . o

In the simulations depicted, the validity of the FME scheme (alternate bound-
ary condition) is checked by varying quadrupolar coupling constant, Cg. The
analytic simulations (dots) are compared with those obtained from exact nu-
merical methods based on SPINEVOLUTION ' (solid line). Here, the ratio

" s 0.25 (red dots and lines) and is 0.5 (blue dots and lines) while Cy is
VT

varied as- (A1) 100 kHz (A2) 250 kHz (A3) 500 kHz (A4) 1 MHz. . . . . . ..
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2.20 In the simulations depicted, the validity of the FME scheme (alternate bound-

E.1

F.1

F.2

3.1

ary condition) is checked by varying quadrupolar coupling constant, Cg for
rotary resonance condition (4 = v,.). The analytic simulations (dotted line)
are compared with those obtained from exact numerical methods based on
SPINEVOLUTION ’ (solid line). The RF amplitude in the upper row (panels
A1-A4) is 20 kHz and in the bottom row (panels B1-B4) is 40 kHz, while Cg
(v5%) is varied as- (A1, B1) 100 kHz (25 kHz) (A2, B2) 250 kHz (62.5 kHz)

(A3, B3) 500 kHz (125 kHz) (A4, B4) 1 MHz (250 kHz). . . . .. .. ... ..

In the MAS simulations depicted, excitation of D@ transition in spin I=1
system is presented. The validity of FME scheme (A(0) = 0, indicated by red
dots) is compared with numerical simulations based on SPINEVOLUTION !

(solid black line). The following parameters were employed in the simulations:

Co =1 MHz, n = 1.0, v, = 40 kHz and RF amplitude, v; =10 kHz. . . . . . .

In the simulations depicted (static case), the validity of the Floquet Con-
tact Scheme and Floquet Magnus expansion scheme is checked by varying the
Quadrupolar coupling constant, Cy. The analytic simulations based on Flo-
quet Contact transformation (dotted red line based on Eq. F.12) and Floquet
Magnus expansion scheme (dotted blue line based on Eq. F.17) are compared
with those obtained from exact numerical methods based on SPINEVOLU-
TION (solid black line). The RF amplitude is kept fixed at 11 = 40 kHz
while the Cy is varied as- (A1, B1) 25 kHz (A2, B2) 50 kHz (A3, B3) 100 kHz

(Ad, BA) 200 KHz. . . . . oo

In the simulations depicted (MAS case), the validity of the rf interaction frame
calculations (Eq. F.27) is checked at rotary resonance condition for C¢ vari-
ation. The analytic simulations based on the calculations (dotted red line)
are compared with those obtained from exact numerical methods based on
SPINEVOLUTION ' (solid black line). The parameters of simulations are-
1 = v, = 20 kHz for upper row (panels Al, A2) and v; = v, = 40 kHz for
bottom row (panels B1, B2) while Cy (Vg)zo) is varied along columns- (A1, B1)

100 kHz (25 kHz) (A2, B2) 250 kHz (625 kHz). . . . . .. .. ... ... ...

Schematic representation of the pulse sequence . . . . . . . .. ... ... ...
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3.2

3.3

3.4

3.5

In the simulations illustrated, the FT spectrum of spin I=1/2 nucleus coupled
to a quadrupolar spin (S=1) is illustrated for different RF field strength em-
ployed on the quadrupolar spin. A constant RF field strength of 40 kHz
on I=1/2 (vgp; = 40 kHz) and spinning frequency of 40 kHz (v, = 40
kHz) was employed in the simulations. The following parameters were em-
ployed in the simulations. CSA parameters on spin 1=1/2 (6§ = 10.0 kHz,
n=1.0,Qpy = (10°,30°,40°) ). Quadrupolar parameters (Cy = 1 MHz,
n=1.0,Qpyn = (30°,40°,60°)) and dipolar parameters (w;s = 8.6 kHz). The
amplitude of the RF field strength (decoupling field on quadrupolar spin) is
varied along the column, vgps = 10 kHz (panels Al and B1), 40 kHz (panels
A2 and B2), 100 kHz (panels A3 and B3). The simulations along the first row
corresponds to a single crystal, while, the powder simulations are depicted
along the second row. . . . . . . .. L Lo
Energy level diagram for a spin I=1/2 system coupled to a quadrupolar spin,
S=1 (red arrows correspond to transitions of spin I=1/2 system) . . . . . . .
In the simulations illustrated, the time domain signal of spin I=1/2 (coupled to
spin, S=1) nucleus in a single crystal is depicted for different decoupling field
strengths (vrps = 5 kHz (panel Al), vprs = 10 kHz (panel A2), vgps = 20
kHz (panel A3), and vrps = 40 kHz (panel A4)). The quadrupolar coupling
constant (on spin ‘S=1") of 2 MHz (n = 1.0 and Qpy; = (0,90,0)), chemical
shift parameters on spin ‘I’, § = 30.0 kHz (n = 1.0 and Qpy; = (0,90,0), w? =
5.0 kHz) and dipolar coupling of 8.6 kHz (Q2py; = (0,90,0)) are employed. The
RF field on spin ‘I’ (vgp; = 80 kHz) was chosen to be twice of the spinning
frequency, v, = 40 kHz. The solid lines correspond to numerical simulations
*2 while dots (in red) denote analytic simulations based on Eq. (3.25).

In the simulations illustrated, the intensity factors (Iy, Iy and I3 in Eq. 3.32)
are depicted as a function of the decoupling field strength employed on the
quadrupolar spin, S. The other parameters employed in the simulations are
given in Table 3.1. The solid lines correspond to plots for spinning frequency,

v,= 20 kHz while the broken lines correspond to spinning frequency, v,= 40

kHz. . . o s,
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3.6

3.7

3.8

3.9

In the simulations illustrated, the time domain signal of spin [=1/2 (coupled to
spin, S=1) nucleus in a single crystal is depicted for different decoupling field
strengths (vrps = 40 kHz (panel Al), vgrs = 80 kHz (panel A2), vgrg = 100
kHz (panel A3), and vprs = 150 kHz (panel A4)). The other parameters
employed in the simulations are given in Table 3.1. The RF field on spin ‘T’
(vgrr.r) was chosen to be equal to the spinning frequency, v, = 40 kHz. The

solid lines correspond to numerical simulations, while dots (in red) denote

analytic simulations based on Eq. (3.32). . . . . . ... ... ...

In the simulations depicted, the variation of magnitude of effective RF field on
quadrupolar channel w.r.t. to RF field is shown in panel A for varying spinning
frequencies of 20 kHz (Black line), 25 kHz (red line), 40 kHz (blue line) and
50 kHz (green line). In panel B, Fid spectra corresponding to RF field of 40
kHz is shown at various spinning frequencies of (B1) 20 kHz (B2) 25 kHz (B3)
40 kHz (B4) 50 kHz. The other parameters employed in the simulations are

given in Table 3.1. Damping of 500 Hz isused. . . . . . . . ... .. ... ...

In the simulations depicted, the variation of magnitude of effective RF field
on quadrupolar channel w.r.t. to spinning frequency is shown in panel A for
varying RF fields of 20 kHz (Black line), 40 kHz (red line) and 60 kHz (blue
line). In panel B, Fid spectra corresponding to minima and maxima (in panel
A) is shown (at constant RF field of 40 kHz) at various spinning frequencies

of (B1) 55 kHz (B2) 65 kHz (B3) 75 kHz (B4) 90 kHz. The other parameters

employed in the simulations are given in Table 3.1. Damping of 500 Hz is used.119

In the simulations depicted in panel (A), the effective RF decoupling field on
the quadrupolar spin (in the quadrupolar interaction frame) is plotted as a
function of the RF field for spinning frequency, v, = 40 kHz (red color). In
the simulations depicted in panel (B), the time domain signal of spin 1=1/2
(coupled to spin, S=1) is depicted for decoupling field strength, vprg = 100
kHz. The analytic simulations indicated in red correspond to Eq. (3.32),
while those indicated in blue correspond to Eq. (3.38). The simulations in

black correspond to numerical simulations. The other parameters employed in

the simulations are given in Table 3.1. . . . . . . .. ... ... .. ... ...
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3.10

3.11

3.12

3.13

In the numerical simulations illustrated, polarisation transfer from spin I=1/2
to spin S=1 is depicted as a function of mixing time for spinning frequency,
v, = 40 kHz. The RF parameters on spins [ and S are carefully adjusted to the
DQ matching condition. The dipolar coupling of 8.6 kHz (Q2py, = (0,90,0)) is
employed while the quadrupolar coupling constant (on spin ‘S’) is varied as-
(A) 500 kHz (B) 1 MHz (C) 2 MHz with n = 1.0 and Qpp = (0,90,0).

In the simulations illustrated, the time domain signal of spin I=1/2 (coupled to
spin, S=1) nucleus in a single crystal is depicted for varying RF field strengths
for DQ matching condition. The quadrupolar coupling constant (on spin ‘S’)
of 1 MHz (n = 1.0 and Qpp = (0,90,0)), dipolar coupling of 4.4 kHz (Q2pp =
(0,90,0)) and spinning frequency, v, = 40 kHz are employed. The upper
row (panels Al and A2) correspond to I-spin detection, while the bottom row
(panels B1 and B2) correspond to S-spin detection. The parameters are- (A1,
B1) vrpr = 83 kHz, vrrps = 10 kHz,(A2, B2) vgp; = 86.5 kHz, vrps = 20
kHz. The solid lines correspond to numerical simulations 22, while dots (in

red) denote analytic simulations (based on Eq. 3.56 for upper row and Eq.

3.57 for bottom row). . . . .. L.

In the simulations illustrated, the time domain signal of spin I=1/2 (coupled to
spin, S=1) nucleus in a single crystal is depicted for varying RF field strengths
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In the simulations illustrated, the Jy(A) coefficient is depicted as a function
of the spinning frequency for different quadrupolar coupling constants of (A)
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Abstract

Understanding the response of nuclear spins subjected to oscillating fields has remained an
active pursuit in methodology development in NMR spectroscopy. While methods to study
the dynamics of spin-1/2 nuclei exist, such studies involving quadrupolar spins (spins with
[>1/2) have always been fraught with difficulty. In particular, the evolution of nuclear
spins subjected to radio-frequency (RF) pulses in periodically driven multi-level systems
has remained a challenging problem owing to the domineering presence of the quadrupolar
interactions. Although, development of analytic methods in static solids have enhanced
our basic understanding of the experiments, straightforward extensions to rotating solids
remain less trivial. In particular, a uniform analytic framework that explicates the interplay
between the sample spinning frequency, amplitude of the RF pulse and the quadrupolar
coupling constant remains an open problem in rotating solids. Consequently, optimizations
based on numerical methods have gained prominence in the development of NMR methods in
quadrupolar nuclei. While investigations based on numerical methods are easier to implement
and provide results, they do not necessarily afford insights into the physical phenomena
under study. As an alternative, analytic methods based on Floquet theory are explored in
the thesis for studying the excitation process in multilevel systems. Specifically, effective
time-propagators derived from analytic methods are proposed to describe the effects of RF
pulses in rotating solids in three-level (S=1) systems. Through comparisons with simulations
emerging from exact numerical methods, the suitability and exactness of the analytic methods
is examined over wide-range of experimental parameters. Additionally, the interference effects

observed in spin-1/2 nuclei coupled to quadrupolar spins (say S=1) are also discussed.






Chapter 1

Introduction

1.1 Background

Determination of molecular structure at atomic resolution through spectroscopic methods
has remained an active pursuit for understanding both the functioning of materials (of both
chemical and biological relevance) as well as their role in the dynamics of chemical/biological
reactions. While characterization techniques such as X-ray diffraction, neutron scattering
and vibrational spectroscopy etc. have been quite successful in addressing several important
problems, the emergence of solid-state NMR (ssNMR) as a structural tool has been quite
promising in the last two to three decades. In contrast to analytic techniques that are limited
by molecular weights, nature of the sample etc., ssNMR has emerged as a unique, reliable tool
for characterizing variety of systems, ranging from membrane proteins and amyloid fibrils
in biochemistry to polymers, battery materials, photovoltaic pervoskites, semiconductors,
glasses and catalysts "7 In contrast to other spectroscopic methods, the manipulation of the
nuclear spin interactions at the atomic level enhances the repertoire of NMR spectroscopy as a
versatile tool for providing variety of structural constraints such as torsion angles, interatomic
distances etc. both in the solution as well as in the solid-state. While studying the effects
of magnetic fields and radio-frequency pulses (RF) on nuclear spins (spin interactions) have
remained central in NMR spectroscopy, the orientation dependence of the spin interactions
in the solid-state makes it unique and important in contrast to similar studies in the solution
state.

From an operational aspect, the genesis of solid-state NMR spectroscopy began only in
1958 through the discovery of Magic Angle Spinning (MAS) experiment *. In contrast to

solution NMR spectroscopy, the spin interactions in the solid state remain anisotropic due to
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restricted mobility, resulting in broadened spectra. To overcome the undesirable broadening
effects, Andrew et al. and Lowe, independently demonstrated the idea of physical rotation
of the sample along an axis inclined at an angle 6,,=54.7° with respect to the static mag-
netic field. Such an approach resulted in spectra comprising a centre band (often determined
by the isotropic part of the spin interactions) and series of spinning sidebands (due to the
anisotropic part of the spin interaction) distributed symmetrically about the center-band at
integer multiples of the spinning frequency 21 With increase in the spinning frequency,
the anisotropic part of the interactions get partially/completely averaged out resulting in
isotropic liquid like spectrum. In particular, spin interactions in spin-1/2 nuclei such as
chemical shift anisotropy (CSA), dipole-dipole interaction and indirect spin-spin interaction
(J-coupling) have magnitudes ranging from Hz to few kHz and are mostly or partially aver-
aged out under MAS resulting in well-resolved spectra in the solid state. In combination with
MAS, development of techniques such as cross-polarization 11’12, homonuclear and heteronu-
clear decoupling methods 13715, homonuclear recoupling 19720 and heteronuclear recoupling
methods >~ have facilitated structure determination of materials containing spin-1/2 nuclei
in the solid state.

While these advancements have largely benefited the study of spin 1=1/2 nuclei (e.g.
H, 13C, 3P etc.), the improvements seem only marginal in the experimental studies of
quadrupolar nuclei (nuclei with 1>1/2). Since more than 70% of nuclei in the periodic ta-
ble are quadrupolar (I>1/2), the NMR study of such nuclei become essential. According to
nuclear shell model, nuclear spins with I>1/2 (quadrupolar nuclei) have non-spherical distri-
bution of charge around the nucleus. This charge distribution interacts with the surrounding
electric field gradient resulting in the “Quadrupolar interaction” %24 and is characterized
in terms of the quadrupolar coupling constant (Cg). In contrast to other internal interac-
tions, the quadrupolar interaction is magnitude wise very strong (Cq is of the order of several
MHz) and is primarily responsible for the line broadening observed in the NMR spectra of
quadrupolar nuclei. Consequently, the effects of spinning have only been marginal in the

experimental studies of quadrupolar nuclei (I>1/2) .5

28 29 .
", Dynamic

To this end, alternative strategies such as Variable Angle Spinning (VAS)
angle spinning (DAS) * and Double rotation (DOR) 51,9 techniques were introduced to
improve the resolution of the NMR spectra of quadrupolar nuclei in the solid state. Due to
technical limitations and the degree of sophistication required, such techniques could never be

integrated with routinely available NMR hardware. In 1995, Frydman and co-workers 59,34
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proposed the Multi-Quantum MAS experiment (MQMAS) for acquiring isotropic spectra
of quadrupolar nuclei with the use of traditional NMR hardware without special modifica-
tions. The MQMAS technique is a two-dimensional experiment that provides correlation
between second-order quadrupolar shifted isotropic chemical shifts in the indirect dimension
and has been used to measure chemical and second-order isotropic shifts in a wide range
of quadrupolar nuclei %40 The local structural information contained in the electric field
gradients (EFG’s) of the individual sites is deduced from the resolution obtained in MQ di-
mension. Although, such an approach seems very viable, the poor excitation efficiency of MQ
coherences and its reconversion to detectable SQ coherence seems to be the major limiting
factor. To this end, several variants of MQMAS T and sensitivity enhancement techniques
such as fast amplitude-modulated pulses 46750, double-frequency sweeps 51753, rotational reso-
nance effects 54759, CPMG pulse train %% etc. have been developed in the past two decades.
Since structural parameters such as electronic arrangement, distance between nuclei, torsion
angle are manifested in the anisotropic internal interactions such as chemical shift anisotropy,
dipolar interactions, quadrupolar interactions etc., suites of recoupling experiments analogous
to those in spin 1=1/2 systems have also been developed in systems comprising quadrupolar
spins. To this end, several heteronuclear dipolar recoupling experiments 5708 Y ave emerged
to re-introduce dipolar interaction in systems containing quadrupolar nuclei. In particular,
MQMAS experiments have been integrated with cross-polarization techniques to enhance
polarization on quadrupolar nuclei 0. Additionally, CSA tensors of spin-1/2 system (such
as 'H) coupled with quadrupolar nuclei have been extracted through multidimensional ex-
periments 70,

Although, the availability of sophisticated hardware such as high magnetic field strengths,
ultrafast MAS probes have benefited studies involving quadrupolar spins, quantifying exper-
iments involving quadrupolar nuclei have always been fraught with difficulty owing to the
domineering presence of the quadrupolar interactions. Consequently, simulations of NMR
experiments based on numerical methods 4% Jave become indispensable in the solid state.
Employing numerical simulations, optimal parameters for a given experiment are deduced
by trial and error, resulting in the development of sophisticated experiments both in the
solution and solid state. Nevertheless, understanding the nuances of the underlying spin
physics is quintessential to the design of new pulse sequences besides extending the range of
applications of NMR spectroscopy. Since extraction of molecular constraints in NMR experi-

ments involves iterative fitting of the experimental data, simple analytic expressions that are
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computationally efficient are essential.

1.2 Objectives and scope of the thesis

From an operational point of view, the main complexity in analytic treatments arises dur-
ing the description of the evolution of spins under an RF pulse. In the description of spin
I=1/2 systems, the amplitude of the RF pulse often exceeds the magnitude of the internal
spin interactions. Hence, the time-evolution of the spin system during an RF pulse is ap-
proximately governed by the RF interaction and is conveniently described through rotation
operators. By contrast, in the case of quadrupolar spins, the magnitude of the quadrupolar
interaction (described in terms of the quadrupolar coupling constant) often exceeds both (i)
the available RF amplitude (ii) internal spin interactions. Consequently, during an RF pulse,
the quadrupolar nucleus evolves under both the RF and the quadrupolar interaction Hamil-
tonians. Although, theoretical formulations employing descriptions in the state space built
on “adiabatic approximations” have emerged in the past for describing the underlying spin
dynamics, their utility has always remained limited to static samples with minor extensions
in rotating samples 5 particular, their utility in describing the spin dynamics in
powder spinning samples is limited due to the orientational dependence of the quadrupolar
interactions. In such systems, the magnitude of the quadrupolar coupling constant varies with
individual crystallite orientations and the state-space descriptions become less insightful.
Although, analytic methods based on Average Hamiltonian Theory (AHT) and Floquet
theory have been used extensively in the literature 1999795 45 describe the underlying spin
dynamics in spin I=1/2 systems, the exactness and utility of these methods in the description
of MAS experiments involving quadrupolar spins remains less explored. This forms the main
motivation behind this thesis. Employing the density operator formalism % and the time-
propagators derived from the analytic methods, the spin dynamics involving quadrupolar
spins is studied. Below, we outline the problems addressed in this thesis:
1. To begin with, analytic theory of finite pulse effects in rotating solids is described in spin
[=1/2 systems employing the density operator formalism. Employing this model system,
the role of interaction frames is discussed. Employing time-propagators derived from AHT
and Floquet methods, the excitation of double-quantum (DQ) transitions in spin-1 system
is discussed employing the density operator formalism. The interplay between the RF am-

plitude, quadrupolar coupling constant and the spinning frequency in the convergence of the
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expansion coefficients in the time-propagators is discussed through analytic expressions.
2. In the second part of the thesis, the interference effects in coupled systems emanating from
RF irradiation on the quadrupolar spin is discussed. For demonstrative purposes, examples
from experiments that involve simultaneous recoupling and decoupling of spin interactions is
examined in coupled systems comprising spin-1 system.

In what follows, the basic theory and methodology required for describing the underlying

spin dynamics in NMR experiments is summarised for the sake of continuity.

1.3 Theory and Methodology

1.3.1 Spin interactions in NMR

Unlike other spectroscopic methods, NMR spectroscopy provides a unique platform for ma-
nipulating the nuclear spin interactions at the atomic level without destroying the information
content inherent in them. To explicate the role of various spin interactions in NMR exper-
iments, the spin Hamiltonian is expressed as a sum comprising the external and internal
interactions. The external Hamiltonian comprises the interaction between the nuclear spin
magnetic moment and the magnetic fields (inclusive of both static and oscillating magnetic
fields). The internal interactions comprise the nuclear spin interactions with the chemical
shift interaction, scalar interaction, dipolar and quadrupolar interactions being the prominent
ones.
(A) External interactions
The Zeeman interaction represents the interaction between the nuclear spin magnetic moment

and the static magnetic field and is represented through the Zeeman Hamiltonian, H .
HZ:—,MZBO:—’YB()]Z:WOIZ, h=1 (11)

where (1 is the magnetic moment, v is the gyromagnetic ratio (in units of rad/sec/T), By is the
strength of the static magnetic field (in units of Tesla, T) and ;d—; is the Larmor frequency
(of MHz order). In a similar vein, the interaction of the nuclear spin with the oscillating
magnetic field (applied along the x-direction) is represented through the RF Hamiltonian

given below,
Hpr (t) = —2vDB; cos (Wyept + @) I, = 2wy cos (Wyest + @) I (1.2)

where w; = —vBj is the nutation frequency of the RF field and ¢ is the phase. In comparison

to the internal interactions (barring the quadrupolar interaction in some cases) present in

6
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the system, the Zeeman interaction is dominant. Since the evolution of the system under the
internal spin interactions in the presence of oscillating fields (usually employed to probe the
spin system) is desired, theoretical description of NMR experiments is often carried out in
the rotating frame, wherein the dominant contributions from Zeeman interactions is absent.
Accordingly, the time-dependent contributions of the spin interactions in the rotating frame
are ignored under “Secular Approximation”, o while, the RF Hamiltonian (Eq. 1.2) reduces

to a much simpler form given below.
ERF = wllz (13)

(B) Internal interactions
In contrast to liquids, the spin interactions in the solid state are represented through ‘ten-
sors’, a mathematical quantity that transforms in certain prescribed ways. The anisotropic
nature of the spin interactions in the solid-state (such as chemical shift, dipolar, scalar in-
teractions and quadrupolar interactions) are represented through second rank tensors. A

25 100-103 )
’ and is

detailed description of these interactions is well-documented in the literature
consciously omitted to avoid repetition. Below, we present a brief summary of the important
equations that would be required to follow the thesis.

Due to physical rotation of the sample, the internal spin interactions become time-

8 9 100 101 . : . .
. Here in this thesis, we restrict ourselves to three

dependent in MAS experiments
internal interactions namely chemical shift interaction, quadrupolar interaction (present in
I>1/2 system) and dipolar interactions.
(i) Chemical shift interaction

The chemical shift interaction depicts the interaction between the nuclear spin magnetic
moment with static magnetic field mediated through surrounding electronic cloud. In case
of solids, the chemical shift interaction is characterized by both the isotropic as well as
the anisotropic part chemical shift anisotropy (CSA). The isotropic chemical shifts provide
the electronic and co-ordination environment of nuclei, while the chemical shift anisotropy

provides insights into orientation and conformation. In the rotating frame, the chemical shift

interaction under MAS is represented by the following equation,

2
Hes () = Awl + > w™emert], (1.4)
H’Lso m:_2’#0
Hesalt)

where Aw = wy — w represents the offset or isotropic chemical shift.

In MAS experiments, the anisotropic components of the internal interactions (CSA, dipolar

7
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and quadrupolar interaction) are represented through the following standard expression.

2 2

W= 3 R ST Dinims (2531) Doy (Q048) dino (Br1) (1.5)

mi=—2 mo=—2

Here, Rg)/\ml represents the component of the spatial tensor (A= CSA, dipolar or quadrupo-
lar interaction) defined in the principal axis system (PAS), while D,,,m, (245) denotes the
Wigner Rotation matrix with rank 2 and Q45 = {«, 5,7}, the set of Euler angles used in the

102 103

transformation from PAS to Lab frame . In the PAS, the spatial components (R( )ml)

associated with the CSA interactions are represented below.
2)0 +2 2)+1
Rgg,)C'SA = 5aniso 9 R§37)CSA - _%5(1”7;3077 ; RP,)C'SA = O (16)

with dgniso representing the magnitude of the CSA and 7, the asymmetry parameter.

(ii) Quadrupolar interaction
Nuclei with [>1/2 possess a non-zero quadrupole moment due to non-spherical charge distri-
bution in the nucleus (according to nuclear shell model). This quadrupole moment interacts
with electric ﬁeld gradient generated by their surroundings resulting in quadrupolar interac-
tion (HQ) . The magnitude of the quadrupolar interaction often exceeds the amplitude
of the RF excitation pulse. Often the quadrupolar Hamiltonian is expressed as a product of
irreducible tensor operators (comprising spatial tensor, R and spin tensor, (7 operators)
25 102,103

' 2
= > RSty T®e (1.7)
q=-2

where,

()1 2 o wen _ 3Cq _ 2
RP Quad — wQ RP,Quad =0 ) RP,Quad - _% <WQ - 2ﬂm7 CQ =e QQ

1 1 1
T(2)0 — % [3]% - _[2:| ; T(2)i1 = :FE [.[le: + .[:EIZ] 3 jj(z):t2 = ili

In the rotating frame, the quadrupolar interaction acquires additional time-dependence

due to ‘w’ and is expressed in the compact form as given below.

2 2
Z Z wg,)n;qT@)qeiqwteimwrt (18)
=—2m=—2,#0

%\H

q

where

Wg)gz Z RQ PAS Z Dm1m2 QPM) szm (QMR) dm,q (ﬂRL)
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To first-order, the quadrupolar Hamiltonian in the rotating frame is represented by ignor-

ing the time-dependent terms (retaining terms that commute with Zeeman interaction only,

1., T®°] = 0).

2
H(l) (t) - Z w(Q)OT(Z)Oeimwrt (19)
Q Q.m
\/6 m=—2,#0

Employing averaging methods, the second-order contributions (from time-dependent terms)
to the quadrupolar interaction is derived and summarized by the following equation.
(2)—q

Hg) — _i Z Z m {T(Z)q T(2)7q:| (1.10)
12 T o m T 40 QW — MWy

Retaining contributions to second-order, the quadrupolar Hamiltonian is represented by
the following equation.

Ho(t) = HY (t) + HS (1) (1.11)

(ii) Dipolar interaction
The interaction between two nuclei take place either through bond (J-coupling) or through
space (dipolar coupling). Owing to the smaller magnitude of the scalar interaction (or J-
coupling), it is often ignored in solid state NMR. By contrast, due to restricted mobility, the
through space interactions (or dipolar interactions) remain unaveraged and are anisotropic in
nature. Accordingly, the Hamiltonian depicting the dipolar interaction between a heteronu-

clear spin pair is represented by the following equation.
2 .
His(t)= 3 2wiemtr,s, (1.12)
m=—2,7#0
The spatial components of the dipolar interactions in the PAS are represented by the

following equation.

RS otar = V/6b (b S 07135> L RPE R 0 (1.13)

dipolar P,dipolar
Amrig

1.3.2 Time evolution of spins in NMR experiments

As measurements in NMR spectroscopy are made on bulk samples, the density matrix for-
malism * has remained the preferred approach for studying the dynamics of such systems.
Accordingly, the state of system is described in terms of the density operator, p(t) and the
time-evolution of the system is studied using Quantum-Liouville equation.

cdp (1)
dt

=[H(#),p)] . h=1 (1.14)
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When the Hamiltonian is time-independent, the formal solution to the above equation is

straightforward and reduces to the following form.
p(t) =U(t,0)p(0) U (t,0) = e p (0) ™ (1.15)

In the above equation, ‘p(0)’ represents the initial state of the system at time t=0 and
p(t) is the state of the system at time ‘t’ Interestingly, in NMR experiments, the spin
Hamiltonians are time-dependent. In such cases, the formal solution to the above equation

has a complicated form.

—i [ H(t")dt' i [[H(t)dt'

p(t) =U(t0)p(O) U™ (£0)=¢ o p(0)es (1.16)

From an experimental perspective, analytic expressions are desirable for deducing optimal
conditions and for quantifying the NMR experimental data. To address this issue, Waugh
and Haeberlen in 1968 proposed the Average Hamiltonian Theory (AHT) 109 for describing
MAS experiments in the solid state. In the average Hamiltonian framework, a time-averaged
effective Hamiltonian is derived from the Magnus Expansion formula " While descriptions
based on Average Hamiltonian Theory (AHT) have been the preferred approach, methods

91-95 105 106 . .
» " have also emerged to describe MAS experiments. Nev-

based on Floquet theory
ertheless, the utility and exactness of such methods requires a careful comparison between
simulations emerging from analytical and numerical methods. A brief summary of the ana-

lytic methods is discussed in the Appendices.

1.4 Organization of the thesis

In chapter 2, the exactness of analytic methods for describing finite pulse effects in MAS
experiments is discussed. Specifically, the finite pulse effects for three-level system is dis-
cussed and compared with those obtained from two-level systems. Depending on the relative
magnitudes of the internal spin interactions with respect to the amplitude of the excitation
pulse, the role of interaction frames in the derivation of time-propagators is discussed. For
illustrative purposes, the exactness of time-propagators derived from analytic methods such
as (a) AHT (b) Floquet theory (c) Floquet Magnus Expansion (FME) are also explored
and discussed in detail through comparisons with simulations emerging from exact numerical
methods.

In chapter 3, analytic theory of interference effects under MAS conditions is discussed

within the density matrix formalism. Employing the time-propagators obtained from chapter-

10
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2, analytic models are built for quantifying the interference effects between a spin-1/2 nucleus
coupled to a quadrupolar spin (S=1). The exactness of the analytic models are verified
rigorously through comparisons with simulations emerging from numerical methods.

In chapter 4, the results obtained in this thesis are summarized along with future per-

spectives.

11






Appendix A

Average Hamiltonian Theory (AHT)

The evolution of system in quantum mechanics is studied using the Quantum-Liouville equa-

tion given below.

= = H (1), p (1) (A.1)

In the above equation, p(t) represents the state of the system at time ‘t” and is evaluated

using the standard solution.
p(t) =U(t,0)p(0)U"(t,0) (A.2)

where p(0) represents the initial state of the system at time t=0. The term U(t,0) denotes

the evolution operator and has a complicated form.

U (t,0) = T exp (—z/ (Hing (') + Hege (1)) dt’) (A.3)

0
where 7' represents the time ordering operator. The term H;,;(t) and H.,(t) denotes the
internal and external Hamiltonian of the system respectively.
To reduce the complexities involved for describing the time-evolution of systems, Waugh
and co-workers proposed an interaction frame 10,90 wherein, the evolution operator, U (t,0),
is expressed as a product of two exponential operators, representative of the internal and

external Hamiltonians.

U (t,0) = T exp (—z/ (Hint (t') + Hear (1)) dt’)
= Ugr (t,0) Uy (¢,0) (A.4)

where,

Ugr (t,0) = T exp (—i / Hey (1) dt’) (A.5)

0

12
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Usne (t,0) = T exp (—i / Hing (1) dt’) (A.6)

The internal Hamiltonian in the RF interaction frame (Hyy (t)) is derived through the

following relation.

i (t) = Uph (£,0) Hiw (1) U (£,0) (A7)

Utilizing the periodic properties of the Hamiltonians (both internal and external) and
imposing the ‘cyclic condition’ (i.e. Ugp (7.,0)=1), the evolution of spins in the interac-
tion frame is described by an evolution operator comprising only the transformed internal

Hamiltonian.

U (N7.,0) = [U (72, 0)]Y = [Unng (7o, 0)]Y = | T'exp (—i / Hi (1) dt’)] (A.8)

2T
When the modulation frequencies of sample rotation (wr = > and pulse sequence
2T T104
<wc = > are commensurate (wc = Nwr), the Magnus formula presents an attrac-
Te

tive option for deriving a time averaged Hamiltonian (internal) over a cycle (7.) in the RF
interaction frame.
U (7¢,0) = Upnt (7¢,0) = exp (—@'Hmt (7.) TC) (A.9)

The time averaged Hamiltonian (H;,) is valid only over the cycle time (7.) and is ex-

pressed through a series of corrections derived from Magnus expansion.

Hin (1) = HO (1) + HY (1) + H® (7.) + H® (7,) + ..... (A.10)
1 F~
HO (1) = ~ / Home (') dt’ (A.11)
Te 0
Te t/

HO (1) = —QL / dt’ (A.12)
TC

o
[ —
Bt
g
—~
R
N—r
X
g
N
XK
—
—_
U
XK

This forms the basis of stroboscopic detection (i.e. detection only at cycle times) in magnetic
resonance. Employing the AHT framework, suites of multiple-pulse experiments have been

designed in solids under both static and spinning conditions.

13



Appendix B

Effective Hamiltonians in Floquet

theory

B.1 Floquet theory

In this section, a brief description of Floquet theory is presented. A more detailed discus-
sion on Floquet theory along with its various formulations could be found in the literature
95105108 e begin with the time-dependent Schrondinger equation with periodically time

dependent Hamiltonians as given below.

6’I@M))

H () [y (1)) (B.1)

Following the procedure outlined by Shirley, both the wave function ¢ (t) and the Hamil-
tonian H(t) are expanded via Fourier series expansion.

SOHDE @)= 3 e (e 6) (B.2)

On substitution in Eq. B.2, the following equation is obtained.
s 86(’” ( )

Z Z mﬁwcﬁym) (t) einwt ‘¢7> - Z Z Ho(Zil)CgL) (t) el(ntniwt ‘¢a>
7 Mm=—00 a,B8 n,n1=—00
(B.3)

In the above equation, the greek indices (a, 3,7) depict the spin state of the system,
while, the indices (n, m, nl) denotes the Fourier index. Left multiplying Eq. B.3 by (¢,| and
equating the like powers of exponentials on each side, the above equation reduces to a form
originally obtained by Shirley.

80(’”
ih

=y i (HS5™™ + mhwd, pomn)cy” () (B.4)

B n=—o0

Hp

14
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In the above equation, ‘Hp’ depicts the Floquet Hamiltonian defined in an infinite dimen-
sional vector space. To describe the Floquet Hamiltonian in the infinite dimensional vector

space, both the spin states and spin operators are dressed with Fourier indices.

[657) = In) @ [da) (B.5)

<¢((1m)‘ Hp \¢,(3")> = H(%Lin) + mhwde g0m.n (B.6)

To conveniently describe the spin dynamics in the Floquet space, a set of Fourier operators

are defined.

Fn= > In){n+m| , Ir=n i In) (n| (B.7)

Here, Ir is defined as the Fourier number operator and F,, is the Fourier ladder operator.
Consequently, the spin operators in the Floquet space are constructed by direct product of

A

Fourier operators (F,,) and spin operators (O,).

0,] =F.®0, (B.8)

m

with the following commutator relations between them.

B.2 Effective Floquet Hamiltonians- Floquet Contact
Transformation

The contact transformation method is an operator equivalent of the Rayleigh Schrodinger
perturbation theory 107199 and has been extensively employed to derive effective Hamiltoni-
ans in magnetic resonance spectroscopy %% In this method, the Hamiltonian is rewritten

as a sum of two terms comprising a zero order and perturbing Hamiltonian as depicted below.
H=Hy+ \H, (B.10)

In accord with the tenets of perturbation theory, the magnitude of perturbing Hamilto-
nian is less than that of the zero order Hamiltonian (i.e. |H;| < ||Ho||). Employing the
perturbation parameter A, the Hamiltonian in equation B.10 is transformed by a unitary

transformation function, U = exp (iAS;). The transformed Hamiltonian thus obtained is
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expanded as a sum of various orders of corrections (ordered according to various powers of

A) as depicted below.
H=UHU" = e (Hy + \H,) e
= HY A1 + NHP 4 A HDY (B.11)
Employing Baker-Campbell-Hausdorff (BCH) formula 110, equation B.11 is expanded.

Subsequently, various correction terms are derived by equating the powers of A on both sides

in the above equation.

HY = H, (B.12)
HY = Hy +i[S1, Hy (B.13)
, 1
HY =[S, H] — 5 151151, o] (B.14)
,L'n infl
HWY = el e T [S1, Hol | + ——7 | St oo [Sy, Hy (B.15)
n—1 n—2

The generator of the unitary transformation (.S7) is chosen to compensate the off-diagonality

in H; and is obtained by solving the equation given below.
HY = Hy +i[Sy, Hy) = 0 (B.16)

Subsequently, employing the transformation function (from Eq. B.16), the various orders

of corrections in the Hamiltonian (Eq. B.13-B.15) are derived.
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Appendix C

Floget Magnus Expansion

The time-dependent Schrodinger equation in terms of the evolution operator is represented

by the following equation.

—H{)U () (C.1)

with U(0) = I as initial condition and H(t), the periodic Hamiltonian (with period, T) i.e.
H(t)=H(t+T). Employing Floquet theorem 91’92, the evolution operator is expressed as a

product of terms given below.
U(t)=P(t)e Tt P(t)=P(t+7) (C.2)

Inserting the form of U(t) from Eq. C.2 into Eq. C.1.

@"”tht) _HWP{) —PO)H (C.3)

where P(0)=I can be assumed but this is non-mandatory. Using the exponential ansatz

from Magnus expansion 104, P(t) = e7™ ™ with A(t + T) = A(t), the following form of the
differential equation is obtained from Eq. C.3.

ijt {e7 O} = H (1) e70 — MO (C.4)

It may be noted that Eq. C.4 is independent of A(0). The advantage of FME H

approach lies in its ability to make a choice for A(0). This allows further simplification of

the perturbative calculations of A(t) and H. A choice of A(0) # 0 is equivalent to the use of

more general representation of the evolution operator.

U(t) = P(t)e Pt (0) (C.5)
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Substituting the perturbation expansions for A(t) and H in Eq. C.4 provides the solution
for A, (t) and H.

At)y=> NN, (t) , H= Z N'"H (C.6)
n=1

¢
A () = A, (0) + / G () dt' — ta™ (C.7)

0

1 T
— TO/Gn (t) dt (C.8)
The terms G, (t) have the following forms at various orders:-

n=1; Gi(t)=H(1) (C.9)
n=2 G2(t):—;[H()+H( Al()} (C.10)

n—3: Gst) = —; [H ) + 7Y, A, (t)] ! [H(?),A1 (t)]

2
- s [y w @ -7 (C.11)

Employing the time-dependent periodic Hamiltonian, H(t) (H (t) = 3 H,,e"™*") with
2 v
period T (w = ;) in Eq. C.8-C.11, the expansion coefficients in A(t) and H are derived

and summarized below.
H,,
Tmw

{emt =1} + A (0) (C.12)

" =g, (C.13)

_ - Z Hval )] {eimwt_1}+z- Z [H07Hm] {eimwt_l}

m;éO mw m#£0 mAw?
1 (H,,, H,] ,
+2 (1= Gpgn)—omo [ itmmyr
m¢%¢0 + m(m+n)w2{ }
) Hm7Hn 3
s ] ) e
2 mAOmo W
+7(2) . 1 [Hm> Hfm] [H07 Hm]
H”Y = —i[Hy, A1 (0 - —_— — C.15
i [Ho, 1()]+27§0 - +T§O - (C.15)

The exact expressions for A(t) and H depends on the choice of initial boundary condition

(whether A(0) is zero or non-zero) and is discussed below.
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C.1 Normal Boundary Condition, A(0) =0

In the normal boundary condition, A(0) is set as zero and the expressions for A(t) and H

further simplified to form given below.

A=Y Hu {emet — 1} (C.16)

" =H, (C.17)

20 m] {eimwt - 1} + ; > (1- 5m+n)—[Hm’ Ha {ei(’“")m — 1}

m (m + n)w?

#0 m#0,n#0
Hp, Hy|
m#0,n#0 mnw
+5(2) 1 [Hmu Hfm] [H07 Hm]
m#0 m#0

C.2 Alternate Boundary Condition, A(0) # 0

In the alternate boundary condition, A(0) is set as non-zero. As A,41(t) depends on A, (1),

a suitable choice for A;(0) is made to avoid any increase in the number of terms.

Hy,

H )
A — m _imwt .
1 (1) n%;(] e (C.21)
7Y = H, (C.22)
_ [HO? Hm] imwt 3 _ [Hm? Hn] i(m+n)wt
Ay (t) = 27%&:0 el m%;#o (1 5m+n)n CETPEN (C.23)
+7(2 1 Hm; H_
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Chapter 2

Analytic theory of finite pulse effects

in rotating solids

2.1 Background

The versatility of nuclear magnetic resonance (NMR) spectroscopy as a preferred analytic
tool results from its inherent ability to manipulate spin interactions at the atomic level
" From an operational perspective, the development of sophisticated theoretical methods
(both numerical and analytical) for quantifying the response of nuclear spins subjected to RF
pulses ¥ has been instrumental in enhancing the repertoire of NMR spectroscopy as a reli-

able tool for probing molecular structure in systems of varying complexities 0 Through

512 13

controlled manipulation of the spin interactions 2 , the molecular constraints desired

for structure determination are estimated systematically through multi-dimensional experi-
ments . Here in this chapter, we focus on the form of the spin Hamiltonians 29,2021
governing the evolution of spins during a pulse. From an experimental perspective, the
anisotropic nature of the spin interactions (such as chemical shift anisotropy (CSA), dipolar
interactions, quadrupolar interactions etc.) results in a distribution of resonance frequencies.
Consequently, the overall excitation efficiency depends on both the internal (magnitude of
anisotropic interactions) and external parameters (such as the amplitude and duration of the
pulse) in addition to the sample rotation frequency employed in magic angle spinning (MAS)
experiments 22,28

When the amplitude of the radio frequency (RF) pulse largely exceeds the magnitude of

the internal spin interactions, it is customary to ignore the effects of the internal Hamiltoni-

ans during the pulse (commonly referred to as the strong pulse/ ideal pulse limit). The more
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challenging case arises when the magnitude of the internal interaction exceeds (or is on par
with) both the RF amplitude of the pulse and the sample rotation frequency. Such condi-
tions are often encountered in the description of transitions in multi-level systems 28,2 (e.g.
quadrupolar spins, I>1/2). In particular, analytic description of excitation in quadrupo-
lar nuclei under spinning conditions is less straightforward 2 owing to the domineering
presence of the quadrupolar interaction and has remained a challenging problem.

From an operational standpoint, the complexities encountered in theoretical studies in-
volving quadrupolar nuclei could be attributed to (i) the larger magnitude of the quadrupolar
interaction with respect to the amplitude of the excitation pulse (ii) the presence of multi-
ple spin states (iii) the time-dependence of the spin interactions due to physical rotation of
the sample. Although, development of analytical methods in static solids 527 have en-
hanced our basic understanding of the experiments, straightforward extensions to rotating

) ) .. 1 29 35-38
solids remain less trivial

. In particular, a uniform analytical framework that analyses
the role of the sample spinning frequency, amplitude of the RF pulse and the quadrupo-
lar coupling constant in MAS experiments remains an open problem 9140 Consequently,
optimizations based on numerical methods %" have gained prominence in the development
of NMR methods in quadrupolar nuclei. While investigations based on numerical methods
are easier to implement and provide results, they do not necessarily afford insights into the
physical phenomena under study.

Although, excitation in both static and spinning samples (predominantly in spin I=1/2
systems) is understood within certain approximations, a careful review of the available ana-
lytic methods is desirable to address the challenges encountered in the description of transi-
tions in multi-level systems. With this objective, the validity of the approximations employed
in the analytic methods are verified over wide range of parameters through comparisons with
simulations emerging from analytic and exact numerical methods. To pedagogically describe
the relevance of the methods, the excitation in static and spinning samples is discussed sep-

arately using theoretical methods based on perturbation theory s

2.2 Statement of Problem

To illustrate the relevance of analytic methods, we begin with numerical simulations depicting
the excitation of double-quantum (DQ) transitions in spin I=1 system (as illustrated in

Figure 2.1).
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(A) | (B) (©)

0.1F

Im <I m(t) >

Time (us)

Figure 2.1: In the MAS simulations depicted, excitation of DQ transition in spin I=1 system is
presented. (A) The black line represent numerical simulations " at even multiples of % while the
red line represent numerical simulations at odd multiples of ™ The following parameters were
employed in the simulations: Cg = 1 MHz, v, = 40 kHz (7, = 25us) and RF amplitude, v; = 10
kHz (B) Variation of RF amplitude (Black line- v; = 10 kHz, Red line- v; = 20 kHz, Blue line-
v1 = 40 kHz) (C) Variation of spinning frequency (Black line- v, = 40 kHz, Red line- v, = 60 kHz,
Blue line- v, = 80 kHz).

In the simulations depicted in panel A (Fig. 2.1), the excitation of DQ transitions at
integral multiples of % (where 7, denotes the rotor period, 7= T with w, depicting the
sample rotation frequency) is illustrated. As depicted (panel A, Prig. 2.1), the excitation
efficiency tends to zero at odd multiples of % (indicated in red color) while it remains
oscillatory at even multiples of % (indicated in black color). In a similar vein, the DQ
excitation efficiency increases with an increase in the RF amplitude (refer to panel B, Fig.
2.1) and decreases with an increase in the spinning frequency (refer to panel C, Fig. 2.1).
Such observations are intriguing and have remained unexplained (using both numerical as
well as analytical methods). This forms the motivation behind this chapter.

To address the above issues, the suitability of analytical methods routinely employed for
describing the time-evolution of quantum mechanical systems governed by time-dependent
Hamiltonians is examined. Specifically, the suitability of analytical methods based on Average
Hamiltonian theory (AHT) °* and Floquet theory 0 for studying the excitation of double-

quantum (DQ) transitions in spin-1 system under MAS conditions is investigated. While
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the applicability of these methods is well established in time-evolution studies involving
spin I=1/2 systems, their suitability in the description of periodically driven multi-level
systems remains less explored. For pedagogical reasons, the approximations employed in the
description of excitation in two-level systems (both static and spinning samples) is reviewed

briefly to explicate the nuances of excitation in multi-level systems.

2.3 Results and Discussion

2.3.1 Finite pulse effects in spin I=1/2 system

To describe the interplay between the internal and external interactions, we begin with the

Hamiltonian of an isolated spin-1/2 system in a rotating solid.

2
H(t) = wol, +2wicos (wt) I, + > w™e™r'[ h=1 (2.1)
o T T m=-240
z Hrr
Hesa

In the above equation, Hz depicts the interaction between the nuclear spin magnetic
moment and the static magnetic field, while, the interaction between the magnetic moment
with the oscillating magnetic field is represented by, Hgr. The angular frequency ‘w,” denotes
the precessional frequency (that includes chemical shielding effects) of the nucleus, while, ‘w;’
and ‘w’ represent the amplitude and frequency of the oscillating field, respectively. To study
the time-evolution under the internal Hamiltonians, the above Hamiltonian is transformed

iwtl, )

into the rotating frame (U = e such that the RF Hamiltonian is reduced to a simpler

form (under secular approximation) as given below.
2 .
Hp(t)=UHMU ' = Awl, + i, + > wmemert], (2.2)
m=—2,7#0

The term Aw = wy — w represents the offset in the rotating frame.

2.3.1.1 Time-Evolution in static case

To begin with, let us consider the simplest case of on-resonance irradiation (Aw=0) in static
samples (w,=0). To facilitate analytic description, the Hamiltonian in the rotating frame is
transformed through the rotation operator (U; = ™/?Iv) such that the RF field is quantized
along the z-direction.

Hr =wil, +dJ'1, (2.3)
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where

W= 3 RENDumo(Qpr)

m==+2,0
When the amplitude of the driving field (w;) largely exceeds the off-diagonal terms (com-

prising offset and CSA terms), the effective Hamiltonian reduces to a simpler form.
Heff = wllz (24)

Subsequently, the evolution of the system during a pulse is evaluated using the standard

procedure given below.
(I,(t)) = Tr [p(t)I,) = Tr [e-Messt p(0)eess! I, | = —sin (wyt) (2.5)

In the above eq., p(0) represents the initial density operator in the tilted-rotating frame
(p(0) = Uip(0) Ui = —1, ; p(0) = I,) while, the detection operator, I, remains invariant
in the tilted rotating frame (I, = I,)).

When the amplitude of the pulse is greater than the off-diagonal terms, the ideal pulse
approximation commonly employed in magnetic resonance remains valid (w; > 8w’, Aw = 0).
As depicted in Figure 2.2, the ideal pulse approximation (indicated in red broken line) breaks
down with increase in the magnitude of the off-diagonal terms. To improve the exactness
of the analytic simulations, operator based perturbation theory g employed in the
present study. In contrast to the traditional Rayleigh-Schrodinger perturbation theory, the
perturbation corrections are described in terms of effective Hamiltonians leading to better
insights into the excitation process. Accordingly, depending on the relative magnitudes of
the internal and external parameters, we outline the strategies employed in the derivation of
effective Hamiltonians.

For operational purpose, the Hamiltonian in perturbative methods is split and re-expressed
in terms of a zero-order and perturbing Hamiltonian. Depending on the relative magnitudes

of wy and W', the following two regimes are identified and discussed.

Case-I: w; > ' (Regime-I)

When the amplitude of the excitation pulse exceeds the magnitude of the internal interactions

(denoted by w’), the dominant term is identified with Hy as given below.

H=wl, +)JI, (2.6)
~— ~—~—
Ho H,
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Employing the method of contact transformation, the Hamiltonian ‘H’ is transformed
into an effective Hamiltonian.

Hpp = e He (2.7)

In the above equation, ‘A’ denotes the perturbation parameter and is employed for or-
dering purposes only. Employing the BCH formula 2 and equating like powers of ‘\’, the

perturbation corrections (to different orders) are derived in terms of operators.

HY = H, + i[5y, Hy

]_ .
Hy = — 5 (S, [S1, Hol] +i (51, Hi]

n—1 ‘n—m
1 _ v
HY Hn+n§0 (n —m)! .Sl,n[S;----- S, Hin] -] (2.8)

In the above representation of the corrections (H¥)), the subscript ‘n’ denotes the order
of correction, while, ‘k’ denotes the number of transformations employed in the derivation
of the effective Hamiltonian. The transformation function ‘S’ is chosen to compensate the
off-diagonal contributions to order A (i.e. S;=iCyl,) and is derived employing the equation

given below.

Ck)/

HY = H +i[S),H)) = 0= C, = — (2.9)
w1
Subsequently, employing the above form of S, the second order correction to the effective

Hamiltonian is derived as given below.

HY = % Sy, Hy| = I (2.10)

2(4}1

To second order, the effective Hamiltonian reduces to the following form.

1{w)?
Hepp = wi 1+2<> I = wepyl (2.11)

w1

To have a consistent description, both the initial density operator (5(0) = e™/2lv [ e="/2ly =

—1,) and detection operator (/) is transformed using the transformation function, Sj.
pess(0) = € p(0)e™™ 5 Lyepy =1 (2.12)

Subsequently, employing the effective Hamiltonian, the state of the system during a pulse

is determined.

/ /
pepp(t) = e Hetitp, o o(0)eHerft = — cos <w> [ 1 cos (wepft) + I, sin (wepst)] — sin (W I
w1 w1

(2.13)
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Accordingly, the observable during excitation is evaluated by calculating the expectation
value associated with the ‘I, operator.

wl

(0) = Tr sy Ol = = cos (£ ) s ) 21

Case-II: W' > w; (Regime-II)

When the magnitude of the internal interaction, w’ exceeds the RF amplitude, wy, the defi-

nition of the zero-order and perturbing Hamiltonian is altered accordingly.

H=uJT,+\wl, (2.15)
~—~—— ~——
Ho Hy
Employing the transformation function, S; (57 = @(Zw—/l)]y) and following the procedure
w

described in the previous section, the effective Hamiltonian to second order is derived.

Hyp=d 1+1<wl)2 I = wopsl (2.16)
eff — o\ x — Wefflx .
Subsequently, the final form of the signal is calculated and given by the following expres-

sion.

(I,(1)) = — sin (Zl) sin (wepst) (2.17)

As depicted in Figure 2.2, the analytic simulations are valid only in their respective domains
(Regime-1I, blue dots for w; > w’ and Regime-II, green dots for w; < w’). In the following
subsection, a more general framework suited for describing the excitation in all regimes is

explored.
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Figure 2.2: In the simulations (static case) depicted, the validity of the ideal pulse limit is probed

by varying the amplitude of the RF pulse. The analytic simulations based on the ideal pulse approx-
imation (indicated by red broken lines) and perturbative methods (Regime-I, blue dots ; Regime-II,
green dots are compared with those obtained from exact numerical methods based on SPINEVO-

LUTION * (indicated by black lines). The following parameters were used in the simulations: (A1)
w1 = (1/49)w" (A2) w1 = (1/2)" (A3) w1 = (3/4)w’ (B1) w; =w' (B2) w; = 2w’ (B3) wy = 4w’

Case-II11: Effective Field approach

To extend the perturbative approach across all regimes, an alternate method based on the
concept of effective fields is explored in this section. Since the Hamiltonian for a two-level
system (Eq. 2.3) has components along orthogonal axis (say z and x), the Hamiltonian is
rotated through an angle ‘0’ such that the effective field is quantized along one of the axis (say
z or x). Depending on the choice of the quantization axis, the form of the rotation operator
differs. When the quantization axis is along z-direction, the rotation operator, U; = e

is employed (for quantization along x-axis, Uy = el

i1,
i(m/2—0)

Iy is employed). Employing the
above rotation operator, the Hamiltonian in the tilted rotating frame (Hr = wil, + W'I,) is
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transformed such that the effective field is quantized along the z-axis.

/
Hegp = e Hye ' = \Ju? + w1 ; 6=tan™! <w> (2.18)

—_—— w1
Weff

In accord with the procedure described in the previous section, both the operators (initial

density operator and detection operator) are transformed.
per(0) = v (1) e v = —I,cos — I.sinf (2.19)

Iy,eff = Iy

Accordingly, in the effective field formulation, the state of the system during a pulse is

evaluated and the excitation is described using the following equations.
Peff(t) = —cosB[I; cos (wepst) + Iy sin (wepst)] — I, siné (2.20)

(I,(t)) = — cos@sin (wesst) (2.21)
Alternatively, when the effective field is quantized along x-axis, the final form of the signal
expression reduces to the following form.

(I,(t)) = — cosOsin (weppt) ; 6 =tan™’ (—:i) (2.22)

From an operational perspective, the effective Hamiltonian derived from the effective
field approach (Eq. 2.18) is more general and could be employed to derive the effective
Hamiltonians derived in previous examples (case-I and case-II).

Weff = (W1)2 + (W')2 =w (1 + ;(M) ) Or Weff = (w1)2 + (w')2 =o' (1 + ;(wl>2>

w1 w!

As depicted in Figure 2.3 (violet dots), the analytic simulations based on the effective field
approach are in excellent agreement in all the regimes, irrespective of the relative magnitudes

of w' and wy.
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Figure 2.3: In the simulations (static case) depicted, the validity of the effective field approach
is verified through a comparison between analytic simulations (indicated by violet dots) and those
based on SPINEVOLUTION ' (indicated by black solid lines). The following parameters were used
in the simulations: (Al) w; = (1/4)w’ (A2) wi = (1/2)w’ (A3) w1 = (3/4)w’ (B1) w1 = &' (B2)
w1 = 2w (B3) wy = 4w/

2.3.1.2 Time-Evolution in MAS case

To explain the nuances of the excitation in rotating solids, we begin with parameters that
correspond to single crystal with specific orientations (2pyr = (0,90,0), n=1.0). Under on-
resonance irradiation, based on the above choice of orientations, the Hamiltonian (Eq. 2.2)

reduces to the following form (w(2) = w2 =/ and w(ﬂ):o).
Hg(t) = 2w’ cos (2w, t) I, + wil, (2.23)

It is important to note that the above choice of orientations is purely for demonstrative
purposes and the discussion that follows is equally valid for any arbitrary orientation.
Depending on the relative magnitudes of the internal interactions (CSA interaction in

this case) with respect to the external parameters (spinning frequency and rf amplitude), two
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regimes (namely weak coupling regime and strong coupling regime) are identified. A detailed

description of the excitation in the two regimes is presented in the following subsections.

1. Weak Coupling Regime

When the magnitude of the external parameters (spinning frequency or RF amplitude or
both) exceeds the magnitude of the internal spin interactions (CSA interaction), the internal
interaction acts as a perturbation, and is identified with the weak coupling regime. To
facilitate analytic description in the weak coupling regime, the Hamiltonian in the rotating
frame is tilted (through the rotation operator (U; = ¢’2/v)) such that the RF field is quantized

along the z-direction.

HTR = UlHR(t)Ul_l = wllz — 20)’ COS (2wrt) [oc (224)

1.1 Description based on Effective Floquet Hamiltonians

In the Floquet framework, the time-dependent Hamiltonian defined in a finite dimensional
vector space is transformed into a time-independent Hamiltonian via Fourier expansion ool
Employing an operator basis defined in an infinite dimensional vector space (extended Hilbert
space or Floquet space), the Hamiltonian in the tilted rotating frame (for on-resonance case)
is re-expressed as follows-

Hp = wlp +wi[L], — Y w™][L]

m==2

(2.25)

m

A schematic description of the Floquet Hamiltonian for a single spin system is defined in

an extended (infinite dimensional) Hilbert space is given below.

|0€,2> /3’2> O{,0> ﬁ50> (X,—2> ﬁ’_2>
(a,2] 20,+0,/2 0 0 o® 0 0
R 0 20,-0,/2 o 0 0 0
" (@0 0 o™ o,/2 0 0 o®
(B.0 0 0 0 ~,/2 o 0
(o, 2] 0 0 0 0™ 20 +0,/2 0
(B,-2| 0 0 o™ 0 0 20, -o,/2

Figure 2.4: Matrix representation of the Floquet Hamiltonian for a spin-1/2 system defined in the

Floquet space.
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In the extended Hilbert space (or Floquet space), the spin states |a) and |3) are dressed
with Fourier index n (‘n’ ranges from —oo to 00). In the present context, the off-diagonal
terms w®, w(=2) are real and equal to w’ (W = w2 = w’). As depicted in Figure 2.4, in
the Floquet description, the states |a0) and |52) (likewise the states | — 2) and |30)) are
connected by the element w’ (w® = w(=? = /). From an operational aspect, the relevance
of the off-diagonal elements in perturbative methods depends on the difference between the
energy eigenvalues of the two states involved in the description. In the present context, the
energy difference corresponding to the pair of states (|a0) — |52), |a — 2) — |50)) is given
by AE = |2w, — wy|. When the energy difference AF is greater than or equal to 8w’, the
ideal pulse approximation (strong pulse limit) becomes operational in MAS experiments. In
all other cases (AE < 8w'), the contribution from the off-diagonal term becomes relevant
in the time evolution of the system. To account for the off-diagonal contributions in the

Floquet Hamiltonian, we employ operator based perturbation methods % The derivation

of effective Floquet Hamiltonians for variety of problems is well-documented 9.55°50 o nd
would only be discussed briefly in the present context.
In the effective Floquet Hamiltonian approach, the Floquet Hamiltonian (Eq. 2.25) is

split into a zero-order (Hy) and perturbing Hamiltonian (H;).

HO = WTIF + wl[lz]o (226)
Hy =3 GM[L], ; GIM=—w™ (2.27)

From an operational perspective, the choice of the zero-order Hamiltonian plays an impor-
tant role in the convergence of the effective Hamiltonian and has been discussed extensively in
the literature " . Employing the transformation function, Sy, the Floquet Hamiltonian

is transformed as given below.
Yl = P Hpe S 5 5, = i (Z COL,, + > O™ [Iy1m) (2.28)

The coefficients C™ and Cém) employed in ‘S;” are chosen to compensate the off-diagonal

terms in A, and are derived through the relation,
- H1 - 'l [Sl, Ho] (229)

To second order, the effective Hamiltonian describing the excitation is given by the following

equation.

L Gmatm
Hpepp = Ho + H = w,Ir + we[ L]y = w,Ip + wy <1 52 (mw,)? — w?
m T - W1

) ], (2.30)
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operators | Initial Density Operator, | Detection Operator, | Density Operator,
A Di™ RO ()
L], CoS T 0 — 08 x cos(wet)
4 0 cosy — cos x sin(wet)
[]z]o 0 0 0
[Iz]g _ZOZSQ) —ZC§:2) _Z‘C?SZ)e—%wrt
[Iz]_g —iO?S_Q) —@'09(0_2) —iO?S_Q)GinTt
wiw®)y (=) - p2wzw(p)w(_p)
x —_— Lt et
7 (PPl = wh)? ’ 7 (Pl =R
cm —m G o LG
’ (mew,)* — wi Y (mw,)? — w?

Table 2.1: Definition of constants employed in the description of the density operator and detection

operator (Eq. 2.31-2.33) based on the contact transformation method.

To have a consistent description, the operators (initial density operator (pr(0)) and de-

tection operator (D)) are transformed by the same unitary transformation (i.e. 1), In

the present calculation, the initial density operator, pr(0) = [I.]o and detection operator,
Dy = [1,)]o is employed.

p'p(0) = X1 Ui pp(0)U; e ™5t = ZA . a € (,y,2) (2.31)

D'p = €U DpUT e =3 DIV, € (z,y,2) (2.32)

Subsequently, employing the effective Floquet Hamiltonian (Eq. 2.30), the density oper-

ator at time ‘t’ is evaluated as given below.

Yeterst — (2.33)

ZR

pp(t) = e ety 1 (0
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Accordingly, the excitation during a RF pulse in the Floquet space is calculated by the
following equation.

S(t) = Trlpp()D's] = 3 BRIV (D™ (2.34)

A detailed description of the coefficients employed in the derivation of p(0), D% and
p(t) are tabulated in Table 2.1.

(t)>
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Figure 2.5: In the simulations depicted, the validity of the effective Floquet Hamiltonians is probed
for a given pulse amplitude by varying the sample spinning frequency. The analytic simulations
based on effective Floquet Hamiltonians (Eq. 2.34) are indicated by red dotted lines, while, those
based on SPINEVOLUTION ' are indicated by black solid lines. The following parameters were
used in the simulations: (Al) w, = (1/8)w’ [0.266] (A2) w, = (1/4)w’ [0.286] (A3) w, = (1/2)w’
[0.333] (B1) w, = w’ [0.5] (B2) w, = (3/2)w’ [1.0] (B3) w, = 2w’ [00]. In the simulations depicted,
the RF amplitude is greater than the magnitude of the internal interaction (i.e. w1 = 4w’). Due to
the resonance condition (w; — 2w, = 0), the analytic simulations corresponding to the parameters
depicted in the panel B3 could not be performed (w; = 4w’,w, = 2w’). The numbers given in the

square brackets in the panels correspond to the ratio [w'/(|2w, — w1])].

To verify the validity of the above analytic framework, the analytic simulations depicted
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in Figures 2.5 and 2.6 are examined with numerical simulations. As depicted in Figure 2.5,
the analytic simulations match well with numerical simulations except for the simulations in
panels B2 and B3. From an operational perspective, this discrepancy results from the larger
magnitude of the off-diagonal term with respect to the energy difference, AE (2w, — w; is
approximately equal to w(2)). Under such conditions (the concept of perturbation remains
invalid), the corrections derived from perturbation theory are insufficient to describe the spin
dynamics. Interestingly, the discrepancies get magnified near the resonance conditions (i.e.
when wy = 2w, (refer to Figure 2.5, panel B3) the corrections tend to infinity), necessitating
descriptions based on degenerate perturbation theory. Such resonance conditions are also
observed in the simulations depicted in Figure 2.6 (Panel Al).

Based on the simulations depicted in Figures 2.5 and 2.6, the perturbation corrections

w/
converge only in cases where the ratio | ————| is less than or equal to 0.5. Additionally,

as illustrated in Figure 2.5 (Panel B3) ancér Figllre 2.6 (Panel A1), the present method is of
lesser utility near resonance conditions (as the C-coefficients employed in the transformation
function tend to infinity). To improve the exactness of the method beyond the predicted
perturbation limit and near resonance conditions as well, an alternate method is proposed in

the following subsection.
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Figure 2.6: In the simulations depicted, the validity of the effective Floquet Hamiltonians is probed
for a given pulse amplitude by varying the sample spinning frequency. The analytic simulations
based on effective Floquet Hamiltonians (Eq. 2.34) are indicated by red dotted lines, while, those
based on SPINEVOLUTION ' are indicated by black solid lines. The following parameters were
used in the simulations: (Al) w, = (1/8)w’ [o0] (A2) w, = (1/4)w’ [4.0] (A3) w, = (1/2)w’ [1.3]
(B1) w, = w' [0.57] (B2) w, = (3/2)w’ [0.36] (B3) w, = 2w’ [0.266]. In the simulations depicted, the
RF amplitude is lower than the magnitude of the internal interaction (i.e. w; = (1/4)w’). Due to
the resonance condition (w; — 2w, = 0), the analytic simulations corresponding to the parameters
depicted in the panel Al could not be performed (w1 = (1/4)w’, w, = (1/8)w’). The numbers given

in the square brackets in the panels correspond to the ratio [w'/(|2w, — w1|)]-

2. Description of finite pulse effects in Fictitious frame

To tackle the convergence problem discussed in the previous section (encountered in the
intermediate regimes), the Hamiltonian in the tilted rotating frame is further transformed into
a frame defined by the modulation frequency (2w, in this case). Employing the transformation

function, Uy (Uy = e*@rtlz) the Hamiltonian in the tilted rotating frame (Eq. 2.24) is
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transformed as given below.

Hrr(t) = UsHrp()Us ™ = (w1 — 2w,) I, — > wM™e™ert (I, cos (2w,t) — I, sin (2w,t))
" (2.35)
To simplify the description, the static part of the Hamiltonian in the fictitious frame
is quantized along the z-direction through the rotation operator, Us (Us = e?v, 0 =

(2)

tan™1( )). Accordingly, the final form of the Hamiltonian in the fictitious frame

w1 — 2w,
is derived and represented below.

Hrp(t) = wepsl. +w® sin (4wpt) I, — w® cos 0 cos (4w,t) I, — w® sin 6 cos (dw,t) I, (2.36)

In the above equation, wer (wepy = (w1 — 2w,) cos @ — w® sin @) represents the effective
field along the z-direction.

From an operational standpoint, the dominant contributions from the time-dependent
part get minimized in the fictitious frame and are essential to facilitate faster convergence of
the perturbations corrections. Subsequently, the above time-dependent Hamiltonian is trans-
formed into a time-independent Floquet Hamiltonian as described in the previous subsection.

Hp = w Ip + weps[ L]+ G’&p)[fa]p i a€(x,y,z2) (2.37)
p==x4

In contrast to the description in the preceding subsection, the Floquet Hamiltonian (in
the fictitious frame) has terms (off-diagonal) along all the three-directions. Following the
procedure described in the previous subsection, the Floquet Hamiltonian is transformed

using the contact transformation procedure.

where,

HO = wTIF + weff[fz]o ) H1 = Z G((lp)[fa]p
p==+4
To compensate the off-diagonal contributions, the transformation function, S; =i 3> C® [1,] i
a € (z,y,z) is expressed as a linear combination of the three operators (along x, y and z)

whose coefficients are obtained by solving linear equations derived from Hfl) (ie. H 1(1) =

Hl + i[Sl,HO] - 0)
To second order, the effective Hamiltonian in the present case is derived and represented
as given below.

HF,eff = Hy + H2(,1) =w,lp + we[lz]o (238)

diagonal
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where
: 4
{
We = Weff + 3 Z Cép)Ggfp) _ Cg(gp)Gg;p
p=—4,p#0

To maintain consistency, both the initial density operator (pr(0) = [I.]o) and the detec-

tion operator (Dp = [I,]2 + [I,]_2 (this is due to the fictitious frame)) are transformed.

,O/F(O) _ z)\SlU OF (O —iAST ZA(W o€ (xjy,z) (239)
D'y =SUT LU e =S DML, 3 o€ (n,y,2) (2.40)

The density operator during the pulse is calculated using the effective Hamiltonian given
in Eq. 2.38.
,0/F<t> — e*iHefftpl ZHefft ZR (241)

A detailed description of the coefficients is given in Table 2.2. Following the procedure

given in the previous section, the excitation during the pulse is evaluated.
S(t) =Tr[p »( Z R™ (t)D{™ (2.42)

To test the validity of the proposed framework, the discrepancies observed in the simu-
lations based on the contact transformation method are re-examined using the description
in the fictitious frame. In the simulations depicted in Figure 2.7, the perturbation limit is

w/
explored over wide range of parameters, 0 < |————| < 1. In the first row (panels Al-
Wy — W1
A4), analytic simulations based on the fictitious frame (Eq. 2.42) is depicted, while, the
simulations in the second row correspond to those based on the contact transformation (Eq.

2.34).
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Figure 2.7: In the simulations depicted, the validity of the calculations based on the fictitious frame
is probed for a given pulse amplitude by varying the sample spinning frequency. For illustrative
purposes, the analytic simulations based on the fictitious frame (first row, panels A1-A4, indicated
by red dots based on Eq. 2.42) and effective Floquet Hamiltonians (second row, panels B1-B4,
indicated by blue dots based on Eq. 2.34) are compared with those based on SPINEVOLUTION
! (indicated by black solid lines). The following parameters were used in the simulations: (A1,B1)
wr = (4/3)w’ [0.6] (A2,B2) w, = (9/8)w’ [0.8] (A3,B3) w, = w' [1.0] (A4,B4) w, = (1/6)w’ [1.5]. In
the simulations depicted, the RF amplitude is equal to the magnitude of the internal interaction
(i.e. w; = w'). The numbers given in the square brackets in the panels correspond to the ratio

[w'/(|2wr = wnl)]-

As depicted, the analytic simulations based on the fictitious frame approach (indicated
!/

w
in red) are in better agreement (for cases where, 0 < |————| < 1) to those obtained
Wy — W1
from the contact transformation approach (indicated in blue). In cases where the ratio
w/

( \27]) exceeds 1, significant deviations are observed in the analytic simulations based
Wy — W1
on the fictitious frame approach. To improve the exactness of the analytic simulations, an

alternate approach is explored in the following subsection.
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2. Strong Coupling Regime

When the magnitude of the CSA interactions exceeds both the amplitude of the pulse and the
spinning frequency employed, the Hamiltonian in the rotating frame (Eq. 2.23) is transformed
into a time-dependent interaction frame defined by the CSA interaction (or CSA interaction

frame). In the initial treatment proposed by Ernst and co-workers, this time-dependent

transformation was referred to as the jolting frame transformation 50,57,07.58
H _ 6z’<1>(t)Iz Hp (t) 6—i<1>(t)1z
¢
= w {eiq)(t)lzlxe_@(t)lz} , D(t) = Qw'/cos (2w, t")dt’ (2.43)
0

In the interaction frame, the RF Hamiltonian is time-dependent and has a complicated form.

TT 1

o= % 0L, + 0] (2.44)

Employing Bessel functions (of first kind) 59, the coefficients in the above Hamiltonian is

evaluated and expressed in a compact form.

! !/
H(t) = wJy (w) I, + w Z Ji/2 ( ) eFert T 4wy Z T2 (w) eimwrtjy
w w

T k=44,£8,.. m=%2,46,.. r
(2.45)

Ignoring the time-dependent terms, the effective Hamiltonian is approximated by the follow-
ing equation.

W'
Heff = (,UlJO () Ix (246)
W

T

To maintain consistency, both the initial density operator and detection operator are trans-

formed as given below.

p(0) = p(0) = I, (2.47)

jy _ eicb(t)lz [ye—z’@(t)lz

l‘]“( )+ 3, 20 (5 cos (nut >] fﬁ[ > 2J, (£ )sm(anrt)] Lo B

n=2p n=2p—1

Subsequently, the excitation during the pulse is described by the following equation.
(L(t) = Tr [p(t)L,] = Tr [e7Hesst p(0)eiMers? I,
[J()( ) + > 2J, ( )cos (2nw,t )] sin (wltJO (fj—;))

n=2p

(2.49)

where p € N (Natural numbers, e.g. 1,2,3,....).
To verify the exactness of the above calculations, analytic simulations based on the Bessel

functions are compared with those obtained from SPINEVOLUTION " In the simulations
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depicted in Figure 2.8, the role of the order (indicated by ‘n’) employed in the Bessel functions

(Jn(z)) is investigated for a given set of parameters (W' = 6w,., w1 = w;).

(Al,n=2) o (A2,n=4)

-1 R R B R . . .
0 50 100 150 200 0 50 100 150 200

. (A3,n=6) (A4, n=8)

Re <Iy(t)>

M M M M 1 M M M M
0 50 100 150 200 0 50 100 150 200

Time (Us)

Figure 2.8: In the simulations depicted, the relevance of the order ‘n” employed in Bessel functions
(Jn(z)) is examined for a given set of parameters (i.e. w’'/w, = 6,w; = w,). The order ‘n’ is varied
in the panels: (Al) n=2 (A2) n=4 (A3) n=6 (A4) n=8. The numerical simulations based on
SPINEVOLUTION ! are indicated by solid black lines.

As depicted in the simulations, the choice of the order ‘n’ employed in the Bessel functions
plays an important role in the analytic simulations and is dependent on the ratio of the
magnitude of the CSA interaction to the spinning frequency (i.e. w’/w, =n). The exactness
of the analytic simulations improves when the order ‘n’ is chosen according to the above ratio
(in the present context, n=6). To explicate the role (if any) of the amplitude of the pulse
in the above calculations, analytic simulations with differing amplitudes were compared for
a given w’ and w, (i.e. w'/w, = 6). As illustrated in the simulations depicted in Figure
2.9, when the amplitude of the pulse exceeds the modulation frequency (i.e. wpeq/w1 < 1.0,

where wy,,q = 2w,) employed, significant deviations are observed (refer to panels A3, A4 in
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Figure 2.9) in the analytic simulations. While the above scenario is less prevalent in the
study of spin I=1/2 systems (as the RF amplitude often exceeds the magnitude of the CSA

interactions, w; > w’), such cases are frequently encountered in the description of finite pulse

effects in the study of quadrupolar spins.

. (A1) . (A2)
0‘5-— |
0
A i v/
= -05F
N’
a
- -1 A PR R \ \ \
\Y 0 50 100 150 200 0 50 100 150 200
O
7 (A3) T o BAH

: h
; N
: ®
0.5 '
i é
1k . J . .
0 50 100 150 0 50 100 150

Time (Us)

Figure 2.9: In the simulations depicted, the role of RF amplitude in the analytic simulations is
examined for a given set of parameters (W = 6w, ). The ratio of wy,eq/w1 is varied as- (A1) 4.0 (A2)

2.0 (A3) 0.5 (A4) 0.25. The numerical simulations based on SPINEVOLUTION " are indicated by

solid black lines.

To understand the combined role of the various parameters in the excitation process,
additional simulations were carried out in the present study. In the simulations illustrated
in Figure 2.10, the variation of the RF amplitude with respect to the magnitude of the CSA
interaction is depicted along the rows (first row, w; = (1/4)w’, second row, w; = w’, third
row, w; = 4w’), while, the effect of the sample spinning frequency (w,) with respect to the

magnitude of the CSA interactions (w’) is depicted along the columns.
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(Al)
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Figure 2.10: In the simulations depicted, the validity of Bessel function calculations is verified.
The following parameters were used in the simulations: (A1) w, = (13/8)w’ [0.33] (A2) w, = (6/8)w’
[0.8] (A3) w, = (3/8)w [2.0] (A4) w, = (1/4)w’ [4.0] (B1) w, = 2w’ [0.33] (B2) w, = (9/8)w’ [0.8]
(B3) w, = (1/4) [2.0] (B4) w, = (3/8)w’ [4.0] (C1) w, = (7/2)w’ [0.33] (C2) w, = (21/8)w’ [0.8]
(C3) w, = (18/8)w’ [2.0] (C4) w, = (17/8)w’ [4.0]. In the simulations depicted, the RF amplitude
is varied as w; = (1/4)w’ for panels A1-A4, w; = ' for panels B1-B4 and w; = 4w’ for panels
C1-C4. The numbers given in the square brackets in the panels correspond to [w’/(|2w, —wi]|)]. The
numerical simulations based on SPINEVOLUTION " are indicated by solid black lines.

As illustrated, the Bessel function approach works well only when the amplitude of the
pulse is lower than both the magnitude of the CSA interactions as well as the modulation
frequency (2w,) (first row). When the RF amplitude exceeds the magnitude of the CSA
interaction (w; > W', third row), the transformation into the CSA interaction frame yields
inexact results. Hence, the suitability of analytic methods depends on the magnitudes of
both the internal and external parameters in addition to the transformations employed in

the derivation of effective Hamiltonians.
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3. Description of finite pulse effects near resonance conditions

As described in the weak coupling regime, the analytic simulations based on the concept

of effective Hamiltonians become invalid near the resonance conditions (w; = 2w,). This is
—2w, G @ iw G2 )

(2w )2 —wi’ Y (2w,)? —w?

employed in the transformation function, S;. Below, we present a comparative study of the

primarily due to the divergence of the ‘C’ coefficients (C{?)=
simulations emerging from the two methods (fictitious frame and Bessel frame calculations in
strong coupling regime) near the resonance conditions. In the simulations depicted in Figure
2.11, the exactness of the derived effective Hamiltonians based on the transformation into

the fictitious frame and the CSA interaction frame is examined near the resonance conditions

(w1 = 2w,).

Figure 2.11: In the simulations depicted, the excitation is described at the resonance condition (i.e.
w1 = 2w, ) using analytic methods based on Fictitious frame (first row, panels A1-A4, indicated in
red dots based on Eq. 2.42) and the Bessel function approach (second row, panels B1-B4, indicated
in blue dots based on Eq. 2.49). The following parameters were used in the simulations: (A1,B1)
wp = (1/8)w’ (A2,B2) wy = (1/4)w’ (A3,B3) w1 = 4w’ (A4,B4) w; = 8w'. The numerical simulations
based on SPINEVOLUTION * are indicated in solid black lines.
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When the amplitude of the pulse is greater than the magnitude of the CSA interaction,
analytic simulations based on the transformation into the fictitious frame (refer to first row
in Figure 2.11) still yield results in better agreement. However, with increasing magnitude
of the CSA interactions, the transformation into the fictitious frame is of lesser utility when
compared to the transformation into the CSA interaction frame (refer to second row in Figure
2.11). Hence, the transformations into the time-dependent CSA interaction frame seems to
be an attractive option for describing the excitation near the resonance conditions. In the
following section, the utility of the analytic methods in the description of excitation in three-

level systems is explored.

2.3.2 Finite pulse effects in spin I=1 system

To describe the excitation in a spin-1 system, we consider the Hamiltonian of an isolated

system in a rotating solid.

2
H(t) = wolz + 2wy cos (wt) Ix + > Rg);q(t)T(Q)q ; h=1 (2.50)
e~ — = ’
Hz HgrFr =2
Hq

In addition to the interactions described in Eq. 2.1, nuclei with I>1/2 possess a non-zero
quadrupolar moment that results in the quadrupolar interaction (represented by, Hg). For
the sake of simplicity, the CSA interactions are ignored in the present study. To study the

effects of the internal interactions, the Hamiltonian (in Eq. 2.50) is transformed into the

rotating frame (U = e“*2) such that the RF Hamiltonian reduces to a simpler form as given
below.
2
H(t)=UH®U ™ = Awly +wilx + Y RS (TP et (2.51)
q=—2

The term Aw = wy — w represents the offset in the rotating frame.
In the rotating frame, the quadrupolar interaction has additional time-dependence due to ‘w’

(frequency of the oscillating field) and is re-expressed in a compact form as given below.

2 2
Hot) ==Y 3 wihir@agiasteiment (2.52)
=—2m=—2

m
q m 77750

Sl

where

W =3 RPN S Dunims (2pa1) Do (1) dong (Brr)

ma2
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To first-order, the quadrupolar Hamiltonian in the rotating frame is represented by ig-
noring the time-dependent terms.

12 .
HY = — 3 wonr®0eimet (2.53)
Q Q,m
\/6 m=—2,#0

Employing averaging methods, the second-order contributions (resulting from time-dependent
terms) to the quadrupolar interaction is derived and summarized by the following equation.
WP ,(2)—a
HY =—= > Y 2mmlem G pe)-d (2.54)
q +1,42m=+1,42 W — Wy

In the present context (case of spin I=1), the second-order contributions reduce to a

simpler form given below.
HY = W'y ;

1]y wgz;wg2>;+wg>mlwé>m
24 |, H i w—mw, W+ mw;

W

(2)2, (2)-2 (2)-2, (2)2
1 WOmMWO —m  Wom WO —m
_ § Q?m Qa + Qv Q7 (2'55)
12 |, o 2w — mw, 2w 4+ mw,

Subsequently, incorporating the above contributions, the Hamiltonian of the system in

the rotating frame is represented by the following equation.

. 2 w(2)0

H(t) = (Aw+ ) Iz +wilx + )

m=—2,7#0

. ™ [31% — 7] emert (2.56)

For operational convenience, the above Hamiltonian is represented in terms of fictitious
spin-operators 08 Although, methods based on spherical tensor formalism 00765 are more
general and have been used to describe quadrupolar spins, the fictitious spin-operator formal-
ism affords a simpler (a) description of operators (b) framework for deriving the commutator

relations between operators.

— 2 w0 .
Hity= 3 =57 [0 = P e™t s Vaw [+ I +2(dw+ o) 1P (257)
m=—2,#0

In the above representation, the spin states are represented by [1), |2) and |3) (|1) refers
to state with m=+1, |2) refers to state with m=0 and |3) refers to state with m=-1). The

1
operators connecting the states |7) and |j) have the usual definitions (I} = 5 [2) (g + 14) Gl

TR | N
L= {10 Gl = 13) Gl 17 = 5 118) (il = 13) 4GlD-

While the (faster) time dependent contributions from the RF interaction are often ne-
glected in the rotating frame, the presence of the dominant (slow varying) quadrupolar in-

teraction often complicates the description of the excitation process in analytic methods.
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To this end, in line with the convergence criterion prescribed in perturbative treatments, the

Hamiltonian in the rotating frame is further transformed into an interaction frame defined by
the quadrupolar interaction (commonly referred to as quadrupolar interaction frame 60_62).
Such an approach is analogous to the jolting frame transformation employed in the study
of spin I=1/2 nuclei in the presence of larger chemical shift anisotropic interactions 50,37,97,
Accordingly, employing the transformation function, U; = e!®®UZ~1Z"] the Hamiltonian in
the rotating frame (Eq. 2.57) is transformed as given below.

H(t) = U HHU = \‘;15 { (112 4 1] R it 2 1 125 } +2(Aw + ') I
(2.58)

To facilitate analytic description, the ladder operators are re-expressed in terms of the

corresponding X and Y operators.

E(t) = /2w, cos <?@2(t>> [1)1(2 + [)2(3} — V2w, sin (fﬂ;(t)) [1}1/2 - 152/3] +2(Aw+ W) I}

(2.59)

where,

2 w(Q)T?L eimwrt_ 1
o) = > =% [ ]

= —3,£0 MWy

To outline the methodology and explicate analytic insights, the simplest case of on-
resonance irradiation is considered ignoring the contributions from second-order quadrupolar
interaction. Further, parameters that correspond to single crystal with specific orientations

(Qpar = (0°,90°,0°), n=1.0) is employed in the present study. Based on the above choice

of parameters (wéi& = wg)BQ and w(QQ’)Dl = 0), the form of ®(¢) reduces to a simple expres-
(2)0
w
sion | ®(t) = % sin (2w,t) |. Such approximations are employed solely for demonstrative
W

purposes and the description that follows is equally valid for any arbitrary orientation. Em-

59
ploying the properties of the Bessel functions ~ (of first kind), the Hamiltonian (Eq. 2.59)

is re-expressed in a compact form as given below.

H(t) = V2 Jo (A) [12 + 1]

+ \/§w1 Z T2 (A) pikwrt [1)1(2 + [)2(;,} +q Z Jom /2 (A) eimwrt {131/2 _ [}2/3]
k=+4,%8,.. m=1%2,%6,..

(2.60)
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(2)0
where 4 = —22 represents the argument of the Bessel function.

Although, the Hamiltonian in the quadrupolar interaction frame still has time-dependent
terms, from an operational perspective, the dominant contributions (from quadrupolar in-
teractions) have completely been removed to facilitate analytic descriptions based on pertur-
bation theory. To this end, methods based on Average Hamiltonian theory (AHT) >4 and
Floquet theory 1 Have been used extensively to study the spin dynamics of MAS exper-
iments involving spin 1=1/2 nuclei. Nevertheless, the operational aspects and exactness of
the analytic methods in studying quadrupolar spins remains less explored. In what follows,

the excitation of double-quantum (DQ) transitions in spin-1 system is examined through

time-propagators derived from the above analytic methods.

2.3.2.1 Time evolution based on AHT

In the Average Hamiltonian framework proposed by Waugh and co-workers 5’44, the evolution
operator is described in terms of a time-averaged Hamiltonian derived through an infinite
series expansion involving time-integrals based on the Magnus formula 66, U(t,0) = e~iHt,
When the time-integral in the Magnus formula is evaluated at the cycle time, 7, the correction

terms to the time-averaged Hamiltonian reduce to a much simpler form given below.

_ 1 F
A = = [ | (1) dt = V3w Jy (A) 1 + T (2.61)
Te
0
. Tc to
_ — 2w? A
H® = /dt2/[H (t2)  H (1)) dty = ——LJy (A) | 3 S ) [152—15“&3}
27—6 0 0 Wy n=2p—1 n
(2.62)
L _ 2w? A
H=HY + H® = /2w, J, (A) [I}f + 1)25’] — 25 (A) > In (4) [1;2 — 12+ 1}5’]
T n=2p—1 n

(2.63)
where p € N (Natural numbers, e.g. 1,2,3,....).

As represented above, the time-averaged Hamiltonian, H, consists of non-commuting set
of operators and in its present form is of lesser utility in further calculations. To simplify

the description of the excitation process, the time-averaged Hamiltonian is transformed (us-
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10[1y* — Iy’]

i - V2 tang = wiJo(4) L that th f
ing U, e , tanf 22 o(A) . 7 (A) ), suc at the transformed
Wy n=2p—1 N

Hamiltonian comprises set of commuting operators as given below.

_ 2002
H.p = U,HUy ' = {leo (A)sing — —L J, (A)

r

(A
Z InlA) 72 >] cos@} {I? —[%3+[}(3]

n=2p—1

=w, [I - IF + I}] (2.64)

Following the standard procedure, both the operators (initial density operator p(0) = 2123
and detection operator D = I3*) are transformed by the same set of unitary transformations

given below.

p(0) = UsUrp(0)U U5

)l G ) e

D = U,U, DU U
_ 0 13 L (0 12 23 (cos —1) 1 4y 23
—COS<2>[I+}—\/§SIH<2>[I+ +I+}+?[IZ_IZ}

+3 {Cos (Z) - 1} (2] + \2 sin (g) (12 + 1% (2.66)

Subsequently, the density operator during the excitation pulse is evaluated at stroboscopic

time-intervals using the time-propagator derived from the AHT framework.
pt =n7) =U (n7,,0) p(O)U" (n7;,0) = e~ Hesm™ p(0) et Hles ™
_ 4 13 AW 13
= 2cos <2> cos (wet) [IZ } — 2cos <2> sin (wet) [IY}

- s (g) (1] eont 4 [121] eont — [129] gt — [12] 7ot} (2.67)

Employing the transformed detection operator, the final signal (corresponding to the
excitation of DQ transition) is derived by evaluating the expectation value of the DQ operator,

I}? as given below,

<[—1+3 (t = nTT)> =Tr {ﬁ(t = nTT,).D} = —icos (#)sin (w,t) (2.68)
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Figure 2.12: In the MAS simulations depicted, excitation of DQ transition in spin I=1 system is
presented. The validity of AHT framework (indicated by red dots (based on Eq. 2.68) at strobo-
scopic time intervals, 7, = 25 us) is compared with numerical simulations based on SPINEVOLU-
TION * (solid black line). The following parameters were employed in the simulations: Cg =1
MHz, n=1.0, v, = 40 kHz and RF amplitude, v; = 10 kHz.

To verify the exactness of the above results, simulations emerging from the above ex-
pression are compared with exact numerical simulations based on SPINEVOLUTION " As
depicted in Figure 2.12; the analytic simulations from AHT (indicated in red) are in excel-
lent agreement with numerical solutions (indicated through black solid lines) at stroboscopic
time-intervals. Nevertheless, the loss of signal intensity at integral multiples of n x % (where
n=1,3,5,..) remains unexplained in the AHT framework. From an experimental perspective,
the finer oscillations (within the rotor period) at non-stroboscopic time-intervals do play
an important role (when the time-domain signal is Fourier transformed) and could be de-
rived using methods based on Floquet theory. In what follows, we employ two formulations
of Floquet theory for describing the excitation in spin-1 system. In the first formulation,
the time-evolution is described in the extended Hilbert space (or Floquet space) through

time-propagators based on effective Floquet Hamiltonians. In the second approach, the
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time-propagators are defined in the standard Hilbert space through product of exponential
operators. Although,the application of these methods in studying spin-1/2 systems is well-
known, the suitability of these methods in studying quadrupolar spins remains less explored

in rotating solids.

2.3.2.2 Time evolution based on Effective Floquet Hamiltonian

In the effective Floquet Hamiltonian framework, the time-dependent Hamiltonian in the
quadrupolar interaction frame (Eq. 2.60) is transformed into a time-independent Floquet
Hamiltonian via Fourier series expansion. Employing operator based perturbation meth-
ods, an effective Floquet Hamiltonian (valid at all time-intervals) is derived to describe the

time-evolution at non-stroboscopic time-intervals and is well documented in the literature
49-51,53,54 67

Hp = wIn + V2o Jy (A) I + I

+ V2w, { S TpWIRHIE] +i Y Jup (A1 - 153]m} (2.69)

k=+4,48,.. m=+2,146,..

To facilitate descriptions based on operator based perturbation methods (such as contact
transformation " or van vleck transformation 43), the Hamiltonian is split and expressed

as a sum comprising zero order (Hy) and perturbing Hamiltonian (Hy).
Hy=w,Ip (2.70)

The perturbing Hamiltonian is further split into a diagonal (denoted by H;,) and an
off-diagonal part (Hi oq)-
Hy=Hyq+ Hiod (2.71)

Hig = V2w do (A) [I¥ + 1] (2.72)

Hl,od = Z \/iwlt]p/Q {I;(Q + Igg} +1 Z \/§W1Jp/2 [1}1/2 — I%;S}p

p::|:4n\_\<’)_/ p p==+(4n—2) \_\()—/

G¥ Gy

= > G2+ i 2 Y |2 - ] (2.73)
p==%4n p==(4n—2)

where n € N (natural numbers, e.g. 1,2,3,....).
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Employing the transformation function, S| = ¢ Z [112 + 123] +1i Z Cy () (2 — ]}2,3]:0) ,
the off-diagonal contributions due to Hj ,q are folded to give an effective Hamlltonlan as given
below.

HT = w,Ip + Hy g+ [Sl,Hlod] . Hyg= e Hy o= (2.74)

To second order, the effective Hamiltonian is represented by the following equation.

H? = Ho+ 1) = ot VBt ) {18+ 17], - S0P [ - 12+ 1]
p

1 m m
o {ovey —oPe g -] (2.75)
p m
To maintain consistency, both the initial density operator p(0) = 2I}* and detection

operator D = I'? is transformed by S;.

p0) = P2 Uip(O)UT e = ST [I7] 5 pl(0) = [217] (2.76)
p
zi; ::eiAslel)F(]fle—4AS1 __:;:_L¥3@0{L§1p : l)F ::[]i?}o (2‘77)

Employing the effective Hamiltonian (Eq. 2.75), the density operator during the pulse in
the Floquet framework is evaluated using the standard equation given below.

A(t) = e—z‘H;fftﬁ(O>eiH§fft =S RU®) () {];ﬂp (2.78)

p

Subsequently, utilizing the properties of the Floquet operators, the final signal (corre-
sponding to DQ excitation) is evaluated. Based on the operators involved in the density
operator and detection operator (refer to Table 2.3), the final signal expression reduces to

Zero.

S(t) = Tr[p(t)D] = ZR” HDy P =0 (2.79)

From an operational perspective, the above result is bit intriguing considering the fact
that the calculations in the quadrupolar interaction frame (in static samples) do give results
in excellent agreement with numerical simulations in both the strong and weak coupling
regimes * To explicate the discrepancies observed between the methods, we examine the
higher order corrections from AHT to those obtained from the effective Hamiltonians. As
illustrated, the first-order correction (H; 4) in the effective Floquet Hamiltonian framework,

comprises diagonal ([I32], and [I%],) operators that are identical to those obtained from H®
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operators Initial Density Operator, Detection Operator, Density Operator,
ci () DY (») RY @) ()
(I3]0 2 (1 + %) 0 2 (1 + %) cos (wet)
73], 0 1+ % 0
12 + 12, 0 0 ) (1 n %) sin (witJo(A))
12 ) Lo o Liaw | o] pmiport
], E[CX +C’Y] ECX —G—C'Y] Q[CX —I—C’Y}e Pert cos (wet)
1 1 .
121, 5 [~O¥ + ] 0 5 [FCR + O] et cos (wet)
23 L) (p) 1 (p) (p) L) ()] —ipwrt
2, S [c® - o) S[-e@+ceP] | S [e? - o] et cos (wet)
2 2 2
1 1 .
[Iﬁg]p —3 [O§§” + C'}(f))] 0 ) [Cﬁ?) + C;@} et cos (wet)
(14, 0 0 iV2CW e=irort gin (witJo(A))
(732, 0 0 —\/ng’)e*i”“’"t sin (witJo(A))
r=3 cPc? - cPog )] We = w1Jo(A)\/1 +2% coltr
o _G¥ oo _ G
* by Y by

Table 2.3: The definition of constants employed in the description of the density operator and
detection operator (refer to Eqns. (2.76-2.78)) based on the Effective Floquet Hamiltonians (MAS

case)
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in the AHT framework. In a similar vein, the second-order contributions in the AHT frame-
work (associated with H®)) could be related to the term [S;, H, 4] in the effective Floquet
Hamiltonian framework. While the form of the second-order coefficients remain identical in
both the methods, the spin operators in the Floquet framework are off-diagonal in the Fourier
dimension. Consequently, the derivation of an “effective rotation operator' in the Floquet
framework is hindered by the simultaneous presence of both (a) non-commuting (b) and off-
diagonal operators (off-diagonal with respect to both spin and Fourier space). By contrast,
the unitary transformation, Us (refer to Eq. 2.64) employed in the standard Hilbert space
facilitates in the derivation of an effective rotation operator (Eq. 2.64) comprising commut-
ing set of operators. Such an approach facilitates in obtaining a closed form solution during
the excitation pulse. Hence, the discrepancy observed in the effective Floquet Hamiltonian
framework could be solely attributed to the presence of off-diagonal operators in the Fourier
space (resulting from [Sy, Hy 4]). In the following subsection, an alternate Floquet method,

Floquet Magnus expansion (FME) scheme is explored to describe the spin dynamics.

2.3.2.3 Time evolution based on Floquet Magnus Expansion (FME)

In the Floquet-Magnus expansion scheme 68770, the evolution operator is expressed as a
product of operators based on the Floquet theorem. In its most general formulation, the

evolution operator is expressed by the following equation.
U(t,0) = e H O =it oiA0) (2.80)

The operators H and A(t) are derived in terms of a perturbation expansion as given

below.

H=Y N"H" ; At) =3 A"A(t) (2.81)

Depending upon the boundary condition (whether A(0) = 0 or A(0) # 0), the form of
the expansion terms in H and A(t) differ and would be discussed below. The spin dynamics

using the normal boundary condition (A(0) = 0) is described in Appendix-E.

1. Alternate Boundary Condition (A(0) # 0)

In the alternate boundary condition, the time-propagator is expressed as a product of three

exponential operators and has the following form,

U(t,0) = e 0 =it giA0) (2.82)
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General Expression

Coefficients and Operators

HY = V2w Jo (A) 12 + 1]

H® =0

M(t) = a(t) [y = ]+ b(t) [I¥ + 1%]

A(0) = a(0) [1* — 1]

[cos (2nw,t)]

\/§w1 Jn (A)

Wy n=2p n

sin (2nw,t)

Table 2.4: Generalized expressions for H and A(t) in the FME scheme (MAS case) corresponding

to alternate boundary condition (A(0) # 0)

Based on the expressions given in Table 2.4, the expansion terms in H and A(t) are

evaluated. In contrast to the normal boundary condition (refer to Appendix-E), the second-

order term (H?) is zero in the alternate boundary condition.

H=HY+H = Vaw Jy (A) [I¥ + I¥]

For the sake of simplicity, the correction terms in A(¢) are confined to first order only.

ethert 12 723 12, 723
Ai(t) = k%éo: oo = a(t) [IV? = 2] + b(t) |12 + 13]
At time t=0, the above expression reduces to a simpler form given below.
1 \/§(U1 Jn (A) 12 23
A(0) = E H =-—— § Az
0 70 ther ’ Wr L2p—1 n { i Y}

where, p € N (natural numbers, e.g. 1,2,3,....).

(2.83)

(2.84)

(2.85)
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Employing the transformed operators and the time-propagator given in Eq. (2.82), the
DQ signal during the excitation pulse is evaluated through the equations given below.
D(t)
S(t) = Tr [e e OU p(0)U; e MO Oy, DUTe ™| = Tr [5(t)D(t)]  (2.86)

p(t)

7(0) = MO p(0) U e MO = § - C T
() Lo

D(t) = U, DU e 0 = N Did ()17 (2.88)

p(t) = e p(0)e M = " R ()17
2 cos (CL\(/%)> cos (wet)} 3] + {—\/5 cos (OL\(/_OZ)> sin (wet)} 2+ 17

+ {—\/5 sin (“fg) cos (wet)} (12 -]+ {QSin (‘i%) sin (wet)} 5] (289)

The final form of the signal during the excitation is represented by the following equation.

= Y RE()DJ(1) = 4 sin (“\g) sin (wet) (1 _ W)

+ 2\2/5 (a(t) Cos <a(\/%)> sin (wet) + b(t) sin <a\/§> cos Wet))

= Fpetiwet 4 Z Fpe:l:i(we:lﬁpwr)t (2.90)
peN

where w, = wyJy(A). The terms Fj (oc sin (CL\(/%)>> and F),, represent the amplitudes of
centerband and p!” sideband, respectively. A detailed description of the coefficients employed
in the calculations is listed in Table 2.5. As depicted in Figure 2.13, the analytic simulations
from the FME scheme are in excellent agreement to those obtained from exact numerical
methods.

To explain the observed loss of the signal at (odd) integral multiples of n % (n=1,3,5..),

the signal expression given in Eq. (2.90) is re-expressed in the following form.

S(t) = iA(t) sin (wet) + iB(t) cos (wet) (2.91)
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0.05F

. 1 . 1 . 1 . 1 . J
0 25 50 75 100 125

Time (us)

Figure 2.13: In the MAS simulations depicted, excitation of DQ transitions in spin I=1 system
is presented. The validity of the FME scheme (A(0) # 0, indicated by red dots based on Eq. 2.90)
is compared with numerical simulations based on SPINEVOLUTION ! (solid black line). The
following parameters were employed in the simualtions: Cg = 1 MHz, n=1.0, v = 40 kHz and RF
amplitude, v; = 10 kHz.

where,

A(t) = ;sin <“<O)> (1 _ e+ b2<t)> 41 el cos <a\(/%)> (2.92)

a(0)
B(t 2.93
(0= 55t (7 ) 2.3
As depicted in Figure 2.14, both the coefﬁ(nents A(t) (first row) and B(t) (second row)
tend to zero at (odd) integral multiples of n * Z (n=1,3,5..) and are directly responsible for

the signal loss in the excitation profile observed in the simulations. Subsequently, the signal

Tr .
expression at integral multiples of 1 reduces to the form given below.

S(t) = ;sin (wet) {sin (“\%)) (1 - ‘W) 4 \}ia(t) cos (a\(f?)} (2.94)

From an operational perspective, the analytic calculations/expressions (refer to Table 2.4
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Figure 2.14: In the MAS simulations depicted, (a) the coefficient A(t) (refer to Eq. 2.92) (b)
the coefficient B(t) (refer to Eq. 2.93) is plotted. The following parameters were employed in the
simualtions: Cp =1 MHz, n = 1.0, v, = 40 kHz and RF amplitude, v; = 10 kHz.

and 2.5) based on the alternate boundary condition are more insightful and less cumbersome
to evaluate when compared to those obtained from the normal boundary condition (refer to
Appendix-E). In the following subsections, the role of the RF amplitude and the spinning

frequency on the DQ excitation efficiency is discussed along with the convergence criterion

in the analytic simulations.

(a) The role of RF amplitude and spinning frequency

To explicate the role of the RF amplitude and spinning frequency on the DQ excitation
efficiency, additional simulations were performed. In the simulations depicted in Figure 2.15,
the DQ excitation efficiency is monitored as a function of spinning frequency at constant RF
amplitude and quadrupolar coupling constant. In a similar vein, in the simulations depicted

in Figure 2.16, the DQ excitation efficiency is monitored as a function of the RF amplitude
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at a given spinning frequency and quadrupolar coupling constant.

(A

02 DN

0.1
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[
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Figure 2.15: In the simulations depicted, the validity of the FME Scheme (alternate boundary
condition) is checked by varying the spinning frequency, v, while keeping vy = 40 kHz and Cg = 2
MHz constant (n = 1.0). The analytic simulations based on the calculations (dotted red line) are
compared with those obtained from exact numerical methods based on SPINEVOLUTION ! (solid
black line). The spinning frequency, v, is varied as - (A1) 20 kHz (A2) 25 kHz (A3) 40 kHz (A4)
50 kHz.

As depicted in the simulations, the D(Q excitation efficiency decreases with increase in
spinning frequency (refer to Figure 2.15) and increases with increase in the RF amplitude
(refer to Figure 2.16). While these observations are in accord with known experimental
results 71, a formal explanation of the above trend has remained unexplained. Below, we
present an explanation based on the density operator formalism proposed in the previous
subsection.

In the FME approach based on the alternate boundary condition (A(0) # 0), the opti-
mal conditions for DQ excitation could be inferred from the coefficients associated with the
transverse operators (I3? and I%®) present in the initial density operator, 5(0). As illustrated

in Eq. (2.87), the coefficients associated with the transverse operators are proportional to
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Figure 2.16: In the simulations depicted (MAS case), the validity of the FME Scheme (alternate
boundary condition) is checked by varying the RF amplitude, v; while keeping v, = 20 kHz and
Co = 2 MHz constant (7 = 1.0). The analytic simulations based on the calculations (dotted red
line) are compared with those obtained from exact numerical methods based on SPINEVOLUTION
! (solid black line). The RF amplitude, v; is varied as - (A1) 5 kHz (A2) 10 kHz (A3) 20 kHz (A4)
40 kHz.

a(0)

w
sin <\/§> (where, a(0) « —). During the excitation pulse, the transverse operators in
wy
p(0) are transformed into double-quantum operators/coherence through the single quantum
operators (I3# and I3°) present in the evolution operator, e~ it Consequently, the DQ coher-

a(0)

ence present in p(t) is proportional to the factor, sin (\/§> (refer to coefficients associated
with I33 operator in Eq. 2.89). Hence, the DQ excitation efficiency maximizes at higher RF
amplitudes and decreases with increasing spinning frequencies.

In contrast to the description based on the normal boundary condition (refer to Appendix-
E), the description employing time-propagators derived from the alternate boundary condi-

tion presents an attractive framework for explicating the nuances of excitation in multi-level

systems. To further verify the exactness of the FME approach, the DQ excitation at rotary
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Figure 2.17: In the simulations depicted, the validity of the FME Scheme is checked for rotary
resonance conditions (v = 1), keeping Cg = 2 MHz constant (n = 1.0). The analytic simulations
based on the calculations (dotted red line) are compared with those obtained from exact numerical
methods based on SPINEVOLUTION ' (solid black line). The RF amplitude in the simulations is
varied as- (A1) 10 kHz (A2) 20 kHz (A3) 40 kHz (A4) 80 kHz.

resonance conditions (w; = w,) was also explored. As depicted in Figure 2.17, the analytic
simulations are in good agreement with the numerical simulations at lower RF amplitudes.
The deviations observed at higher RF amplitudes could be explained based on the rela-
tive magnitudes of the RF amplitude, sample spinning frequency and effective quadrupolar

frequency and is addressed in the following subsection.

(b) Convergence criterion in analytic simulations.

To account for the deviations observed in the analytic simulations (refer to Figures 2.15-
2.17), additional set of simulations at and far from rotary resonance conditions were studied.
In cases where the simulation parameters are far from rotary resonance conditions (refer to
Figures 2.15-2.16), the convergence criterion is solely based on the ratio of the RF amplitude

to the spinning frequency, irrespective of the magnitude of the quadrupolar coupling constant.
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When the ratio (m) exceeds 1, significant deviations are observed in the analytic simulations
Wy

(refer to Figure 2.15). The observed deviations in the analytic simulations (refer to Figure

2.18, panels B1, B2 and B3) could be attributed to the divergence of the expansion terms

involved in A(?).

(Al) (A2) (A3)

R PR bl R M I R R
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200

(B (B2) (B3)

, -0.2 ,
L e, L 04fF ~-* :
Y0 ) NP kL. A - P I RN RN | PR RN R B
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200

Time (Us)

Figure 2.18: In the simulations depicted, the validity of the FME Scheme (alternate boundary
condition) is checked by varying the RF amplitude, v and spinning frequency, v, while keeping Cg =
1 MHz (ygéo = 250 kHz) constant. The analytic simulations based on the calculations (dotted red
line) are compared with those obtained from exact numerical methods based on SPINEVOLUTION
" (solid black line). The ratio — is varied as (A1) 0.25 (A2) 0.5 (A3) 1.0 (B1) 2.0 (B2) 4.0 (B3)

Uy
6.0 .

As illustrated in Table 2.4, the expansion coefficients (a(t) and b(t)) in A(¢) are propor-
tional to % and diverge with increasing RF amplitudes leading to deviations in the analytic
simulationsr. This aspect is further substantiated in the simulations depicted in Figure 2.19,
wherein, the convergence criterion is examined at different quadrupolar coupling constants.
As depicted, the convergence criterion (governed by the ratio of Zi) in the analytic simula-
tions is independent of the quadrupolar coupling constant.
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Figure 2.19: In the simulations depicted, the validity of the FME scheme (alternate boundary
condition) is checked by varying quadrupolar coupling constant, Cg. The analytic simulations (dots)
are compared with those obtained from exact numerical methods based on SPINEVOLUTION !
(solid line). Here, the ratio % is 0.25 (red dots and lines) and is 0.5 (blue dots and lines) while Cg
is varied as- (A1) 100 kHz (AT2) 250 kHz (A3) 500 kHz (A4) 1 MHz.

Interestingly, the above criterion is not adhered to in the analytic simulations at rotary
resonance conditions. As depicted in Figure 2.17 (refer to panel A4), significant deviations
are observed in the analytic simulations at higher RF amplitudes. To explain the devia-
tions, additional simulations at different RF amplitudes were performed (at rotary resonance
conditions) by varying the quadrupolar coupling constants.

As depicted in Figure 2.20, the convergence criterion seems to depend on the ratio of the
effective quadrupolar frequency to the RF amplitude. The exact factor could be deduced
from the ratio of the coefficients associated with the quadrupolar interaction (corresponding
to I}? and IZ* operators) and RF amplitude (operators I3? and % in the rotating frame
Hamiltonian (refer to Eq. 2.57). Similar conditions and criterion were also deduced % for
v§w8§)

describing the effects of finite pulse effects in two-level systems. When the ratio | ——=
w1

exceeds 4, the analytic simulations (refer to Figure 2.20) are in excellent agreement with
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numerical simulations. From a theoretical perspective, this observation could be explained

based on the additional transformations employed in the rotating frame. When the ratio
\/iwgéo

5 exceeds 4, the transformation into the quadrupolar interaction frame seems jus-
w1

tifiable and the FME approach presents an attractive framework for describing the excitation
near rotary resonance condition. On the contrary, when the ratio is lower than 4, the trans-
formation into the RF interaction frame seems a natural choice (refer to Appendix-F). As
discussed in Appendix-F, the transformation into the RF interaction frame still yields results
in disagreement to those obtained from exact numerical methods. The exact reasons behind

the deviations remain under investigation and are certainly beyond the scope of this thesis.

(A4)

-0.05

-0.1
J
100

Figure 2.20: In the simulations depicted, the validity of the FME scheme (alternate boundary
condition) is checked by varying quadrupolar coupling constant, C for rotary resonance condition
(1 = v). The analytic simulations (dotted line) are compared with those obtained from exact
numerical methods based on SPINEVOLUTION ! (solid line). The RF amplitude in the upper
row (panels A1-A4) is 20 kHz and in the bottom row (panels B1-B4) is 40 kHz, while Cg (Véiéo) is
varied as- (A1, B1) 100 kHz (25 kHz) (A2, B2) 250 kHz (62.5 kHz) (A3, B3) 500 kHz (125 kHz)

(A4, B4) 1 MHz (250 kHz).
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2.4 Summary

In summary, the present chapter highlights the strengths and limitations of the existing
analytic methods employed for studying finite pulse effects in spin I=1/2 and quadrupolar
spin-1 system under MAS. In Section 2.3.1, a detailed description of finite pulse effects
in spin I=1/2 system under static and MAS conditions is presented. While the approach
based on the concept of “effective fields” presents comprehensive description of the excitation
in static samples across all conditions, the validity of the analytical methods in spinning
samples depends on the choice of internal (magnitude of CSA interaction) and external
parameters (amplitude of the pulse and spinning frequency). Depending on the relative
magnitudes of internal and external parameters, two regimes (weak coupling regime and
strong coupling regime) are identified. The analytic expressions for both the regimes are
derived and substantiated through comparison with numerical simulations.

In Section 2.3.2, Time-propagators for Double-quantum excitation in spin I=1 system
is derived using various analytic methods (such as AHT, Effective Floquet Hamiltonian,
FME scheme). While the AHT approach offers a simpler framework for deriving the time-
propagators, the detection at stroboscopic time-intervals limits its utility in providing a
comprehensive description of the spin dynamics. Although, Floquet descriptions based on
effective Floquet Hamiltonians have extensively been employed for describing the dynamics in
spin-1/2 systems, the present thesis highlights the serious limitations of the effective Floquet
Hamiltonian approach in the description of excitation in quadrupolar spins in rotating solids.
By contrast, the FME scheme (especially FME with alternate boundary condition) offers
an attractive framework for describing the spin dynamics in MQMAS experiments at non-
stroboscopic time intervals and offers better insights into the excitation process in comparison

to other analytic methods based on Floquet theory.
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Appendix D

BCH relations for I=1 system

The operators for spin I=1 system in terms of fictitious spin-operators can be written as-

19 = 1) 1+ 17) 6]

1 = 5 1) 1 = 1) Gl
19 = 2 [y il = 13) (]

The various useful BCH relations ™ among these operators are derived using the following
relation and summarized in the following tables.
(i6)*
2!

T A . 2 A A A A A A ) 3 A A A A
e Be 4 = B +i0[A, B] + [A, [A, B]] + (’;) [A[A[A, B]]] + - - (D.1)
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Operators (A) 12 — 2 (B)
I? 4 123 cos(T) [I12 — 23] + \/ism<7> [1,°]
I?— 17 cos(T) 22— 15+ \/§sm(7> [113]

I+ 1% cos(V20) [I;* — I7°] + Jzsin(v/20) [I}* — 122 — ;7]

2 — = cos(%) (112 — %] — sm(%> [112 [53]
124 12 cos( ) (112 — 23] — sm( ) [112 _753]
I3 cos(g) (712 — %] + sin(%) [I;2 + Iy23]

I;B‘ cos( ) [I12 — 23] — sm( ) (112 + 23]

2 — s34 cos(0) [I;* — I2°] — sin(0) [I,* + I°]
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Operator (A) 12+ 1% (B)

12— 2 cos(T) [I12 4+ 23] — ﬁsm(%) [];3]

I?—I2% cos(v/20) [11% + I%] + %sm(\/ﬁ&) (712 — 123+ [13]

12+ 17 cos(7> (112 4+ 123] + \/ism(T) [113]
12— cos(%) (I} + 23] — sm(g)) 1,2 — 1]
124 12 cos(g) (112 4+ 23] — sm( ) 1,2+ 1°]
I3 cos(%) [} + 23] — sm(g) (1,2 — 1]

17 cos(g) (112 4+ 23] + Sm( ) [112 — 23]

2 —7» 413 cos(20) [1,* + I2°] — sin(20) [1,* — 1]
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Operator (A) I —I2° (B)

12— 2 cos(i) [112 Iy23] \/_sm< )[]13]

2

I? 4+ 12 cos(V20) [I}* — IZ] — %sm(\/%) [ — I3+ 7]

Y

12+ 17 cos(%) 12— 17 — ﬂsm(%) [1,°]
2 — cos(%) 12— 17 + sm(%) [I1%2 + 23]
112 4 23 cos(§) (12 — I2%] + sin(§) [112 — 1%%]
I3 cos(g) 1,2 — 17 + sin(%) (2% + 12

17 cos(g) (12— 17°] + S@n( ) 1,2+ 1°]

2 — s34 cos(20) [1,* — I°] + sin(20) 1> + 1]
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Operator (A) 12+ 1% (B)

12 —12 | cos(v20) [1)? + I2] — J=sin(v/20) [I}2 — 12 — 1%

ﬁszn

241 cos( ) 12+ 1] - ﬂsm( ) [713]

Sl=
Sl

I =17 cos( ) (1,2 + 1°] + \/ism( ) [1,°]

Sle
Sle

2 — = cos(%) 12+ 1] + szn(%) [} — 23]
124 12 cos( ) []12+]23]+sm(g) [I12 + 23]
I3 cos(%) 1,2+ 1] - sm(g) (112 — %3]

17 cos( ) (1,2 4+ 1] — sm(g) (1,2 = 1]

2 — s34 cos(0) [I;” + I°] 4 sin(0) [I;* — I2°]
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Operator (A) 12 — 2 (B)

02— g3 | M) 112 28] g Ssin(\/20) [1)% + 129)
+1(1 = cos(v/20)) [1;7]

L2403 | HesV (112 12y Ssin(y/20) [1)? — 12
+3(cos(v20) = 1) [17]

cos 0 .
02— g3 | MV 112 p2) _ Sin(\/20) 112 + 1]

z

+3(cos(v20) — 1) [I7]

1243 | Hes W 112 g2 S gin(\/20) 112 — 1]

4 z

+3(1 = cos(v20)) [1,7]

]13 [112 _ ]23]
113 [112 _ 123]
i (BN
[12 _ [23 + ]13 [112 _ [23]
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Operator (A) I3 (B)

z

Iz — 2 cos( ) [113] + fsm(T) [112 ]33]

Sle

1';2 + 1'33 cos( ) [[12 153]

) [713] + ﬂsm<

Sl=
Sl=

I;2 — Iy23 cos( ) (112 — 23]

) [113] — %sm(

Sle
Sle

I+ 17 cos( ) [113] — %sm(\f) [T} + 23]

Sl

2 L
i cos(0) I}* + sin(0) 1,
s cos(0) I;* — sin(0) 1,
S cos(6) I3* + sin(6) L,?
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Operator (A) I3 (B)

x

12— 2| Bees0 (13} Loin(\/20) [1)% + 12]

T

—l—%(l — cos(v/20)) [1}? — I%]

12402 | B0 113 4 Lgin(v/20) [1)2 — 12

—3(1 = cos(V20)) [1}* — I7’]

cos 0 .
12— 2| S0 1) Lgin(\/20) [112 + %]

T

(1 = cos(v20) (122 = 12

1243 | S0 (3] 4 Lgin(y/20) 112 — 1]

T

(01— cos(v20) 11 ~ 12

P L’
i cos(0) 1> — sin(0) 1,
s cos(0) I;* + sin(0) I
e R L’
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Operator (A) I3 (B)

Y

Iz — 2 cos(T) []13] + fsm(7> (112 + 23]

24 1» cos( ) [Iy13] — %sm( 0 ) (112 — 1%

Sl=
S

I;2 — Iy23 cos( ) [];3] — %SW(T) [_712 + ]33]

Sle

I+ 17 cos( g ) [1®] + fszn(T) [1)? — I

Y

S

12— 2 1}
I3 cos(0) 1% + sin(0) I,?
I3 cos(0) 1> — sin(0) I}?
12— 78473 cos(0) 1, — sin(0) I}?

82



Analytic theory of finite pulse effects in rotating solids

Operator (A) 2[4 B (B)

-2 Lreosl V20 (12— 123] 4 Losin(v/20) [1)% + 129]
+5(3 — cos(v20)) [ 1,7

L2+ 1% cos(v/20) [112 — I% + I'3] + v/2sin(+/20) 1,2 — 127

I =12 | cos(v20) [I1? — I + 1] — V/2sin(V20) [12* + 1]

2412 LreostV20) (12 — 123 — Lsin(y/20) [} — %]

+5(3 = cos(v20)) [1;]

[\

2 — 2 —7» 40

124 12 [12? = I7%] — sin(0) I + cos(0) I,
I3 2 —7» 47
17 (112 — I%] + sin(0) I + cos(0) I3
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Appendix E

Description of Double-quantum (DQ)
excitation using FME - Normal

Boundary Condition (A(0) =0)

In the normal boundary condition, A(0) is set to zero and the time-propagator reduces to a

simpler form given below.

U(t,0) = e A0t (E.1)

Accordingly, the expansion terms in H and A(t) are derived (refer to Table E.1). In the

present calculations, we confine ourselves to second order in H.

H=HY 1+ O

2
2wy

Jo (4)

VB (A) [12 + 18] - p-rery] (e

T

where p € N (natural numbers, e.g. 1,2,3,....).

To maintain consistency, both the initial density operator (p(0) = 2I}*) and detection

operator (D = I}*) are transformed by U.
p(0) = Uip(O) U = 21} s D =U,DU" = ' (E.3)

Subsequently, employing the time-propagator (U (¢,0)), the double-quantum signal is

evaluated as given below.

S(t) — Ty [efiA(t)efiﬁtﬁ(o)eiﬁtem(t).Iﬂ — Ty [efiﬁtﬁ(o)eiﬁtiem(t)’D/efiA(t)} (E4)
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General Expression Coefficients and Operators
HY = H, V2w Jy (A) [I132 + 1%

_ Hy, H ] [Ho, Hy] 20?2 Jn (A)
H® — [’“7’“ 1210, k] M gA 72 _ 723 4 13

;;o{ 2kw Jr%;o kw Wy 0(4) nZZZp—l n iz 7 +I¥]

eikwt —1
M) =3 ————Hy a(t) [V = IP] + b(t) (I + I{)]
k20  1hkw
2 (A 2 n :
a(t)= 1 > (4) [cos (2nw,t) — 1] b(t)= V2 > In( >sm (2nw,t)
Wy n=2p—1 n Wr n=2p n

Table E.1: Generalized expressions for H and A(t) in the FME scheme (MAS case) corresponding
to the normal boundary condition (A(0) = 0)

Analogous to the transformation employed in the AHT calculations (refer to Eq. 2.64), the
0112 — 1%

\/5 leo(A)

_ ZW%J()(A)

Hamiltonian H is transformed (using U, = e ,tanf =

MV

Wy |jL2p—1 n
such that the Hamiltonian reduces to a simpler form comprising commuting set of operators.

H.,o=UHU- = J o 2w] Jn (A) 12 723 13
erf = UsHU; = wido (A)sind - Jo(4) | Y | cosd {IZ 1% +[X]
T n=2p—1
=w, [I} - IF + I}] (E.5)
Accordingly, the final signal expression reduces to the following form.
[ Pery(0) Degp(t)
T #% T . — .
S(t) = Tr |Use U Uyp(0) Uy L Ut US T Uye™ ™ De~ O
—_———— —_———
I o~ iHepst GHepft
=1Tr €_iHefftﬁeff(0)€iHefft .Beff(t) =1Tr [ﬁeff(t)ﬁeff(t)] (EG)
L Pers(t)

Employing Baker Campbell Hausdorff (BCH) formula 52, analytic expressions for the
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operators fes(0), Pess(t) and Des(t) are derived and described in detail in Table E.2.

Pest(0) = Usp(0 =S i = {2 cos (g) } [1;3} + {—\/5 sin (g)} [1}3 - 1)2(3]

(E.7)

Pess(t) = e~ Mttt popp(0)eterrt =% T RI(t) 1Y

oo £ )(xﬁ e} (15 + {2eon (2 sm e} 1

{ V2sin ( ) o8 (we )} (12 - 1] + {—\/isin (g) sin (wet)} 2+ 17

(E.8)

Doy (t) = Upe™ODe™OUTt = 3 DY (1)1 (£9)
Subsequently, the final signal (corresponding to DQ excitation) reduces to a form, com-
prising centre-band and sidebands.

Z Rzy Djz Foeztiwet + Z Fpe:ti(we:tprr)t (E]_O)

peN

where Fjy and F), represent the amplitudes of centreband and p™ sideband respectively.

To verify the exactness of the above framework, analytic simulations (based on Eq. E.10)
were compared with simulation results emerging from SPINEVOLUTION. As depicted in
Figure E.1, the analytic simulations from the FME approach are in excellent agreement to

those obtained from numerical methods.

86



Analytic theory of finite pulse effects in rotating solids

(0=(0)V)
N U3 uo paseq (6'H-L'H "bH) 10perodo uonoejep pue 1oyerado A)suop o1y jo uordLosep o1y ul poAojduro sjue)suod Jo UOUYa(] :g'H OIqel,

K (v) ot (e + (0] Y=
S09 —— — QuIs m =°m ] 1),0| —=(2)°
0 W) v ﬁgw guts (v) o 24 17
z 8 z z _
PPoyuis | — | s091— — S00| (2)90= — [(2)0 — — | =] s00| =
(#°m) ) [T — (9) s09] () c (12 —1] |1 ; . 0 16l
) ¢ ¢ 1% 8 4 ¢le .
PPm)urs [ — | s001e = |us(2)p= — |1 — s0o| (2)o= —[(2)o—T1||T—| =] s00=]| = 0
(#°m) Am p () - [1—(p) :vm [(7) ] p ol e etl
z 4 A% z N z /N AN e _
om0 | — | UIS =— — | =—]s09| (2)9— + urs (3)o=— 7)o — = | urs =— = | urs =/—
oo mv - ! ; ( F (g) s (7) : [(#1)o — 1] ; . ; . cel
z z /T z [z z N z [9a%4 AN 4 .
o | — | UIS =— =—]s09(2)g— + [ = | soo (2)p= — uis (2)0=—— 2)9 — = | uts =— = | s =—
; %v . p (M, p (1) . (g) urs (2) c (1) — 1] p - p . ezl
4 4 Y 4 AN 4 [HAYe Nv 4 _
omd | = | UIs =—— — [ =—]s0o| (2)9— — urs (7)o=—— 7)o — = | urs =—— = | uls =———
: mv . T p ( 5 () urs (2) c (1) — 1] p c p . 1el
z 4 /N ¢ (¢ z [9A37% z /N z 4 N
m3s\® — | u1s —/—— = | S00(2)9— — | — | SO0 (2)D— — uis (2)90=—— 1)0 — — | uIs — | UIS =/— —

oo %v : J Wa; = () sy = (@) us (== + [P -1 | | ; J : al
> ¢ ¢ I e ”
7°m)soo | = | soo g = |uis (2)g=—— = ]soog T
) 0 0 ®) ? 0 €1

(D)ol (D ea 00
‘103er0d() AjIsuo(y ‘109RI0d () UOTYOR18(T ‘107e10d() Ajtsuo( eiIuy | siojerado

87



Analytic theory of finite pulse effects in rotating solids
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Figure E.1: In the MAS simulations depicted, excitation of DQ transition in spin I=1 system
is presented. The validity of FME scheme (A(0) = 0, indicated by red dots) is compared with
numerical simulations based on SPINEVOLUTION (solid black line). The following parameters
were employed in the simulations: Cg = 1 MHz, = 1.0, v, = 40 kHz and RF amplitude, v; = 10
kHz.

In the FME approach based on the normal boundary condition, the transformed initial
density operator, p.sr(0) (refer to Eq. E.7 in Appendix-E) comprises both the longitudinal
(I? operator) and transverse operators (I3, I%). The longitudinal components are propor-
tional to cos Z , while, the transverse components are proportional to sin g . In contrast
to the alternate boundary condition (A(0) # 0), the longitudinal component (associated with
I? operator) in pess(0) is transformed into DQ coherence (refer to Eq. E.8 in Appendix-E)
through the DQ operator (I'3) present in the evolution operator, e ™t As illustrated in
Eq. E.8, the DQ coherence (I3?) is proportional to cos (g) leading to improved excitation
efficiency at higher RF amplitudes. While the analytic simulations depicted in Figure E.1
are in good agreement with numerical simulations, the analytic expressions in the proposed
framework are less insightful in explaining the loss of signal intensity at odd integral multiples
of % Hence, the analytic expressions obtained from FME (alternate boundary condition,

A # 0) present an attractive option for studying the excitation process in spin-1 system.
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Appendix F

Description of spin dynamics in the

RF interaction frame

1. Static simulations

Following the description in the chapter, the Hamiltonian of an isolated spin-1 system (static

case) in the rotating frame is represented by the following equation.
H= %@ 13— 1] + Vaw, [I¢ + I3 (F.1)

When the magnitude of the RF field exceeds the quadrupole frequency, the Hamilto-

nian in the rotating frame is transformed (employing the unitary transformation, U; =

7-‘- q
i 5 (1P +122]

e ) such that the RF part is quantized along Z-direction.
7 -1 _ Yo r2 o3 wQ r13 13
H=UHU = 12— 1] + S I+ 2wl (F.2)

Subsequently, the Hamiltonian is additionally transformed into the dominant interaction
frame (defined by the RF interaction), U, = €**"Z’. In the RF interaction frame, the

Hamiltonian is time-dependent (modulated by RF amplitude, wy).

H(t) = UgﬁU{l _ _WFQ {[%2 _ 1%3} i % [If’emlt 4 [ElefZiwlt} (F.3)

Below, we present a brief description of the derivation of time-propagators based on

effective Floquet Hamiltonians and Floquet Magnus expansion.
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(i) Derivation of time-propagators based on effective Floquet Hamiltonians

Employing Floquet theory, the time-dependent Hamiltonian in the RF interaction frame is

transformed into a time-independent Floquet Hamiltonian.

Hp = wlp — %Q (12 -12] + T { (1], + ] _2} (F.4)

To simplify the description in the extended space, the contact transformation procedure is
employed. Accordingly, the Floquet Hamiltonian is split and expressed as a sum of zero-order

and perturbing Hamiltonian.

Hy = wi Iy — F 2|17 1;3]0 (F.5)

=[], + ] (7.

Employing the transformation function, S, the Floquet Hamiltonian is transformed as

given below.
e s (R, cot ) e

To second order, the diagonal corrections to the effective Hamiltonian is derived and

represented by the following equation.

2

— 2o+ T <1y (F.8)

Hy' = Hy+ HY = w1 .

Following the standard procedure, both the initial density operator and density operators

are transformed and the final time-domain signal is summarized by the following equations.

5(0) = UL U, p(0) U Uy te ™51 = Z Cip [w} (F.9)
ﬁ(t) _ eszEfft Hefft Z Rz] p) |:[Zj:| (FlO)

p
D = MU U DU Uy e = Z D [JUL (F.11)

S(t) = Tr [3(H)D] = 3 RIW (1) DJ

12(1) ~21(—1) —4 ot g 21(=1) 1121 iyt
=C.'D e e e 4+ C D7 etrteszor e

iwZt

23(1) 32(=1) —iwit —me “’Qt
+C+( IR gt o~ mmar o

X 032( 1) + (1)eiw1t€32w1 e 1 (F.12)
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Figure F.1: In the simulations depicted (static case), the validity of the Floquet Contact Scheme
and Floquet Magnus expansion scheme is checked by varying the Quadrupolar coupling constant,
Cg. The analytic simulations based on Floquet Contact transformation (dotted red line based
on Eq. F.12) and Floquet Magnus expansion scheme (dotted blue line based on Eq. F.17) are
compared with those obtained from exact numerical methods based on SPINEVOLUTION ! (solid
black line). The RF amplitude is kept fixed at v; = 40 kHz while the Cy is varied as- (A1, B1) 25
kHz (A2, B2) 50 kHz (A3, B3) 100 kHz (A4, B4) 200 kHz.

A detailed description of the coefficients employed in the operators is summarised in
Table F.1. As depicted in Figure F.1 (first row), the analytic simulations (based on Eq.
F.12) are in excellent agreement with those obtained from numerical simulations and justify

the framework outlined above.
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(ii) Derivation of time-propagators based on Floquet Magnus Expansion (Alter-

nate boundary condition)

Based on the discussion in the chapter, the time-propagator in the RF interaction frame is

derived and described by the following equations.
U(t) = e~ IAE) g it GiA(0) (F.13)

Subsequently, based on the general expressions given in Table 2.2 (Chapter-2), the ex-

pansion coefficients in H and A(t) are derived and given below.
2

g g, @ wWQ T2 723 YQ 113
H=HY+H® == (132 - 1Z] + e (F.14)
A(t) = Zfl cos (2wyt) I + Zfl sin (2wit) I = a(t) 15 + b(t) 12 (F.15)

In accord with the description in the chapter, the final signal expression is derived and

represented by the following equations.

S(t) — Ty [e—z‘A(t)e—iﬁteiA(O)p(O)e—z‘A(O)eiflteiA(t)‘D] — Ty {e—ifltem(o)p(o)e—iA(O)eiﬁt.eiA(t)De—iA(t)}

(F.16)
S() =T [5(0)D] = ¥ RI(0) DY
p
iw2 t wnt 7"L“’QQt wnt iwét iwnt iwét wnt
= C’fD%le*meTQ + C’lefeWe_TQ + C’f’DiQefme_TQ + CEZD_QS’@W@T
(F.17)

A detailed description of the coefficients is summarised in Table F.2. In Figure F.1
(second row), a comparison of the analytic simulations (based on FME, Eq. F.17) with
numerical simulations is illustrated. As depicted, the FME based simulations are in complete
disagreement to those obtained from SPINEVOLUTION. This is bit intriguing considering
the fact that the analytic simulations based on the effective Floquet Hamiltonians (first row)
are in excellent agreement with numerical simulations. Hence, the suitability of any analytic

method could only be established through comparisons with exact numerical simulations.

2. MAS simulations

Based on the discussion in the chapter, the Hamiltonian for spin I=1 under MAS conditions

is represented by the following equation.

(2)0
2w
H(t) = % cos (2w,t) [I)? = IZ| + V2w [ 12 + 13| (F.18)
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The Hamiltonian in the rotating frame is transformed using the transformations given

below.

ﬁ@) - UQUlH(t)Ul_lU2_1 ; Ul = eiﬂTﬂ[I}l}“‘Igfg] ’ U2 — 622‘0.)17%}3
Wy 20 | |
= — 292 cos (2wnt) |12 — I2] + =22 cos (2w, t) |13t 4 [3le2iwnt F.19
3 z 17|+ = B

Subsequently, the Hamiltonian is further transformed by Us = ¢’®®OUZ~17],

H(t) = UsH(t)Us™

(2)0
_ wig [Ii362i(w1+wr)t + [_1~_3€2i(w17wT)t + [ElefZi(o.ufwr)t _'_IilefZi(wlﬂw)t} (FQO)

Under rotary resonance condition i.e. w; = w,, the above Hamiltonian has contributions

from both time-independent and time-dependent terms.

o~ (2)0 (2)0
= w w, ) .
H(t) _ 3,2 1)1(3—1- (;21,2 Ii3e4zw1t+[ilef4zw1t (F.21)

Following the procedure outlined in the chapter, the corrections to H and A(t) (in alter-

nate boundary condition (A # 0)) are evaluated.

HY = Hy=—=1¢ ; HY = === I F.22
0T g X g;) 2kw wi\ 8 |7 (¥.22)
W20 200
Ay (1) = =22 cos (dwyt) I + =22 sin (dwyt) I = a(t) 5 + b(t) I (F.23)
8&)1 8&)1
20
A (0) = 8Q’2 13 = a(0) 1} (F.24)
w1
Qw20
When the RF amplitudes are higher than the quadrupolar frequency 37622 <41, the
w1

second-order corrections (H®)) are of lesser significance. To maintain consistency, both the
initial density operator (p(0) = 2I;°) and detection operator (D = I}*) are transformed by

these unitary transformations.

P (0) = A OUU U p(0) Uy Uy MUy e MO

1 3i®(t) | iwit a(0) it o [ a(0) 12
— 7 w1 w1 [
\/ﬁe e CcOS 72 +e sin [ — I

2
- \}563@(15) {eiwlt oS <a(2())> + e 1t gin <a(20)> } e
— \}56_3@“) {ei‘"lt cos <a(20)> — e “''sin (CL(QO)> } Iy
1 .. . ,
— i) J gt g L(O) — ™ sin @ I* (F.25)
V2 2 2
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D'(t) = erOUUsU, DU U UG e A0

_ Bie) {2\5/§ei“1t (1 _a) _g b (t)> — 4\3/56_iw1t (a(t) + Zb(t))} I’

| 3i0() {2\3/56—@115 <1 _a (t) ‘8|‘ b (ﬂ) B 4\5/§€iw1t (a(t) — Zb(t))} 2

+6%@m{_23?%m(1_a(wgb(w>_4j§,wﬂm@y+w@»}ﬁ;

3id(t 3 it a*(t) +b*(t) O it : 32
+ 5P {—Me (1 — 3 > - 4\/§e (a(t) — zb(t))} I’ (F.26)

Subsequently, the final signal expression is calculated using the standard relation.

2)0
S(t) =Tr [e () D (1)] 5 H = Hy= "9 1¥ (F.27)

To test the validity of the above analytic framework, comparison of the analytic simula-
tions (based on Eq. F.27) with SPINEVOLUTION is illustrated in Figure F.2. As depicted
in Figure F.2, the analytic simulations are in complete disagreement to the simulations from
SPINEVOLUTION. The exact reasons behind the discrepancies is unknown and is certainly
beyond the scope of the thesis.
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Figure F.2: In the simulations depicted (MAS case), the validity of the rf interaction frame
calculations (Eq. F.27) is checked at rotary resonance condition for C¢g variation. The analytic
simulations based on the calculations (dotted red line) are compared with those obtained from
exact numerical methods based on SPINEVOLUTION (solid black line). The parameters of
simulations are- v; = v, = 20 kHz for upper row (panels Al, A2) and vy = v, = 40 kHz for bottom
row (panels B1, B2) while Cg (1/8}20) is varied along columns- (A1, B1) 100 kHz (25 kHz) (A2, B2)
250 kHz (62.5 kHz).
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Chapter 3

Description of recoupling effects in
MAS experiments involving spin-1/2

system coupled to spin S=1

3.1 Introduction

The availability of sophisticated NMR hardware has immensely enhanced the ability of solid-
state NMR (ssNMR) spectroscopy in addressing wide-range of problems of chemical and
biology relevance involving quadrupolar spins " m particular, the availability of ultra-
fast MAS probes has ushered in the development of cost effective methods in the form of
proton-based ssNMR experiments for studying biological systems oz Consequently, stud-
ies involving spin I=1/2 nuclei coupled to quadrupolar spins are now routinely possible in
the solid-state. While the implementation of these experiments have became easier with the
availability of higher magnetic field strengths and ultrafast MAS probes, optimal design of
experiments that involve spin I=1/2 nuclei coupled with quadrupolar spin has remained a
challenging task. In particular, implementation of experiments on spin-1/2 nuclei have always
been impeded by the interference effects arising from RF fields employed on the quadrupolar
spin. Since extraction of molecular constraints in NMR experiments involves iterative fitting
of the experimental data, analytic models/expressions that are computationally efficient are
essential.

Here, in this chapter, we focus on the interference effects that arise in experiments in-
volving spin I=1/2 nuclei coupled to S=1. Specifically, we focus on the interference effects

introduced by the RF field on the quadrupolar spin in experiments that involve (i) mea-
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Description of recoupling effects in MAS experiments

surement of CSA tensors on spin I=1/2 (ii) polarisation transfer from spin I=1/2 to S=1.
A schematic depiction of the pulse sequence employed to study the interference effects is

illustrated in Figure 3.1.

(m/2).y Drr .1
I=1/2 I_i
@pr s
S=1 I

Figure 3.1: Schematic representation of the pulse sequence

3.2 Measurement of CSA interactions in spin I=1/2
nucleus coupled to S=1

In its simplest implementation, the CSA interaction on spin I=1/2 is reintroduced under
MAS conditions by employing a constant RF field on the I-channel. When the amplitude
of the RF field on the I-channel is adjusted to an integer multiple of the spinning frequency
(wrps = nw,, n=1 or 2), a part of the CSA interactions is reintroduced under MAS. However,
estimation of chemical shift tensors in such experiments have always remained challenging
13?17, owing to the simultaneous reintroduction of heteronuclear dipolar interactions. Conse-
quently, to minimize the undesirable effects of the heteronuclear dipolar interactions on the
line-shape (of spin I=1/2 nucleus), a strong (CW) decoupling field is additionally employed
on the quadrupolar spin 2 Although, numerical methods 2% have facilitated in the op-
timisation (through trial and error) of such experiments, a formal understanding entails an

analytic approach. To illustrate this point, we begin with numerical simulations illustrated

in Figure 3.2.
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(A1) (A2) (A3)
1r 1r 1r
0.5F ‘ 0.5F 0.5F
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o 8 4 0 4 8 8 4 0 4 8 -8 -4 0 4 8
3 (BI1) (B2) (B3)
= 1F 1r 1r
e
0.5F 0.5F 0.5F

8 4 0 4 8 8 4 0 4 8 8§ 4 0 4
Frequency (kHz)

m—

Figure 3.2: In the simulations illustrated, the FT spectrum of spin I=1/2 nucleus coupled to a
quadrupolar spin (S=1) is illustrated for different RF field strength employed on the quadrupolar
spin. A constant RF field strength of 40 kHz on I=1/2 (vpr = 40 kHz) and spinning frequency of
40 kHz (v, = 40 kHz) was employed in the simulations. The following parameters were employed
in the simulations. CSA parameters on spin I=1/2 (§ = 10.0 kHz, n= 1.0,Qpp; = (10°,30°,40°)
). Quadrupolar parameters (Cg = 1 MHz, n=1.0,Qpy = (30°,40°,60°)) and dipolar parameters
(wrs = 8.6 kHz). The amplitude of the RF field strength (decoupling field on quadrupolar spin) is
varied along the column, vgpp g = 10 kHz (panels Al and B1), 40 kHz (panels A2 and B2), 100 kHz
(panels A3 and B3). The simulations along the first row corresponds to a single crystal, while, the

powder simulations are depicted along the second row.

In the simulations depicted, the interference effect due to RF field (on the quadrupolar
spin) on the line-shape of spin 1=1/2 nucleus (based on pulse scheme depicted in Figure
3.1) in both single crystal (first row) and powder sample (second row) is illustrated. Em-
ploying a constant RF field on spin ‘I’ (I=1/2), the CSA interaction of the spin ‘I’ nucleus is
reintroduced along with the heteronuclear dipolar interactions (I=1/2, S=1) under MAS con-

ditions. To minimize the undesirable effects of the heteronuclear dipolar interactions on the
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line-shape of spin ‘I=1/2" nucleus, a strong (CW) decoupling field is additionally employed
on the quadrupolar spin. As depicted in Figure 3.2, the resolution of the spectrum in the
powder sample (second row) improves with increase in the decoupling field strength, while
such a trend is unobserved in the case of a single crystal (first row). In particular, the exact
reasons behind the loss in resolution depicted in panel A3 (Figure 3.2) remains intriguing and
less obvious from numerical simulations. Henceforth, to explicate the observations mentioned
above, a formal description of the underlying spin dynamics outlining the interplay between
spinning frequency, RF field strength and quadrupolar coupling constant remains essential.

Although, several theoretical formulations have emerged 19,1 e

for describing the effects
of the quadrupolar spin on the NMR spectrum of spin-1/2 nuclei, a formal description of the
interference effects in terms of analytic expressions in MAS experiments has always remained
elusive.

To this end, we employ an isolated spin pair (I=1/2, S=1) as a model system to describe
the interference effects in I=1/2 system coupled to a quadrupolar spin, S=1. The notations
employed to describe the spin states, operators and possible transitions of spin I=1/2 (|1) —
|4), |2) — |5) and |3) — |6)) are summarized through the energy level diagram depicted in

Figure 3.3.

,I
5) <c.
\\\
NS —— e 120)=18)
K A1) =14)
- o ~1) =3}
) ..
SO |@.0)=[2)
~

) ja.)=|1)

Figure 3.3: Energy level diagram for a spin I=1/2 system coupled to a quadrupolar spin, S=1

(red arrows correspond to transitions of spin I=1/2 system)

Accordingly, the Hamiltonian of an isolated spin pair (spin I=1/2 coupled to spin S=1)
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in the rotating frame is represented by the following equation.
H(t) = HI,CSA(t) + H],Rp(t) + H&Q(t) + H&RF(t) + H]s(f) (31)

The CSA interactions corresponding to spin ‘I” are represented by, H; csa(t).

2 2
Hyosalt) = Z w§m)ezmw7~tlz _ Z w}m)ezmwrt [@4 +IP 4 I%G} (3.2)
m=—2,7#0 m=—2,7#0

The quadrupolar interactions on spin ‘S’ is represented by, Hg o(?).

H — - wgn) 1mwyrt 352 o SQ _ : wgn) 1wyt [12 _ [23 [45 o [56
set) = D 6 ¢ { z ]* > 3 ¢ {Z z t1z Z]
m=—2,7#0 m=—2,7#0

(3.3)
The interaction between spins (I and S) is mediated through the heteronuclear dipolar

interaction, Hg(t).

2 2
His(t)= Y 2w§e™r ;8= 5 2wigemt I} — If] (3.4)
m=—2,#0 m=—2,#0

In MAS experiments, the anisotropic components of the internal interactions (CSA, dipo-

lar and quadrupolar interaction) are represented through the following standard expression.

2 2

wf\m) = Z R%)}\ml Z Dm1m2 (QPM) szm (QMR) dimo (BRL> (35)

mi=—2 mo=—2
Here, Rg)/\ml represents the component of the spatial tensor (A= CSA, dipolar or quadrupo-

lar interaction) defined in the principal axis system (PAS), while, Dy;,m, (245) denotes the

Wigner Rotation matrix. The detailed description of these coefficients is provided in Chapter-

1.

The Hamiltonian depicting the continuous wave field (CW) applied on both the channels is

represented by-

HI,RF(t) = CURFJIX = WRF,I {1)1(4 + ])2(5 + Igf} (36)
HS,RF<t) = wRRSSX = \/EwRF,S [1)1(2 + [)2(3 + 131(5 + [;6] (37)

Due to larger magnitude of the quadrupolar interactions, the Hamiltonian (Eq. 3.1) is
transformed into the quadrupolar interaction frame > " (defined by Uy = WU 12+ =17),
In the quadrupolar interaction frame, both the CSA interactions of spin ‘I’ (Hycsa(t)) and
the dipolar interactions (H;s(t)) are invariant, while, the RF Hamiltonian (that was constant

in the rotating frame) on spin ‘S’ becomes time-dependent.
]A‘[/(t) = UlH(t)Ul_l = HI,CSA<t) + HI,RF(t) + ]A_[/S,RF@) + H[s(t) (38)
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Hgpp(t) = UyHg pe(H)UT! = V2wrps A [I}E + I+ 19+ Igf}
+ \/§WRF,S > Ax et {])1(2 + I+ 19 + 1)5(6}

+V2wrrs Y Byne™" I — IP + I} — 1] (3.9)

where

A= Z Iy (Al) Z Ins (AQ) Z Ing (A3) Z Ins (A4) ; np+ng+n3+mng =0

The coefficients (Ax, and By,,) in the time-dependent RF part are expressed in terms of

. 35 .
Bessel functions = as given below.

AX,p X Z Jn1 (Al) Z Jn2 (Ag) Z Jng (Ag) Z Jn4 <A4) y + Mo + ns + ng =9p (310)
ni no ns T4

By7p XX Z Jn1 (Al) Z Jn2 (AQ) Z Jn3 (A3) Z Jn4 (A4) ;s Ny + (%) + ns + Nng =7p (311)

where

w(Ql) _ ot wg) + wé?_l) wg) _ w(Q—Z) w(QQ) + 0?2
= M0 =t te a2t Mo g ot T
29w, 2w, 41w, 4w,

Ay

Case-I: Single Crystal with Qp,; = (0,90,0)

To describe the spin dynamics, we begin with the special case of a single crystal, wherein
all the internal interactions (i.e. CSA on I-spin, Quadrupolar interaction on S-spin and
dipolar coupling between I and S spin) have the special orientation, Qpy, = (0,90,0) and
1n=1.0. Under this condition, only one of the components of the internal interaction is present
(wgﬂ)zo where A= CSA, dipolar or quadrupolar interaction). Consequently, the Hamiltonian

in the quadrupolar interaction frame (Eq. 3.8) reduces to a simpler form given below.
H(t) = U H)U " = 2w cos (2w,t) [I + 12 + IF] + wrpy [I¥ + 1 + 1]

+ 4w (g cos (2wit) |15 — IfF| + VownrrpsJo(A) [12 + I + I¥ + IY]

+Vowrrs Y T (A) e [+ IR 4+ 1Y + 1Y

k=44,+8,..
+iV2wrrs Y I (A) e [P - 1P 4 1P - Y] (3.12)
m==42,%46,..
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(2)
w
where A = 2i represents the argument of the Bessel function »

It is importantrz to note that the above choice of parameters have been employed solely for
demonstrative purposes and the framework presented in this chapter is equally valid for any
arbitrary orientation of the spin interactions.

Employing the Magnus formula 36, corrections to second order are derived for describing

the Hamiltonian on the S-channel.
H = B + B = unpsJo(A) [12 + 15 + 18 + 13

_ 2("):JAH?F,S JO(A){ Z Jn(A)

T n=2p—1

} (1 =13+ 1 — 1P + 1 + Y] (3.13)

To facilitate analytic description, the Hamiltonian, H is transformed (using unitary trans-

- 2wk o Jo(A
gup g M) )]
formation, Uy = e V2 , tanf = - i )) such that the Hamil-

wrr,sJo(A)

tonian reduces to a form comprising commuting set of operators.

H.;p = UyHU;?

w J A \/§w2 Jn A . é

= V2wrpeps [IZ+ 18 + 1 + 1Y (3.14)

Employing the above form of the effective RF Hamiltonian on S-channel (Eq. 3.14), the

total Hamiltonian of the system (Eq. 3.12) reduces to a simpler form given below.

H(t) = 2wy cos (2wnt) [T} + I + IF| + wrpr [+ 1F + 1]

+ dwiy cos (2wnt) |1 = 1| + V2wrp ey [IE + 1% + I + I¥] (3.15)

To describe the interference effects, the above Hamiltonian is further transformed using

us
i (AP +I35)

. . ; 14 25 36
a series of transformations, Uz = e 2 and U, = e2wrtllz +17+17]

H(t) = UyUsH(t)Us Ut = (wrrp — 2w0) [I + I3 + TP + V2wnpers [IR + I + 1 + %]
— 2w§2) cos (2wyt) { {I}f + 1P + I;’ﬂ cos (2w, t) — [111/4 +IP + 133/6} sin (2wrt)}
— 4w\ cos (2w, t) HI};‘ — I}O’ﬂ cos (2w, t) — [151/4 — 133/6} sin (2wrt)} (3.16)

To zeroth order, the Hamiltonian (Eq. 3.16) in the interaction frame is approximately
described by the time-independent terms (ignoring the time-dependent terms) comprising

the reintroduced internal interactions such as CSA and dipolar interactions. For operational
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reasons, the effective (recoupled) Hamiltonian is expressed as a sum of two terms as given

below.
H'recoupled = HA + HB (317)
Ha = (wrrs — 2w,) [I + 13 + 1] — k@ [ + 1 + 1] (3.18)
Hp = —2kw(y [I¥ = I¥] + V2wrpess [ + 18 + 1 + 1Y (3.19)

The constant ‘k’ denotes the scaling factor that results from the multiple-pulse scheme
18,2157 employed on spin ‘I’ to reintroduce the CSA interaction (in the present context, k=1).
When the RF amplitude on I-channel is adjusted to the matching condition (wrp; = 2w;), the
longitudinal component (I operator in H,) becomes zero and the Hamiltonian comprises
only the CSA interactions (of spin ‘I’). Since evolution under ‘H,  is of relevance in the
present study, the recoupled Hamiltonian (Eq. 3.19) is transformed using the transformation
—iV/20 [ 1P~ T2+ 12513

function, Us = e ], such that the final form of the effective Hamiltonian

resembles to the one described by H 4.

Heff = U5HrecoupledU5_1 = — (l{:w?) + 2w6ff) 1)1(4 — kw?)lgf — (kw@ — 2L«Jeff) ];}6 (320)

w
REeff , Weff = kw%) cos 0y + Wrperssin by (3.21)

tan 6, =
kw%)

As illustrated in Eq. (3.20), the operators corresponding to the allowed transitions (|1)
— |4) and [3) — [6)) are influenced by the heteronuclear dipolar interactions, while, the
transition corresponding to the states, |2) — |5) remains unaffected. To maintain consistency,
both the operators (initial density operator (p(0) = Ix = I + 12 + I3%) and detection

operator (D = I, = I* 4 I? + I%)) are transformed by the same set of transformations.

p'(0) = UsU,UsUs Uy p(0)UT U, U U P US

- (“@9)) 15+ 1 + cos (20y) [17]

2
1 — cos (26,) 1 .
+ <21) 2 - 1] + 7o (26) |1} — I3 + 1% — 1Y (3.22)
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D' = UsU,UsUU, DU U U U T US

1 + cos (26)
= (21> [1}4 + I%G} + cos (26,) {]%5}
1 — cos (20 1 .
+ (21)> 12 - 1] + 75 sin (200) |13 — I3 + I3 - 1] (3.23)

Subsequently, employing the density operator at time ‘t’, the final form of the normalized

signal (T'r [p(0)2 = %}) is derived and summarised below.

ZHefftpl(O)elHefft

e
(1 + cos (26,) ) cos (2w, st) cos (kw?)t) {154 + [%6] + cos (261) cos (kw?)t) {I?}
1

in (261 ) cos (weyyt) cos (kw[ ) {I}f’ — I3+ I¥ - [;ﬂ

+ g sin

1-— (2
(A o () [ - 1 (3.21)
Trp(t)D'
sy = IO
Tr [p(O) }
= I, cos (l{:w?)t) + 15 cos (wegt) cos (k:w?)t) + I3 cos (2w, g yt) cos (kw?)t) (3.25)
where
1 2 (1—cos(260,)) 2 2 (1+cos (20,)\
I, = 50052 (201) + 3 (2(1>> o = gsm2 (20,), 15 = 3 (2(1)>

As described above, the time-domain signal (Eq. 3.25) in the present context comprises
frequency terms symmetrically distributed around the magnitude of the CSA interactions on
spin ‘T’ (w?), w?) + weff,w?) + 2w.rr). Based on the present analytic framework, the final
signal expression (Eq. 3.25) could in principle be quantified in terms of the contributions from
the transitions present in the coupled system. Accordingly, the frequency term, cos (k‘w?)t)
in Eq. (3.25) is associated with the contributions from the allowed |2) — |5) and forbidden
transitions (|1) — |3), |[4) — [6)) in the coupled system. The frequency term proportional
to wg-g) + wesr (second term in Eq. 3.25)) result from transitions that involve flipping of both
spins (i.e. |1) = |5), [2) — |6), |3) — |5) and |2) — |4)). In a similar vein, the frequency term
proportional to w?) + 2w,y (third term in Eq. 3.25) results from the two allowed transitions

associated with spin ‘I’ (i.e. |1) — [4), |3) — |6)).
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To verify the exactness of the above analytic framework, the time-domain signal obtained
from Eq. (3.25) is compared with those obtained from exact numerical methods * In the
simulations illustrated in Figure 3.4, the time-domain signal (based on Eq. 3.25) is evaluated
at different decoupling field strengths (panels A1-A4). Asillustrated, the analytic simulations
are in excellent agreement in all the panels validating the analytic framework. To further
substantiate the proposed analytical framework, we extend the above calculations to a single

crystal with arbitrary orientation in the following subsection.

(AD) (A2)

N | N | N ] N N N ]
'10 200 400 600 '10 200 400 600

1 (A4)
o®
0.5
0
-0.5
1 . I . I . J 1 . : . J
0 200 400 600 0 200 400 600

Time (us)

Figure 3.4: In the simulations illustrated, the time domain signal of spin I=1/2 (coupled to spin,
S=1) nucleus in a single crystal is depicted for different decoupling field strengths (vrrs = 5 kHz
(panel Al), vrrs = 10 kHz (panel A2), vrrs = 20 kHz (panel A3), and vrp g = 40 kHz (panel
A4)). The quadrupolar coupling constant (on spin ‘S=1’) of 2 MHz (n = 1.0 and Qpys = (0,90,0)),
chemical shift parameters on spin ‘I’, § = 30.0 kHz (n = 1.0 and Qpy; = (0,90,0), w® = 5.0
kHz) and dipolar coupling of 8.6 kHz (Qpyr = (0,90,0)) are employed. The RF field on spin ‘I’
(vrr,r = 80 kHz) was chosen to be twice of the spinning frequency, v, = 40 kHz. The solid lines
correspond to numerical simulations 22, while dots (in red) denote analytic simulations based on

Eq. (3.25).
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Case-II: Single Crystal with general orientation (Q2py = (o, 5,7))

Following the procedure outlined in the previous subsection, the Hamiltonian in the quadrupo-

lar interaction frame is represented by the following equation (analogous to Eq. 3.15).

2 2
Hty= Y wMemrt [P+ 12+ 10+ Y 2w@e™ 1 - 1]
m=—2,7#0 m=—2,7#0

+ wrps [T+ I+ IE) + Vowppes |1 + 1% + I + I (3.26)

Accordingly, to facilitate analytic description of the underlying spin dynamics, the above
T

T : : : ig I+ TP+ 1)
Hamiltonian is transformed using a series of transformations, Us = e 2 and U, =

einwrt[I+120+130]

Depending upon the choice of the RF amplitude, the CSA and dipolar
interaction coefficients corresponding to m = x1l(wrp;r = w,) or m = £2(wrp; = 2w,)
are reintroduced under MAS conditions respectively. Analogous to Case-I, the form of the

recoupled Hamiltonian (to zeroth order) is expressed as given below.

H'recoupled = HA + HB (327)

Hy = (wrrs — mwy) [T+ 12+ IF] = ko | [I + 13 + 1] (3.28)

Hp = =2k |w{§| [I§ = I¥] + Vowppess [I2 + 1F + I¥ + I (3.29)

The term ‘k” denotes the scaling factor due to the multiple-pulse sequence 152157 that is

employed on ‘I’ spin for recoupling the CSA interaction.

When the RF amplitude on I-channel is adjusted to one of the matching conditions (n=1
or 2), the longitudinal component in Eq. 3.28 (IJ operator in H,) becomes zero and the
Hamiltonian comprises only the CSA interactions (of spin ‘I’). Since evolution under ‘H 4’
is of relevance in the present study, the recoupled Hamiltonian (Eq. 3.28) is transformed
using the transformation function, Us = e~V [1;5_[12”%[%6_@5], such that the final form of

the effective Hamiltonian resembles to the one described by H 4.

Heff == U5H7‘ecoupledU5_1 = — (k’ ‘w}n)’ + 2weff) ])1(4 —k ‘w&n)‘ ])2(5 - (k) ‘w}n)‘ — Qweff) ];}6

(3.30)
tanf; = wRF’(if)f , Wepf =k ‘w%)‘ cos 0 + Wrpefssinth (3.31)
k ‘Wzs
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Following the procedure outlined in the previous subsection, the signal expression at any

time ‘t’ is evaluated and given by the following expression.

Trlp'(t)D]
St) = —r—7
Tr [ p(0)?]
= I, cos (k ‘w&")‘ t) + I5 cos (we s st) cos (k ’w&")‘ t) + I3 cos (2we s pt) cos (k ‘w&")‘ t)
(3.32)
where
1 2 (1—cos (20:) 2 2 (1+cos (20,
Il = gCOS2 (291) + 3<2<1)> ,IQ = gSlH2 (29) ,[3 = 3(2(1)>
©)
O-.l.l.l.l.l 0-... P R P . |
0 10 20 30 40 50 0 10 20 30 40 50 0O 10 20 30 40 50

RF amplitude (kHz)

Figure 3.5: In the simulations illustrated, the intensity factors (1, I and I3 in Eq. 3.32) are
depicted as a function of the decoupling field strength employed on the quadrupolar spin, S. The
other parameters employed in the simulations are given in Table 3.1. The solid lines correspond to
plots for spinning frequency, v,.= 20 kHz while the broken lines correspond to spinning frequency,

v»= 40 kHz.

The intensity factor, ‘I;” increases at higher RF field strengths with a pronounced decrease
in the intensities (I; and I3) associated with the higher frequency terms. This trend is
also verified through the analytical expressions and is illustrated pictorially in Figure 3.5.
When the dipolar coupling is set to zero (or when perfect decoupling is realized), the signal
expression (Eq. 3.32) reduces to the desired form comprising contributions only from CSA
interactions.

S(t) = Tr[/(t)D'] = cos (k |wi"| t) (3.33)
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Table 3.1: Description of the parameters employed in the simulations

Parameter Value
CSA parameters dcsa=10 kHz, n=1.0, Qp,r=(10,30,40)
Quadrupolar parameters | Cgo=1 MHz, n=1.0, Qpy=(30,40,60)
wrs 8.6 kHz
Wy 40 kHz

To verify the exactness of the above analytic framework, the time-domain signal from Eq.
(3.32) is compared with those obtained from exact numerical methods. In the simulations
illustrated in Figure 3.6, the time-domain signal (based on Eq. 3.32) is evaluated at different
decoupling field strengths. As illustrated, the analytic simulations are in excellent agreement
but for the one depicted in panel A3. This is bit intriguing considering the better agreement
(refer to panels Al and A2) obtained at lower decoupling field strengths.

(Al) (A2)

0 200 400 600
(A4)

- -1 ] 1
0 200 400 600 0 200 400 600

Time (us)

Figure 3.6: In the simulations illustrated, the time domain signal of spin I=1/2 (coupled to spin,
S=1) nucleus in a single crystal is depicted for different decoupling field strengths (vrr s = 40 kHz
(panel Al), vrrs = 80 kHz (panel A2), vrp s = 100 kHz (panel A3), and vrp,s = 150 kHz (panel
A4)). The other parameters employed in the simulations are given in Table 3.1. The RF field on
spin ‘I (vrp,r) was chosen to be equal to the spinning frequency, v, = 40 kHz. The solid lines
correspond to numerical simulations, while dots (in red) denote analytic simulations based on Eq.

(3.32).
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To explicate this discrepancy observed in the analytic simulations, the form of the Hamil-
tonians in the quadrupolar interaction frame were examined. In the quadrupolar interaction
frame, the magnitude of effective RF field (wrp.ss) experienced by spin ‘S’ depends on both
the spinning frequency as well as on the amplitude of the decoupling field (wgps). In the
simulations depicted in Figure 3.7 (panel A), the dependence of the effective RF field is plot-
ted as a function of the decoupling field strength (employed on the S-channel) at different
spinning frequencies (v,=20 kHz (black line), 1,=25 kHz (red line), v,=40 kHz (blue line)
and 1,=50 kHz (green line)). As depicted in Figure 3.7 (panel A), the effective RF field
experienced by the S-spin in the quadrupolar interaction frame increases with both (i) the
RF amplitude and (ii) the spinning frequency. Consequently, the efficiency of decoupling
improves resulting in enhanced resolution. In the simulations depicted in Figure 3.7 (panels
B1-B4), the time-domain signal at a given RF amplitude is illustrated at different spinning
frequencies. As depicted, at a given RF amplitude, the time-domain signal decays slowly
(which is desirable in NMR experiments) at faster spinning frequencies and is in accord with
simulations presented in panel A. This improvement could be attributed to the scaling fac-
tor ‘A’ (Wrpesr ~ wrrsA). In the quadrupolar interaction frame, the scaling factor ‘A’ is
proportional to the ratio of the quadrupolar coupling constant to the spinning frequency. At
faster spinning frequencies, the Bessel functions represented by Jy(z) tend to approach unity,
thereby resulting in improved scaling factors for the decoupling field strength. Consequently,
at a given decoupling field strength, the time-domain signal decays slowly at faster spinning

frequencies (owing to better scaling factor).
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Figure 3.7: In the simulations depicted, the variation of magnitude of effective RF field on

quadrupolar channel w.r.t. to RF field is shown in panel A for varying spinning frequencies of

20 kHz (Black line), 25 kHz (red line), 40 kHz (blue line) and 50 kHz (green line). In panel B, Fid

spectra corresponding to RF field of 40 kHz is shown at various spinning frequencies of (B1) 20 kHz
(B2) 25 kHz (B3) 40 kHz (B4) 50 kHz. The other parameters employed in the simulations are given
in Table 3.1. Damping of 500 Hz is used.
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In a similar vein, in the simulations depicted in Figure 3.8 (panel A), the dependence of
the magnitude of effective RF field is plotted as a function of the spinning frequency at three
different decoupling field strengths (vrrs=20 kHz (Black line), vgp =40 kHz (red line) and
vrr,s=60 kHz (blue line)). Interestingly, the linear dependence that was observed in Figure
3.7 (panel A) is absent. Due to the oscillatory behaviour of the Bessel functions, at certain
spinning frequencies, the effective RF field experienced by the S-spin in the quadrupolar
interaction frame tends to zero, despite having a non-zero decoupling field. To verify the
exactness of the above analytic insight and explanation, the time-domain signal at four
spinning frequencies were calculated. In the simulations depicted in Figure 3.8 (panels Bl-
B4), time-domain signal at different spinning frequencies (corresponding to the maxima and
minima observed in panel A) is illustrated. As depicted, the time-domain signal decays faster
at the minima, while it decays slowly at the maxima. Hence, the unitary transformations
employed (such as transformation into the quadrupolar interaction frame) in the present

analytic framework do have a bearing on the experimental design and optimisation.
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Figure 3.8: In the simulations depicted, the variation of magnitude of effective RF field on
quadrupolar channel w.r.t. to spinning frequency is shown in panel A for varying RF fields of
20 kHz (Black line), 40 kHz (red line) and 60 kHz (blue line). In panel B, Fid spectra corresponding
to minima and maxima (in panel A) is shown (at constant RF field of 40 kHz) at various spinning
frequencies of (B1) 55 kHz (B2) 65 kHz (B3) 75 kHz (B4) 90 kHz. The other parameters employed

in the simulations are given in Table 3.1. Damping of 500 Hz is used.

119



Description of recoupling effects in MAS experiments

Additional interference effects in single crystal

As depicted in Figure 3.9 (panel A), at higher decoupling field strengths, the magnitude of the
effective RF field (in the quadrupolar interaction frame) approaches to that of the spinning
frequency (as well as the RF amplitude on spin ‘I’). In the present context, when the ampli-
tude of the decoupling field is set to 100 kHz, the effective RF field in the quadrupolar inter-
action frame (refer panel (A) in Figure 3.9) becomes equal to the spinning frequency, v, (v,=
40 kHz). Consequently, additional interference effects arise between the decoupling field and
spinning frequency. In such cases, to explicate the underlying spin dynamics, the Hamiltonian

in the quadrupolar interaction frame is transformed by alternate set of unitary transforma-

) z*[114+125+136] inwt [T+ 1254+136] i gtSz iZS,
tions, Uy | Uy =€ 2 , Us (nge rtliz Hz g ) and Uy (Uy = e"“rFPs™Z¢' 3%,

Accordingly, ignoring the high frequency time-dependent terms, the recoupled Hamiltonian

is represented by the following equation.
Hep = — ’wfrl)’ Ix + ‘w%)‘ IxSx (3.34)

It is important to note that in the present context, the m = 41 component of CSA
interaction is reintroduced, while, only the m = £2 component of the heteronuclear dipolar
interaction is reintroduced under similar conditions. Accordingly, both the initial density
operator (p(0) = Ix = I + I3 + I3°) and detection operator (D = Iy = I1* +I3° + I°) are

transformed and the final signal is evaluated employing the standard procedure summarized

below.
P (0) = UUsUs Uy p(O) U U U U = T4 TR + T (3.35)
D' = U,UsU,U, DU U U U = T+ 1 + I (3.36)

pl(t) = e Hetrt ol (0)etHert = [1}6 + I%ﬂ cos (\/‘wgl)f + 2‘w%)‘2t> + I3 cos (‘w}l)‘ t) (3.37)

0= 2o ([Tl sy e
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Figure 3.9: In the simulations depicted in panel (A), the effective RF decoupling field on the
quadrupolar spin (in the quadrupolar interaction frame) is plotted as a function of the RF field
for spinning frequency, v, = 40 kHz (red color). In the simulations depicted in panel (B), the
time domain signal of spin I=1/2 (coupled to spin, S=1) is depicted for decoupling field strength,
vrr,s = 100 kHz. The analytic simulations indicated in red correspond to Eq. (3.32), while those
indicated in blue correspond to Eq. (3.38). The simulations in black correspond to numerical

simulations. The other parameters employed in the simulations are given in Table 3.1.

In contrast to the earlier description for single crystal, the allowed transition |2) — |5) has
significant contributions from the recoupled dipolar interactions and is primarily responsible
for compromising the spectral resolution. As depicted in Figure 3.9 (panel B), the analytic
simulations (blue dots) based on Eq. (3.38) are in excellent agreement to those obtained

from exact numerical methods and justify the proposed analytic description.

Case-I1I: Powder Sample

In a typical powder sample, due to orientation dependence of the quadrupolar coupling
constant, the scaling factor ‘A’ differs for different crystallite orientations. Accordingly, the

scaling factor ‘A’ gets modified in a powder sample.
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A(aBy) =D Jny (AL (aB) Y- Tny (A2 (7)) Y T (As (@B7)) D Iny (As (a 7))
ni+ng+n3+ng=0 (3.39)

Consequently, the effective decoupling field strength on the quadrupolar spin ‘S’ varies and
the interference effects mentioned in the previous subsections remain unobserved. Hence, at
higher decoupling field strengths, increase in resolution is observed in powder sample (refer

to Figure 3.2).

3.3 Polarisation transfer from spin I=1/2 to S=1

To explicate the factors governing the polarisation transfer F systems comprising
quadrupolar spins (say spin S=1), polarisation transfer from spin I=1/2 to spin S=1 is
examined in this section. In the numerical simulations illustrated in Figure 3.10, polarisation
transfer from spin 1=1/2 to S=1 is monitored as a function of the mixing time in systems

with differing quadrupolar coupling constants.
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Figure 3.10: In the numerical simulations illustrated, polarisation transfer from spin I=1/2 to
spin S=1 is depicted as a function of mixing time for spinning frequency, v, = 40 kHz. The RF
parameters on spins I and S are carefully adjusted to the DQ matching condition. The dipolar
coupling of 8.6 kHz (Q2pp; = (0,90,0)) is employed while the quadrupolar coupling constant (on
spin ‘S’) is varied as- (A) 500 kHz (B) 1 MHz (C) 2 MHz with n = 1.0 and Qppr = (0,90, 0).
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In the simulations depicted, the spinning frequency is held constant (identical in all panels)
and the RF amplitudes employed on the spins (I and S) are carefully adjusted such that
the sum of the effective fields on the spins (I and S) is matched to an integer multiple
of the spinning frequency (i.e. Versr + Verrs = 2v,). All other parameters (inclusive of
the dipolar coupling constant) are identical in the panels. Although, the dipolar coupling
constant and matching conditions are identical in the simulations, the exchange trajectories
(in particular the sign) are different in the panels. This is bit intriguing considering the
fact that the efficiency of polarisation transfer among spin-1/2 nuclei is primarily dependent
on the dipolar coupling constant and the matching conditions (either zero-quantum (ZQ)
or double-quantum (DQ)) employed in the experiment. Accordingly, in the case of spin-1/2
nuclei, the exchange trajectories corresponding to the DQ matching condition have a negative
sign, while, a positive sign is observed for Z(Q matching condition. Interestingly, such clear
demarcations are absent in the exchange trajectories depicted in Figure 3.10. To explain this
interesting observation, we begin with a formal description of the spin dynamics as given
below.

For operational purposes, we begin with the Hamiltonian of an isolated spin pair (spin

I=1/2 coupled to spin S=1) in the rotating frame (CSA on I-spin is set to zero).

Following the procedure outlined in section 3.2, the above Hamiltonian is transformed
into the quadrupolar interaction frame 2o (defined by Uy = eicb(t)[I?*I?*Iés*Igﬁ]) resulting

in the following form of the transformed Hamiltonian.

H(t) = U Ht)UT" = Hy ge(t) + Hepr(t) + Hrg(t) (3.41)

Hs () = UrHs pr(OU ! = V2wppsA [ + I8 + 1 + I
+ \/inF,S > Ax et [1)1(2 +IZ+IX + I?(G}
+V2wrps > Byne™ " I — IP + I[P — 1] (3.42)
where

A= Z Iy (Al) Z Ins (AQ) Z Ing (A3) Z Ins (A4) ; np+ng+n3+ng =0

To describe the spin dynamics, we consider the special case of a single crystal wherein

the orientation dependence of all the internal interactions (i.e. Quadrupolar interaction on
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S-spin and dipolar coupling between I and S spin) are set to Qpyr = (0,90,0). Under such
conditions, only one of the components of the internal interactions is present (wf\ﬂ)zo where
A= dipolar or quadrupolar interaction). Subsequently, the Hamiltonian in the quadrupolar

interaction frame (Eq. 3.41) reduces down to a simpler form given below.
H(t) = U H(OUT' = wrp [+ 1 + 1]
+ 4w§25) cos (2w, t) [I}B’ — I%G} + V2wrE s Jo(A) {I}f + I+ 1Y + I}r’(ﬁ}

+ \/§WRF,S Z Jr2 (A) gkert [I;f + 1P + [;1{5 + I?f}

k=44,1+8,..
+iV2wrrs Y I (A) e 12 - 1P 4 1P - Y] (3.43)
m==2,16,..
(2)
“a

where A = represents the argument of the Bessel function »

T

Employing the Magnus formula 36, time-dependent contributions to the Hamiltonian on

the S-channel is derived and summarized by the following equation.
H = B + B = unpsJo(A) [12 + 15+ 18 + 13

B 2wizp,s Jo(A) { Z Jn(A)

T n=2p—1 n

} IR —IF + I —If + I + IY] (3.44)

Analogous to the description in the previous section, the Hamiltonian, H is transformed

. 2
w[l’l”i; 12 QWRF;j'JO(A) [ > Jn;A)l
using unitary transformation, U, = e 2 , tanf = : i
( g Yy 2 wRF,SJO(A) ))

such that the Hamiltonian reduces to a form comprising commuting set of operators.
H.pp = UyHU;?

A 2w} A
:{CL%Ef/_tg)()coseﬁL\/_zngo(A){ > M )}Sm@} IR IR 1Y IR

= V2Wrpeps [IZ + I8 + I + 1Y (3.45)

Employing the above form of effective RF Hamiltonian on S-channel (Eq. 3.45), the total

Hamiltonian of the system (Eq. 3.43) reduces to a simpler form given below.

H(t) = wRFJ [])1(4 + 1)2(5 + I}iﬂ

+ 4wfg cos (2wit) |15 = IF| + Vowppepy [ + 1% + I + I (3.46)

To quantize the RF fields (employed on both channels) along the Z-direction, the above

Hamiltonian (Eq. 3.46) is further transformed by the unitary transformation, Us =
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™ ™
U+ VA (P IPI+I5)
(& (&

H(t) = wrpr [+ 12 + I 4wrpery |1 + T | 42V2u(F cos (2w,t) [P + 13 + 1 + 1¥]
(3.47)
To deduce the matching conditions in polarisation transfer experiments, the above Hamil-

. . . . ; 14 25 36 . 13 46
tonian is further transformed by the unitary transformation, U, = e'@rrillz HZH 2l gitwrrer sz +17],

{Z}? + ]’iG} einF‘IteinF’efft + {[El + IEQ} e_inF‘Ite_inF’efft

+ {_[34 + Iif)} 6inFvIt€_inFvefft + {Iﬁ? + IE?)} e_inF’IteinF’efft
(3.48)

between the RF field

H(t) = \/iw%) cos (2w, t)

As depicted above, depending on the matching conditions 2 (

on I-channel, effective RF field on S-channel and spinning frequency), a part of the dipolar
Hamiltonian becomes time-independent and gets reintroduced under MAS conditions, re-
sulting in polarisation transfer. It is important to note that the effective RF field on the
quadrupolar spin (wgp.rr) depends on the ratio of the quadrupolar coupling constant to

(2)
wo '
2w,
Depending on the matching conditions, the form of the recoupled Hamiltonian differs and is

spinning frequency of the system via the argument of the Bessel function ie. A =

derived accordingly as given below.
(i) DQ matching condition- When the sum of the effective fields on the two channels (I and
S) is matched to twice the spinning frequency (i.e. wrp + Wrrerr = 2w, ), the Hamiltonian

reduces to a simple form given below.
Heps = V2wig [I¥ + I¥] (3.49)

(i) ZQ matching condition- When the difference of the effective fields on the two channels
(I and S) is matched to twice the spinning frequency (i.e. wrp; — Wrpeff = 2w,), the

Hamiltonian reduces to a simple form given below.
Hepp = Vouig |13 + I¥] (3.50)

To maintain consistency, both the initial density operator (p(0) = Ix = 3¢ + I¥ +
I¥¥) and detection operator, D = I, = I1* + I? 4 I (for I-spin) and D = Sy =

V212 4 12 4 I + I3 (for S-spin) are transformed by the same set of transformations.

0 (0) = UyUsUs Uy p(O) U U U U = T 4 TR + T8 (3.51)
For I-spin,
D' = UUsUU DU U U U = T+ 1P + 1 (3.52)
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For S-spin,
D' = UyUsUsUy DU U5 U U = 20 (A) |13 + 1 (3.53)

Accordingly, depending on the matching conditions, the form of the density operator at
time ‘t’ is evaluated employing the appropriate effective Hamiltonians.

(a) DQ matching conditions

p(t) = e Herrt gl (0)etHerrt = I3 + cos (ﬁw%)t) {I}E’ + I%G} — sin (\/iw%)t) {111/5 + [52/6}
(3.54)
b) ZQ matching conditions
g

p(t) = e Herrt gl (0)etHertt = [0 + cos (ﬁw%)t) {1%4 + I%E’} — sin (\/iw%)t) {152/4 + Igg’f’}
(3.55)
Subsequently, employing the density operator at time ‘t’, the final form of the normal-
3

ized signal (T'r [p(O)2 = 5}) is derived and summarised below. The final form of the signal

expression (for ‘I’ spin) remains identical for both the matching conditions.

S(t) = (I, () = % = ; + :23005 (Vawidt) (3.56)

However, the final form of the signal expression for ‘S-spin’ varies and is summarised by
the following equations.

For DQ matching condition,

S(t) = (Sx (1)) = m — 2 () {1 = cos (Vauit)} (3.57)

w

For Z(Q matching condition,
/ /
S(t) = (Sx (t)) = m = gjo (A) {1 = cos (Vawfgt) } (3.58)

As depicted above, the signal expression (for the S spin) in the case of DQ matching
condition has a negative sign in comparison to the one obtained from the Z(Q matching
condition. This trend is very similar to those obtained in heteronuclear cross-polarisation
(CP) experiments involving spin-1/2 nuclei (I=S=1/2) “

To verify the exactness of the above analytic framework, the time-domain signal obtained
from Eq. (3.56-3.58) is compared with those obtained from exact numerical methods 2,
As illustrated, the analytic simulations are in excellent agreement for D(Q matching condi-
tion (Fig 3.11) and for ZQ matching condition (Fig 3.12) validating the proposed analytic

framework.
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Intensity

Figure 3.11: In the simulations illustrated, the time domain signal of spin I=1/2 (coupled to spin,
S=1) nucleus in a single crystal is depicted for varying RF field strengths for DQ matching condition.
The quadrupolar coupling constant (on spin ‘S’) of 1 MHz (n = 1.0 and Qpy = (0,90,0)), dipolar
coupling of 4.4 kHz (2ppr = (0,90,0)) and spinning frequency, v, = 40 kHz are employed. The
upper row (panels Al and A2) correspond to I-spin detection, while the bottom row (panels Bl
and B2) correspond to S-spin detection. The parameters are- (Al, Bl) vgp = 83 kHz, vrp g = 10
kHz,(A2, B2) vgppr = 86.5 kHz, vgrr s = 20 kHz. The solid lines correspond to numerical simulations
22, while dots (in red) denote analytic simulations (based on Eq. 3.56 for upper row and Eq. 3.57

for bottom row).

127



Description of recoupling effects in MAS experiments

(AD)

o

Intensity

-0.1 -0.1

-0.2 -0.2
-0.3 -0.3

-0.4 04

0 . 0.5 . 1 . 1.5
Time (ms)

Figure 3.12: In the simulations illustrated, the time domain signal of spin I=1/2 (coupled to spin,
S=1) nucleus in a single crystal is depicted for varying RF field strengths for Z(Q matching condition.
The quadrupolar coupling constant (on spin ‘S’) of 1 MHz (n = 1.0 and Qpy = (0,90,0)), dipolar
coupling of 4.4 kHz (2ppr = (0,90,0)) and spinning frequency, v, = 40 kHz are employed. The
upper row (panels Al and A2) correspond to I-spin detection, while the bottom row (panels Bl
and B2) correspond to S-spin detection. The parameters are- (Al, Bl) vgp = 77 kHz, vrp g = 10
kHz,(A2, B2) vgppr = 73.5 kHz, vgrr s = 20 kHz. The solid lines correspond to numerical simulations
22, while dots (in red) denote analytic simulations (based on Eq. 3.56 for upper row and Eq. 3.58

for bottom row).

Depending on the sign of the Jy(A) coefficient, the overall sign of the effective field on the
quadrupolar spin varies resulting in different trajectories. This is illustrated below in Figure
3.13, wherein, the Jy(A) coefficient for a given quadrupolar coupling constant is plotted as
a function of the spinning frequency. As depicted in Figure 3.13, depending on the spinning
frequency, the sign of the Jy(A) coefficient alternates between +ve and -ve signs for a given
quadrupolar coupling constant. Accordingly, depending on the sign of the Jy(A) coefficient
(It is +ve for Cq=500 kHz (panel A), Cq=2 MHz (panel C) and -ve for Cq=1 MHz (panel
B)), the sign of the exchange trajectories depicted in Figure 3.10 vary.
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Figure 3.13: In the simulations illustrated, the Jo(A) coefficient is depicted as a function of the
spinning frequency for different quadrupolar coupling constants of (A) 500 kHz (B) 1 MHz (C) 2
MHz with n = 1.0 and Qpjs = (0,90,0) employed on S=1 spin.

Hence, in contrast to polarisation transfer among spin-1/2 nuclei, polarisation transfer
from spin I=1/2 nucleus to spin S=1 has an explicit dependence on the sign of bessel function

(Jo(A)) which further depends on the quadrupolar coupling constant and spinning frequency.

3.4 Summary

In summary, the present chapter highlights the relevance of the transformations employed
in analytic methods for studying MAS experiments involving quadrupolar spins. Although,
the transformation into the quadrupolar interaction frame seems only a mathematical proce-
dure/necessity in theoretical descriptions, its role in explicating the experimental observations
seems interesting as well as puzzling. In addition to the dependence on the internal parame-
ters (such as quadrupolar coupling constant and dipolar coupling constant) and the external
parameters (such as RF amplitude, spinning frequency etc.), the properties of the Bessel
functions (inclusive of sign) employed in the analytic treatments do play an important role

in explicating the results observed in the simulations.
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Chapter 4

Conclusions and Perspectives

With the development of high field magnets and ultrafast MAS probes, significant advance-
ments have emerged on the experimental front using the state of the art instrumentation.
Nevertheless, quantifying experimental data through reliable analytic models has remained
challenging owing to the presence of non-commuting time-dependent Hamiltonians of dif-
fering magnitudes. While analytic description of finite pulse effects in spin-1/2 systems in
rotating solids is possible in majority of cases, such descriptions in the case of quadrupo-
lar spins (I>1/2) are less prevalent. Although, development of analytic methods in static
samples involving quadrupolar spins have enhanced our understanding of the experiments,
straightforward extension of these methods in rotating samples is less trivial. In the present
thesis, an attempt has been made to address this issue.

To present a pedagogical approach, a detailed description of the finite pulse effects in
isolated spins under MAS is outlined in Chapter-2. Employing the tenets of perturbation
theory, the role of interaction frames in the overall convergence of the corrections (to the
effective Hamiltonians) was derived initially in spin-1/2 systems and discussed within the
frameworks of Average Hamiltonian theory (AHT) and Floquet theory. Based on the insights
derived from the study of spin-1/2 systems, the utility of analytic methods in the description
of excitation in quadrupolar spins was explored. While AHT offers a simpler framework for
deriving the time-propagators, the detection at stroboscopic time-intervals limits its utility
in providing a comprehensive description of the spin dynamics during the excitation process.
To this end, alternate methods based on Floquet theory were also explored. In particular, the
exactness of time-evolution studies based on Floquet time-propagators derived from effective
Floquet Hamiltonians and Floquet Magnus Expansion (FME) were examined. Although,

Floquet descriptions based on effective Floquet Hamiltonians have been extensively employed
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for describing the dynamics in spin-1/2 systems, the present thesis highlights the serious
limitations of the effective Floquet Hamiltonian approach in the description of quadrupolar
spins in rotating solids. A detailed explanation for this observations is presented in Chapter-
2. By contrast, the time-propagators derived from the Floquet Magnus Expansion (FME)
scheme present an attractive framework for describing the excitation process in quadrupolar
spins at non-stroboscopic time-intervals. Specifically, the time-propagators based on the
alternate boundary condition facilitate in the derivation of analytic expressions for describing
the excitation process. Employing this approach, excitation of double-quantum transitions
under MAS conditions is” discussed clearly outlining the role of the sample spinning frequency
and the RF amplitude employed during the excitation process. Along with the quadrupolar
coupling constant, the interplay between the spinning frequency and the RF amplitude on
the convergence of the perturbation corrections employed in the time-propagators is also
discussed.

Based on the insights obtained from the results discussed in Chapter-2, analytic models
have been proposed in Chapter-3 to describe MAS experiments involving spin [=1/2 nuclei
coupled to quadrupolar spin, S=1. Specifically, implementation of experiments on spin-1/2
nuclei impeded by the interference effects due to RF fields employed on the quadrupolar spin
is discussed. The interference effects introduced by the RF field on the quadrupolar spin
in experiments that involve (i) measurement of CSA tensors on spin I=1/2 (ii) polarisation
transfer from spin I=1/2 to S=1 is discussed through analytic expressions. Additionally,
the relevance of interaction frames and the important role of Bessel functions in the optimal
implementation of experiments is explicated and verified through rigorous comparisons with
simulations emerging from exact numerical methods.

Although, the methodology presented in this thesis has been demonstrated to describe
finite pulse effects in isolated and coupled spins involving spin-1 nucleus, we believe that
the analytic framework could well be extended to study half-integral quadrupolar spins (say
1=3/2, 5/2) and their effects on spin-1/2 nuclei. From an operational perspective, although,
the fictitious spin-operator formalism affords a simpler description in terms of transition op-
erators in two-level systems, the over completeness of the basis might become a concern, while
dealing with higher quadrupolar spins (such as I=3/2, 5/2 etc.). In such cases, descriptions
based on spherical tensor operator formalism could be handy and deserves to be explored

further.
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