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ABSTRACT

Solid state NMR has the ability to obtain detaiktductural information at the
molecular level in materials. This has led to tkeelopment of a large number of high
resolution techniques, some of which utilize muidtipulse methods. The behaviour of
these multiple pulse techniques has, to date, kgphained using either relaxation or
spin dynamics. Ultimately, an explanation basedaombination of both dynamics is
required in order to properly understand the unyttegl mechanism of these techniques.
This work presents an explanation of the experialebehaviour observed for three
multiple pulse domain selection techniques: the AN/ Direct DIVAM, and Refocused
DIVAM sequences. This is based on a combinatiospiri and relaxation dynamics and
is accomplished using both analytical expressiom$ simulations obtained using a

general simulation program for solid-state NMR s¢pscopy (SIMPSON).



ACKNOWLEDGEMENTS

I would like to start off by expressing my deepgsititude to my supervisor Dr.
Paul Hazendonk. Paul has supported me through naysyef research and, most
importantly, put up with me for 5 years. | haveoatsceived a large amount of support
from a few other academics that | would like torthaDr Filip Wormald has been a great
friend and source of both information and assistahcoughout my graduate degree. Dr
David Siminovitch taught me a vast amount of S@tdte NMR theory throughout the
duration of courses in both my undergraduate aadugte degrees. Dr. Dinu luga taught
me an 8 month course in experimental NMR and it thasugh a combination of this
course and the rest of his training that | haveneaost of what | know about an NMR
lab. Dr. Paul Hayes and Dr. Albert Cross servedmynMasters committee and were a
source of guidance for the entire duration of mysMes degree. Dr Joseph Rasmussen
supervised me through some of the early stagesyatareer and helped me to develop
both research and communication skills. | also wdile to express my appreciation to
the University of Lethbridge, The School of Gradu&tudies, and the province of
Alberta for this great opportunity and funding.

Lastly, | would like to thank all of my friends @rfamily, especially my wife
Lyndsay, for their support and patience throughbase long years. | would also like to
thank an old friend, Stephen Cronin, for his supdbmwas because of Steve that | found

my way into research and the world of NMR.



TABLE OF CONTENTS

ABSTRACT bbb b b h b et e et et neeneene e iv
ACKNOWLEDGEMENTS ...ttt e Y
LIST OF TABLES. ...t viii
LIST OF FIGURES........oot ittt ettt iX
L INTRODUCTION ...ttt sttt sttt et sb st sn s e e e eneeneene s 1
1.0 OVEIVIBW...neeeeieieiest ettt b bt et ettt b e bt e e ebenne e s 2
1.2 ClasSiCAl NM R ...t 3
1.2.1 Spin, Angular Momentum, and M agnetisSm.........ccccovvruerienienneseseeseeseseene 3
122 ThENMR MAGNEL.....c.ociiieiee et e s r e 7
1.2.3TheNMR Experiment and Signal Generation ..........cccceeevreereieseeneeseennnns 8
1.2.4 Relaxation and the Bloch EQUAatIONS..........ccceeieienieninenese e 10
1.2.5 TheFourier Transfor M. ... 14
1.3TheNMR Hamiltonian ..o 17
1.3.1 QUaNtumM MECHANICS ........eeciieciecciecee et et e 17
1.3.2 The External Interactions of the Hamiltonian...........cccceceonvninincnene. 29
1.3.3 TheInternal Interactions of the Hamiltonian...........ccccccevv e ccieenne, 32

I. The Chemical SNt .....ccccce i e 33

[1. DIpolar COUPIING ....ccoiieiieeeee et s eenneas 39

11, J-COUPIING .ot s naeas 44

IV. Quadrupolar COUPING ....coeiee et s 45

1.3.4 Overall NMR Hamiltonian in Solution- vs. Solid-state............cccccevevveenene. 45

1.4 Specialized NMR TEChNIQUES. ......cc.oiiiiiieeieie et s 46
1.4.1Magic ANGIE SPINNING ...coiiiieiee et e nea 46
1.4.2 DECOUPIING .. iterueeiestieieete ettt b e et se e b s ae e e sbesreenenneas 50
143 TheHahn ECNO.....cccvoieeeeee e 54
1.4.4 CroSS-POlariZation .........ccueceeieeiieiie e siee e see e sae e eae e sse s steessee e e 56
1.4.5 Multi-dimensional NMR .......ccooiiriin e 61
1.4.6 1°F SOlid-StAtE NM R.......oooeeeevecieeeees s 64
1.4.7 Simulation 0f SSNMR ......ccoiiiiiic e 65

1.5 Solid-state NM R Of POIYMENS.......ooiiiiiiiiiee e 68
15,1 OVEIVIBW ...ttt sttt sttt b bttt nb et nn e e 68
ST oY 1 1= TSRS PR 69
1.5.3 High Resolution SSNMR TeChNiqQUES.........cccoviieriiiiriniee e 71
1.5.4 Domain Selection Methods ..o 75

2. The Discrimination Induced by Variable Amplitude Mini-pulses (DIVAM)
= o (] o USSR STPRPRRPROPIN 82
2.1 OVEI VIBW...ceiiiieiete ettt bkt e ettt e h et sh e e st e e e e et ettt e bt et e 83
2.2 EXPENTMENTAL.....c.eiiiiiiiiece et sttt st st sa e te e e nae e 84
2.3TheOriginal CP DIVAM SEQUENCE........cccereeriirierieiesee e siesreeseesressae e sesneesee e 87
2.3 1 EXperimental RESUITS ......ccvciiiieieieee e e s 87
2.3.2 Selection MEChaNISM ..o 88

24 TheDirect DIVAM SEQUENCE........cccuiiiie it eeeiestesie e ses e st ssee e sae e e e e e e 89
241 EXperimental RESUITS ......cceciiiiieieee e e 89
2.4.2 SPIN DYNAMICS ...couviiiiiesie e siesiee e st ese et sse e tesbe e seesbesseessesseesaensenns 95

Vi



|. 1SOtrOPIC OFfSEL TEIMM ..o e 95

I1. The Chemical Shift ANISOtrOpY TEM ....couiiieie e 97

[11. The Dipolar Coupling TEIM ....cceeiiiiieieseere e 100

2.4.3 Analytical EXPreSSIONS......cccciiiiiieieieeie e ste e et siessie e sreseessessessaesens 103
2.4.4 SEleCtion MEChANISIM ......c.oviiiiiecee e 114

3. The Refocused DIVAM SEOUENCE .......oiveierieireeiesiesteeie e seesae e ssessse e neesees 116
L OVEI VIBW.c.e ettt ettt b bttt ettt be et nb et ne e nn e e 117
B2 EXPENIMENTAL ..ottt 120
3.3 EXperimental RESUITS......coiieieicesie e 123
3.3.1. NULAtioN BENAVIOUL ......ccueiuiriiiiieieieeee ettt 123
3.3.2. Transient BENAVIOUT ........ccooiiiiiieieeeeee et 128

3.4 Spin DyNamicCs SIMUIALTONS........ciieieiieiesieseee e 133
3.4.1. NULAtioN BENAVIOUL ......ccueiuiiiiiiieieieeee ettt 134

I. ThelsotropiC OffSEl TEIM ..uviiie e 134

I1. The Chemical Shift ANISOtrOPY TEIM ....cccviiiie e 136

[11. The Dipolar Coupling TEIM .....cceeiiiieieieseeee e 139

TV SUMIMIIY .ttt st sttt b e be e sreenreens 143

3.4.2. Transient BENaVIOU ..........cooiiiiie e 143

I. The Chemical Shift ANiSOtropy TeM M ......cooiiieieie e 144

1. The Dipolar Coupling T&MM .......cceeiiieeieee e e 146

3.5 SEECtion M ECANISM ... e s 147
3.6 PUlSe OffSat EffECtS.....coiiee e s 148
361 OVEIVIBW ...ttt e s e e bbb e et e e sbeeae e s e sbeennannens 148
3.6.2 Experimental Pulse Offset BENAVIOUY .........ccccoviririieieniiere e 151
3.6.3 Simulations of the Pulse Offset Behaviour ... 158

I. The Chemical Shift ANiSOtropy TeMM......ccciiiieieeeeeeee e 158

1. The Dipolar Coupling T&MM ..o e 162

3.6.4 Summary of the Pulse Offset BEhaviour ... 166

4. Conclusions and FUtUre Dir€CHIONS.........ccceerirerieriereerie e 167
REFEINBNCES ... st e e et e e be e ae et e ne e nneenreens 172
Appendix 1: SIMPSON Direct DIVAM CO€.......ccooiiiieiirinieesee e 177
Appendix 2: SIMPSON Refocused DIVAM CoOde.......ccooiiiiniiiiniee e 178

vii



LIST OF TABLES

Tablel
Table2
Table3

Phase cycle of EXORCYCLE ... 56
F SSNMR Relaxation measurements of PVDF ......cceecviveveveveeeeennnn 93
The phase cycle of the Refocused DIVAM sequence...........ccoeeeennnn. 119

viii



LIST OF FIGURES

Figurel
Figure2
Figure3
Figure4
Figure5

Figure6

Figure?7

Figure8

Figure9
Figure 10

Figure 11

Figure 12
Figure 13
Figure 14

Figure 15

Figure 16

Alignment of spins in the absence (a) and preséjcef a static

MAGNETIC FIEIA. L.vvviiiiiiiiiiiii e 4
Zeeman splitting of the energy levels for a spimihe presence of a

static Magnetic field. .........ccoooiiii e 4
Precession of the magnetic moment of a nucleuseiptesence of a

static Magnetic field. .........ccooiiii e 5
The alignment of spins in the presence of a staignetic field and the
resulting net Magnetization................cccen e
The application of a 90 degreg Bulse and its effect on the net
MAGNEUZALION. oo e 9

a) Precession of the transverse magnetizatioredtaimor frequency in
the laboratory frame of reference. b) Transversgnegzation in the
Rotating frame of reference. .............ovieeeeemveevieiiiiiiiiiiiiiiiiiieieeinenee 10
Recovery of the equilibrium magnetization accordim¢he longitudinal
relaxation rate T. The time periods A, B, and C correspond to the
equilibrium state, the application of a 90 degrals@, and the recycle
delay, reSPectiVElY. ..o 11
Decay of the transverse magnetization accordirigddransverse
relaxation rate 7 The time periods A, B, and C correspond to e n
excited state, the application of a 90 degree palse the acquisition

tIME, TESPECHIVEIY. ...ttt et 12
Conical trajectory of the transverse magnetizationng the relaxation
process (a) and the resulting FID (D). ..cooereriiiiiiiiiiiiiie 13
The spectrum produced as a result of the applicati@ Fourier

transform to the (a) real and (b) imaginary compdsef the FID. ............ 15

General pulse sequence diagram for the basic NMiierexent on
nucleil, where the time delays A, B, C, and D represenptkepulse
delay, duration of the 90 degree pulse, pre-adiumnsdelay, and the

acquisition time, reSPECiVElY. ........ ... 16
Energy level diagram for a single spin System..............ccovvviiviiiiiiiieenneee. 22
Energy level diagram in terms of the density matétements. .................... 27
Schematic representation of the induced magnetid firoduced by

electron circulation in the presence of a statigmegic field...................... 34

The broadening effect in NMR spectra of solids edusy the CSA
interaction. a) The spectrum obtained as a re$tist isotropic

motion; b) the powder pattern observed in the chslee asymmetry
parameter being greater than zero; c) the powd&rpabtained in the
case of the asymmetry parameter being equal to(agia symmetry);

d) the powder pattern observed in the case ofsimmetry parameter

L= To [ = LR (o T o [ TS 38
A vector representation of the direct dipolar caupbetween two spins

in the presence of a static magnetic field usimgsipherical polar
COOIAINALE SYSTEM. ... ettt e et e e eae bt bbbt s nennes 40



Figure 17
Figure 18

Figure 19
Figure 20

Figure 21
Figure 22
Figure 23
Figure 24
Figure 25

Figure 26

Figure 27
Figure 28

Figure 29
Figure 30
Figure 31
Figure 32

Figure 33
Figure 34
Figure 35

Figure 36
Figure 37
Figure 38

Figure 39

Figure 40
Figure4l

Figure 42

The effect of homo-nuclear dipolar couplings ondbserved NMR

S 01T o 1 (U1 o R PP PPTARPPI 42
NMR spectrum of a Pake pattern resulting from teeeito-nuclear

dipolar coupling of an isolated Spin pair. ......cccccccevveiiiiiiiieeeeeeeee 43
Schematic representation of sample rotation attagic angle. ................. 47
MAS NMR spectrum obtained at a spinning speed faitgen (a) and

smaller than (b) the line broadening interactio®3/NMR spectrum
obtained under static CONAItIONS (C)....... e eeeeeeeeeeeeiieieeieeieeiieieeeeeaene 8.4
The "®Br FID of KBr spinning at an MAS rate of 5 KHZ.cccc.....cocveeenn.n. 49
The basic continuous wave (CW) decoupling sequence....................... 51
The TPPM decoupling SEQUENCE. ........cceii oo 52
The XY-16 decoupling SEQUENCE. .....ccceeviieiiiiieeeeeeeeeeeeeee e 53
a) The pulse sequence for the Hahn-echo; b) a rtiagtien diagram
illustrating the state of the magnetization thromgfhvarious steps of the
HaNN-€CO0. ... 55
a) The pulse sequence for a spin-lock experimgrd;rhagnetization

diagram illustrating the state of the magnetizattmoughout various

steps of the SpPiN-l0CK SEQUENCE. .........icommeeeeiiiiieiiiiiiiiiiiiieeieeieeeees 51.
The pulse sequence for cross-polarization. ......c....ccoovvvviiiiieeeeeeeeeiiinnnnn. 58
A general CP build up and decay curve for a trarfsben an abundant

SPINT L0 & Fare SPIId. ..o 60
A 1D NMR spectra containing to iSotropic liNeS...........ccccvvvvviviiviieennnne. 62
The general pulse sequence of a 2D NMR experiment...............cccc..... 62
A general 2D NMR SPECEIA. ......uuuuuuiiniiimmmmeeeeeeeeeeiieeeeeeebeseeeaeeenenenenenes 3.6
A schematic representation of the phase structiuseri-crystalline
POIYMEIS. <. e 70
The polymer structure of PVDF. ... 72
The a)p3 and b)a polymorphs of PVDF. ........c.ooiiiiiiiiiiiiiceeeeieiiiiieies 72
The'®F MAS SSNMR spectra af-PVDF acquired at an MAS rate of

20 kHz with  proton decoupling and its structassignment. The

spectra was referenced with respect d&sC.......cooooeeeeiiiiiiiii, 73
The a) pre-CP and b) post-CP inversion reCOVEeryemIES. .........ccceeeeeeens 77
The a) pre-CP and b) post-CP spin-lock sequences...........c.ccooeeevveennnnn. 78
The a) Dipolar dephasing, b) pre-CP Hahn-echo capdst-CP Hahn-

ECNO SEOUENCES. ...oeiiiiiiiiiiiieieieeee e mmmemmemseeeeaeeaebeebesbeb s seeas e s mnnmns 79
The Dipolar Filter pulse SEQUENCE. ..o 80
Thea) CP andb) Direct DIVAM pulse sequences. ...........cccceeeeeeeeeeeeenn. 83
The CP DIVAM nutation array of théF MAS NMR spectra of PVDF

over a series of excitation angles with an intdsg@ulelay of 1.6us

and a pulse width of 243s (Tg = 50us). The nutation array ranges over
excitation angles of%(’ in steps of 2%and was acquired at a
spinning speed of 20 kHz. Enlargements of tReMAS NMR spectra

of PVDF for selected excitation angles are showovalihe array. ............. 87
A vector diagram of magnetization from the two damawith differing
T, relaxation times, under the operation of the CPAM pulse train. ...... 89



Figure 43

Figure 44

Figure 45

Figure 46

Figure 47

Figure 48

Figure 49

The Direct DIVAM nutation array of th€F MAS NMR spectra of

PVDF over a series of excitation angles with aaripiulse delay of

1.67us and a pulse width of 2|5 (T = 50us). The nutation array

ranges over excitation angles 8f@° in steps of 2.%and was acquired

with a spinning speed of 20 kHz. Enlargements ef#f MAS NMR

spectra of PVDF for selected excitation anglessamvn above the

BUTAY . 1ottt ettt ettt et e e e e e e e e aeennn e aan 90
F Direct DIVAM spectra of PVDF over a series ofdnrpulse delays,
calibrated such thatgIlcovers 0 to 2 rotor periodsg)l This array is

shown for selected excitation angles from 2.5 tal@@rees using a

MAS rate of 25 kHz and a pulse width of 2% ..o, 92
F Direct DIVAM spectra of PVDF over a series ofdnrpulse delays,
calibrated such thatgIlcovers 3 to 2400 rotor periodsgfT This array is
shown for selected excitation angles from 2.5 tal&@rees using a

MAS rate of 25 kHz and a pulse width of 2% ..o, 94
Simulation of the Direct DIVAM sequence illustragithe behaviour of

the isotropic offset term in the Hamiltonian usihegl pulses under a)
rotor-synchronized and b) non-rotor synchronizend@tions. Each
Hamiltonian term was varied between 1 to 50 kHzemstO 1000 Hz,

02500 Hz,2\ 5000 Hz,Y 7500 Hz,[] 10000 Hz<> 15000 HzO

25000 Hz, and*] 50000 Hz. These simulations used a pulse width of
2.5us and an inter-pulse delay of 1.65. The rotor synchronized and
non-rotor synchronized simulations used MAS rafe¥0dkHz and 25

KHZ, r@SPECHVELY. ...eeiiiiiiiiiiiiii ettt e 96
Simulation of the Direct DIVAM sequence illustragithe behaviour of

the CSA term in the Hamiltonian using real pulsedar a) rotor-
synchronized and b) non-rotor synchronized conuaiiticcach

Hamiltonian term was varied between 1 to 50 kHzemstO 1000 Hz,

2500 Hz,A 5000 Hz,V 7500 Hz,J 10000 Hz$> 15000 HzO

25000 Hz, and*] 50000 Hz. These simulations used a pulse width of
2.5pus and an inter-pulse delay of 1.65. The rotor synchronized and
non-rotor synchronized simulations used MAS rafe¥0dkHz and 25

KHZ, r@SPECHIVELY. ...ueeiiiiiiiiiiiii ettt msemnes 98
The effect of rotor-synchronization on the selattiof the Direct

DIVAM pulse sequence for various CSA and inter-pudelay values,
using real pulses whefO= 25 kHz and_] = 90 kHz. A MAS rate of 20
kHz and a pulse width of [IS were USed. ............cvvvvviiriiiiiiiessmeemmnneennenes 99
Simulation of the Direct DIVAM sequence illustragithe behaviour of

the dipolar coupling term in the Hamiltonian usiegl pulses under a)
rotor-synchronized and b) non-rotor synchronizend@tions. Each
Hamiltonian term was varied between 1 to 50 kHzemsO 1000 Hz,

[0 2500 Hz,/\ 5000 Hz,V 7500 Hz,(J 10000 Hz<> 15000 HzO

25000 Hz, and*] 50000 Hz. These simulations used a pulse width of
2.5us and an inter-pulse delay of 1.68. The rotor synchronized and

Xi



Figure 50

Figure 51

Figure 52

Figure 53

Figure 54

Figure 55

Figure 56
Figure 57

Figure 58

non-rotor synchronized simulations used MAS rafe¥0dkHz and 25

KHZ, r@SPECHVELY. ....ueiiiiiiiiiiiiiiiiee ettt eeesesebebeesbennees 101
The effect of rotor-synchronization on the selattiof the Direct

DIVAM pulse sequence for various dipolar couplimglanter-pulse

delay values, using real pulses whQOe= 10 kHz,[] = 25 kHz, and

=90 kHz. A MAS rate of 20 kHz and a pulse widthlqfs were used. ....102
Maple simulations of the direct DIVAM sequence sliating the effect

of transverse relaxation on the nutation behavidahe z-

magnetization at the end of the sequence. . ceveenenen. 105
Selected nutation curves from the Maple S|mulatnn‘r1$|e dlrect

DIVAM sequence, considering only transverse reliaxatdecomposed

into components ARy-As, B) As-A7, and C)Ag-Aq; for T, = 0.1 s, 6QuS,

and 6us. The grey curves illustrate the total nutatiorveu..................... 106
Maple simulations of the direct DIVAM sequence shiating the effect

of an isotropic chemical shift on the nutation bebar of the z-
magnetization at the end of the sequence. . ceeeenene. 107
Selected nutation curves from the Maple S|mulatnn‘r1$|e dlrect

DIVAM sequence, considering only the isotropic clehshift term,
decomposed into components A}As, B) As-A7, and C)Ag-A;; for Au

=0, 10, and 100 kHz. The grey curves illustratettital nutation curve...108
Maple simulations of the direct DIVAM sequence stkating the effect

of spin-spin relaxation rates over the long andsthart delay time

regimes for selected excitation angles correspanifigures 43 and

44. The longitudinal magnetization remaining aftex DIVAM filter is
compared for a long (L), 250s, and a short (S), 9%, spin-spin

Felaxation tIME. ....uuui i e e e e e e e e eeas 112
The Refocused DIVAM pulse seqUeNCe. ..., 118
a) A vector diagram of magnetization from the tvaoréins, with

differing T, relaxation times, under the operation of the DIVANIse

train illustrating the Magnetization after the{ij pulse-delay cycle, (ii)

2" pulse-delay cycle, (iii) "8 pulse-delay cycle, (iv) 12 pulse-delay

cycles, and (v) the final/2 pulse. b) A Similar diagram to above but for
the Refocused DIVAM pulse train and its first phagele, illustrating

the magnetization after the: (ij' .-pulse and an inter-pulse delay, (ii)

1% 1,-pulse and an inter-pulse delay, (iifj @ -pulse and an inter-

pulse delay, (iv) $y-pulse and an inter-pulse delay, (v) full

Refocused DIVAM train, and (vi) the fina@l2 pulse. ...........cccccciiinnnnnes 119
The Refocused DIVAM nutation array of th#& MAS NMR spectra of
PVDF over a series of excitation angles with aaripiulse delay of 2.5

U, a 90 pulse width of 2.qus, a 180 pulse width of qus (T = 150us),

and a pulse offset of 1 kHz. The nutation arraygesover excitation

angles of 890’ in steps of 2.%and was acquired with a spinning speed

of 20 kHz. Enlargements of th&F MAS NMR spectra of PVDF for
selected excitation angles are shown above thg.arra.............cccevueeeee 124

Xii



Figure59 a) The polymer structure of Nafion T1and b) thé°F MAS NMR

spectra and structural assignment of Nafionl@idder ambient

conditions, with the RF resonance set on the bawki@h, peak, and a

MAS rate of 24 kHz where: A = SGB = (Ck) , C = CF (Backbone),

D = CF (Side-chain), E = GFF = OCHR, SB = Spinning side band. ......... 126
Figure60 The'°F Direct DIVAM nutation arrays of various peaksNafion with

an MAS frequency of 24 kHz and ranging over exititagngles of &

90 in steps of 2 5Each Direct DIVAM array used an inter-pulse delay

of 1.67us and a pulse width of 4.4& (Tg = 83.3us). Array of the

backbone Cfpeak (a, c) and side-chain £4hd OCFE peaks (b, d),

with the RF resonance centered on either the baekad; peak (a, b)

or the side-chain GRand OCE peaks (C,d).....ccooeeevviiiiiiiiiieeeeeeeeeeee, 126
Figure61 The'°F Refocused DIVAM nutation array, at an MAS rate2dfkHz

and ranging over excitation angles 8f90° in steps of 2.4 of the a)

backbone Cfpeak and the b) side-chain £4hd OCFE peaks in Nafion

with the RF resonance centered at —100 ppm for &o#ys. An inter-

pulse delay of 1.46s, a 90 pulse width of 2.5us, a 180 pulse width of

5us (Tg = 125pus), and a pulse offset of 1 kHz were used. ................. 127
Figure62 '°F Refocused DIVAM spectra of PVDF over a serieBtsr-pulse

delays, calibrated such that dovers 3 to 4 rotor periodsg)l This

array is shown for selected excitation angles f&ofto 90 degrees

using a MAS rate of 20 kHz, a 9pulse width of 2.qus, a 180 pulse

width of 5us (Te = 150us), and a pulse offset of 1 kHz. ............ccue.. 130
Figure63 '°F Refocused DIVAM spectra of PVDF over a serieBtsr-pulse

delays, calibrated such that dovers 10 to 500 rotor periodsg]T This

array is shown for selected excitation angles f&ointo 90 degrees

using a MAS rate of 20 kHz, a 9pulse width of 2.qus, a 180 pulse

width of 5us (Te = 150us), and a pulse offset of 1 kHz. . essnnr o+ 132
Figure64 Simulation of the Refocused (a,b) and Direct DIVAb’Quences (c)

which illustrate the behaviour of the isotropic cheal shift term of the

Hamiltonian. The rotor synchronized (a, ¢) andrtbe-rotor

synchronized (b) simulations used an MAS rate cd2@ 25 kHz,

respectivelyThe isotropic chemical shift was varied between 20

kHz, whereO = 1 kHz,[J = 2.5 kHz,A = 5 kHz, V = 7.5 kHz, =

10 kHz,O = 15 kHz,[#] = 25 kHz, and) =50 kHz. The Refocused

DIVAM simulations used real 100 kHz pulses withCigulse width of

2.5ps, a 180 pulse width of Gus, an inter-pulse delay of 28 (T =

150us) and a pulse offset of 1 kHz. The Direct DIVANIsilations

used real 100 kHz pulses with &p0lse width of 2.qus and an inter-

pulse delay Of 1.6[4S (Tr = SOUS). weveerrrrrreriririieiieiireeerieieeieesesmmemmeseennes 135

Xiii



Figure 65

Figure 66

Figure 67

Figure 68

Simulation of the Refocused (a,b) and Direct DIVAEQuences (c),
which illustrate the behaviour of the chemical shifisotropy term of
the Hamiltonian. The rotor synchronized (a, ¢) aod-rotor
synchronized (b) simulations used an MAS rate cd2@ 25 kHz,
respectivelyThe CSA was varied between 1 to 50 kHz, wiOre 1

kHz, [1=25kHz,A=5kHz,V =7.5 kHz,Q =10 kHz,O =15

kHz, [#] = 25 kHz, and] =50 kHz. The Refocused DIVAM

simulations used real 100 kHz pulses with 3f0se width of 2.5qus, a

180 pulse width of Gus, an inter-pulse delay of 2.5 (Tr = 150us)

and a pulse offset of 1 kHz. The Direct DIVAM siratibns used real

100 kHz pulses with a 9@ulse width of 2.us and an inter-pulse delay

Of L.B671S (T = BOS) ttieeeie ittt ettt e s e e e e e e e 137

The effect of rotor-synchronization on the selattiof the Refocused

DIVAM pulse sequences for various chemical shifsatropy and

values, wheréD = 10 kHz,V = 25 kHz, and_] = 90 kHz. These

Simulations used real 100 kHz pulses with an MAS o4 20 kHz, a

90°pulse width of 2.5us, a 180 pulse width of fus, and a pulse offset

of 1 kHz. The inter-pulse delay and total filteritnge (T¢) are indicated

at the top of each figure. ... 139

Simulation of the Refocused (a,b) and Direct DIVAEQuences (c),

which illustrate the behaviour of the dipolar canglterm of the

Hamiltonian. The rotor synchronized (a, ¢) and nator synchronized

(b) simulations used an MAS rate of 20 and 25 kiegpectivelyThe

dipolar coupling was varied between 1 to 50 kHzewelO = 1 kHz, [

=25kHz,A=5kHz,VV =75 kHz,Q =10 kHz,O = 15 kHz,[FH =

25 kHz, and] =50 kHz. The Refocused DIVAM simulations used rea

100 kHz pulses with a 9@ulse width of 2.5us, a 180 pulse width of 5

us, an inter-pulse delay of 2u8 (Tg = 150us) and a pulse offset of 1

kHz. The Direct DIVAM simulations used real 100 kplzlses with a

90°pulse width of 2.5us and an inter-pulse delay of 1,65 (Tr = 50

115 TR PRURTRPRSRRR 141

The effect of rotor-synchronization on the selattiof the Refocused

DIVAM pulse sequences for various dipolar couplamglt values,

where O = 10 kHz andV = 25 kHz. These Simulations used real 100

kHz pulses with an MAS rate of 20 kHz, a°90lse width of 2.5qus, a

180 pulse width of Gus, and a pulse offset of 1 kHz. The inter-pulse

delay and total filtering time @) are indicated at the top of each figure.
....................................................................................................... 142

XV



Figure 69

Figure 70

Figure 71

Figure 72

Figure 73

Figure 74

Figure 75

The effect of varying the inter-pulse delay on $keé&ctivity of the
Refocused DIVAM pulse sequences for selected eiaitangles and

CSA strenths, where the excitation angle is inéidan the figure and

the CSA interaction strengths are represented djollowing: @ = 10
kHz, 0 =20 kHz,v = 25 kHz,v = 27.5 kHzm = 30 kHz,0=32.5

kHz, ® = 35 kHz, and® = 40 kHz. These Simulations used real 100

kHz pulses with an MAS rate of 20 kHz, a’90lse width of 2. 5[5, a

180 pulse width of us, and a pulse offset of 1 kHz.. s v 11100+ 14D
The effect of varying the inter-pulse delay on $b¢ect|V|ty of the
Refocused DIVAM pulse sequences for selected eiaitangles and
dipolar coupling values, where the excitation angl&dicated in the

figure and the dipolar coupling values are represkhy the following:

® =10 kHz,0 = 25 kHz,v = 50 kHz,v = 75 kHz, anda = 90 kHz.

These Simulations used real 100 kHz pulses witMAS rate of 20

kHz, a 90 pulse width of 2.5us, a 180 pulse width of fus, and a pulse
OffSEL OF L KHZ. oo 147
The Refocused DIVAM nutation array of th& MAS NMR spectra of
PVDF at 20 kHz and ranging over excitation angke8’®0° in steps of
2.5’. An inter-pulse delay of 2.5, a 96 pulse width of 2.5s, a 180

pulse width of fus (Te = 150us), and a pulse offset of (a) 5 kHz, (b) 15
kHz, and (c) 25 kHz were used. d) Enlargemehtse™F MAS

NMR spectra of PVDF for selected angles in the Beded DIVAM

nutation array using a pulse offset of 25 kHz siltating the selection of
the side chain signals in PVDF. ............commmmeeeeiieiieiiiiiiiiiiiiieeeee. (0115)
Excitation Profile of a) Hexafluorobenzene;Fg) and b) PVDF

obtained using a 245s pulse width (100 kHz pulse strength). The HFB
profile was acquired without spinning while the PWpProfile was

acquired while spinning at 20 KHZ. ..........cooviviiiiiiiiiiiiieiieiieiieveeeviviieiees 153
Pulse offset array of theF Refocused DIVAM spectra of PVDF. This
array is shown for selected excitation angles feoito 90 degrees

using a MAS rate of 20 kHz, a 9pulse width of 2.qus, a 180 pulse

width of 5us, and an inter-pulse delay of 2% (T = 150uS). ...cccevvveneee. 154
Pulse offset array of theF Refocused DIVAM spectra of PVDF. This
array is shown for selected excitation angles f&oto 90 degrees

using a MAS rate of 20 kHz, a 9pulse width of 2.qus, a 180 pulse

width of 5us, and an inter-pulse delay of 4&8(Tr = 200uS). ....vvvvveeeee. 157
The effect of varying the pulse offset on the siléy of the Refocused
DIVAM pulse sequences for selected excitation angled CSA values,
where the excitation angle is indicated in the fegand the CSA values

are represented by the following:= 1 kHz,0 = 10 kHz,¥ = 15 kHz,

v =20 kHz,m= 25 kHz,0 =30 kHz,® = 32.5 kHz, and®® = 35 kHz,

A = 37.5 kHz, andh = 40 kHz. These Simulations used real 100 kHz
pulses with an MAS rate of 20 kHz, a°@Qilse width of 2.5qus, a 180

pulse width of fus, and an inter-pulse delay of 2% (Tg = 150us)......... 159

XV



Figure 76

Figure77

Figure 78

The effect of varying the pulse offset on the sléy of the Refocused
DIVAM pulse sequences for selected excitation angled CSA values,
where the excitation angle is indicated in the fegand the CSA values
are represented by the following:= 1 kHz,0 = 10 kHz,¥ = 15 kHz,

v =20 kHz,m=25kHz,0 =30 kHz,® = 32.5 kHz, and®® = 35 kHz,

A = 37.5 kHz, andh = 40 kHz. These Simulations used real 100 kHz
pulses with an MAS rate of 20 kHz, a°@@ilse width of 2.5qus, a 180

pulse width of fus, and an inter-pulse delay of 4&8(T: = 200us)....... 162
The effect of varying the pulse offset on the sléy of the Refocused
DIVAM pulse sequences for selected excitation angled dipolar
coupling values, where the excitation angle isaatid in the figure and
the dipolar coupling values are represented bydth@wving: @ = 1 kHz,

0 =5kHz,v =10 kHz,v = 15 kHz,m = 25 kHz, ando = 50 kHz.

These Simulations used real 100 kHz pulses witMAS rate of 20

kHz, a 90 pulse width of 2.5us, a 180 pulse width of fus, and an
inter-pulse delay of 2.pS (Tr = 150US). .coeeieieieieiieeeeeee e 164
The effect of varying the pulse offset on the siléy of the Refocused
DIVAM pulse sequences for selected excitation angled dipolar
coupling values, where the excitation angle isaatid in the figure and
the dipolar coupling values are represented bydt@wing: @ = 1 kHz,

0 =5kHz,v =10 kHz,v = 15 kHz,m = 25 kHz, anda = 50 kHz.

These Simulations used real 100 kHz pulses witMAS rate of 20

kHz, a 90 pulse width of 2.5us, a 180 pulse width of Jus, and an
inter-pulse delay of 4.58S (Te = 200US). ..eevvrrrermrrmrririieiinineieneeerenereninns 165

XVi



1. INTRODUCTION



1.1 Overview

Nuclear Magnetic Resonance (NMR) was independafifigovered in 1946 by
both Felix Bloch and Edward Mills Purcéif Since this time numerous one- and two-
dimensional techniques for application in both fwdéid- and solution-state have been
developed These range from numerous through bond and throsmgce multi-
dimensional experiments to specialized one-dimewmsi@xperiments for determining
parameters such as the dipolar coufifhgThe large diversity and capabilities in
available NMR experiments makes it a very powerdplectroscopic tool for the
investigation of materials in the solid state.

The physical science and principles which form tfeindation for an
understanding of NME will be introduced along with a description of hdwMR
spectroscopy is being applied to polymer scienca &sol for studying structure and
dynamics. Section 1.2 reviews some basic angulanentum principles in physics and
how these combine to form a classical picture offf#° Once the classical description
of NMR is complete the quantum mechanical desatptian be established. Section 1.3
beings with a recap of the key concepts behind tymamechanics*?and concludes by
developing the Hamiltonian used to describe NMR cspscopy**!’ With this
Hamiltonian in hand, the key differences betwedntsm and solid state NMR can be
explained. Section 1.4 outlines some of the kejdssthte NMR (SSNMR) techniques
used in this work, such as: magic angle spinniegodpling, cross-polarization, and the
Hahn echo. Lastly, Section 1.5 presents a brigévewof polymer science and the various
ways in which SSNMR spectroscopy has been appligde study of polymer structure

and dynamics.



1.2 Classical NMR

1.2.1 Spin, Angular Momentum, and M agnetism
All matter is composed of atoms which contain thmrdifferent types of

fundamental particles: electrons, protons, and roaat The nucleus of an atom is
composed of the later two particles (nucleons) wede give rise to the three intrinsic
properties of nuclei: mass, charge, and spin. Adlei are defined by three numbers, the
atomic number, mass number, and ground state musida quantum number, and the
last of these is determined by the quantum mechhpioperty of nuclear spin. Each
nucleus possesses spin and it is the number ofamsuéand protons, given by the mass

and atomic numbers, that determines whether the gantum number (I) is a positive

integer 0,1,2,....n) or half-integeré,g, =),

n
2

Nuclei which have a non-zero spin possess thengitriquantum mechanical
property of spin angular momentum. The value of sisigular momentum (m) along the
z-direction is quantized into 21+1 sub-levels, rnaggfrom —I to | in integer steps. For
example, a nucleus with spin = %2 has two possiile angular momentum values: m =
Y% and —Y%, while a nucleus with spin = 1 has thressiple valuessm=-1,0,and 1.
Under normal circumstances, the energies resultioqm the different spin angular
momentum values are equivalent (degenerate) anibtde utilized spectroscopically.
The application of an external magnetic field lifiss degeneracy and provides a means
to perform NMR spectroscopy.

As mentioned earlier, nuclei possess mass, changespin. In the absence of an

external magnetic field the magnetic moments ofhesin, or nuclei, are randomly

3



aligned and cancel each other out, resulting inetdulk magnetization (figure 1a). The
application of an external magnetic field lifts ttiegeneracy of the angular momentum
states and leads the magnetic moment of each spatign either with or against the

magnetic field (figure 1b).
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Figurel Alignment of spins in the absence (a) and preséicef a static magnetic fiefd.

The splitting of the energies into 21+1 levels iokwn asZeeman Splitting (figure 2)
The energy value for each of these levels can trmdaed by looking at the interaction

between the nucleus and the static magnetic field.

A1=12

=-1/2
e
m:

0 »
Static Field Strength

Figure 2 Zeeman splitting of the energy levels for a spimithe presence of a static magnetic
field.



Once the nucleus is placed in an external magfietitits magnetic momeni()
interacts with the fieldB,) and experiences a torque given by:
T=pnxB, 1)
This causes the nucleus to precess, or rotateg étendirection of the applied magnetic

field atan angular frequency of w as shown in figure 3.

B
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i

Figure3 Precession of the magnetic moment of a nucleuseiptesence of a static magnetic
field.™®

The energy required for a nucleus to precess in @nyhese 2l+1 levels is now
equivalent to the work done by exerting this torqwer the rotation anglé (Work
Energy Theorem).1® The energy of a magnetic moment in a magnetid fetherefore
given by:

W = E = [pxBd6 = [| 4|B|sinfd6 = ~|u||B| cost =~ (B 2)
The vectors for angular momentum and the magnetimemt both occur in the rotation
direction caused by the torque, and are therefarallpl. This results in a scaling factor
that is a known as the gyromagnetic ratio:

p=yJ (3



The gyromagnetic ratio is a charge to mass ratibithunique to each nucleus.

_ 9
2m

y= (4)

o=

Now by substituting equation 3 into equation 2 ¢énergy can be re-expressed in terms
of angular momentum.

E=-yJB (5)
The applied field (B) is arbitrarily chosen to be along the z axis asa result of the dot
product only the .term remains. Substitutingd zm, where m is the angular momentum
value andn =h/2m, into equation 5 gives the final expression far #eeman energy
levels in figure 2.

E,, = —ynmB, (6)

Earlier it was mentioned that the torque experengoy a nucleus in the presence

of a magnetic field leads to precession of theeiwadbout the applied magnetic fieldoB
(figure3). The angular frequencw) at which nuclei precess can be obtained from the
energy of the various 2I+1 angular momentum spatest The energy required for a
transition from the higher to the lower energyestébr the case of | = %2, can be given by

the difference in their energies:
E=E, -E = yiB, = Iy )
where the angular frequency is given by:
@, = yBy (8)
Since the angular frequency of precession depepds the gyromagnetic ratio, and

Equation 4 shows that this ratio is unique to eawtleus, the frequency must also be

unique to each nucleus and is known as the Larrequéncy.



Now that the properties of a single spin in thespnce of a magnetic field have
been outlined, an understanding of how a collectbmany spins (referred to as an
ensemble of spins) behaves, can be examined. Iprésence of an external magnetic
field individual spins will either align with or agnst the field. Parallel orientations
correspond to the lower energy state with m = %in(9m), while anti-parallel
orientations correspond to a slightly higher enestgte with m = —% (spin down).
According to the Boltzmann distribution there vallvays be slightly more spins in the
low energy state then in the high energy states Tives rise to a net longitudinal
magnetization that has cylindrical symmetry dusgim precession, as seen in figure 4.

3¢ |

X

S

Figure4 The alignment of spins in the presence of a statignetic field and the resulting net
magnetization.

1.2.2 The NMR M agnet

The static field (B) that is used to create Zeeman splitting in an N&&Reriment
is generated by a magrf8tMost modern magnets consist of a solenoid mad® o
superconducting Sn/Nb alloy that is submersed ipaén of liquid helium which is
surrounded by a separate dewar containing ligurdgen. B must not only be as strong
as possible, it must also be as homogenous asfwesth an accuracy of at least 1 part

in 10° over the entire volume of a sample. This is why sets of smaller solenoids, or



shims, are present and act as small adjustmetig tmagnetic field. One of these sets is
located inside the liquid helium bath while the estlis located inside the bore of the
magnet and they are known as the cryo- and roomeéeature shims, respectively. The
strength of an NMR magnet is usually given in teohthe Larmor frequency of protons
as given by equation 10. This corresponds to ae@msion ofy = 42.58 MHz / Tesla;
therefore a static field with a strength of 11.744kla is more commonly referred to as

a 500 MHz field.

1.2.3The NMR Experiment and Signal Generation

As mentioned earlier, when a sample is introduoeal static magnetic field a net
bulk magnetizationM) is induced along the longitudinal plane. The NMkperiment
measures how a state of the magnetization changjesaespect to time in the transverse
plane. Before this can be explained an understgndinrhow this bulk magnetization
changes in time for all planes must be presentethd following text the magnetization
(w) will be replaced with the bulk magnetizatidvi of the spin ensemble. First, consider
that a torque produces a change in angular momenmtiiin respect to time in the

following manner:

r=— =20 )

Taking equation 9 and equating it to equation Egius an equation that describes how
the net magnetization changes with respect to time.

M _
?_V(M B) (10)



As the net magnetizatiolis parallel to the static fieldhere is no change in ti
magnetization with respect to tinThis means thahe magnetization must be put in-
transverse, or x-yplane for any change to be detec

The magnetizatiois placed in the transverpéane with the application of a ras
frequency (RFpulse (E;) applied onresonance with the Larmor frequency ce nuclei,

as shown in figure 5.
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Figure5 The application of a 90 degrey, pulse and its effect on the net magnetiza

This RF pulse is generated by a coil which haswitsding axis placed along the-y
plane. Once thenagnetization is in the transverse plane it wikqass at the Larmr

frequency as shown in figurea.
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Figure6 a) Precession of the transverse magnetizatioredtahmor frequency in the laboratory
frame of reference. b) Transverse magnetizatiagherRotating frame of reference.

At this point it is much easier to describe the negation in terms of a rotating frame
of reference in which the frame is rotating at ttle@mor frequency. In this frame the
magnetization appears static as shown in figureP8ecession in the x-y plane leads to
an oscillating magnetic field, which in turn indgca current that can now be detected in
the same coil that was used to apply theo@ise, due to the principle of reciprocity??
However, once the RF pulse is turned off the sgiasnot continue to precess in a
perpetual manner, but instead return back to thélilequm state over time through a

process known as relaxation.

1.2.4 Relaxation and the Bloch Equations

Spins in a bulk sample are not isolated and intesét both their surroundings
and each other. It is these interactions which lbatk matter to relax back to a
distribution of thermal equilibrium. There are twgpes of relaxation known as
longitudinal (T;) and transverse §J relaxation. Longitudinal relaxation, also knows a
spin-lattice relaxation, is the process by whidoragitudinally polarized state, prepared

by the application of an RF pulse, returns backthermal equilibrium. Figure 7
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illustrates this process by following ;Mas a function of time during the NMR

experiment.

<
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Figure7 Recovery of the equilibrium magnetization accordiaghe longitudinal relaxation rate

T:. The time periods A, B, and C correspond to théligium state, the application of a
90 degree pulse, and the recycle delay, respegtivel

All spins experience small fluctuating magnetiddgewhich are random in nature and
caused by molecular motion of neighboring spinsthie absence of a static magnetic
field these fluctuations lead to the isotropic wlgttion of spins as shown in figure la.
The presence of a static magnetic field createasib these fluctuations and leads to the
eventual recovery of the net magnetization aloreggdhection of the static field. This

recovery process is facilitated by an energy exgbabetween the spins and their
surrounding environment. The return to equilibriusn attributed to an exponential

recovery characterized by the longitudinal relaomtiate constant ¢J.
M, =M,(1-€"") (11)
The time scale of jTwill be dependent on the factors which influenbe fluctuating

magnetic fields, such as temperature and viscaaily,can range from ms to days.
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As mentioned abovean RF pulse can be used to rotate the longitudinal
magnetization into the transverse plane. The enserob spins is rotated together
resulting in in-phase, or coherent, transverse mation. Over time individual spins
will experience small fluctuations in the local magc field which are caused by local
time dependent magnetic fields. These fluctuatmmsse the spins to precess at slightly
different speeds from one another and resultserdbs of coherence, or magnetization,
in the transverse plane. Figure 8 illustrates finiscess by following the transverse

magnetization (M) as a function of time during the NMR experiment.

("IN) uoneznaubeyy asiaasuel]

-AX
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time (t)
Figure8 Decay of the transverse magnetization accordirigedransverse relaxation ratg The

time periods A, B, and C correspond to the nontegcstate, the application of a 90
degree pulse, and the acquisition time, respegtivel

The loss of transverse magnetization does not septeany exchange of energy with the
surrounding environment and is characterized bgxgonential decay associated with

the transverse relaxation rate constan}, (s given by equation 12.

M, =Mxe " (12)
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In solutionstate experimentthe spinspin interactions are modulated in time
molecular motionand this gives rise to the randomly fluctuating metge fields
mentioned earlielConsequentl both T, and T, are related ta Brownian process that
random in nature and are thfore incoherentSection 1.3.3 will cover the intern
interactions of the Hamiltonian and thédnteractionsare coherent process

The Bloch equatic (equation 13)describes the change in magnetization \
respect to time ankes into account the effs of relaxation.

dm 1 1
—= xB+—(M,-M,)-—(M_, +M 13
dt yM Tl( 0 Z) T2( X y) ( )

The first term in equation 5 represents the precession term of the magnetizatie
second represents the recovery ¢ magnetization, or return to equilibrium, dut Ty,
and the third represents the loss of magnetizatidhe transverse plane dueT,. This
represents a conical likrajectory forthe magnetization as it returns to equilibr, as
seen in figure 9alhe detected NMR signal, which corresponds tomduced current in
the transverse plarguring this motio, is referred to as the free induction decay (F

and can be seen in figudb.
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Figure9 Conical trajectory of tr transversenagnetization during the relaxation process (a)

the resulting FID (by.
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The mathematical description of the FID, or sigf®)l is a complex function as

given by equation 14:

t

S(t) = ge'Ve = (14)

This first exponential term contains a complex fiort that can be expanded into the
following form:

e“ =cost )+i singt ) (15)
The sign of the exponential determines whethemptek will occur at tv or —w. As a
direct result, the signal in terms of both the »d anplane is required in order to
determine this sign; however this would require teals. Alternatively, the signal
detected from one coil can be treated as two sepaignals. The first is generated from
digitizing the original signal and becomes the realx, component of the time domain.
The second is generated by adding a phase shBOalegrees to the original signal
before it is subsequently digitized and this becontee complex, or imaginary,
component of the time domain. This method of cngathe two orthogonal components

of the time domain signal out of one detected signknown as quadrature detection.

1.2.5TheFourier Transform

The NMR signal, or FID, is a frequency encoded tdependant signal, meaning
that it contains a relationship between time arafjdency known as the reciprocal
relationship?® Therefore, the FID signal can be detected as etibmof time, digitized,
and subsequently transformed, via a Fourier transfton (FT), into a spectrum as a
function of frequency. The FT relationship betwela time and frequency domains is
given by:

14



S(w) = T S(t)e “dt = A(w) —iD(w) (16)

The transformed spectrum now contains a signal fameion of frequency where the
real and imaginary components of the signal repteslee absorption A(«w)) and
dispersion D(w)) line shapes, respectively. Figure 10 illustrates FT of the real and

imaginary time signals into an absorption and disipa peak, respectively.
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Figure 10 The spectrum produced as a result of the applitati@ Fourier transform to the (a) real

and (b) imaginary components of the FID.

The combination of absorption and dispersion sgjiralan NMR spectrum can result in

phase distortions in the observed line shapes.eTtes be removed by including a phase
correction factor ¢) in the time dependant signal and results in tlewing equation

for the signal as a function of frequency:

S(w) = T S(t)e“‘e’at (17)
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The effects of combining absorption and disperslores will be further discussed wh
examining the effects of a pulse offset in RefoduS&/AM (see section 3.€

The timing and ordeiof events in an NMRexperimentis important when
designing arexperiment and is depicted in a standard formawknas a pulse sequen
diagram. The pulse sequence diagram for the badgiR Experiment, as outlined in tr

chapter, can be seen in figurl.
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time
Figure1l General pulse sequence diagram for the basic NMigrerent on nuclel, where the

time delays A B, C, and D represent the pralse delay, duration of the 90 degree pt
pre-acquisition delay, and the acquisititime, respectively.

Much more complicated NMR experiments involve u$ee@coupling schemes durii
acquisition, as well as multiple channels and rnugleese more advanced sequences

follow the same scheme shown herend will be presented and cussed later.
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1.3 TheNMR Hamiltonian

1.3.1 Quantum Mechanics

It was stated earlier that spin angular momentgmam intrinsic quantum
mechanical property of nuclei. Now that the claasimechanics of NMR has been
outlined, a quantum mechanical picture describimg emsemble of spins will be
presented. The quantum mechanical treatment ohsengble describes the state of an
ensemble of spins at any particular moment of tame how it changes in time. This is
an invaluable tool when attempting to explain oedict experimental observations.
However, a quick review of some basics conceptyusntum mechanics must be given
before discussing its application to NMR: 2528

The concept of particle-wave duality suggests tnatter behaves both as a
particle and wave simultaneously. This means thadrticle must be described by wave
mechanics using a wave function. The wave funagioes the amplitude of a particle as

a complex function of space and tim#(x,t) . The intensity of the wave function can be

obtained by taking the modulus squared of the fancfThis represents the probability

that the particle will be found at that positiortlzt time and is given by:
P=|Wxt) =W(xt) W(xt) (18)

The asterisk in equation 18 indicates that the tfands the complex conjugate of the
original function. Since the wave function reprdsea probability it must be normalized

and orthogonal (orthonormal) as seen in equation 19

]3 W_(x,t) W, (x,t)dx=7,, (19)
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The function at the end of equation 19 is knowrthesKronecker delta functio(dm)
and is equal to zero whensn and one when m n.
The time-dependant Schrodinger equation can be tssexplain how a wave

function will evolve as a function of time, as givhy:

ih%kp(x,t) =HW(xt) (20)

The Hamiltonian in Equation 2(]/-\() can be used to determine the state of the syatem

a later point in time, as long as the initial statknown, in the following manner:
W(x,t) = e DY (x t ) =U [t -t )W (Xt,) (21)
The operatoiU (t —t,) is known as the propagator and it describes howsyiseem will
change in time under the evolution of the HamilaoniThe Schrodinger equation can be
further simplified if it has the following separalfiorm:
Y(x,1) =g (x)at) (22)
In this case, the time-independent Schrodinger temju@an be obtained from equation

22 in the following manner:
Hy () = Ep(x) (23)

The above equation represents a Hamiltonian, guxd/ﬁ acting on the wave function
and returning back the same wave function muliipliy a scalar value, where the
returned scalar value represents the energy cytstem.

The Hamiltonian and the Schrodinger equation arexample of a Hermitian
operator and an Eigen-relationship, respectiveliiene the latter is defined by the

following:

18



A| n)=a|n) (24)
The expectation value represents the weighted geeralue of an observable, described

by an operatoﬁ, if a measurement is performed multiple times lo@ $ystem and is

given by:

<)

<A> = [ Al ([ dx (25)

—00

An expectation value is time independent if andyahthe operator commutes with the

Hamiltonian of the system according to the follogvirelationship.

[AR]=AR-AA=0 (26)
If the commutator, shown in equation 26, does e zero then the two operators do
not commute. The expectation value will be furtliiscussed when examining the
density matrix.

The separable time component of the wave funésig@iven by:
@t) =€ (27)

The modulous squared of a complex function is aévegyual to one and as a result the

probability of finding the particle at a certaingition is now independent of time:

P=[wix ) =lw () o) =lw ()] (28)
The time-independent wave function is referredst@ atationary state
Spin is an abstract concept that is not a funabiospace and must be described
in a different manner, known as Dirac notation, kehthe time-independent orthonormal

wave functions are represented in the following negn

@,(¥) =[n) (29)
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W (¥ =(m| (30)
Equation 29 is referred to as the “ket” while equat30 is referred to as the “bra” (bra-
ket notation) and the application of a bra follow®da ket implies integration. Now,
substituting equations 29 and 30 into equation M@sgthe following form of the
orthonormal wave function:

(m||n) =2, (31)

Recall that the presence of a static magnetic fietdlts in Zeeman splitting of

the energy levels. In the case of | = %2, theseggnkvels correspond to the angular
momentum values of m = %2 and m = —%2. The value o #%e low energy state (aligned
parallel to the magnetic field), while the value-éf is the high energy state (aligned
anti-parallel to the magnetic field) and these Ishalv be referred to as thdpha ()
and beta}) states, respectively. The alpha and beta statebedormulated as vectors

in the following manner:

ah=[1,m)= %%>:@ 32)

o)=m=[2-2)=[) )

These two states can now be used to describe ke sipip Y2 system. In order to extract
the energy information from a state the Hamiltoro@erator must be formed, which can

then subsequently act on these states in the filifpmanner:

Alm=E, o) @)
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Now that the representations of the eigenvectorsspin %2 have been outlined, the
common operators which are present in the Hamatoand the result of their operations
can be presented.

There are two sets of operators that can be présehe Hamiltonian, angular
momentum and rotation operators. In the specifisecaf spin Y2 there are several

important angular momentum operators which mustdesidered. Recall that the total

angular momentum consists of three componeﬁtsfy, and . . The operators which

represent these angular momentum states do not gtavand obey the following cyclic

commutation relationship:
|:/|\x,|ij|=i|Az O (35)

As a result of equation 35, no two individual comeots of angular momentum may be
known at the same time; therefore the total angmamentum I) cannot be known.
However, the square of the total angular momentamlze calculated by equation 36
and this operator does commute with each of theviohehl angular momentum

operators.

A2 A

2 A2 A2
I =|x+|y+|z (36)
Each of the individual angular momentum operatfimsthe case of | = Y2, has a matrix

form which is given in equations 37-39.

- _1(0 1
=30 @)
- _1(0 1
'“E(—l o) (39)
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. 1(1 0
|z_§[0 _J (39

The effect of thel . operator on the alpha and beta states is giveqguation 40.

a)="la) and 1:p)=-24) (40)

Using equation 39 our Hamiltonian can be given by:
H,=-yJB=-ynB, 1, (41)

We can now apply this Hamiltonian to equation 34 #me resulting eigenvectors will

represent the energy of each state:
A 1 A 1
—yhBOIz|a>:—§yhBo|a> and —yhBOIz|ﬁ>=—2yhBO|ﬁ> (42)

Notice that the quantum mechanical picture has pwvided the energy of each state in
the spin ¥ system and these are identical to theesalerived earlier in the classical
NMR section. The energy level diagram represerdirsgngle spin can be seen in figure

12.

+(1/2)ho, | B>

A

rm
-
2 AE = A
(o) 0
<<

-(12)ho v |a>
Figure 12 Energy level diagram for a single spin system.
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Recall that the matrix forms df, and fy are not diagonal and this is a direct

result of the fact that they do not commute WithA more convenient way to investigate
the effects of these operators is to form themgisind lowering operators (referred to as

the ladder operators) in the following manner:

v~ (001 ~ ~ . (00
I =lx+ily = and | =lc=ily= 43
5 3 =50 @3

The ladder operators can now be applied to eadheoktates and have the following

effect:

A+ A+

a)=0 I

>
I

@) (aa)
0

A—

Ha)=|p) 118)

It is clear that the raising operator increasessth&e from beta to alpha stafer( = +1)
while the lowering operator decreases the stata fatpha to betaAm = —1); therefore,
the ladder operators represent the transitionsdesivthe energy levels shown in figure
12.

The last operators to be discussed are the rogtaperators. If three operators
follow the rules of cyclic commutation, such as #rgular momentum operators, then
they must also obey the following sandwich formfolarotations:

Ra(6)B Ra(8) ™ = Bd* =B co+C sif O (45)
A summary of the rotation of each angular momentparator by the other angular

momentum operators can be found in Equatiof46.
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I x  x
_igix | T 9l — | T " ;
e lyre”* =<1ycos@+1, sind
I, |.cos@—-1y sind
|x |xCOSH—|z S|r€
e ly e’ = ly (46)
I, | ,cos@+1x sind
I x |xcos@+1y sird
e, 1€ ={1,cos8-1x sind
I, 2

These rotations will be discussed and further appivthen considering the effect of an
RF pulse on an ensemble of spins.

Recall that the eigenvectors for spin Y2 preseatsal/e represent the stationary
state, or time-independent state, of the quantucharecal system. However, any form
or combination of these states is possible as lasgthe total wave function is

normalized.

@) =c, (V)] a)+c, ()] B) (47)
The above wave function represents a combinatiotheftwo spin states, whe, (t)
and c,(t) are coefficients that represent time dependentpt®mnumbers. This

combination of states is now time dependant arkthdsvn as a superposition state, as it
generally does not have an eigen-relationship thiéghHamiltonian (equation 24). Using
the description of the alpha and beta states pedvid equations 32 and 33 results in the

following form of the superposition state:
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(e ()
)= (Cﬂ (t)J (48)

(w|=(c, 0 c,(t))
This newly formed superposition state can now be usedltolate the expectation value

of an observable, or function, in the following manne
(Q)=(w|Qlw) (49)
Similarly, the expectation value can also be fouitt the following equation:
(Q)=Tr{l) (@I} (50)
The above form involves taking the trace, or sunthef diagonal components, of the

product between the newly formed projection operdig)(w|) and the original

operator@.
Now that the representation of the superpositiore $tata single spin has been
presented it can be used to develop a descriptiothéoentire ensemble (or the bulk

sample) of spins. First consider the expectation valuawo spins:

(Q) =(wu|Qly) +(w|Qlw>)
=Tr{ () (@il + 1) (w.]) Q)

This description for the expectation operator cary wasily be extended to the general

(51)

problem of N-spins, or an ensemble or spins:

(Q)=Te{(lws) |+ ) ol + -+ ) 52)

Now we can describe a new operator, referred thesliénsity operator, which is given

by the average of the projection operators for Nspin
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(1) = N (@) (| + @ ) (@] + -+ ) ])

(53)
=)l

The average expectation operator for the entirerabke of spins can now be given by:
(Q=Tr{ P03} (54)

All that now remains is to develop the density aeparfor the case of spin Y.

The density operator can be obtained by calcyldtie projection operator over
an average of all spins. Recall that equation 4& ghe superposition state for a single
spin Y2. This superposition state can now be usechlitulate the original projection

operator.

_(c® . [ Oe M) ¢ e,y -
Wi Lcﬂ(t)j(ca(t) ) Lcﬁ(t)ca(t)* Cﬂ(t)cﬁ(t)*J )

Taking the average of each element in the projeajmerator gives the final form of the

density matrix for an ensemble of spins.

(56)

P t)c, (t) t)c,(t)
p(t):|w><w|:(ca()ca<) %()%()]

cs (0, (1) cplt)c,(t)

Recall that the modulous squared of a complex nuiisbequal to one. This means that
the diagonal elements of the density matrix areetindependent; therefore they
represent the stationary, or energy, states ofsylséeem. In contrast, the off-diagonal
elements of the density matrix are time-dependadtrapresent the coherence order of
the spin system. Figure 13 shows how the densityribmalements can now be

represented in terms of the energy level diagraeagmnted earlier.
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Figure 13 Energy level diagram in terms of the density magtements.

Note that the off-diagonal components of the dgnsiatrix have the same effect on the
spin system as the raising and lowering operatotsle the diagonal elements are
similar to thel, operator. This allows the density matrix to bewéten in terms of the

spin operators (matrices) in the following manner:

A1) = (¢, 06, (O =0, )T +(c, (0e, O+, M)c, (0 )%1
i+

+(ca0e, )1+ (e, 0,0 ) " °

An interaction in a spin system is given by a Heonian and the effect that this

has on the density matrix can be obtained frontithe-dependant Schrodinger equation:
dp(t T A
ap® _ [H (), p(t)} 85

Equation 58 is also known as the Liouville-von Neunm equation of motion and, as

long as the initial density matrix describing tlystem (,B(O)) is known, it can be solved

for a given time (t) in the following manner:
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pt) =™ p(0)e™ (59)

The exponential terme(’ ﬁt) is more commonly referred to as the propagatepléned
earlier), as it governs the propagation of theesysthrough time.

Earlier, equation 57 illustrated that the densitgtnmt can be represented in a
form corresponding to the spin matrices. The dgmadatrix can now be represented by a

vector of the following form:

p(t) = (60)

This vector can now be transformed into Liouvillpase where the Liouvillian

superoperator is given by:
L=(HOE-EOH) 146

The Liouvillian can now be used to simplify the érdependent Schrodinger equation

(equation 58) in the following manner:

dp(t) _ 2, ~
- L0.p0 216

Equation 62 can now be solved for a given time smalar fashion to equation 59:

p(t) =" F p(0) (63)

Rand L are the Relaxation and Liouvillian superoperatogspectively, and are given

by the following:
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0 0 0 O
E_Ohwoo

|0 0 -hw O

0 0 0 O

1

~— 0 0 O

T, (64)
~ 1o L o0 o
R= T,

0 0 = o

TZ
0 0 0 O

The transformation of the system to Liouville spatlews for the inclusion of
relaxation effects in the propagator. This now fes a form of describing the system
that is similar to the Bloch Equations presentedhia classical NMR section, where
IH,IA_,IAz, can be related directly to the components ofntlagnetization. Unfortunately,
moving the system to Liouville space takes theudaton of the propogator to a much
larger scale. This increased scale creates numeronputational difficulties when
dealing with large spin systems and these will iseu$sed later in section 1.4.7. Now

that a full quantum mechanical description for aseemble of spins has been described

each of the external and internal terms of the Haman can be discussed.

1.3.2 The External Interactions of the Hamiltonian

The two most important external terms in the Haomikin are the interaction with
the static field and an applied RF pulse. The Hamihn representing the interaction
between the static field and each spin is giveregmation 65 and is known as the

Zeeman interaction.
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~ static

Hi =-yBl . (65)

The indices in thd j .term represent the spin indg¥ &nd the spatial index in terms of
Cartesian coordinateg)( The interaction of the static field with the ieetensemble of
spins can easily be represented by summing ug #ieandividual interactions resulting
from equation 65. It is important to note that theeman interaction, under most
circumstances, is the largest and most dominat@ ier the Hamiltonian, with an
interaction strength on the order of hundreds ofaviH

As mentioned earlier, the magnetization is rotai@® the transverse plane
through the application of an RF pulsB;)( that is on-resonance with the Larmor
frequency. This pulse is actually the sum of twarder rotating components of, B the
transverse plane, where one component is on-reseraard the other is off-resonance. In
most cases, the off-resonance component has ru efféhe spins and can be neglected,

leaving the following form for an RF pulse:
1 . A . A
By =BT :E B smHRF{cos(wrdt +¢)p) ljx+ sn(a;dt +(op) I ,—,y} (66)
Equation 66 can now be put into the original Haomi&n:
~RF 1 . ~ . ~
Hj = _y[BRF = _Eyj BRF SIneRF { Cos(wreft +¢p) ljx+ Slr(a)reft +¢p) I i,y} (67)

The 6, term in equation 67 represents the angle betweestttic field and the RF coil;
therefore with the coil located in the transversane this term is equal to one. The

reference frequency of the pulse is giveruyand corresponds to the Larmor frequency

of the nuclei being excited by the pulse. The pledgge pulse is given by, and allows
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for the pulse to be located on any of the fourdioms in the transverse plane (x, -X, v, -
y)-

The current form of the Hamiltonian for an RF puis in the laboratory frame of
reference, resulting in a time-dependant Hamiltonk time-dependant system is much
more difficult to work with than a time-independeamte. For this reason the Hamiltonian
is transformed to the rotating frame of refereneeplained earlier) where it becomes

time independent and has the following form:

~RF

H;j :%yj B SiNG. (fx cosy, +fy sing, | (68)
Now that the time dependence has been removedftet ef an RF pulse and the role
its phase §,) plays can be easily examined.

An RF pulse with a phase of zerg, & 0) corresponds to an x-pulse given by the

following Hamiltonian:

~RF ~

H :%ijRF SinG |, (69)

Likewise, a phase at/2, m, and 3t/2 corresponds to a y,-X, and —y pulse respectively
Equation 69 can be thought of as a rotation abdmiktaxis, orﬁ operator, by an angle

known as the excitation anglé€y). The excitation angle is given by the following:

(70)

1 :
6, =w,r, where @, = ‘E ¥Bge SING.,

The excitation angle is always positive and is gitag both the amplitude of the pulse (

@, ) and the duration of the pulse,(. The result of the rotation caused by an RF pulse

along the x, y, -x, -z axis can be given by theppgators shown in equation 46 whéte
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=4,. For example, the application of a rotation altimg x-axis (, ) with a flip angle (

6,) of 90 degreesg) when applied to the static magnetizatidn)(is given by:

ot)=e 2 Te?" :fzcosg—fy sinl—ZT:—fy (71)

The result of the rotation in equation 71 is thegnedization being aligned on the —y-

axis, or a-I, magnetization.

1.3.3 Thelnternal Interactions of the Hamiltonian

Now that the external interactions of the Hamidonhave been explained an
understanding of the sources of magnetic fieldtflattons internal to the sample can be
presented. As mentioned earlier, the internal ausons are not random and represent
coherent processes within the system. The intétaaliltonian can be greatly simplified
if we consider the presence of a strong externanec field (secular approximation)
and molecular motion.

In general, the internal interactions presentedwelre small when compared to
the Zeeman interaction, therefore each interagidormulated in a manner such that it

is quantized along the z-axis, or tiigy field. All of the internal interactions can be
thought of as a sum of two terms in the followingrmer:

H=A+B (72)
ConsiderA to be a large term, such as the Zeeman intera(a'ruh@to be a small term,
when compared t. Any of the individual elements @8 which are small compared to
the eigenvalues of\ can be neglected. This occurs when the commutatpration 26)
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between the two operators does not equal zero. dppsoach, known as the secular
approximation, leads to a much simpler Hamiltongard will be applied in all of the
following text.

Rapid molecular motion, which is common in both ligeid and gas state, can

be used to further simplify the Hamiltonian. If thelecular motion is sufficiently fast

then an internal interaction can be replaced bynissionally averaged valuef(). This
simplification allows for the removal of any ternmsthe Hamiltonian which average to
zero, as will be the case when discussing the aigdamiltonian in solution-state NMR.
The terms which have been removed due to bothethida approximation and motional
averaging are responsible for the relaxation, oolerent processes, of the system and
can now be studied separately from the interndi€oent) interactions, or spin dynamics,
of the system. This separation of time scales vgllapplied when discussing the results

presented in chapters 2 and 3.

I. The Chemical Shift

Earlier it was mentioned that the Fourier transfaf an FID gives rise to the
signal as a function of frequency, with a peak ogeg at the Larmor frequency of the
nuclei of interest. The electrons of a sample aeged particles and in the presence of a
magnetic field they begin to circulate and prodaaairrent. The induced current has two
components which contribute to the total currehte tiamagnetic and paramagnetic
terms. The diamagnetic and paramagnetic curremgrasiuced by the circulation of
electrons in their ground state and in an excitetes respectively. The paramagnetic

term leads to rapid relaxation of the NMR signald athis makes the study of
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paramagnetic systems by NMR spectroscopy venycdiffto implement®*° Most NMR
spectroscopy is carried out on diamagnetic systenasfrom this point forward only
diamagnetic contributions will be considered. Thanthgnetic current produces an
induced magnetic field which can either add toubtsact from the static magnetic field

experienced by a spin as seen in figure 14.

Induced Magnetic Field

_Electron Flow
.'CIear}§pin

Figure 14 Schematic representation of the induced magnedid firoduced by electron circulation
in the presence of a static magnetic fiéld.

The local magnetic field experienced by a srﬁﬁ“() can now be given by the sum of

the induced magnetic field(*') and the static magnetic field(), and is given by
equation 73.

BI-OC - BO + Bijnduced (73)

J
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The induced magnetic field is small when compacethe static field £ 10™ (B,) but

does produce a small shift in the Larmor frequendyich is known as the chemical
shift. The induced magnetic field is given by:

Bindueed = O B, (74)
The induced field depends on the molecules’ ortemtawith respect to the static
magnetic field. The chemical shielding tenser)(is a 3 x 3 matrix that relates the

orientation of the static field to the vector oétimduced magnetic field.

c=\o,, o, O, (75)

For a specific crystallite orientation the frequgnesulting fromB, .., can be given by:

@, =)yo;;B, (76)

This can now be converted into a chemical skdft)using the following definition:

J, :M 77}
’ Wy

Equation 77 can then be used to construct the da¢stift tensor as shown below:

5x,x 5x,y 5)(2
s=|a,, 9, 9, (78)
Jz,x a-z,y 52,2

The chemical shift tensor is currently being représd in the laboratory frame and it is

much easier to work with in the diagonalized form.
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The diagonalized form of the chemical shift ten&d¥°) is represented in the
principal axis system (PAS), where the transforamainto this frame is given by the

following rotation:

d=u"8"u (79)
S 0 0
where 8™°=| 0 a° 0 (80)
0 0 o

The diagonal components @&™° are known as the principal components and they
correspond to the eigenvalues of the system, whéeeigenvectorsu) represent the
corresponding rotation that relates the PAS fraéi& ] tensor to the original laboratory
frame tensorq ).

If all three principal components of the chemilailft tensor in the PAS frame are
equal then the Larmor frequency is independentiehtation and is characterized by the

isotropic chemical shift as given by equation 81.

_ (5;/?5 + SPAS +5£AS) (81)
1O 3

However, if all three components are not equallttwenor frequency is now dependent
on orientation and this dependency needs to beactemized by additional parameters.
There are many different conventions that can led us describe this dependence;
however, this text will use the convention preserg Ulrich Haeberler*

The three principal components of the chemicaltst@hsor in the PAS are

assigned by the following rules:
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1. The d5° component is chosen such that it is the eigenvidlakis the furthest from

o

2. The &,° component is chosen such that it is the eigenvadasest t@_ .
3. The remaining eigenvalue is assigned todf{ component.
Based on the above convention, the chemical shisioropy (CSA) can be defined by
finding the largest deviation from the isotropidua

Opieo = 05 =3 (82)
The difference between the other two principle congmts,d%,> and .., represents

the asymmetryrf) of the chemical shift tensor as given by:

PAS _ xPAS
. )

aniso

/7:

Recall that thenduced magnetic field caused by electron circatatlepends on the
molecules’ orientation with respect to the statiagmetic field and this dependency
effects how the Fourier transformed spectrum, whecla function of frequency, will
appear.

In solution-state NMR the sample is undergoingdapolecular motion and as a
result the averaged chemical shift tensor becosmsopic, leaving only a single peak
located at the isotropic shift of the sample asnsieefigure 15a. Solid-state NMR
experiments are carried out on powder samples whith the rapid molecular motion
seen in solution samples. Therefore, these sangaetain multiple different crystal
orientations of the sample with respect to the ratigrfield. As a result, each crystal

orientation of the powder has a slightly differshift and the addition of each of these
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various shifts leads to what is known as a powddtem, which is shown in figure 15b.

The sharp features, or inflection points, in thevger pattern correspond to the principal
components of the chemical shift tensor in the Prage of reference, while the shape
of the pattern depends upon the value of both A &nd asymmetry terms. A second
example of a powder pattern with slightly differéd$A and asymmetry values can be

seen in figure 15c. In this case, rapid motion glame of the axis causes the two

principal components §> andd,,") to be equivalent and results in a tensor that is

cylindrically symmetric. There is a solid-state NMRethod, known as magic angle
spinning (MAS), that is designed to reduce the bneadening caused by the CSA and

this method will be discussed later.

d n=1 5PAS

PAS PAS Yv
6xx or 822

PAS PAS
els Szz

S0

Frequency (o)

Figure 15 The broadening effect in NMR spectra of solids eauBy the CSA interaction. a) The
spectrum obtained as a result of fast isotropidanob) the powder pattern observed in
the case of the asymmetry parameter being grehter zero; c) the powder pattern
obtained in the case of the asymmetry parameteglejual to zero (axial symmetry); d)
the powder pattern observed in the case of the m&jry parameter equal to orfd.
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I1. Dipolar Coupling

Earlier, when discussing relaxation, it was merdgnthat spins are not
necessarily isolated from one another. In fact,ttagnetic field produced by a nearby
spin can interact with the magnetic moment of ago#ipin. This interaction is known as
the direct dipole-dipole coupling, or more simplipaar coupling. In solution-state
NMR experiments this interaction is averaged t@ Ze¥cause the matrix which describes
the interaction is traceless. However, in the sslate the effects of dipolar coupling are
not averaged and can be a major source of linedbroag in the spectrum.

The dipolar interaction of two spins can be derifreth the classical form for the
energy of interaction, or potential, between twanedic dipoles separated by a distance

r 1o

V:{m@tz_g(ulm)guzm)}% (84)

r r
The vectorr is the vector between the two magnetic dipoles. qieentum mechanical
operator for the magnetic moment of spircan be given by equation 85.

p=yhl; (85)
If each magnetic dipole is treated as a spin wesoastitute equation 85 into equation 84

and obtain the Hamiltonian for the dipolar interactoetween two spinsandk.

’H\?f:_(ﬂojnykh{ljr?k _S(Iim)(sskm)J (86)

ar r
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Note that sping and k are represented by the angular momenoperators | and S,
respectively, andhis indicatesthat the interacting spins can be any two nu(The
dipolar interactions represented by equat86 can be expressed in spherical pt

coordinates as sea@mfigure 16, wheref is the polar angle anlis the azimuthal ang|

X

Figure 16 A vector representation of the direct dipolar cingpbetween two spins in the prese
of a static magnetic field using the spherical potzordinate systel

In this form the scalar products can be evaluatetirasult in the following form of th

Hamiltonian for dipolar couplin

I

—~ Di V. h
j,f:—(&J—yJik [A+B+C+D+E+F] (87)
4m) r

Where:
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A=ﬁ§z(3co§9—])

1Ir~~ ~~
B:—Z[I+S_+I_S+J(3co§8—])
C=—g[:§++r§}smﬁcos9e

88

D:—E[Cgﬁr }sm@cosﬁe“"’ ©9

2
E:—%[ﬁé:}sinzee 2e

3

The A, B, C, D, E, and F terms comprise what isvkmas the dipolar alphabet. It can be
shown that the energy transitions resulting fromltst four terms in the alphabet (C, D,
E, and F) have very little effect on the spin systand, according to the secular
approximation, will be dropped from this point fawd* The B term of the alphabet is
currently represented in terms of the raising awdeling angular momentum operators
and must be re-expressed in terms of the Cartesignlar momentum operators, as

shown in equation 89.

[T@ +1§ }(3co§e ) (89)
The effect of the dipolar Hamiltonian can be coastd in two separate cases, that of
homo-nuclear and hetero-nuclear dipolar couplings.

In the case of Homo-nuclear dipolar couplings,hbtite A and B terms are

present and result in the following Hamiltonian:

~dip

Hix=d,, ;(300§0 :)( ,zik,z—fj[ﬁk) (90)

The constand,, is known as the dipolar coupling constant andvsrgby:
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- ,uo yiykh
d, =—"2—"+ (92)
Aol

Note that both spinj and k are now being represented by the angular mome
operator (); therefore the spin index has bee-introduced to the operatoiThe homo-
nuclear dipolar couplir, in the case of a multiple spin syst results in a line

broadaing effect that can be seen in figui7 and this can be attributed to the B tern

the dipolar alphabét.

ITomo-
nuclear
Dipolar
Coupling
Figure 17 The effect of hom-nuclear dipolar couplings on the obserNMR spectrunt?

This line broadening is quite prominent in spintegss that have a high natu
abundance and a large gyromagnetic ratio, suches'°F and'H isotopes, and can res
in a line width on theorder of several kHz.#n systems that have either a low nat
abundance or gyromagnetic ratio will not experiersteong hom-nuclear dipolar
couplings and in these cases only the effect adrt-nuclear dipolar coupling needs
be considered.

The heteraauclear dipolar Hamiltoniacontains only the A term of the alphal
andis given by the following

~ dip

H j« =djk%(300§ - :)( izéz) (92)
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The B termof the alphabedisappears because it contains a transverse taowyr as the

flip flop term (fxéx + fyéy), that is only significant when the Larmor freqagmof spinl

and S are equivalentthereforethe line broadening due to the B term vno longer be
present. In this case tlhetero-nuclear dipolar couplings leadat®ake patterf® shown

in figure 18 where the separati between the most intense features of the pa

(known as the horns3 given by the dipolar coupling constad , ).

—d —
1.k

Figure 18 NMR spectrum of a Pake pattern resulting from teeet-nuclear dipolacoupling of an
isolated spin pair.

Each side of the pake pattern corresponds to a gopattern similar to the one sho
for the chemical shift anisotro with axial symmetry # =0). This is because the dipol
couplings cause shift in the transition frequen of each nuclei involved in the couplii
that has amrientation dependen given by:3cog - 1 However, the dipolar couplin

causeboth a positive and negative shift, where bothtskdfe equal iimagnitude. This
results in the superposition of two symmetric pompigtterns, as seen in figur8. It is

important to note that the hornuclear dipolar couplings for a spin system cotintgj!
four or less spin pairs results in a Pake pattemla to the one shown in figure 1.

however, in this case the splitting between thexbigs given by3/2d,, 3
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[11.J-Coupling

Earlier it was mentioned that the direct spin-sgioupling tensor (dipolar
coupling) is traceless and therefore averagesrt inesolution-state NMR experiments.
Indirect spin-spin coupling, better known as J-dmgp is present in solution state NMR
and is mediated through the electron density ofsdmaple. The J-coupling is given by

the following Hamiltonian:

~J

Hjx =27ﬁj@j,k |:ﬁk 193
The 2t term is present because the J-coupling is genespdicified in hertz and thﬁ\j,k
term is the J-coupling tensor given by:
Jlle gl gk
XX Xy Xz
ST I O o (94)
Jle gl gk
x zy z
The J-coupling interaction is isotropic in solutiand results in the multiplet structures
commonly seen in solution-state NMR spectroscofdyes€ structures depend on the

scalar coupling, or isotropic J-coupling, the vabfievhich is specified by:
ik =23, 0 O = 270, (i + 1y liy + 1120 kz) (95)
Where:
P :%(Jix’k +35+3.5) (96)

These multiplet structures provide direct informaatabout the bonding geometry of the
system. It is important to point out that J-couglis also present in solids and can be

anisotropic; however, J-coupling in solids will ro@ discussed any further in this work.

44



V. Quadrupolar Coupling

To this point only the very specific case of spthhas been discussed. Nuclei
with a spin greater than Y, referred to as quadanpouclei, possess an electric
guadrupole moment. This quadrupole moment interadts the electric field gradient
(EFG) of the nucleus created by the surroundingtele density. The orientation of the
electric field gradient with respect to the statiagnetic field can be represented by a
tensor, in a similar manner to the CSA, and als® d&orresponding PAS frame. The
guadrupolar interaction causes a large shift inltaemor frequency and results in a
powder pattern that is very similar to the Pakegpas, as seen for the hetero-nuclear
dipolar couplings. These powder patterns covengeaf frequencies that is much larger
than those due to hetero-nuclear dipolar couplargbare on the order of tens of kHz to
several MHz wide. For this reason, the study ofdgqugolar nuclei is a rather large and
very specialized sub-discipline of NMR spectroscdpyhe quadrupolar interaction is

beyond the scope of this work and will not be dssaa any further.

1.3.4 Overall NMR Hamiltonian in Solution- vs. Solid-state

The spectra in solution-state and solid-state N(SNMR) spectroscopy are
quite different because the internal interactioresent in the overall Hamiltonian differ
in each case. In solution-state NMR spectroscoptydpic motion averages the dipolar
interaction to zero, as well as any anisotropyhn¢hemical shift tensor, and leaves only
the isotropic chemical shift and J-coupling to doaté the internal interactions.
Therefore, high resolution is easily obtained itugson-state NMR spectroscopy and is

characterized by narrow line widths and well reedlvnultiplet structures. In the solid-

45



state both the dipolar interaction and chemicalt stinisotropy are present in the
Hamiltonian and lead to significant line broadeniag indicated in the dipolar coupling
and chemical shift sections above. For this reasany specialized techniques have
been developed in the solid-state in order to redbe line broadening caused by CSA

and dipolar coupling interactions.

1.4 Specialized NMR Techniques

There are numerous specialized techniques employth@ SSNMR experiments
presented in chapters 2 and 3. These have beelopegdo improve the quality of solid
state NMR spectroscopy by increasing the resolwiwh signal to noise ratio of spectra.
The next section will explain the theory and pnobes behind some of these common

methods.

1.4.1 Magic-Angle Spinning

Earlier it was mentioned that SSNMR spectroscapygarried out on powder
samples which contain multiple crystal orientatiovigh respect to the static magnetic
field. Each crystal orientation gives rise to alslly different chemical shift and the
superposition of these shifts gives rise to a povpddtern. This powder pattern appears
again in the form of a Pake pattern when considete effect of hetero-nuclear dipolar
couplings (see figurel8). Both the CSA and heterdear dipolar coupling
Hamiltonians contain a dominant leading term thafings the orientation of the

interaction with respect to the static magnetitdfeend this is given by:

3cos -1 (97)
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In fact, it can be shown that all of the interrmkractions of the Hamiltonian with a non-
isotropic tensor contain a dominant leading termivalent to equation 9%. The line
broadening effects of these terms in the Hamiltordan be removed if each crystallite
could be placed at an angf®, with respect to the static field, whe&, is chosen such
that equation 97 is equal to zero. This specifiglams known as the magic angle and is

given by:

g, =arccos— [ 54.7% (98)

3
After the sample is placed at the magic angle $pign about this angle at a speed given
by v, . This rotation mimics the isotropic motion seersaiution-state NMR by equally
sampling all of the directions of motion (X, y, anid The act of spinning a sample about

the magic angle, as illustrated in figure 19, femed to as magic angle spinning (MAS).

Figure 19 Schematic representation of sample rotation atthgic angle.

The sample spinning speed, | determines how efficiently each term in the

Hamiltonian will be suppressed. The CSA and heterdear dipolar couplings can be
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removed by using spinning speeds slightly largantthe interaction strength and results
in an isotropic line as seen in figure 264% When the spinning speed is less than the
interaction strength of the Hamiltonian the origiota dependence is not completely
removed. The incomplete removal of the CSA andrbetaclear dipolar terms results in
a spinning side band pattern like the one showfigure 20b. The observed sideband
pattern resembles the powder pattern (figure 208a) is acquired without the use of
MAS and can be directly related to the remainingnaital shift anisotropy tensor. It is
important to note that the isotropic peak is natassarily the most intense line; however
the isotropic peak will not shift with spinning saeand can be easily identified by

carrying out the same experiment at two differ¢mesls.

e

Y

150

Figure 20 MAS NMR spectrum obtained at a spinning speecefatigan (a) and smaller than (b) the
line broadening interaction; MAS NMR spectrum obtal under static conditions (c).

The homo-nuclear dipolar couplings give rise tiina broadening that can also
be reduced, or removed, by the use of MAS; howemet, quite as easily as the

aforementioned interactions. Nuclei with high naturabundance and a large
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gyromagnetic ratio possess rather large homo-nuclaglings and as a result spinning
speeds in the range of 30-75 kHz are required nwove these interactions. Recently,
NMR probes capable of reaching these speeds hawemige available and this has
resulted in the development of new fast spinnimgtéues for obtaining high resolution
spectra’’

The spinning of a sample at the magic angle resnla phenomenon known as
the rotational echo. Recall that the FID is detgatereal-time and contains an evolution
term defined by the static field, chemical shiftsatropy, and dipolar coupling. As the
sample is spun, each crystallite undergoes multgferent orientations with respect to
the magnetic field; therefore, the evolutionarygtrency of the FID will reflect these
orientations. As the sample completes one fulltiatathe frequency of evolution will
return to its starting value and then undergo tetecagain. As a result, the FID will be

composed of a sequence of repeating patterns kaswotational-echoes (figure 21).

0.0010 0.0020 0.0030 0.0040 0.0050 0.0060 0.0070 0.0080 0.0090 0.0100 0.0110 0.0120 0.0130 0.0140 0.0150
time (s)

Figure 21 The"Br FID of KBr spinning at an MAS rate of 5 kHz.
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A time series that is composed of only the maxinuahue of each rotor echo will result
in an isotropic spectrum as seen in figure 20aetbee it is important to consider the
effect of synchronizing the acquisition period gidse sequence with the rotor period of

MAS (rotor-synchronization). The rotor period, ] of MAS can be defined by the

following:

r=— (99)

The effects of rotor-synchronization on a pulseusege will be explored further in

chapters 2 and 3.

1.4.2 Decoupling

Magic angle spinning is a useful way to removelithe broadening effects of the
CSA and dipolar terms in the Hamiltonian. HoweWAS may not completely remove
hetero-nuclear dipolar couplings and in these c&S is combined with a technique
known as decouplind. Decoupling is commonly used in both solution- @odid-state
NMR spectroscopy to remove any hetero-nuclear cogplthat are present, including J-
coupling. Multiple different decoupling schemes @aleen developed and each is
tailored towards the specific requirements of atipalar NMR experiment and
spectrometer.

The most basic form of decoupling is known as cwdus wave (CW)
decoupling and consists of the application of cardus RF irradiation to a hetero-

nucleus during acquisition (see figure 22).
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Figure 22 The basic continuous wave (CW) decoupling sequ

However, this technique is limited because the fR&diationmust remain o throughout
the entireacquisition perio and this restricts the strengtii the RFfield used. This
restriction corresponds to a limit in the frequemapge over which the decding is
effective. This is not a problem fdecouplingnuclei that have a very small chemi
shift range, such as tf*H nuclei, but isvhen attempting to decouple the effect of nu
with a large chemical shift range, such as *C and'F nucle. More specialized
decoupling techniques have been developed to dehlthe situation of decouplin
nuclei with large chemical shift rang

The most common modification of CW decoupling i®Wn as two pulse pha:
modulated (TPPM) decouplir* TPPM is still a form of continuous decoupling |
alters the basic CW scheme by lying a series oback to back RF puls. Each pulse is
applied for an entire rotor period ahas theopposite phase of the previous p, as

shown in figure 23.
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Figure 23 The TPPM decoupling sequence.

This phase &rnatin¢ scheme is designed to increasedffective frequency rani over
which the CW decoupling occt, and therefore increasdscoupling performan. There
are many modifications of TPPM decoupl***’ but the most commoone employs a
phase shift where the two pulses are exactly 188eas out of phase with each other
is known asX inverseX (XiX) decoupling®® TPPM and its numerous modificatio
greatly increae the efficiency oidecoupling; howevera multiple-pulse decoupling
sequence where the RF pulses no longer remain on for thiree duration of the
acquisition periodwould allow for the use of much higher RF pow:

The use of multipl-pulse decoupling has been aroundddong time in solution-
state NMRspectroscopyand was originally used in solgtate NMR to decouple tf
homonuclear dipolar interactic®>? One of the more specializemultiple-pulse
decoupling schemassedin solid-state NMR is the X6 sequenc (figure 24) and it is

designed to decouple nuclei with a very large cleahshift anisotrop.*®
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Figure 24 The XY-16 decoupling sequence.

This sequence consists a train of 16 individual rotosynchronizec180 degree pulses
with each pulse having a ph. (¢) that follows the XY16 phase cyc.”® The term rotor-

synchronized implies that each puls applied at the end of a rotor per (7,). This

decoupling scheme does not require contintRF irradiationand therefore perm the
use of much strongerF powers. These powers candeywhere from 100 t125 kHz
and allow for he decoupling of nuclei over a chemical shift ranf the same order.
More advancednultiple-pulse decoupling schemes basedsgmmetryprinciples have
been developed and allow for the selective remor reintroductionof specific terms in
the Hamiltonian. These sequen, known as C or R sequencest onlyallow the user
to control which terms of the Hamiltonian will beabuplecduring acquisition, but als

allow for the reintroduction of terms which have been removed byg.>*>®
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1.4.3 The Hahn Echo

The presence of a large CSA and dipolar couplarg @ause the FID to dephase
very rapidly; therefore, the FID must be detected qaickly as possible after the
excitation pulse has been applied. This is not gdn@ossible due to distortions caused
by turning off the excitation pulse (pulse ring-doeffects)?* In this case it is ideal to
have a method capable of letting one observe thgnetaation created directly after a
pulse without having to detect the FID immediatafier the pulse. This can be achieved
by using a common technique known as the Hahn-echo.

Figure 25a gives the pulse sequence for a Hahn-atiie figure 25b indicates
the state of the magnetization after each steghénsequence. The initial transverse
magnetization is created by a 90 degree pulse laard liegins to lose coherence, or fan
out in the transverse plane, during a fixed inteofdime (tr). This is caused by small
fluctuations in the local magnetic field experietid® a spin and as a direct result some
spins experience a slightly larger field while athexperience a slightly smaller field.
Therefore, some of the spins will precess more kiypiiand others less so, both with
respect to the Larmor frequency. The applicatioraof80 degree pulse reverses the
placement of the magnetization in the transvers@eplsuch that the components with
slightly faster precession are now behind the iagatrame and the ones with slightly
slower precession are ahead of the frame. Afteséiwend delay period, also equakto
the spins have refocused in the transverse pladeretnrn to a state that is almost
identical to the original excited state. The magagion can now be detected without

having to worry about the effects of pulse ring dow
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Figure 25 a) The pulse sequence for the H-ectp; b) a magnetization diagram illustrating

state of the magnetization throughout various stéplse Hah-echo.

The efficiency of theHahn-echo relies on carefuliettingboth the 90 and 180
degree pulses sucthat the magnetization is accurately refocuWhen either the 90 or
180 degree pulse is not carefully set it can rasukesidual incoherent, or n-refocused,
transverse magnetization which leads to phasertigsis in the observed spectruThis
problem can be circumvented by running the sequerare that once with the phase
the 90 and 180 degree pulses varied in each sineess (known as a phase cycle)
very specificphase cycling method, known as an EXORCYCLE, canmnigementec
and makes the Hahetho fa less sensitive to errors in the setting of both@®end 18(

degree pulse¥. The EXORCYLE phase cycle requires 16 steps anivés in table 1.
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Table 1 Phase cycle of EXORCYCLE

T2, Tl T2, Tl
X Y Y Y
X (-Y) Y (-Y)
X X Y X
X (-X) Y (-X)
(-X) X (-Y) Y
(-X) (-X) (-Y) (-Y)
(-X) Y (-Y) X
(-X) (-Y) (Y) (-X)

EXORCYCLE ensures that any of the remaining incehetransverse magnetization is
produced equally in all directions and will themefocancel out by co-adding all 16
spectra. The use of EXORCYCLE will be revisited whiktscussing the results presented

in Chapter 3.

1.4.4 Cross-Polarization

The NMR signal of dilute spins, or spins with lowatural abundance and
receptivity, can be very hard to detect because\t¥i& signal has a very low signal to
noise ratio. This problem can be circumvented bgryoay out multiple scans, or
transients, of the same experiment. The time betwbhese transients, known as the
recycle delay, is dependent on Dilute spins tend to have very long Values, making
the acquisition of multiple scans a lengthy proc€sess-polarization (CP) is a method
in which dilute spins can use a nearby ensembébohdant nuclei to enhance their spin
polarization. Polarization transfer during CP religpon a spin-lock, where the maximum

length of this lock is dependent upon a parametenk as the spin-lattice relaxation in
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the rotating frameT,,,).*> ** Both the effect of the spilock and theT,, parameter will
be explained in the following tex
The T,, parameter is measured by placing static magnetization into th

transverse plane with90 degree pulse and then lockingnithe plane with a sp-lock

(figure 26a).

Spin-lock (B,)) Mnﬂl\l\l\
I EWU\IVVV““““"""A'

T

b) z z Vi
7t/2y B,
——— —-
Yy Yy y
) le
X X X
Figure 26 a) The pulse sequence for a «lock experiment; b) a magnetization diagram illatig

the state of the magnetization throughout ves steps of the sg-lock sequence.

The spinlock is a low power pulse applie@long the plane that coincides with -
transverse magnetization and remaindor a timet. Figure 26lshows a magnetizatic
diagram which illustrates the effect of both thetiah 90 degree -pulse and the
subsequent spilock. If the power of the spiteck is sufficient it will cause the

magnetization to remain along tx-axis where it will precess aoing to the frequenc
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of the applied pulse. Therefore, the magnetizatwdhdecay during the spin-lock on a

time scale determined by the power of the lockiotsg and not the Larmor frequency.

This decay is determined by both the length ofshie-lock andT,, as given by:

M, = MOe_é (100)

After the spin-lock is turned off the magnetizatisriree to precess and decay according
to the Larmor frequency and transverse relaxatie), fespectively. The value of,,
can be easily obtained by repeating this experimauitiple times, each with different
spin-lock times. It is important to note that treue of T, , is usually on the millisecond
time-scale and allows for the probing of motion a@ydamics on this scale. Now that the
spin-lock andT,, have been introduced the basic CP experiment egordsented and
explained.

The polarization transfer that occurs during Gguge 27) is dependent upon two

main factors: the contact time,(_ ) and the Hartmann-Hahn match.

/2,

I Cp Decoupling

i Contact Time!

E (Tcmct)

S P 'nﬂﬂhﬂﬂnqﬂﬁpnh__
UUUUUUV

Figure 27 The pulse sequence for cross-polarization.
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Recall that the hetero-nuclear dipolar interactim@s not contain the B term (flip-flop
term) of the dipolar alphabet because the Larmeguencies of the spins involved are
quite different. During a spin-lock period the fuemcy of precession is determined by
the applied RF power of the lock and not the Larfnequency of the spins. This means
that the RF powers of a spin lock applied to boticlei simultaneously can be
manipulated in order to equalize the following dtpra

W =B, =B s = (101)
Now that the frequencies of spin | and S are edgintahe flip-flop term is re-introduced
to the hetero-nuclear dipolar Hamiltonian, whichlowk for the exchange of
magnetization between the two spins. The condgieen in equation 101 is known as
the Hartmann-Hahn matéA.Hence, magnetization can be created on an abusgant
(), with a 90 degree excitation pulse, and effetyinansferred to the dilute spif)( via
a simultaneous spin-lock on both channels, for sgibsnt detection.

The polarization transfer during the spin-lock cbe@ further explained by

examining the Hamiltonian in the presence and ateseha spin-lock. Prior to the spin-
lock period the Hamiltonian consists of the Zeerteam of each nucleus and the A term

of the hetero-nuclear dipolar interaction, as gikgn
H=HZ+HZ+HP® (102)
During the spin-lock period the Zeeman term forheaocleus is no longer present in the

Hamiltonian of the RF pulse and the magnetizat®pvolving according to the homo-

nuclear dipolar Hamiltonian.

3 — Ly Dip(A+B)
H=HP" 108)
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The rate of magnetization transfer between thesspigpends on the average dipolar
interaction between them. Therefore, the time ovbich the Hartmann-Hahn match

occurs (contact time) must be carefully choserhabthis transfer is optimal (figure 28).

Spin I Spin S
1 -
o . \ .
-2 Optimal
= 0.8} .
N Contact Time
45 3
& 0.6}
£ /T
=T X
cntct Ip(l)
.'q;) 0.4 ¢
=
£ 0.2
o
Z
Contact time (1_ ) Contact time (t_ )
Figure 28 A general CP build up and decay curve for a trarfséen an abundant spirto a rare

spinS.'8

It is important to note that the magnetization gsda both channels at a rate governed

by T,, of the abundant spin and as a result, the redely of the experiment is also

governed by the jTof the abundant spin. In general, an abundantisgsna much shorter
T, than a dilute spin and this allows for the repmtitof more experiments in less time.
The combination of both effective polarization ster via CP and a short recycle delay
allows for the acquisition of high signal to noggeectra of dilute spins in much less time.
The signal-to-noise enhancement in a CP experim@mtbe considered in two
cases: transfer between an abundant and dilute aminthe transfer between two

abundant spins. The enhancement factor for thé ¢amse is directly related to the
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difference between the gyromagnetic ratio of the twuclei. In the latter case, the
difference between the gyromagnetic ratios of emableus is very small and the
enhancement now depends upon the ratio of the praduhe gyromagnetic ratios and
the relative populations of each spin.

The Hartmann-Hahn match condition is very sersitiv fluctuations in both
power and spinning speed and this leads to a togeeiefficiency of CP. For this reason
many different forms of CP have been developedrifento increase its efficien&y®®
The above outlined method, known as constant CEheismost sensitive form and is
usually only employed when quantitative data isdeele Another form, known as
ramped CP, varies the power on one of the chammeldinear fashion. This allows for a
broader power range that can account for fluctanatio the match condition; however,
longer contact times are usually required. Adiab@t is used for cases where fast MAS
must be used and the dipolar interactions are daddevn. In this case, the power is
varied such that the magnetization undergoes abatic passagew&yin which, for a
period of time, the only term remaining in the HHaomian is the dipolar term and during

this time the magnetization is effectively transéerbetween two nuclei.

1.4.5 Multi-dimensional NMR

All of the NMR experiments that have been presgnte to this point are one-
dimensional (1D) techniques where the detectedakigna function of only one time
variable. This results in a spectrum that givesdig@al intensity as a function of only

one frequency axis as seen in figure 29.
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Figure29 A 1D NMR spectra containing to isotropic lit.

In complex molecules @D spectrumcan become very crowd, due to multiple
chemical shiftsand difficult to nterpret; thereforei is difficult to extract informatior
about the connectivity, orinteractions of the various spin networl In multi-
dimensional NMRspectroscopthe detected signa ia function oseveral time variables
and this providea tool foranalyzing the connectivityf these complex syster

In two-dimensional (2D) NMI spectroscopy ® the signalis detected as a
function of two time variabs, thus providing a way to makdservatios of the spin-
spin interactiongdirectly. The general pulse sequence fo2ld NMR experiment is
shown in figure 30and is composed of four time periods known as pedjom,

evolution, mixing, and detectic

I tl [
UnVnUnUAVAvAVI\VAVAVAvA
Preparation Evolution Mixing Detection
Figure 30 The general pulse sequence of a 2D NMR experi.

The preparation peric uses RF pulses to carefully manipulate the spitesysindcreate
a desired stat@r coherence orde¢ of the spin system. This stéteen evolves freely fc
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the duration of thevolution perio (t;). It is important to note that the magnetizatiol
not directly detected during the evolution pel. The mixing periocthen uses RF pulses
to re-convert thetate of the spin syst¢to a form in which it can be detected during
detection period £}. The resulting FID isnow a function of both the evolun (t;) and
detection () time period. The application of a Fourier transformboth time variables
results in a 2Dspectum (figure 31) that containthe signal as a function orequency
along two axes, fanc F,, and these axes correspond to evolutioring the time period

of t; and &, repectively
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Figure 31 A general 2D NMR spectra.
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The cross-peaks in figure 28 indicate correlatitmdween spins due to coupling.
Specific examples of 2D NMR techniques will be giviater when discussing the

application of SSNMR to polymers.

1.4.6 °F Solid-State NMR

Fluorine SSNMR is an ideal tool to study fluorinentaining polymers and
provides several advantages over other nG€f&iFirstly, it is 100% abundant and has
the second largest gyromagnetic ratio amongst estabtlei; hence, its sensitivity is
similar to that of‘H. As a consequence, it is common for fluorine awéhstrong homo-
and hetero-nuclear dipolar couplings as long asapa@ motion is present. These can be
exploited in 2D techniques to provide informatiomoat the connectivity and spatial
proximity of the nuclei involved. For non-perflunated systems, hetero-nuclear
couplings to protons can be easily removed by usmglti-pulse decoupling
sequence$:*? Secondly, fluorine is very sensitive to its loealvironment owing to its
large chemical shift range, similar'f{C, making it a useful structural probe.

There are no inherent problems in carrying out S&\&kperiments on non-
hydrogen containing fluoropolymers, since only mgk high-band channel is required.
This leaves out a large class of materials thataterboth'H and*°F nuclei. Study of
these systems requires probes that are capableirtd huned close in frequency (~ 30
MHz for a 500 MHz magnet), while still operatinghagh power (around 1 kW). Probes
with this capability became commercially availabiethe last decade and have sparked

interest in the study of these materials.
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1.4.7 Simulation of SSNMR

SSNMR is a vast and quickly evolving field in whinew and more sophisticated
techniqgues are continuously being developed; tbezefan efficient method of
simulating the spin dynamics during pulse sequergessential in the development and
understanding of these techniques. This is notaay task, as the SSNMR Hamiltonian
contains multiple terms which are orientationallgpdndent with respect to the static
magnetic field (see section 1.3.3). Many differsaftware suites, such as SIMPSON
and GAMMA,® have been developed and are implemented for twpoges: (1) the
accurate simulation of NMR line shapes and powdatems, such that structural
information can be extracted, and (2) understantimg the interactions present within
the Hamiltonian effect the outcome of NMR experitsenThe DIVAM simulations
presented in chapters 2 and 3 were performed tisin§IMPSOR® simulation program.

The SIMPSON program is optimized for the fast clton of multiple-pulse
MAS NMR experiments and is coded in the Tcl scrigtianguagé* SIMPSON is
unique because it was the first software packageet@ompletely modular in design,
making it the ideal platform for a virtual spectreter. The modularity is achieved by
creating four different sections in the code ofiaput file. The first section (spinsys
section) allows the user to set the nuclei which aresent and control the internal
interactions of the spin system. This gives the gs&trol over spin-spin interactions,
such as J and dipolar coupling, as well as singjie isteractions, such as the isotropic
chemical shift, CSA, and quadrupolar coupling. Themical shift tensor convention
used in SIMPSON is the Haeberlen convention preseearlier in section 1.333.The

second section (par section) allows for carefulti@brover the various parameters in the
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simulations. These include the setup and acquisp@rameters such as the MAS rate,
static field strength (8, number of points, sweep width, the initial stait the
magnetization, and the detection operator, asagefidvanced computational parameters,
such as the type of powder averaging. The thirdise¢pulseq section) gives the user
direct control over both the application of RF msland the delays that occur during the
pulse sequence. This is analogous to the pulseesegicoding used when implementing
experiments on a real spectrometer and is the leayeait that makes SIMPSON an ideal
virtual spectrometer. One distinct advantage of ghise sequence section is that the
propagator for the application of various pulsed delays can be stored and re-used at a
later point. This can be a very powerful capabiitgen studying both two-dimensional
NMR, and the application of various decoupling téghes in solid-state NM&. The
last section (main section) is used both to skertsimulation, and process the simulated
data. Thefsimpson command starts a simulation and stores the raguitata in an array
named by the user. This data can then be procegiieczero-filling, line broadening,
and phasing and subsequently Fourier transformed anspectrum for interpretation.
More importantly, SIMPSON allows the user to salve tlata at any point during the
manipulation process; hence, the data can be ssveath FID and spectrum before and
after the application of processing. Also, the sibuse of data arrays in SIMPSON
provides a method by which advanced multi-dimeraiddMR experiments can be
simulated.

SIMPSON calculates the density matrix at any gipemt in time by a direct
time integration of the Louiville-von Neumann edaat (see equation 58). The

Hamiltonian used in the propagator and the initlehsity matrix of the system are
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composed of the various internal interactions whéech set in the spin system and
parameter sections of the input file. The NMR sigisaobtained by calculating the
expectation value of the detect operator, defineitié parameter section of the input file,
as given in equation 54. In order to obtain thenaigor the entire powder sample a
process known as powder averaging must be caraed o

Powder averaging in SIMPSON is carried out by dalimg the signal over a
discrete sum of pre-defined Euler angles [, y), where each set of Euler angles
represents a different crystal orientation withpesg to the static magnetic fiel@here
are multiple different types of averaging schemeslable, each of which is designed to
more efficiently sample the various crystalliteemiations in the unit sphere; however,
SIMPSON uses two of the more common schemes knosviha LebedéV and
REPULSION* methods. As mentioned earlier, sample rotation @)lAcreates a
periodically time dependent Hamiltonian (figure page 50). The Euler angle given by
gamma represents rotation about the magic anglerotor axis; therefore, the
gamma_angles parameter determines how many points will be sathphside one
complete rotation of the rotor. Tloeystal_file parameter then specifies a set of alpha and
beta angles that will be varied for each of the g@mangle points in one complete
rotation of the sample.

SIMPSON gives the user control over the externaractions of the Hamiltonian
(Section 1.3.2). The strength of the static magni¢ld is defined in the parameters
section of the input file; conversely, control dfetapplied RF pulses is not quite as
simple. An applied RF pulse can be defined as eitteal or real. An ideal (hard) pulse

is considered to be infinitely sharp and excitdsoélthe chemical shifts equivalently
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while a real (soft) pulse takes into account theation and strength of the pulse when
exciting the spin system. All of the simulationgdsn chapters 2 and 3 were carried out
using real pulses.

SIMPSON presents a very robust way to simulatelssihte NMR experiments
but, it does have a few key shortcomings. The stran of the Hamiltonian uses the
secular approximation and does not take into adctheneffects of non-secular terms.
Furthermore, SIMPSON does not take into account dffects of relaxation and
dynamics (motion). As a direct result, the SIMPS@dlysis presented in chapters 2 and
3 considers only the effects of spin dynamics. Adfeanalytical expressions had to be

developed in order to consider the combined effettslaxation and spin dynamics.

1.5 Solid-state NM R of Polymers

1.5.1 Overview

Polymer science aims at creating novel polymer ras$ethat possess an ideal set
of properties and functions for specific applicasdn the everyday world. In order to
achieve this, the relationship between the macmscproperties and the molecular
structure and dynamics of the molecule must be nstoled. Single-crystal X-ray
crystallography is not possible for polymeric megtksrand powder X-ray diffraction can
only be used to obtain the unit cell informatiorurthermore, X-ray crystallography
cannot provide any structural information of thefooystalline region of polymers, such
as highly mobile (amorphous) chain segments. SSNépRctroscopy has been an

invaluable tool in the study of polymers becauseait provide structural and dynamic
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information on both the mobile and rigid regionsagpolymer, regardless of the overall

crystallinity.

1.5.2 Polymers

A polymer is a long chain macromolecule that isposed of repeating structural
units. The elements that compose the repeating oha polymer determine whether it is
classified as organic, inorganic, or biologicalrthermore, a polymer can be composed
entirely of the same repeating unit or it can conteveral different repeating units.
These are known as homo- and co-polymers, respécfRi’®

Earlier it was mentioned that polymers do not neaely have high crystallinity.
A certain class of polymers are semi-crystallinenature and contain both crystalline
(rigid) and amorphous (mobile) phagésas seen in figure 32. The semi-crystalline
nature of these polymers is a direct result of dngstallization process. During
crystallization it is possible for a segment frommeocrystalline segment to be
incorporated, or intertwined, with another crystedlsegment and this leads to regions of
the polymer that are disordered, or entangled. &leesangled regions do not crystallize,
forming the amorphous phase of the polymer. Thequercrystallinity of a polymer
depends greatly on the regularity of the repeatinigj in the chain structure; therefore,
polymers that possess either very large functignalips or defect units, due to improper

addition of monomers, tend to have lower crystditin
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Figure 32 A schematic representation of the phase structuseri-crystalline polymer¥.

The crystalline and amorphous phases in a polyna@e hunique and useful
macroscopic properties. The crystalline regions gige to the rigid properties of the
polymer, such as strength and thermal stabilityijerine mobile amorphous phase leads
to properties such as flexibility and permeabiftyA semi-crystalline polymer is
therefore much more versatile than a purely cristalpolymer; therefore, it can be
processed in many different ways for use in vargpglications. This processing ranges
from heat treatment of the polymer (annealing),mechanical treatments, such as
stretching the polymer. An understanding of therascopic structure and dynamics of
both the crystalline and amorphous phases is eakent developing the potential

macroscopic properties of these polymers.
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1.5.3 High Resolution SSNMR Techniques

SSNMR provides information on both the structured atynamics of the
amorphous and crystalline phases of polymers. Tistalline phase of a polymer is
highly ordered and the spins in adjacent chainsraact in a very structured manner. In
contrast, the amorphous phase of a polymer is yigtubile and the spins from various
chains interact in a random manner. As a res@tQ8A and dipolar terms, as well as the
relaxation times, of each phase (domain) will bH#edént. Crystalline domains are
usually characterized by short transverse relanatimes and large chemical shift
anisotropies due to the presence of large dipakeractions and the orientation
dependence of the crystalline unit. In contrastpgmous domains have much longer
transverse relaxation times and smaller chemicdil ahisotropies due to averaging of
the tenors, or scaling, caused by molecular mofitne rest of this text will discuss the
application of SSNMR to a very specific type of s@mystalline inorganic polymers,
known as fluoropolymers.

Fluoropolymers see widespread commercial applioatisuch as non-stick
coatings (Teflof"), textiles (Gore-te®), fuel cell membranes (Nafidf), and electronic
devices (poly(vinylidene fluorideY$®° Poly(vinylidene fluoride) (PVDF) is a semi-
crystalline fluoropolymer that is exploited for ipgezo- and pyro-electric properties in
actuators, transducers, and coatings. The gerteuatige of PVDF is given in figure 33
and has 4 common crystal polymorphsf§, y, andd) that can be formed based upon the

processing conditiori&.
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Figure 33 The polymer structure of PVDF.

The polymorph of PVDF is highly polar as it consistsaa all trans chain alignment in
which the dipole moments of fluorine point in thenee direction (figure 34a). This
polymorph is commonly applied in the electronic ides mentioned above. The
polymorph of PVDF is non-polar and consists of at well composed of a tty
conformation (figure 34b); therefore, the fluorinesthe crystalline unit cell of th@

polymorph are equivalent, while those in thpolymorph are not.

Figure 34 The a)B and b)a polymorphs of PVDF.

The structure of the various polymorphs of PVDF basn studied extensively using
NMR spectroscop§?®’ however, only ther polymorph of PVDF will be presented and

discussed here.
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The F MAS SSNMR spectrum of a PVDF sample that is pritpaa-PVDF
(figure 35) contains two broad signals at —82.1 a88.6 ppm corresponding to the two
non-equivalent crystalline domains and one narreakpat —91.2 ppm that represents the
amorphous domaitf %

Amorphous
o
'CFZCHZ' 20 kHz
>

Crystalline 2

-CH,CF5CF,CHy-

Crystalline 1 .~ (Defect Units)

TTTTTTTTT T

T L R AN LA RSN SR LA SRR AR SRR R ALY RARLRSARY
0 20 40 60 -80 -100 -120 -140 -160 -180
ppm

Figure 35 The'*F MAS SSNMR spectra af-PVDF acquired at an MAS rate of 20 kHz with
proton decoupling and its structural assignmehé spectra was referenced
with respect to &Fs.

As mentioned above, the crystalline signal is cti@r&zed by a short;Tand large CSA,
while the amorphous signal has a much longeaid a smaller CSA, due to molecular
motion. A broad peak of low intensity is composédveo peaks at —118.3 and —114.9
ppm from the two adjacent glgroups of the defect unit, which is formed duehe
occasional reverse addition of the monomer unittndyolymerization. Furthermore, a
low intensity signal is present at —115 ppm andbeen observed elsewhere and shown
to be the CFH end chain signaf’

SSNMR gives valuable insight into the structurel alynamics of the various

phases of a polymer that cannot necessarily bangstahrough X-ray crystallography
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studies. The study of polymers by SSNMR spectrogcap be broken down into 3 main
categories: polymer connectivity, polymer dynamas] domain selection methods.

Polymer connectivity can be studied through varidlB and 2D NMR
techniques. The 1D spectrum of a polymer can conganals corresponding to the
chemical shift of the various structurally uniguavieconments in the polymer in their
respective phases. Provided that sufficient remwius achieved, the 1D spectrum gives
the chemical shift, line width, intensity, and ar@@mposition can be determined
through de-convolution studies). Also, if the sigfram the end-chain of the polymer
can be resolved its area can be used to deterimenelative length of the polymer chain.
2D NMR techniques are applied to determine theutiinobond connectivity and spatial
proximity within a polymer. Several through spaée 2SNMR techniques that are based
on correlation via the dipolar coupling are rouljnesed in the study of polymets.>+>>
7. 939 These include both hetero-nuclear and homo-nucteahniques, such as
HETeronuclear CORrelation (HETCOR)®® and Radio Frequency Driven Recoupling
(RFDR)?"® respectively. The application of through-bond 28NBIR techniques are
not as common in the study of polymers and theskide homo- and hetero-nuclear
methods such as: Incredible Natural Abundance DBouRQUAntum Transfer
(INADEQUATE),***% Hetero-nuclear Multiple-Quantum Correlation (HMQ®€) and
Hetero-nuclear Single-Quantum Correlation (MAS-J43!%? These techniques
provide the necessary information to obtain theraye local atomic structure of a
polymer; however, polymers are not static in nature

SSNMR is a powerful tool for investigating the dymic behavior of both the

crystalline and amorphous phases within a polymenmnentioned before, dynamics in a
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polymer leads to its elasticity and renders it pmable. The most common way to
investigate dynamics in a polymer is through ilaxation parameters (I T, and ).

By measuring the relaxation parameters at varieagperatures the rate of motion of a
specific process can be determined and this infoomacan be used to determine the
corresponding energy. Cross-polarization dynanscalso very useful in investigating
motion as it provides useful information on therage dipolar interaction of the motion.
There are several 2D NMR technigques availableudysthe dynamics of a polymer; two
common techniques are 2D EXchange SpectroscopY YEXSand Centerband-Only

Detection of EXchange (CODEX)Both techniques allow longitudinal magnetization t
be exchanged between two nuclei via chemical exghamther than polarization

transfer. These methods allow for the study of sttywamics (~18 — 10" Hz), such as

those seen near the glass transition temperatyrelyhers.

1.5.4 Domain Selection M ethods

The amorphous and crystalline phases, or domasrs] to have different
chemical shielding and relaxation parameters; hewethe chemical shift difference is
not always large enough to distinguish betweensigeals from both domains. Most
often this occurs when similar chemical groupshsag a Cggroup, are present in both
the amorphous and crystalline phases. This caratieylarly problematic when dealing
with spins that undergo strong homo-nuclear dipotamplings, such as tHéF nuclei in
fluoropolymers, where the line width for both donmsis very broad and their spectral
lines overlap. A method must be developed to sépdina line shapes of each phase so

that their structure and dynamics can be studipdragely. This capability is extremely
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important when measuring the sizes of polymer domawhich has a tremendous
influence on the macroscopic properties of a polyftfe

Domain selection is achieved through a suite ohiodds that separate signals via
differences in the relaxation, CSA, and dipolarglings of each domaitf> Relaxation
methods are applied mainly to abundant nuclei affdrentiate signals on the basis of
the T, Ti,, and T times in each domaitt® The most basic form of selection is the CP
sequence outlined earli¥Y. The dipolar interaction is much stronger in a taljisne
domain than in an amorphous domain, and as a yésuttptimum contact time is much
shorter. Hence, by selecting a short contact timesignal from the amorphous domain
does not have sufficient time to cross-polarizayieg only signal from the crystalline
domain. This is the simplest way to select forghgnal from the crystalline domain. CP
is also incorporated in other methods that are usediscriminate between domains
based on the1] Ty, and T.

The pulse sequences for the pre- and post-CP ionerscovery experiments are
given in figure 36a and 36b, respectively. In botlthese experiments the magnetization
from each domain is placed on the —z-axis (inv@réed is then allowed to relax back to
equilibrium during the delay period)( The domain with a shorter, Tan be effectively
removed by setting the delay period to approxinya?@ percent of the Tvalue. The
pre-CP sequence applies the filter on theucleus and achieves inversion with the
application of a 180 degree pulse, while the pd3tsgquence applies the filter on the
second nuclei§) and uses a 90 degree pulse before and after €fetdively place the
magnetization along the —z-axis. It is importanhtde that the presence of strong homo-

nuclear dipolar couplings can remove the differentetween Ts as a result of
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averaging. Consequently, these experiments arearamonly used in studying semi-

crystalline fluoropolymers$?® however, experiments based upon boip anhd T are

common.
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Figure 36 The a) pre-CP and b) post-CP inversion recoveryesscgs.

Domains in a polymer can have significantly differd,, times; hence a spin-
lock can be used to remove the signal from the domvéah the shortest ;. This spin-

lock can be applied either before or after CP tesyin selection based onyglof either

thel or Snuclei, respectively (see figure 37).
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Figure 37 The a) pre-CP and b) post-CP spin-lock sequences.

The domain selection techniques outlined abovebeansed to remove signals from the
amorphous domain of a polymer because it typidagly much shorter;Tand T, times
then the corresponding crystalline domain. In astiramorphous domains typically
have a much longer;Than crystalline domains; hence allowing for stxec

There are several sequences that select on the bésdifferences in the
transverse relaxation rates, three of which arergim figure 38. The dipolar dephasing
sequence (figure 3847 is similar to the basic CP experiment but adds»xraelelay
time (1) before CP occurs. Crystalline domains have muobrter T, times than
amorphous domains; therefore, this delay can besgeh that the signal from the
crystalline domain dephases, leaving only the sifran the amorphous domain to

undergo CP. Unfortunately, the dipolar dephasingusece also allows for evolution
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under both the chemical shift and dipolar termshef Hamiltonian and this can lead to
significant phase distortions in the observed amous spectra. The addition of a Hahn-
echo in the middle of the dephasing period refosube chemical shift hetero-nuclear
dipolar coupling terms and reduces the phase ¢tmtst The Hahn-echo can be applied
either before or after CP resulting in the seleciod the amorphous signal based upon

the T, of the crystalline domain for tHeor S nuclei, respectively (figure 38b and 38c).
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Figure 38 The a) Dipolar dephasing, b) pre-CP Hahn-echo,camist-CP Hahn-echo sequences.
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Domain selection can also be achieved by manimglatie internal interactions
of the Hamiltonian. This discussion will focus panty on techniques designed to select
on differences in the dipolar interaction. As mené&d previously, CP is the most
common form of dipolar selection. The Dipolar fifté**3is a multiple pulse sequence
used to select the amorphous domain of a polyngré 39) by allowing the crystalline
signals to dephase under evolutions due to thdatipmteraction. The filter consists of
12 90 degree pulses that follow the phase cyclevshmelow and are separated by an

inter-pulse delayry.

/2, n/2 m/2 /2, n/2 T2 1'[/2 n/2 2 /2 /2, /2

T 0 0 (T

C ontact Tlme
(TCIITCI )

S mﬂ(\(\nnw\,ﬂvn
I

Figure 39 The Dipolar Filter pulse sequence.

The combination of an appropriate phase cycle ata-pulse delay refocuses only weak
dipolar couplings. As a result the signal from talisie domains will dephase during the
pulse train, while the signal from the amorphousmdm will not, leaving only the signal
from the amorphous domain to be cross-polarizedahg the train. All of techniques
outlined above have one thing in common, they sdlacthe signal from a specific
domain; therefore, multiple pulse sequences mustdsel in order to select for both

domains. The Discrimination Induced by Variable Aiogle Mini-pulses (DIVAM)
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, 114

sequenc allows for the selection of both domains with tiee= of only one pulse

sequence.
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2. THE DISCRIMINATION INDUCED BY VARIABLE AMPLITUDE MINI-

PULSES (DIVAM) SEQUENCE
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2.1 Overview

The DIVAM sequence (figure 40a) can be fine tutedelect for the signal from
a particular structural domain in a polymer. Irstmanner it is possible to obtain signals
specific to different domains using only one exmemt. The DIVAM sequence is
similar to the Dipolar filter sequence (DF) (figud®) as it is composed of 12 pulses
separated by an inter-pulse delay. (However, unlike the DF, the flip angle of the
pulses, referred to as the excitation an@le i no longer fixed at 90 degrees and their
phases remain constant. The DIVAM sequence is tegaatimes with the excitation
angle varied from 0° to 90° in n-steps. The exomaangle is varied by changing the

pulse field (RF) strength while keeping the pulseation constant.
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Figure 40 Thea) CP andb) Direct DIVAM pulse sequences.
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Originally, the DIVAM sequence was applied to ammdiant nucleus,e. *H, and
subsequently cross-polarized to the nuclei of ester.e. *°F (referred to as CP DIVAM).
In the case where CP is not possible from pratenfor perfluorinated or high mobility
materials, the DIVAM sequence is applied directythe nucleus of interest (referred to
as Direct DIVAM™>!*) as shown in figure 40b. The domain selectioRWMDF for both

sequences will be presented and explained in kapter.

2.2 Experimental

The a-PVDF sample had a molecular weight of 130(as determined by gel
permeation chromatography (GPC), crystallinity &% and reverse unit content of
4.7% as determined by NMR, and a melting points8 °C as determined by differential
scanning calorimetry (DSC}®*'° The sample ofi-PVDF was supplied by Atofina,
France. All measurements were made on a VARIAN INMOB00 MHz NMR
spectrometer operating at a carrier frequency &.4 MHz for fluorine and 500.00
MHz for proton. A Varian 2.5mm four channel HFXYobe operating at 2IC and
capable of MAS speeds up to 30 kHz was used. TR@@8e was calibrated at 25
for both the fluorine and proton nuclei which cepends to an RF field strength of 100
kHz. The RF resonance frequency during acquisitvas set to the amorphous peak of
PVDF at —91.2 ppm. TPPM decoupling was applietHtaluring fluorine acquisition and
also during spectral referencing so that the BiSiggert shift could be neglect&d’®
Spectral referencing was done usingrdJ0r = —166.4 ppm with respect to CEBLCas an
external reference. Zirconium oxide rotors with pesdrive caps were used in order to

avoid unwanted fluorine background signal.
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The CP and Direct DIVAM sequences were performediguswelve 2.5us
excitation pulses (pulse width (pw) = A€, with the RF frequency centered on the
amorphous signal of PVDF, each separated by am-puilse delay 1), and were
terminated by a 90observation pulse. Measurements for the nutakies were made
with the pulse excitation anglé)(varied from @ to 9 in 2.5 steps with the inter-pulse
delay fixed at 1.6{us (t =1.67 us). The variance of the pulse excitation an@lewas
accomplished by altering the strength of thefiBld, while keeping the pulse duration
constant in order to attain rotor synchronizatiohe signal from the CP DIVAM pulse
train was cross-polarized to fluorine using ramg&e with a contact time of 1 ms.
Measurements of Direct DIVAM were also made foredes of fixed excitation angles,
whilst varying the inter-pulse delay. The intergmildelays were chosen such that the
total filtering time (&) was varied over different orders of magnitudehaf rotor period
and relaxation time. Throughout this work rotor @dyronization is always with respect to
Tr, where F = (12 x1) + (12 x pw). All experimental measurements used/AS rate
between 20 and 25 kHz and the rate used for egoériexent is indicated in the figure
captions.

All simulations were carried out using SIMPSON .a% with an Intel Core 2
Duo 7200 processor. The Direct DIVAM simulationsrgvegun separately for three
different terms in the Hamiltonian correspondingtte isotropic chemical shift, chemical
shift anisotropy (CSA), and the dipolar couplingrFeach of these terms the pulse
sequence was simulated using real (soft) pulsestenstrength of the Hamiltonian terms

was varied in size from 0-50 kHz. These simulatievere also run under timing
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conditions in which the total duration of the pulsn was or was not synchronized with
the rotor period.

The CSA and Isotropic terms of the Hamiltonian eveimulated as a 1-spin
system with the initial density matrix set & The dipolar coupling term of the
Hamiltonian was simulated as a 2-spin system whighiitial density matrix set ag® +
1@ At the end of the sequence theomponent of the density matrix was reported as a
function of the pulse excitation angle).( For the dipolar coupling simulations, only the
| Y term of the density matrix was reported.

Simulations of the Direct DIVAM sequence were impénted using the same
pulse values as in the solid state NMR measurenfpws = 2.5us andt = 1.67us). The
rotor-synchronized and non-rotor synchronized satiohs used a spinning speed of 20
and 25 kHz, respectively. All simulations used divect method of calculation and were
powder averaged using 30 gamma angles and 16&lcoystntations. An example of the
SIMPSON input file used to simulate Direct DIVAMrche found in Appendix 1.

All NMR spectra were processed using the MatNfR.9 processing toolbox
(© Jakko van Beek) for MathWorks™ MATLAB6.5. The polymer chemical structure
representations were created in Cambridg&S6ftemDraW Ultra 11.0.1. All figures
were created with a combination of AdSbiustrato® CS4, Microsoft Office Excef

2007, and SigmaPIB2000 software.
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2.3TheOriginal CP DIVAM Seguence

2.3.1 Experimental Results

The CP DIVAM nutation array of theF MAS NMR spectra of PVDF is shown

in figure 41.
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Figure4l The CP DIVAM nutation array of thEF MAS NMR spectra of PVDF over a series of
excitation angles with an inter-pulse delay of 1.87and a pulse width of 24t (Tr =
50us). The nutation array ranges over excitation angfef-90° in steps of 2.5and was
acquired at a spinning speed of 20 kHz. Enlargesnehthe®®F MAS NMR spectra of
PVDF for selected excitation angles are shown alloearray.

All of the signals in the®®F NMR spectra of PVDF nutate with respect to etiita
angle; however, there are some important differencethe nutation behaviour of the
various signals of PVDF. Firstly, the amorphousalgiutates at a rate much faster than
the signals from the crystalline domain. This istipalarly noticeable at the excitation
angle of 12.%8where the amorphous signal has no transverse canpnull state) and
only the crystalline signals remain. Later, at agitation angle of 3% the crystalline

signals pass through a null state leaving only aherphous signal in the spectrum.
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Lastly, the defect signals appear to nutate ateavery similar to that of the amorphous
signal. This would indicate that the defect units i@ a similar chemical environment to
the amorphous domain. In fact, other studies haeel 2D NMR spectroscopy to show
that the defect units are indeed coincident witbséhof the amorphous regions of the
polymer®

Previous work on CP DIVAM has shown that no transigehavior is seen on a
time scale determined by the rotor period wheneimanting the inter-pulse delay.
This would indicate that the spin dynamic termsh@ent terms) that have an orientation
dependence, such as the CSA and dipolar coupliegnet dominate in the selection
mechanism of CP DIVAM,; therefore, the mechanisndahain selection in CP DIVAM

can be explained using a simple on-resonance anapxation model.

2.3.2 Selection Mechanism

The DIVAM sequence can be thought of selectinghenbasis of differences in
transverse relaxation between domains, which wasodstrated using a one-spin
relaxation model (Figure 42). Each pulse in the BIW train rotates the longitudinal
component of the magnetization from each signa the transverse plane. During the
inter-pulse delay the transverse components froch sanal dephase at differing rates,
resulting in a difference in their net angle ofatain from the z-axis. Upon each pulse-
delay cycle this phase difference accumulates tiaguh a significant net difference in
their nutation rates with respect to the excita@gmgle. At a given excitation angl8) (

one of the components will be perpendicular toztfaeis (or static field) and the signal is
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effectively placed in a null state upon the appiara of the terminal 90 pulse. As a

result the signal from the remaining domains iseobsd.

After 1 pulse- After 2 pulse- After 3 pulse-
delay cycle delay cycle delay cycle
Amorphous  , Crystalline

After 12 pulse- Purely Crystalline Spectra
delay cycle After final /2 pulse

z
N

Figure 42 A vector diagram of magnetization from the two damawith differing T, relaxation
times, under the operation of the CP DIVAM pulsertr

2.4TheDirect DIVAM Sequence*

2.4.1 Experimental Results

The Direct DIVAM nutation array of th&F MAS NMR spectra of PVDF is
shown in figure 43. In this case, not every signahe **F NMR spectrum of PVDF is
seen to nutate with respect to excitation angle somde important differences in the
behaviour between signals can be seen. Firstlyatherphous signal nutates for small
angles and passes through a null state af, Irégulting in the selection of the crystalline

signal; however, the amorphous signal stops ngdbn excitation angles greater than

! Reproduced in part with permission from HazenddhkWormald, P.; Montina, T. The Direct DIVAM
Experiment: A Spin Dynamics Analysi¥ournal of Physical Chemistry A 2008, 112, 6262-6274.Copyright
2008 American Chemical Society
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60°. Secondly, the crystalline signals are not seenutate for any excitation angle;
however they do appear to pass through a null ataé® excitation angle of 42.5 his
state is most likely due to coherent dephasindefdrystalline signals in the transverse
plane and allows for the selection of the amorplsgsal. Thirdly, the signals from the
defect units do not appear to nutate at all. Lasiynificant phase distortions are present
at excitation angles greater thar® 68nd the surviving transverse components indicate

that the spin dynamics of the system are an impbpart of the selection mechanism.
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Figure 43 The Direct DIVAM nutation array of thEF MAS NMR spectra of PVDF over a series

of excitation angles with an inter-pulse delay @7us and a pulse width of 2| (T =
50 us). The nutation array ranges over excitation angfef-90° in steps of 2.5and was
acquired with a spinning speed of 20 kHz. Enlargemef the’F MAS NMR spectra of
PVDF for selected excitation angles are shown allozarray.

The involvement of spin dynamics in the selecticgchanism of Direct DIVAM
is not surprising, as the filter is being applieckdtly to the fluorine nucleus. Fluorine is
an abundant nucleus that experiences strong dipolglings and has a very large CSA,

in contrast to théH nucleus which has a very small CSA. The involvenaf the CSA
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and Dipolar terms in the selection mechanism ofe@irDIVAM should lead to
observable transient behavior on a time scale mhgted by the rotor period. This is
because the CSA and Dipolar terms contain an atientlly dependant term that is
sensitive to the phase of the rotor. Thereforeea®tyg the spectra under varying rotor
synchronization conditions should lead to an olkasdes difference in the detected
spectra. A series of experiments were carriedrouthich the excitation angle was fixed
while varying the inter-pulse delay such that thialtfiltering time () was varied over
different time scales representative of the rotiqa and spin-spin relaxation timey[T
Figure 44 illustrates the change in the spectreeémh of the selected excitation
angles as the inter-pulse delay is varied suchttieall: ranges over approximately two
rotor periods (&) in steps of 3/40 4 (henceforth referred to as the short time series).
Little to no variation is seen in the signal intéysvith respect to the A for small
excitation angles. For example, in the®Xéries (Fig. 43 bottom row) the signal intensity
does not vary with delay time. Also note in thé $&ries (Fig. 43 second from bottom)
the amorphous signal is near its first null statgth its intensity being mostly
suppressed, and this clearly indicates that thstaltyne signals do not appear to change
with respect to inter-pulse delay used. Variatiomsignal intensities with respect to the
Tg, or alternatively with rotor phase, become evidehéen excitation angles larger than
30° are used. When considering excitation angles ba48 higher the amorphous signal
passes through at least one complete oscillationileB oscillations can be seen in the

crystalline signals; however, they are less drasnati
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Figure 44 F Direct DIVAM spectra of PVDF over a series ofdnpulse delays, calibrated such
that T- covers 0 to 2 rotor periods{)l This array is shown for selected excitation aag|
from 2.5 to 90 degrees using a MAS rate of 25 khtt @ pulse width of 2.ps.

Figure 45 illustrates the change in the spectreeémh of the selected excitation
angles as the inter-pulse delay is varied suchttieafl- covers 2400 rotor periods in a
non-linear fashion, somewhat logarithmic in natwvégh the spacing increasing from 3,

6, 15, 150, 300 to 600gT(henceforth referred to as the long time seri€bg long time
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series reflects the time scale of for PVDF, which along with their corresponding T
values are tabulated in table 2, where the intésepdelay ranges from 0.12 to 32 times
T, for the amorphous signal, and from 0.40 to 10QG&r® for the crystalline signals.
For the small excitation anglesa. 2.5, the amorphous and crystalline signals remain
unchanged as they experience little net rotatiam.dhort delay times, as the excitation
angles increases, their net rotation increasesiegltheir intensity until they reach their
first null condition; however, as the delay timerneases they recover intensity when
exceeding the stime scale. Beyond 4%ach pulse significantly rotates the longitudinal
magnetization into the transverse plane and tthisvalfor dephasing of the signals due
to transverse relaxation between each of the pulseturation effect). This effect
becomes increasingly pronounced as both the exeitangle and inter-pulse delay are
increased and eventually reaches a point at witiehsignal does not recover over the
entire time range. The saturation effect will bethar discussed and illustrated in the

analytical expressions section.

Table2 ®F SSNMR Relaxation measurements of PVDF

Time
Constant T (°C) Crystalling Crystalline Amorphous Defect Defect
T1(S) 60 0.63+0.02 N/A 0.57 £0.02 0.59 +0.02 90£50.02

To(us) 60  79.7+2.39 135.6+4.0050.6+7.52 251.0 +7.5389.1 + 8.67
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Figure 45 F Direct DIVAM spectra of PVDF over a series ofdnpulse delays, calibrated such
that Tz covers 3 to 2400 rotor periodsg]T This array is shown for selected excitation
angles from 2.5 to 90 degrees using a MAS ratédfr2z and a pulse width of 2.

In summary the long and the short time seriestilis two aspects of the spin
dynamics during the DD experiment as the excitasingle is increased. The short time
series shows that transient oscillations are oleseonly for the larger excitation angles,
ca. 30° or larger. The long time series illustrates that the saimmaeffect is more

pronounced with increasing excitation angle, whHmhlong delay times recovers on the
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T, time scale. Both results suggest that spin dymamplay an important role in the

observed selection behavior and cannot be ignored.

2.4.2 Spin Dynamics

Simulations of the Direct DIVAM sequence were peried probing the effect of
each term in théd®F Hamiltonian separately, namelyH H*"° and H". Parallel
simulations were performed using real pulses utbeh rotor-synchronized and non-
rotor-synchronized conditions. The nutation behawviof the longitudinal magnetization
(z-magnetization) remaining after the filter sequeerwill be explained separately for
each term in the Hamiltonian. This analysis willcds on examining observed
differences in the zero crossings of the variogeals representing different interaction
strengths. A difference in zero crossings represtr condition in which one signal will
be in a null state while the other still has sigaift z-magnetization; therefore, the
application of the terminal 90 degree pulse wiule in the selection of the non-zero

signal.

I. Isotropic Offset Term

The isotropic offset term (F9) (figure 46) shows that for small frequencies 10
kHz or less, the normal expected nutation behaviiobserved at a rate of 12 times the
excitation angle, completing three full cycles j.9s the isotropic term increases the
nutation behaviour changes dramatically; the amnnditof the first cycle decreases and
its nutation frequency remains essentially unchdng&cept for rather large values,

15 kHz or greater. Furthermore, the first zero sirggg or null state, of the z-
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magnetization increases with increasing offset; lamadce selection can be achieved via
an offset term of 5 kHz or greater. One should nioé¢ the DIVAM sequence is used to
discriminate between overlapping signals; henciéerénces in isotropic frequency are
not of particular interest, unless overlap fromebiand signals is significant and cannot
be avoided. No difference is observed between titer rsynchronized and non-
synchronized cases, which is also to be expectébeasotropic term is not modulated

by sample rotation.

Aisualu| |eublg pazijewlioN

b)

Ausuaju| |eubis pazijewloN

Excitation Angle (degrees)

Figure 46 Simulation of the Direct DIVAM sequence illustragirthe behaviour of the isotropic
offset term in the Hamiltonian using real pulsesema) rotor-synchronized and b) non-
rotor synchronized conditions. Each Hamiltonianmevas varied between 1 to 50 kHz,

where O 1000 HZD 2500 HA 5000 Hy, 7500 Hz,[] 10000 Hz <> 15000

HZ,O 25000 Hz, and*] 50000 Hz. These simulations aspulse width of 2.fs and
an inter-pulse delay of 1.6ids. The rotor synchronized and non-rotor synchrahize
simulations used MAS rates of 20 kHz and 25 kHzpeetively.

96



I1. The Chemical Shift Anisotropy Term

Simulations with the CSA term @9 (figure 47) predict very different nutation
behaviour than the isotropic term. Most of thetfmgitation cycle is insensitive to the
size of the CSA interaction until the first maximureached, at 30where the z-
magnetization can be seen to be significantly reduor values greater than 25 kHz.
Beyond this point the amplitude of nutation remaittenuated until the end of the third
cycle. These nutation curves show that selectiqpossible by the CSA term for values
greater than 25 kHz as the first zero-crossingtshd larger excitation angles. This
implies that for thé°F nucleus a minimum difference in CSA of 50 ppmeiguired for
selection via the CSA term, which is not a sevestriction in many applications.

The long and short time series of Direct DIVAM (frgs 44 and 45) illustrate
that the observed spectrum is sensitive to ther reyachronization conditions of the
sequence. This behaviour resurfaces when comp#rsmgotor synchronized and non-
rotor synchronized simulations presented in figtira and 47b, respectively. The CSA
Hamiltonian contains an orientation term which Hessin signal modulations due to
sample rotation, or the rotor phase. In this ceenutation behaviour of the two figures
is similar; however, a few key observations camizle. For selection to occur in the
non-rotor synchronized case, a CSA value greagar ¢in equal to 50 kHz is required and
the nutation amplitude beyond the first cycle idused. Note that at low excitation
angles the selection behaviour is undermined, esetls less variation in the zero-
crossing point with increasing CSA values; thereféor optimum selection performance

it would be best to employ rotor synchronization.
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Figure 47 Simulation of the Direct DIVAM sequence illustragithe behaviour of the CSA term in
the Hamiltonian using real pulses under a) rotorebyonized and b) non-rotor
synchronized conditions. Each Hamiltonian term weased between 1 to 50 kHz, where

O 1000 Hz,[J 2500 Hz/\ 5000 HA 7500 Hz,[J 10000 Hz < 15000 HZO

25000 Hz, and*] 50000 Hz. These simulations usedise pidth of 2.5us and an
inter-pulse delay of 1.6is. The rotor synchronized and non-rotor synchrahize
simulations used MAS rates of 20 kHz and 25 kHzpeetively.

The rotor synchronization dependency of the nutat@haviour was further
explored. SIMPSON simulations were performed ugieg pulses for a large and a
small CSA value over a series of inter-pulse delye spinning speed of 20 kHz (Figure
48). Rotor synchronization takes place mear3 us, which corresponds to & ¥ 48s.

A maximum difference between the signal intensftyhe two curves is seen @t 15°;
furthermore, a zero crossing for the 25 kHz curgeuss betwee® = 7.5 and6 = 10°,
indicating the optimum selection conditions. Notihat these initial selection conditions

remain favorable for most inter-pulse delays, sstigg that rotor synchronization, with
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respect to  is less important for small excitation anglestelraat an excitation angle of
57.5, the 90 kHz curve passes through a null stateevthé 25 kHz curve has significant
positive intensity, indicating another importankestion condition. This second selection
condition shifts to a smaller excitation angle wiséorter inter-pulse delays are used, but
is not lost. When looking at inter-pulse delaysgenthan s this selection condition is
compromised and selection is no longer achievedis Téuggests that rotor

synchronization is essential when considering $elecconditions at large excitation

angles.

K11suaiu| [eubis pazijewlioN

0 20 20 60 80 0 20 40 60 80

Excitation Angle (degrees) Excitation Angle (degrees)
Figure 48 The effect of rotor-synchronization on the seldttivof the Direct DIVAM pulse
sequence for various CSA and inter-pulse delayeslusing real pulses wheO =25

kHz and[] =90 kHz. A MAS rate of 20 kHz and a puigdth of 1us were used.
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[11. The Dipolar Coupling Term
The nutation curves corresponding to the dipolamtéH™?) (figure 49) have

similarities to the curves of both the isotropiddSA terms; however, when the dipolar
interaction reaches 50 kHz the first zero-crosshgts to an excitation angle much
larger than what was seen for the CSA term (figtire Furthermore, much like the
isotropic term the amplitude of oscillation aftéetfirst minimum, at 1% decreases as
the dipole couplings increase. Note that in ordesidhieve selection a dipolar interaction
of at least 25 kHz is required. For fluoropolymgstems dipolar couplings of this size
are uncommon, consequently the dipolar term is exqgiected to have a significant
impact on the selection behaviour. Alternativehg tlipolar term can play a significant
role in domain selection in materials with muchslasternal mobility where larger
dipolar couplings would be expected between stramgndant spins. When the Direct
DIVAM sequence is not rotor synchronized the dipa&am, just like the CSA term, is
less likely to cause selection as the zero-crogsomgts are more closely spaced than for
the rotor synchronized case. In this case (figige)4a dipolar coupling of at least 50

kHz is required in order to lead to selection.
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Figure 49 Simulation of the Direct DIVAM sequence illustragirthe behaviour of the dipolar

coupling term in the Hamiltonian using real pulsesler a) rotor-synchronized and b)
non-rotor synchronized conditions. Each Hamiltoniarm was varied between 1 to 50

kHz, whereO 1000 HzZl] 2500 HZ\ 5000 HS/ 7500 Hz,[] 10000 Hz <

15000 HZO 25000 Hz, an*] 50000 Hz. These simulatized a pulse width of 2.5
pus and an inter-pulse delay of 1.6&. The rotor synchronized and non-rotor
synchronized simulations used MAS rates of 20 khtk 25 kHz, respectively.

Figure 50 shows a series of simulations of the ldiperm over a range of inter-
pulse delays for three dipole-coupling values. €hbare a close resemblance to the
corresponding simulations for the CSA term. Rotgnchironization takes place near
T =3 s, which corresponds to-F 48 us and optimum discrimination is seen for the 10
and 90 kHz curves at the excitation angl® ef15°. Again, rotor synchronization is seen
to be less important for a=Targer than one rotor period. On one hand, fodeldy times
considered, very little selection could be attaibetween the 10 and 25 kHz curves at

the first zero crossingOne the other hand, these simulations do sughastselection
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between these two curves could take place for teegeitation angles, such @s= 30°
and 8 =60°, and for larger delayssa 1=7-10 us. Currently the DIVAM sequence is

typically implemented with short delay times, capsently the dipole term cannot be

expected to have a significant effect on the sielegirocess.
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Figure50 The effect of rotor-synchronization on the selattivof the Direct DIVAM pulse

sequence for various dipolar coupling and intesputlelay values, using real pulses
where O =10 kHzD = 25 kHz, an’\ =90 kHz. A MA%eraf 20 kHz and a pulse
width of 1us were used.
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2.4.3 Analytical Expressions

To describe the nutation behaviour with respeeixiitation angle and inter pulse
delay time, while including the effects of relaxeiti a one-spin-evolution-relaxation
model was invoked. In this case a pulse is impléeteas a rotation b§ about the x-
axis, chemical shift evolution as a rotation abibwt z-axis byw, wherew = 2mAvt, and
transverse relaxation as a simple exponential datayrate of 1/ The z-components

at the end of the N-th pulse-evolve-relax cycle lbarshown to be of the form:
N
A(B 0T, t)=> A"(6,wt)exp-nt/T) (104)

The coefficients, A, for a pulse train with N pudssre of the form:

n

A)=|C) coé“‘z”é’sirfé’{z B%( cod) cds” ax} N- iz |

2jsn

. , A (105)
anesmze[Z P"%1( cod) cds? wt} N- < (

2j<n
where Hco®) refers to an i-th order polynomial in €&sand ¢, is a constant. Similar

expressions can be found for the x and y componéits a twelve-pulse sequence

(N=12) the coefficients are of the form:
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Ay =Cycos?d( P cod))

A}* =C}’cos°8 sinZH( P( coé) cast)

AY =Cycos’d sif( P( cof) +K cd§ cést)

AY =CYcos’@ sird( P( co) cast +§ c6F Ccos)

AY =CYcos'@sitd( P cod) +H ce chst P &)s &g

AY =CPcos’6 $n0(P°(cod) cost +H ca) cdst H @s boy

AY =CZsin’g(P (co§) + B( co@) cOat #p o Cas+ (P &ps ‘@b

coé

A;; =0
(106)

These expressions were implemented in MAPIIE order to reproduce the relaxation
and the spin dynamics contributions to the nutatiobesfaviour. Figure 51 shows the
nutation curves when considering only the effectetdxation. The transverse relaxation
time was varied from 1 to 1Qs and an inter-pulse delay time ofi6 was employed.
Notice that for slow relaxation rates. T, = 0.1 s, the signal nutates as co8j1#%hich

is seen experimentally for the amorphous signal (seerd-i¢3). As the relaxation rate
increases, the amplitude of nutation decreases lg#alithe eventual loss of the signal at
large excitation angles, which is observed fer=TL ps. This loss of signal is due to the
saturation effect mentioned earlier in the long tisegies of Direct DIVAM. Also note
that a difference in relaxation times of @6 results in a significantly different nutation
curve, as seen between the 30 angi6@urves. There is a difference of approximately
170pus between the relaxation times of the crystallineamdrphous domains; therefore,
relaxation can be expected to drive the selectietwéen the two curves for small

excitation angles, as seen experimentally in figdre 4
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Normalized Signal Intnesity

115 23 345 46 575 69 805

Excitation Angle (degrees)

Figure51 Maple simulations of the direct DIVAM sequence sHiating the effect of transverse
relaxation on the nutation behaviour of the z-méigaton at the end of the sequence.

A few of the nutation curves from figure 51 werecdmposed into their
components, X, and are showim figure 52. For clarity, only four components wer
plotted at a time; therefore, the top representd0AAs; the middle, A to Az; and the
bottom A to A11. As the relaxation rate increases the contribufiiom the higher order
terms decreases. In addition, as the excitatiortleaimgreases the saturation effect is
more pronounced. Therefore, for very short relaxatiimes the zero-order term
dominates and leads to a to@) dependence in the curve. Also note that the shépe
these curves do not change with, Tonly their relative contributions do. These
expressions predict that there will be differentation behaviour between components

with differing relaxation rates.
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Figure 52 Selected nutation curves from the Maple simulatiohshe direct DIVAM sequence,

considering only transverse relaxation, decompasedcomponents AN-Ag, B) As-Ay,

and C)Ag-Aq; for T, = 0.1 s, 6Qus, and 6us. The grey curves illustrate the total nutation
curve.

Figure 53 shows the results of the analytical esgion when considering only
the effects of an isotropic chemical shift. Theftsivas varied from 0 to 50 kHz while the
inter-pulse delay was fixed at|g&. The behaviour in this case is very differentereh
both the amplitudes and frequencies of nutation aifected by the chemical shift
interaction. Upon increasing the chemical shife #mplitude of the first nutation cycle
decreases, and is eventually lost; however, itwexsoat higher excitation angles. As the
isotropic chemical shift becomes large the osaifatate decreases and eventually stops.
Notice that these curves are identical to thosaionétl via the Simpson simulations of

the isotropic offset term (see spin dynamics sadciioove).
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Normalized Signal Intnesity
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Excitation Angle (degrees)

Figure 53 Maple simulations of the direct DIVAM sequence slitating the effect of an isotropic
chemical shift on the nutation behaviour of the agmetization at the end of the
sequence.

A few of the curves from figure 53 were chosen aetomposed into their
components (A (figure 54) Notice that the contribution from each curve does
change substantially upon increasing the chemicift; iowever, their shapes change
dramatically. This illustrates that with each putlstay cycle a new component is added
to the z-magnetization that has a unique dependendfe excitation angle. This is a
consequence of the chemical shift evolution duthmg inter-pulse delay. In contrast to
the relaxation only case, the higher order terneseassential in reproducing the correct
shape of the nutation curves, especially at thbdrigxcitation angles. These terms are
the result of residual transverse components whialess dephased by the end of the
sequence, will lead to significant phase distogiam the spectra at larger excitation

angles. These phase distortions are observed iexgperimental Direct DIVAM arrays
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for PVDF when short inter-pulse delays and largeitakon angles are used (see figure

43).
0S=0kHz, T,=01s 0S=10kHz, T,=0.1s 0S=100kHz, T,=0.1s
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Figure54 Selected nutation curves from the Maple simulatiohshe direct DIVAM sequence,

considering only the isotropic chemical shift telecomposed into components Ay
A, B) As-A;, and C)Ag-Ay; for Av = 0, 10, and 100 kHz. The grey curves illustraie t
total nutation curve.

It is much easier to explain the role that botmspynamics and relaxation have
on the transverse component of the magnetizatitimeifanalytical expression presented
in equation 104 is limited to two pulse-delay cgclén this caseé, will undergo the

following transformation:

I, OO~ 1 [cos’ 8- sirt 8 cost explr T, )]
+1, sinBexp(1 /T,)sinat {cod [# cosst expr T, ®} cast expl T/ )} (107)
+1,sinfexp(-r /T, ){-cosd cosu [* coat expf T, 3 stut  expf T/

Recall thatw is a periodic function in time that depends onstalite orientation with

respect to the magnetic field, which can be statede general form:
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Wt,a.B.y)= @, +@ (@.B)costat +y fw, & B )cos@t+y (108)
where: a, B andy are the Euler angles defining the crystallite miaéion; wr is the
spinning rate, is theisotropic frequency; anay, andw, are dependent on the chemical
shift and dipolar tensors according to expressipvsn elsewheré™.

On the extreme end of the long time scale alheféxponential terms disappear,
and thus the transverse components can be remleest)g the following expression for
the longitudinal component:

|, 0T 0O-1,cod 8 (109)
This is the expression for the nutation behaviotiemv relaxation dominates and the
signal should be expected to saturate with incngasicitation angle and inter-pulse
delay, as is observed experimentally in figure M&te that the chemical shift term is no
longer present and as a result no transient betnaig@xpected on the rotor time scale.

On an intermediate time scale, the first orderoemtials are retained while the

second order terms are removed, resulting in thewong expression:

|, OO |, [cos’ - sirf @ cosdt expi{r T, |
+1,sindcod sintt exp{r T, ) (110)
=l sindcoyf cost expr T, )

In this case more complex behaviour is predictetlianndeed observed. In the case of
small excitation anglesza 15° or less sirf® can be considered small enough to be
ignored. As a result, the second term of the larfjital component falls away leaving
only a co80 dependences seen for extremely long delay times. In thenitigiof 6 =
15°, the sifB term can no longer be considered negligible; howete second term is

further reduced owing to its exp(¥,;) dependence. The transverse components of
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equation 107 can also be ignored for small exoitagingles, as they depend orBsend
are also further attenuated by relaxation due¢o #xp(1/T,) dependence. It appears as
though relaxation will dominate the selection medtian for intermediate inter-pulse
delays and small excitation angles. In this casetransient oscillations are predicted
with sample rotation, as th@ term has been reduced greatly, and as a resythase
distortions should be observed. This behavioumdeed observed experimentally for
angles up to 1%5for both time series (figure 44 and 45), as thalbangle approximation
(outlined above) also holds true in the case oftiat time scale.

For excitation angles greater than®16n the intermediate time scale, the
approximations outlined above begin to break dowa the full expression in equation
109 has to be considered. The resulting longitudiomponent is made up of two terms:
the first term originates from the initial longitndl component, which is time
independent; and the second term is derived framtridnsverse magnetization, which
has a time dependence determined by bagtharid the isotropic chemical shift. The
second term accounts for the recovery observeldrsignal with increasing delay time
(figure 45) for intermediate angles where the digmdy partially saturates. The second
term decreases in magnitude with increasimgsulting in a net increase in the signal
intensity on the time scale determined by the trarse relaxation rate, eventually
leading to the form seen in equation 106.

The recovery behaviour, observed experimentailgy (€ 45), is reproduced using
the analytical expressions where the longitudimahgonent was computed as a function
of log T for a long (L, typical of the amorphous domaindashort (S, typical of the

crystalline domain) transverse relaxation time,ezong delay times from fis to 10 ms
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(figure 55a). As the delay time increases the &dfetrelaxation emerge, causing the net
rotation to appear to decrease by the start ofldhg time scale. When the relaxation
effect becomes more pronounced the signal evegttetlirns to an intensity reflecting
the saturated state, defined by %8s thus, for larger angles the signal is lost to
saturation. For the long relaxation time (L), cawg the entire time range, the
calculations predict: i) at 25there is little net rotation at the start of theg time scale
and hence no recovery is expected; ii) dt there is a large net rotation, approaching
120 at the start of the long time scale, allowingdignificant recovery to an intensity of
cosy(15°) = 0.66; iii) at 36, there is a net rotation near 3GA the start of the long time
scale, which by the end reaches an intensity of438) = 0.18 , reflecting significant
saturation; and iv) at 45it experiences a net rotation near 480the beginning of the
long time scale and remains almost completely atgdruntil the end, with an intensity
of 0.015 . For the more rapidly relaxing compontm same behaviour is seen but
shifted to a time scale commensurate with the iffee in relaxation rates. As a result,
for relaxation times typical of the crystalline daim and over much of the long time
scale, the signal has already recovered to itedulextent at each excitation angle
considered; hence, a less pronounced change imsityt@s observed (as seen in figure

45). The saturation effects outlined above candea s the shaded region of figure 55a.
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Figure 55
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Maple simulations of the direct DIVAM sequence sliating the effect of spin-spin
relaxation rates over the long and the short détag regimes for selected excitation
angles corresponding to figures 43 and 44. Theitodigal magnetization remaining
after the DIVAM filter is compared for a long (L250 us, and a short (S), 505, spin-
spin relaxation time.
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For the short to intermediate time scales, ancdfgles greater than % ®quation
104 predicts transient oscillations determinedheyrotor period. These are observed on

the short time scale (figure 44) where the follogvéxpression holds:

|, 0T - 1 ,[cos” 8- sirf & cosd ]
+1, sindsinat [coY (F coat ¥+ cast | (111)
+1,sin@[-cosd costt (¥ cost 9 sfuut

When the delay period is rotor synchronized normatation behaviour is predicted,
including the effect of the isotropic frequency magigure 46. Otherwise, the intensity of
the signal will depend on rotor phase, giving ts®scillations in the signal intensity as
seen in the short time series (figure 44) andtilisd in figures 48 and 50 for the CSA
and dipolar simulations, respectively. Figure 55bves a set of simulations produced
from the analytical expressions in which the effeicboth the isotropic chemical shift
and relaxation are included. The signal modulatmnserved for the excitation angles of
15°, 30, and 48 are dominated by the chemical shift term oversthert time scale and
this behaviour persists into the beginning of tiegl time scalega. log T = -5.5 - —4.
The same behaviour is seen experimentally for aticits angles of 3Gand larger where
the crystalline signal exhibits similar dynamicagfe 45).

It is important to note that equation 110 preslithe emersion of phase
distortions in the spectra for angles greater tt&rand short delays. This is the result of
the transverse components being neither dampendtebgi® term nor dephased by
transverse relaxation. The phase distortions piedliby these remaining transverse
terms are observed experimentally where at largéearthe nutation behaviour is seen to
be compromised (figure 43). These phase distwtame also seen in the short time

series (figure 44) for angles greater thafi. 30ew methods need to be developed that
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will remove these phase distortions such that DIVANMYy be utilized for large angles

and short delays.

2.4.4 Selection M echanism

Direct DIVAM experiments performed with varying émtpulse delays over
different time scales show transient behaviourhensample spinning time scale that was
not seen in the CP DIVAM experiment. This combiméth the presence of significant
phase distortions at large excitation angles indgdhat the effects of spin dynamics
must be considered when explaining the selectioohar@sm of Direct DIVAM. Spin
dynamic simulations show that all three terms m tamiltonian, isotropic offset (‘?%)
CSA (H™9, and dipolar coupling (F), can give rise to selection behavior. They
predict that the isotropic chemical shift term wdlbminate the selection mechanism;
however, in the absence of a significant isotrabiemical shift the selection mechanism
will be dominated by the CSA term. The long timalsecexperiments (figure 45) show
that when a large inter-pulse delay is used thecieh mechanism is driven by the
transverse relaxation, while the short time scalpeements (figure 44) showed no
transient behaviour for small excitation anglea, less than 30 °, indicating that the
selection mechanism for these angles must alsaiendby relaxation. In the case of
large excitation angles, for a short and interntediater-pulse delay, the selection
mechanism appears to be dominated by spin dynami@ldition, the set of analytical
expressions developed to include the effects aixeglon support all of the above
statements. Therefore, the Direct DIVAM sequencpeaps to have two modes of

operation, where the method of selection can bécked between relaxation and spin
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dynamics; however, in order to use the later metbbdelection the aforementioned
phase distortions at large excitation angles mestmoved. This requires modifications
to the Direct DIVAM sequence and the resulting ssme is known as Refocused

DIVAM.
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3. THE REFOCUSED DIVAM SEQUENCE

116



3.1 Overview

In section 2.4 it was shown that the nutationhef'tF signals from PVDF during
the Direct DIVAM sequence is seen to be stronglgeshelent on the sample spinning
rate. Both relaxation and coherent spin dynamiagwseen to participate in the selection
process where the degree of each was dependaht @xtitation angle and inter-pulse
delay used; therefore, it is possible to configime sequence so that either can be the
dominant selection mechanism. The spin dynamicemdewere shown to lead to
significant phase distortions for large excitatanmgles @). Also, the nutation behaviour
depended strongly on the frequency offset fromRReresonance, or carrier frequency,
of the excitation pulses (Henceforth, this will legerred to as the offset dependence of
Direct DIVAM). Both phase distortions and an offgefpendence are undesirable as they
can severely compromise effective domain seledtipulistorting the observed nutation
behaviour; therefore, modifications to Direct DIVAMe required in order to remove, or
reduce, these effects.

At this stage it is important to point out thathaluigh Direct DIVAM bears a
strong resemblance to the DANTE sequéffééused in solution-state NMR, it is very
different in its application and mode of action. the one hand, DANTE can be thought
of as a discrete version of a soft pulse, wherectigk excitation is achieved through the
offset term. The effects of the remaining termgha Hamiltonian are usually ignored
and have not seen significant attention in potemMR applications. DIVAM on the
other hand is used solely on solids to select betwaverlapping signals; hence, the
offset differences are very small. This means ghabmbination of relaxation and spin

dynamics due to the remaining terms of the soltesNMR hamiltonian (CSA, DC) are
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responsible for the selection behaviour. In fdu, intention of Refocused DIVAM is to
completely remove any remaining evolution that keBom the offset term during the
Direct DIVAM sequence.

The Refocused DIVAM experiment (figure 56) is senito Direct DIVAM, but

with the addition of refocusing pulses and an appate phase cycle.

Decoupling

Figure 56 The Refocused DIVAM pulse sequence.

The refocusing pulses are added to remove theteffeoherent dephasing due to linear
terms, which include the isotropic chemical shift,the Hamiltonian during the inter-
pulse delay; thereby reducing both the phase dister seen at large excitation angles
(6) and the offset dependence of Direct DIVAM. ThHege cycle (given in table 3) is
implemented to ensure that the magnetization actatesiin the transverse plane in a

similar manner to the previous DIVAM experiments,shown in Figure 57.

118



Table3 The phase cycle of the Refocused DIVAM sequence.

O Ty O T By Ty By T
X Y (-X) -Y) Y Y Y -Y)
X -Y) (-X) Y Y -Y) Y Y
X X X (-X) Y X -Y) (-X)
X (-X) X X Y (-X) -Y) X

(-X) X (-X) (-X) -Y) Y -Y) -Y)

(-X) (-X) (-X) X (-Y) -Y) -Y) Y

(-X) Y X -Y) (-Y) X Y (-X)

(-X) -Y) X Y -Y) (-X) Y X

a) (i) (ii) (iii)
orphous Crystalline
Amorp gl z -y z
- v
X
(iv)
z
N y
|
b) (i) (iii)
orphous Crystalline
™ i
y y
X X
(iv) W)
\Z z
y y
X X
Figure 57 a) A vector diagram of magnetization from the tvamméins, with differing 7 relaxation

times, under the operation of the DIVAM pulse trdinstrating the Magnetization after
the:(i) = pulse-delay cycle, (i)™ pulse-delay cycle, (iii) " pulse-delay cycle, (iv) 12
pulse-delay cycles, and (v) the fimaR pulse. b) A Similar diagram to above but for the
Refocused DIVAM pulse train and its first phaseleydllustrating the magnetization
after the: (i) ' 6,-pulse and an inter-pulse delay, (ii}' fi-pulse and an inter-pulse
delay, (jii) ' 6 -pulse and an inter-pulse delay, (iV} fL-pulse and an inter-pulse
delay, (v) full Refocused DIVAM train, and (vi) thimal V2 pulse.
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The phase cycle also makes use of EXORCYCLE, dgstl earlier in section
1.4.3, ensuring that any remaining contributionghi® signal that result from the miss
setting of 180 degree pulses are removed. The iexpet is repeated with an offset
alternating above and below the RF carrier frequenarder to ensure that any phase
distortions due to the breakdown of the hard palgeroximation are minimized. This
chapter provides experimental and simulation reghit show how these modifications

affect the selection mechanism of the Direct DIVABtuence.

3.2 Experimental

The a-PVDF sample had a molecular weight of 130(as determined by gel
permeation chromatography (GPC), crystallinity @8% and reverse unit content of
4.7% as determined by NMR, and a melting points8§ °C as determined by differential
scanning calorimetry (DS&F*'° The sample ofi-PVDF was supplied by Atofina,
France. The Nafion 117 sample was purchased from Dupont in the form of a
commercial fuel cell membrane film. All measurensemtere made on a VARIAN
INOVA 500 MHz NMR spectrometer operating at a aarfrequency of 470.18 MHz for
fluorine and 500.00 MHz for proton. A Varian 2.5 miour channel HFXY probe
operating at 22C and capable of MAS speeds up to 30 kHz was Ugesl 90 pulse was
calibrated at 2.5is for both*°F and*H nuclei and corresponds to an RF strength of 100
kHz. The RF resonance frequency during acquisitvas set to the amorphous peak of
PVDF at -91.2 ppm, and is indicated in the feggaaptions for the Nafion experiments.
TPPM decoupling was applied 18l during fluorine acquisition and also during spaict

referencing so that the Bloch-Siegert shift couddnieglected.Spectral referencing was
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done using €Fs (O = 166.4 ppm with respect to CELand zirconium oxide rotors with
vespel drive caps were used in order to avoid uteebfiuorine background signal.

All experimental measurements of the Refocused DNWAequence were
implemented over a minimum of 32 transients tovalfor the full phase cycling of the
180 refocusing pulses. The phase cycle used (Tablen8ires that all feed-through
terms are suppressed and effective refocusing sttulocks of 32 transients are
required because the normal 16 step phase cydm isvice, but with a different pulse
offset used in each full cycle. The two pulse d¥sesed are of equal magnitude but
opposite sign. The pulse offset used for each @xgeet will be indicated in the figure
caption. The pulse offset is only applied to thevBM pulse train; therefore, the
terminal 90 observation pulse is still applied on resonandd Wie amorphous peak of
PVDF.

The Refocused DIVAM sequence was performed usingukse train that
consisted of twelve 2.as (pulse width (pwg) = 2.5us) pulses each followed by aus
(pulse width (pwso) = 5 ps) refocusing pulse, with all pulses separatedrbinter-pulse
delay (). After the pulse train a terminal 90observation pulse was applied.
Measurements for the nutation series were made thghpulse excitation anglé)(
varied from 0° to 90° in 2.5° steps and both the inter-pulse delay and magnibfidee
pulse offset fixed. The variance of the pulse etwt angle §) was accomplished by
altering the strength of the; Bield, while keeping the pulse duration constanoider to
attain rotor synchronization. The transient senemasurements of Refocused DIVAM
were run with both the magnitude of the pulse ofés®l excitation angleéd) fixed, while

varying the inter-pulse delay)( Similarly, the pulse offset series measuremerere
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run with both the inter-pulse delag) @nd pulse excitation angl8)(fixed, while varying
the magnitude of the pulse offset. The discussfawtor-synchronization will always be
with respect to the total filtering time £l where E = (24 x1) + (12 X pwg) + (12 X
pwigg). All experimental measurements were implementegd an MAS rate between 20
and 25 kHz. The specific MAS rate used for eachegrment is indicated in the figure
captions.

All simulations were carried out using SIMPSON.@°1 with an Intel Core 2
Duo 7200 processor. The Refocused and Direct DIV@ulations were run separately
for three different terms in the Hamiltonian copesding to the isotropic frequency,
chemical shift anisotropy (CSA), and the dipolauging. For each of these terms the
pulse sequence was simulated using real (softgpwaad the strength of the Hamiltonian
terms was varied in size from 0-50 kHz. These sathhs were also run under timing
conditions in which the total duration of the pulssn was or was not synchronized with
the rotor period. An example of the SIMPSON inpil¢ fised to simulate Refocused
DIVAM can be found in Appendix 2.

The CSA and Isotropic terms of the Hamiltonian eveimulated as a 1-spin
system with the initial density matrix set & The dipolar coupling term of the
Hamiltonian was simulated as a 2-spin system whighinitial density matrix set as® +
1,®. At the end of the sequence theomponent of the density matrix was reported as a
function of the pulse excitation angle).( For the dipolar coupling simulations, only the
I Y term of the density matrix was reported.

Simulations of the Refocused DIVAM sequence werg@lémented using the

same pulse-train values as in the solid state NMRsurements (py= 2.51s and pwso
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= 5us). The rotor-synchronized and non-rotor-synchreshigimulations used a spinning
speed of 20 and 25 kHz, respectively. All simulasioused the direct method of
calculation and were powder averaged with 30 garamgles and set of 168 crystal
orientations.

All NMR spectra were processed using the MatNf1F8.9 processing toolbox
(© Jakko van Beek) for MathWorks™ MATLAB6.5. The polymer chemical structure
representations were created in Cambridg€SefiemDraw Ultra 11.0.1. All figures
were created with a combination of Ad8biéustratof® CS4, Microsoft Office Excef

2007, and SigmaPI®2000 software.

3.3 Experimental Results

3.3.1. Nutation Behaviour

The Refocused DIVAM nutation array of thi& MAS NMR spectra of PVDF is
shown in figure 58. The amorphous signal is seenuiate at a faster rate than the
crystalline signal, and passes through a null doiat ~8 = 22.5°, where positive
intensity of the crystalline signal remains. Alsle crystalline signal passes through a
null condition at ~@ = 62.5°, where the amorphous signal has returned to aiym®si
intensity. Furthermore, the defect signals now teutat a rate similar to that of the
amorphous signal; this will be discussed furtheerlalt is important to point out that
these selection angles are approximate. To achieveplete selection of either the
crystalline or amorphous domain one would haventwement the excitation angle in

steps much smaller than 2.5
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Figure58 The Refocused DIVAM nutation array of th#= MAS NMR spectra of PVDF over a
series of excitation angles with an inter-pulseagaf 2.51, a 90 pulse width of 2.5us,
a 180 pulse width of 5us (T- = 150us), and a pulse offset of 1 kHz. The nutation array
ranges over excitation angles Gf3If in steps of 2.%and was acquired with a spinning
speed of 20 kHz. Enlargements of 6 MAS NMR spectra of PVDF for selected
excitation angles are shown above the array.

When comparing the nutation behaviour in RefocuU38dAM (figure 58) with
Direct DIVAM (figure 43), a few observation can beade. First, note that the phase
distortions in the Direct DIVAM array have been wedd in the Refocused DIVAM
experiment. Second, the signal from all three ckhamenvironments nutate for all
excitation angles indicating that the offset demsm#g of Direct DIVAM has been
reduced. Lastly, Refocused and Direct DIVAM showedences in their overall rate of
nutation, which can be attributed to three fact@jsthe inter-pulse delays used in Direct
DIVAM differ from the Refocused DIVAM sequence; 2he Refocused DIVAM
sequence has 24 inter-pulse delay periods duestadtiition of refocusing pulses; 3) the
selection mechanisms of Direct and Refocused DIVadd different. As a result of the
first two factors, the total filtering time of tteequence is changed and the net evolution
in the transverse plain is different; therefordedé#nces in their nutation rates are to be
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expected. The selection mechanism in Direct DIVANhen off-resonance, becomes
dominated by its offset dependence, while in RededuDIVAM it appears to be driven
primarily by the CSA term. This is further suppartby SIMPSON simulations on
Refocused DIVAM, which is discussed in Section B.4.

Although, the offset dependence of Direct DIVAMsHaeen greatly reduced, it
can still be seen to a minor degree when comparitgtion rates of the amorphous and
defect signals in Refocused DIVAM (Figure 58). Tdessgnals are known to be from
similar environments and should have similar natatrates; however, upon closer
examination nutation of the defect signals lagghsly behind the amorphous signal. The
extent of this remaining offset dependence wilekamined further using Nafion 117

TheF MAS NMR spectra of Nafion 117 and its structural assignment can be
seen in Figure 5% '?*Nafion provides an ideal case for testing the ermental extent
over which the offset dependence of Direct DIVAMsHzeen removed. The sidechain
(SC) CkR and OCF signals of Nafion (signal E and F, respectivetyfigure 59b) have
an isotropic chemical shift of ~40 ppm, or ~20 kiftpm the main backbone (BB) €F
signal (signal B in figure 59b). In addition, thesignals are far enough removed from
each other that simple nutation behaviour is exqgefdr each signal, so long as Direct
DIVAM is applied on-resonance with respect to tignal of interest. Figures 60a and
60b show the nutation profile of the backbone (BBal (B in figure 59) at —122 ppm,
and side-chain (SC) signals (E and F in figure &9)-82 ppm, with the RF resonance
frequency centered on the backbone (BB) signafsil&@ly, Figures 60c and 60d show

analogous nutation profiles but with the RF resaparentered on the SC signal.
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Figure 59
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a) The polymer structure of Nafion I*7and b) the'F MAS NMR spectra and
structural assignment of Nafion T¥7under ambient conditions, with the RF resonance
set on the backbone gpeak, and a MAS rate of 24 kHz where: A = $@&-= (Ch) .,

C = CF (Backbone), D = CF (Side-chain), E == OCBk, SB = Spinning side band.
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Figure 60 The *°F Direct DIVAM nutation arrays of various peaks Mafion with an MAS

frequency of 24 kHz and ranging over excitationlasgf 0-90° in steps of 2.5Each

Direct DIVAM array used an inter-pulse delay of 146 and a pulse width of 4.44%

(Te = 83.3us). Array of the backbone Gkpeak (a, c) and side-chain £&nd OCEkL

peaks (b, d), with the RF resonance centered twereibhe backbone Gkpeak (a, b) or
the side-chain Gfand OCFEk peaks (c,d).
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It is clear that nutation of each signal occursyomhen the RF resonance is centered
directly on the peak of interest (figures 60a afd)@nd that once the RF resonance is
moved nutation is lost (figures 60b and 60c). Thia direct result of the aforementioned
offset dependence of Direct DIVAM and will be fugthconfirmed in section 3.4.1.
Figure 61 illustrates the nutation profiles of 8B and SC signals in Nafion acquired

using the Refocused DIVAM sequence and with thérBuency centered at —100 ppm.
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Figure 61 The *°F Refocused DIVAM nutation array, at an MAS rate2dfkHz and ranging over
excitation angles of®@0° in steps of 2.% of the a) backbone Gpeak and the b) side-
chain Ckh and OCFE peaks in Nafion with the RF resonance centeredl@0 ppm for
both arrays. An inter-pulse delay of 1.46, a 98 pulse width of 2.5us, a 180 pulse
width of 5us (T = 125us), and a pulse offset of 1 kHz were used.

Refocused DIVAM recovers nutation of both the S@ &B signals and has removed
the frequency offset dependence over a range leaat +20 ppm (=+10 kHz). Figure
61 illustrates the increase in the effective fremyerange of the Direct DIVAM
sequence by the introduction of refocusing pul&eslier it was stated that the selection

mechanism of Refocused DIVAM appears to be drivehie CSA term. This term has
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an orientational dependence with respect to th&cstaagnetic field and transient
behaviour is expected on the rotor-time scale. TWas investigated by carrying out a
series of experimental measurements in which ther-pulse delay was varied while

both the pulse offset and excitation angle weredix

3.3.2. Transient Behaviour

Figure 62 illustrates the response of fie spectra of PVDF for each of the
selected excitation angles as the inter-pulse dslagried such that therTanges over
approximately two rotor periodg,) in steps of 3/5Q; (referred to as the short time
series). It is important to note that the use dhl@100 Hz and 5 kHz pulse offset did not
significantly change the observed transient behayihis will be shown later in section
3.6.1). Refocused DIVAM has been implemented uaiigto 5 kHz pulse offset and the
effect of using a pulse offset larger than 5 kHit e discussed in section 3.6. Similarly
to Direct DIVAM, very little to no variation is seen the signal intensity with respect to
the inter-pulse delay for the excitation angle &2In contrast, variations in the signal
intensity with respect to inter-pulse delay, or thr phase, did not become apparent in
Direct DIVAM until the excitation angle was greatban 30; however, such behaviour
is already quite pronounced in Refocused DIVAMtit@tion angles of 15or greater.
This indicates that the selection mechanism at nsuadiller angles is being driven by an
orientationally dependent term. This further supptre earlier statement that the CSA is
the main interaction driving the selection mechamnisf Refocused DIVAM. The
amorphous signal is seen to nutate through ones dgclan excitation angle of 1and

multiple cycles for excitation angles greater tH&h Nutation of the crystalline signals
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can be seen, but is far less pronounced than fithecamorphous signal. The periodic
behaviour of the amorphous signal, with respethéarotor period, is very different from

that seen in Direct DIVAM. The addition of 18@efocusing pulses could be causing
partial recoupling of the CSA term in the Hamiltami The oscillations in the intensity of

the amorphous signal will be further explored v&ilmpson simulations in section 4.4.2.
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Figure 62 % Refocused DIVAM spectra of PVDF over a seriesnbér-pulse delays, calibrated
such that F covers 3 to 4 rotor periods ()l This array is shown for selected excitation
angles from 2.5 to 90 degrees using a MAS rateDd€t2z, a 90 pulse width of 2.5us, a
180 pulse width of qus (T = 150pus), and a pulse offset of 1 kHz.
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Figure 63 illustrates the response of fffeMAS NMR spectra of PVDF for each
of the selected excitation angles as the interepdiday is varied such that thecbvers
500 rotor periodst() in a non-linear fashion, with the spacing incnegdrom 5, 10, to
1007, (referred to as the long time series). For thellsexaitation angles¢a. 2.5, the
intensity of the amorphous signal appears to @geilhround its maximum and it will be
shown later that this minor oscillation can be ilatied to the CSA term of the
Hamiltonian (see section 4.4.2.). For short deimye$ € = 17.06us), as the excitation
angles increase® (= 2.5° to 8 = 3() the net rotation of the amorphous signal also
increases and its intensity is reduced until ithes the first null condition, as seen in the
excitation angle array (figure 58). As the delagdiincreases none of the signals appear
to recover intensity when exceeding thetime scale. In the case of Direct DIVAM, T
recovery behaviour was apparent for the excitatiogles of both 1%and 30. This
indicates that relaxation plays a lesser role ia tomain selection of Refocused
DIVAM. This is most likely due to the applicatiorf the refocusing pulses as they
remove the effects of field in-homogeneity and @ifely lengthen the Jvalue. Beyond
30° the net rotation in the transverse plane becomege lenough that the saturation
effect becomes increasingly pronounced, eventuadghing a point at which the signal
does not recover over the long time range. The phaws signal at large excitation
angles @ = 45 or larger) does appear to recovery for small iptdse delays that
coincide with multiples of the rotor period. Thigain suggests that the use of 180

refocusing pulses may lead to some recouplingefd8A term in the Hamiltonian.
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Figure 63 F Refocused DIVAM spectra of PVDF over a seriesntér-pulse delays, calibrated
such that F covers 10 to 500 rotor periodsg]T This array is shown for selected
excitation angles from 2.5 to 90 degrees using &SMate of 20 kHz, a 9Qulse width
of 2.5us, a 180 pulse width of fus (T- = 150us), and a pulse offset of 1 kHz.
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In summary, the long and the short time seriesstilate aspects of the spin
dynamics during the Refocused DIVAM experiment iffer from those seen in Direct
DIVAM. The short time series for Direct DIVAM showehat transient oscillations are
observed for excitation angles larger tharf.3@ contrast, the analogous Refocused
DIVAM series illustrated significant transient befaur for angles of 1%5or larger. The
long time series of both Refocused and Direct DIVAMstrate that the saturation effect
is more pronounced with increasing excitation angl@wvever, in Refocused DIVAM
this saturation does not appear to recover on thene scale for small excitation angles,
as was seen in Direct DIVAM. Both of these resaliggest that coherent spin dynamics
play a much larger role in the selection mechama$Refocused DIVAM, while the role

of relaxation seems to have decreased.

3.4 Spin Dynamics Simulations

Simulations of the Refocused and Direct DIVAM sames were performed to
investigate the effect of each term in tfie Hamiltonian separately. Parallel simulations
were performed using real (soft) pulses under fsyoichronized and non-rotor-
synchronized conditions. In the first section, théation behavior is investigated by
simulating the signal over a range of excitatiogles from @ to 90° with an inter-pulse
delay of 2.5us and a pulse offset of 1 kHz. The second sectivestigates the transient
behaviour of the sequence, where the signal is atedpover a range of inter-pulse delay
values for various fixed excitation angles and»edi pulse offset. In both cases, the
nutation behaviour of the longitudinal magnetizati@-magnetization) remaining after

the filter sequence will be explained separatefyefich term in the Hamiltonian.
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3.4.1. Nutation Behaviour

I. Thelsotropic Offset Term

Figure 64 shows that for a large range of frequenthe isotropic shift term of
the Hamiltonian has been fully refocused in th@r@nd non-rotor synchronized cases
of Refocused DIVAM. No difference is observed betwehe rotor synchronized and
non-synchronized cases, which is also to be exgeate the isotropic term is not
modulated by sample rotation. Note that in the &i2IVAM simulations (figure 64c)
the isotropic shift (offset) dependence of the tiatabehaviour is obvious and has been
clearly removed in Refocused DIVAM. Also, the nugatof the 25 kHz curve in the
Direct DIVAM simulations closely resembles the riga of the BB and SC signals in
the off-resonance Direct DIVAM arrays of Nafion bre 59b and c), where the BB and
SC signals are approximately 20 kHz off-resonafbés provides further support for the
argument that the nutation behaviour of Direct DMAs dominated by the isotropic

chemical shift term of the Hamiltonian.
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Simulation of the Refocused (a,b) and Direct DIVAREQuences (c), which illustrate the
behaviour of the isotropic chemical shift term diet Hamiltonian. The rotor
synchronized (a, ¢) and the non-rotor synchron{b@dimulations used an MAS rate of
20 and 25 kHz, respectivelfhe isotropic chemical shift was varied betweero 5@

kHz, whereO = 1kHz[J =25kHZN =5kHY = 78% < = 10kHzO =
15 kHz, = 25 kHz, and =50 kHz. The Refocused DIVAM simulations used rea
100 kHz pulses with a 9@ulse width of 2.5us, a 180 pulse width of 5us, an inter-
pulse delay of 2.us (T- = 150pus) and a pulse offset of 1 kHz. The Direct DIVAM
simulations used real 100 kHz pulses with 8f0se width of 2.51s and an inter-pulse
delay of 1.67us (T = 50pus).
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I1. The Chemical Shift Anisotropy Term

Figure 65 shows the nutation behaviour of the Befed and Direct DIVAM
sequences over a range of CSA strengths. Somestiteg observations can be made
when comparing the rotor-synchronized Refocusegu@ 65a) and Direct DIVAM
simulations (figure 65c). For selection to occubDimect DIVAM an interaction strength
of 50 kHz or larger is required. In comparison, defsed DIVAM is sensitive to weaker
interaction strengths when using small excitatiogles; therefore, Refocused DIVAM
appears to be a more sensitive CSA filter, as sigdeearlier.

From the rotor synchronized Refocused DIVAM simiglas, one can see that the
first minimum is quite different for strengths o® kHz and above. More importantly,
note that there is very little difference at thénpof the first zero crossing for interaction
strengths up to 15 kHz. For larger excitation asgia 6 > 30, the zero crossing points
do not vary significantly for interaction strenglkss than 50 kHz.

The behaviour under non-rotor synchronized coowléti (figure 65b) is
substantially different from the rotor-synchronizease, due to the rotational dependence
of the CSA term. In this case, no difference in ploat of the first zero crossing can be
seen for interaction strengths up to 25 kHz. Ondtieer hand, differentiation in the
maximum, minimum, and zero crossing of the nutabehaviour is seen for interaction
strengths above 10 kHz when an excitation anglatgrehan 30is used. Interestingly,
when an excitation angle of 3@r less is used the non-rotor-synchronized behiawwd
Refocused DIVAM closely resembles behaviour of Bir®IVAM. These results
indicate that in order to achieve optimum selectioa rotor-synchronization conditions

of the sequence must be considered.
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Figure 65 Simulation of the Refocused (a,b) and Direct DIVAEQuences (c), which illustrate the
behaviour of the chemical shift anisotropy term tbe Hamiltonian. The rotor
synchronized (a, ¢) and non-rotor synchronizedsiimulations used an MAS rate of 20

and 25 kHz, respectivelfthe CSA was varied between 1 to 50 kHz, whOe k2,

(=25kHz, A\ =5kHzY =75kHA> =10kHD) =&Ez, [ = 25 kHz,
and [ =50 kHz. The Refocused DIVAM simulations usedl rH20 kHz pulses with a
9@ pulse width of 2.5us, a 180 pulse width of Gus, an inter-pulse delay of 2,8 (T- =
150 us) and a pulse offset of 1 kHz. The Direct DIVAMnsilations used real 100 kHz
pulses with a Fpulse width of 2.qus and an inter-pulse delay of 1,65 (Tr = 50us).

The effects of rotor synchronization were furtheplered using a range of CSA
values over a series of inter-pulse delays, atiansp speed of 20 kHz (Figure 66).

Rotor synchronization occurs at 2.5 us and corresponds to & ¥ 150 ys. At these
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conditions the first zero crossing is seen betw@er?.5° and 8 = 10°, indicating the
first selection condition. Upon closer examinatithre selection condition becomes more
favourable as the inter-pulse delay increases tswar 2.5 ps and deteriorates beyond
this value. Interestingly, the selection behaviausmall angles does not improve when
the sequence is synchronized at either 2 or 4 pedods. This indicates that not only
rotor synchronization, but also the number of rgeriods to which you synchronize the
sequence, is important in achieving optimum sedactivhen using small excitation
angles. This suggests using inter-pulse delaysoappmg 5 rotor periods; however, for
interaction strengths of 90 kHz one can see thattpnal is completely lost for longer
inter-pulse delayst(=5 ps). The sequence must therefore be restrictedddeshinter-
pulse delays in order to select for larger CSA eslut is important to note that the
nutation curve of the 25 kHz CSA interaction, fariater-pulse delay of|& (top right of
figure 66), closely resembles the nutation profifethe amorphous peak in Refocused
DIVAM array (figure 58). This provides further suppthat the selection mechanism for
Refocused DIVAM is driven by the CSA term, but omlgen its strength is greater than
or equal to 15 kHz. This correspondence betweemdtoe synchronized measurements
and the non-rotor-synchronized simulations is nhi&sty due to spinning instabilities in

the MAS controller.
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Figure 66 The effect of rotor-synchronization on the seldtfiwf the Refocused DIVAM pulse
sequences for various chemical shift anisotropyw=avalues, wherdD =10kHzy =
25 kHz, andL] = 90 kHz. These Simulations used 168l kHz pulses with an MAS
rate of 20 kHz, a Fpulse width of 2.5qus, a 180 pulse width of fus, and a pulse offset
of 1 kHz. The inter-pulse delay and total filteritime (Tz) are indicated at the top of
each figure.
[11. The Dipolar Coupling Term
Figure 67 shows the nutation behaviour of the difman the Refocused and
Direct DIVAM sequences over a range of Dipolar dowypinteraction strengths. The
comparison between the Refocused (figure 67a) aretDDIVAM (figure 67c¢) rotor-

synchronized simulations is quite different thanawhvas seen for the CSA term.

Differentiation is observed at the first zero cingdor couplings of 25 kHz or greater in
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Direct DIVAM while a larger coupling of 50 kHz orepter is required for Refocused
DIVAM. Also note that selection between the exditatangles of = 30° and6 = 90° is
not apparent in Direct DIVAM while it is quite pamind in Refocused DIVAM.

In the rotor synchronized case for small exa@tatanglesca 8 < 30°, very little
difference can be seen between the signals foraictien strengths less than 50 kHz;
however, there is a significant difference in tlgmal when excitation angles greater than
30°%are used. A dipolar coupling of 50 kHz is uncommianfluoropolymers and
therefore, for small excitation angles, the dipataupling should not be expected to
contribute to the selection behaviour in the raygmehronized case. It is possible that
selection could occur in the excitation angle raofy@ = 30° — 60° and would be based
on a dipolar interaction of 15 kHz or greater.

The nutation of each signal is much more complitabe the non-rotor
synchronized case (figure 67b), due to the rotati@ependence of the dipolar term.
Similar to the CSA term, no significant differendassignal for the various interaction
strengths are observed in the small excitationearggimesca 8 < 30°. In the case of
the intermediate excitation angles, 6 = 30° -- 60°, the nutation behaviour varies less
and now requires interaction strengths of 25 kHgreater for selection to occur. In the
large excitation anglessa 6 > 60°, more differentiation is seen between signals and
selection can be achieved with interaction stremgth15 kHz or higher. This again
suggests that in order to achieve optimum seleatmmditions rotor synchronization

must be considered.
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Figure 67 Simulation of the Refocused (a,b) and Direct DIVAREQuences (c), which illustrate the
behaviour of the dipolar coupling term of the Haomian. The rotor synchronized (a, c)
and non-rotor synchronized (b) simulations usedM&kS rate of 20 and 25 kHz,

respectively.The dipolar coupling was varied between 1 to 50, kizere O = 1 kHz,

[=25kHz, A\ =5kHzY = 75kHA> =10kHD)  =&Ez, B = 25 kHz,
andO =50 kHz. The Refocused DIVAM simulations used rEH20 kHz pulses with a

90 pulse width of 2.qus, a 180 pulse width of qus, an inter-pulse delay of 26 (T =
150 us) and a pulse offset of 1 kHz. The Direct DIVAMnsilations used real 100 kHz
pulses with a Hpulse width of 2.5us and an inter-pulse delay of 1.65 (T = 50ps).

Figure 68 shows a series of simulations of theldip@rm over a range of inter-
pulse delays for two dipolar coupling values. Frar $mall excitation anglesa 6 < 30°,

rotor synchronization seems to be less important r@m significant selection is seen
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between the two curves. For the large excitatiogleanca 6 > 60°, no noticeable
selection occurs as the inter-pulse delay is deeefrom 2.51s to 0.5us (Tg= 2.0471);
however, selection can be seen the inter-pulsey delimcreased to a value of 4.8 (T
= 3.961,). This indicates that for the larger excitationgl@s, ca 8 > 60°, the rotor
synchronization and the number of rotor periods iarportant when optimizing the

selection conditions of the sequence.
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Figure 68 The effect of rotor-synchronization on the selatfiwf the Refocused DIVAM pulse
sequences for various dipolar coupling andhlues, wherdD =10 kHz ant/ =25

kHz. These Simulations used real 100 kHz pulseh aft MAS rate of 20 kHz, a 80
pulse width of 2.51s, a 180 pulse width of Gis, and a pulse offset of 1 kHz. The inter-
pulse delay and total filtering time {)Tare indicated at the top of each figure.
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V. Summary

If rotor synchronization is to be considered aursgment for domain selection
then the effect of the CSA and Dipolar Hamiltongrould be considered in two cases:
small and large angles. In the former case, CSAdypalar interaction strengths of 15
and 50 kHz, respectively, are required for thesesgeto have a role in the selection. In
the latter case, both rotor synchronization anchtlraber of rotor periods over which the
filter is applied are an important consideratioheTotal filtering time must be chosen
such that no selection takes place for CSA andlaipoteraction strengths less than 25
and 50 kHz, respectively. A total filtering time wh is rotor synchronized and limited
to a number of rotor periods reduces the amourdobkrent dephasing that can occur
during the inter-pulse delays, thereby ensuringimmah phase distortion in the large
angle nutation behaviour. Also, Refocused DIVAMaisnore sensitive CSA filter than
Direct DIVAM, with the latter requiring a CSA int&ction strength of at least 50 kHz for
selection to occur. The next section of simulatisndesigned to mimic the experimental
transient series presented in section 3.3.2 inrotaéetter understand the observed

behaviour.

3.4.2. Transient Behaviour

The simulations of the transient behavior for bibth CSA and Dipolar terms of
the Hamiltonian were carried out with a pulse dffsel kHz. It is important to note that
these simulations were also run using a pulse toffs@00 Hz and 5 kHz and all three
sets of simulations produced identical resultssThiin agreement with the experimental

transient series run at these three pulse offedisating that, as long as a pulse offset no
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larger than 5 kHz is used, the pulse offset haseffiect on the observed transient

behaviour.

I. The Chemical Shift Anisotropy Term

Figure 69 shows the response of e signal intensity, for a set of selected
excitation angles and CSA strengths, as a funafoiime inter-pulse delay used. These
simulations use a time scale which correspondséoeixperimental short time series
(figure 62), where the inter-pulse delay is varisdch that the A ranges over
approximately two rotor periods,) in steps of 3/5@;. When examining figure 69 it is
apparent that the transient behaviour can only tealection when an excitation angle
larger than 2 5is used; however, the transient oscillations saehe signal intensity for
an excitation angle of Z%ppear to agree with the oscillations of the amoughsignal
seen experimentally for this angle (figure 62).sThidicates that the selection at®2.5
may also be driven by the CSA term. The fact ti&t transient behaviour for any
excitation angle larger than 2&an lead to selection further exemplifies the ntaed
ensure that the sequence is rotor-synchronizedndisated above in section 3.4.1.
Furthermore, the number of zero crossings seehdrsignal oscillations appears to be
dependent upon the excitation angle used. For elearmaply one zero crossing is seen
for an excitation angle of 25while three zero crossings are seen for an eiaitangle
of 3. This is in agreement with the experimental transbehaviour for the amorphous
signal of PVDF at both of these angles (see figi2e Upon closer examination, the
experimental transient oscillations of the amorghaignal appears to resemble the

simulated CSA curves in figure 69 for an interactstrength ranging between 30 and 40
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kHz; however, the experimental behavior seems goslaghtly behind the simulated
curves. The oscillations in the experimental data enly be fit by the simulations if we
consider the simulated curves to begin at an iptése delay of 2.7fs. This 0.75us lag

can most likely be attributed to both spinning afglities in the MAS controller and

fluctuations in the applied RF power of the pulgg.
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Figure 69 The effect of varying the inter-pulse delay on #edectivity of the Refocused DIVAM

pulse sequences for selected excitation anglesC8# strenths, where the excitation
angle is indicated in the figure and the CSA intgoam strengths are represented by the
following: @ = 10 kHz,O =20 kHzy =25kHZ/ =275z, m =30kHz,O =325
kHz, ® =35 kHz, and®> = 40 kHz. These Simulationsduseal 100 kHz pulses with an
MAS rate of 20 kHz, a 9(ulse width of 2.qus, a 180 pulse width of fis, and a pulse
offset of 1 kHz.

145



I1. The Dipolar Coupling Term

Figure 70 shows the response of tflé signal intensity, for a set of selected
excitation angles and dipolar coupling strengtlssadunction of the inter-pulse delay
used. These simulations use a time scale whiclegponds to the experimental short
time series (figure 62), where the inter-pulse yiédavaried such that the-Tfanges over
approximately two rotor periods;) in steps of 3/5@,. The dipolar couplings presented
in Figure 70 are homo-nuclear interactions andupliog of 25 kHz is at the large end of
what is typically found in a fluoropolymer systeWhen looking at the transient
behaviour of the 10 and 25 kHz curves it is cléwt no zero crossings occur for any
excitation angle; therefore, the dipolar couplitgp@d not be expected to lead to any
selection in the®F spectra of fluoropolymer systems. However, it banexpected to
contribute to the signal oscillations seen expemi@iéy. This again further supports the
earlier argument that the selection behaviour db&esed DIVAM, when applied to the
F nucleus, is driven by the CSA term. Alternativedycoupling of 50-75 kHz can be
found when looking at proton nuclei in a highly stiglline polymer system. In this case
the transient behaviour due to the dipolar couplooglld lead to selection at any

excitation angle greater than°30
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Figure 70 The effect of varying the inter-pulse delay on #edectivity of the Refocused DIVAM
pulse sequences for selected excitation anglesdgudar coupling values, where the
excitation angle is indicated in the figure and difgolar coupling values are represented
by the following:®@ =10 kHzO =25kHA =50 kHY, =75 kHz, andm = 90 kHz.
These Simulations used real 100 kHz pulses wittM&$ rate of 20 kHz, a 9Qoulse
width of 2.5us, a 180 pulse width of Gus, and a pulse offset of 1 kHz.

3.5 Selection M echanism

Refocused DIVAM experiments show that the phasg¢odions at large angles
seen in the Direct DIVAM experiments have been sssfully removed by the addition
of refocusing pulses. These experiments also demabdaghat the offset dependence of
Direct DIVAM has been greatly reduced and that nomaof all signals has been
restored. SIMPSON simulations illustrate that tffeat of the isotropic term has been

removed. They also show that the effect of the G84 dipolar terms on the selection
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mechanism of Refocused DIVAM is profoundly differahan for Direct DIVAM. In
fact, Refocused DIVAM is more sensitive to the C&hm and less sensitive to the
dipolar term. Both the experimental and simulatadgient series indicate that the CSA
term now plays a much larger role in the selectimachanism for small excitation
angles; furthermore, they provide some evidence ¢lian selection at the excitation
angle of 18 may be dominated by the CSA term. Imposing roterchronization in
Refocused DIVAM is particularly important in ordey reduce the effect of coherent
dephasing during the inter-pulse delays and ensypt®um selection.

In summary, the Refocused DIVAM sequence providdation behaviour that is
less complex than that of Direct DIVAM, yet similkarthe original DIVAM experiment,
and appears to be driven by the CSA term of theiltaman. Refocused DIVAM now
provides a far more robust method for directly gpyg the DIVAM sequence to the

nucleus of interest, while mostly removing the effeerm from the selection process.

3.6 Pulse Offset Effects

3.6.1 Overview

Earlier it was mentioned that the Refocused DIVARKQ@ence is typically
implemented with a pulse offset of 5 kHz or leskisTsection explores how the use of a
pulse offset larger than 5 kHz affects the osadlabof the observed signals during the
Refocused DIVAM sequence. Figure 71 shows the eobsenutation behavior for
Refocused DIVAM when various different pulse oftsare used. Figure 71a illustrates

that the observed behaviour when using a pulsestoffs5 kHz is very similar to that
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seen when using a pulse offset of 1 kHz (see fig@®e however, this is not the case
when using a pulse offset of 15 or 25 kHz. Wherulse offset of 15 kHz is used the
amorphous and crystalline peaks undergo a secaedsion for the excitation angles of
80° - 9. This difference is even more pronounced for a@uoiffset of 25 kHz, showing

three extra inversions in the excitation angle eangf 20 - 25°, 62.5 - 72.5, and 82.8

- 9¢°. More importantly, when examining the spectra @émch excitation angle a

surprising result is seen when using a pulse o626 kHz.

Figure 71d shows expansions of tHE spectra for a set of chosen excitation
angles from the nutation array at 25 kHz (figuree)7lUpon closer examination, the
excitation angles of 30and 57.8 show an additional signal in the chemical shifiioa
of the defect units that is very narrow, comparethe amorphous signal, and appears at
~115 ppm. Both the line width and shift of this beaincide with the signal from the
highly mobile end-chain signals observed previotislyPVDF2® The end-chain signal
has a much longer,Tthan the rest of the signals in the PVDF spedltee to high
mobility. Previously this peak could only be ressly or observed, by using a Hahn echo
experiment with a long enough delay to allow alestsignals in the spectra to dephase
completely. In this case, the Refocused DIVAM expent has allowed for the
observation of these signals without the completeaval of the other signals. This is an
important result because it provides a method chgueng spin diffusion between the
end chain signals and all of the various signaBViDF; hence, allowing for domain size
measurementS”* A series of experiments and simulations must newcérried out in
order to better understand how varying the pulégebieads to the selection of the end

chain signal.
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Figure7l The Refocused DIVAM nutation array of th& MAS NMR spectra of PVDF at 20 kHz

and ranging over excitation anglesd3f90° in steps of 2% An inter-pulse delay of 2.5
us, a 90 pulse width of 2.51s, a 180 pulse width of Sus (Tr = 150us), and a pulse
offset of (a) 5 kHz, (b) 15 kHz, and (c) 25 kHz wersed.  d) Enlargements of e

MAS NMR spectra of PVDF for selected angles inRefocused DIVAM nutation array

using a pulse offset of 25 kHz, illustrating thdestéon of the side chain signals in
PVDF.
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3.6.2 Experimental Pulse Offset Behaviour

The effect of a pulse offset can be further inigesed by looking at the excitation
profile of a 2.5us (100 kHz) pulse as shown in figure 72. The pesfih figure 72 were
obtained by changing the offset frequency (or earfiequency) of an excitation pulse
while keeping the receiver fixed on a central resme. All pulse offsets shown in figure
72 are with respect to the receiver frequency. féigi2a shows the excitation profile of a
single 2.5 ms excitation pulse when applied to flemeobenzene () and with the
receiver set to the frequency of theFEpeak (-166.4 ppm). The excitation profile of
CsFs is symmetric with respect to a pulse offset obzamd as a result the addition of two
spectra acquired at opposite pulse offsets giiesrentzian peak. The symmetry of the
excitation profile for @Fs is lost at pulse offsets greater than 70 kHz &islilmposes an
instrumental limit on the pulse offset that carebgployed. The behaviour seen above 70
kHz is most likely caused by phase instabilitiethwmi the console hardware occurring at
these specific frequencies, which is typical ohaganalogue equipment.

Figure 72b shows the excitation profile of a singl& ms excitation pulse when
applied to PVDF and with the receiver set to tlegfrency of the amorphous peak (—91.2
ppm). This is analogous to the pulse offsets usedng the Refocused DIVAM
sequence. Each pulse in the DIVAM train is appheith a pulse offset, while the
observation pulse and receiver are centered dtahjgency of the amorphous peak. The
abnormalities seen in the excitation profile gF§are still present; however, they begin
to occur when employing a pulse offset of 35 kHzhis behaviour was caused by phase
instabilities in the console hardware then it sHosihift linearly with a change in the

receiver frequency. The resonance frequency oftherphous peak in PVDF is —91.2
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ppm and is shifted ~ + 35 kHz (+75.2 ppm) from @y resonance frequency. This
shift in receiver frequency is in agreement witle fihequency shift for the observed
abnormalities. This supports the earlier assumpti@t the distortions are caused by
phase instabilities in the console hardware andsgap an instrumental limit of 35 kHz
on the pulse offset that can be employed to stody however, the symmetry of the
PVDF excitation array appears to deteriorate befopelse offset of 35 kHz. Recall that
the two crystalline components of PVDF are not #yushifted with respect to the
amorphous peak. The downfield and upfield crystallcomponents are shifted ~6.35
kHz (13.5 ppm) and ~2.07 kHz (4.4ppm) from the grhous peak, respectively. As a
direct result, dispersion components of each cilystapeak will not be equivalent for
two equal but opposite in magnitude pulse offsétds problem can be clearly seen
when comparing the phase shift of the spectraguré 72b. The spectra acquired using a
pulse offset of 10 kHz is no longer symmetric witie spectra acquired using a pulse
offset of —10 kHz; therefore, the co-addition oé tlwo spectra will not result in purely

Lorentzian line shapes.
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Figure 72 Excitation Profile of a) Hexafluorobenzeneskg) and b) PVDF obtained using a 218
pulse width (100 kHz pulse strength). The HFB peofvas acquired without spinning
while the PVDF profile was acquired while spinnitg20 kHz.

The effect of implementing Refocused DIVAM with effset larger than 5 kHz
was further explored by carrying out a series ofasmeements in which both the
excitation angle and inter-pulse delay were fixdulevvarying the pulse offset of the
Refocused DIVAM pulse train (referred to as thespubffset array). The pulse offset
array for an inter-pulse delay of U5 (Tr = 150pus) and several fixed excitation angles
can be seen in figure 73. Very little differenca t& seen when using a pulse offset of 1
to 5 kHz, with only a minor change in the intenfythe amorphous peak occurring for
all angles. Figure 72b showed that when a pulssebffreater than 35 kHz is used, with
respect to the amorphous peak of PVDF, the conistleduces a form of noise that

interferes with normal pulse offset behavior. Tinierference can be clearly seen when
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looking at the excitation angle of 3@nd the use of a pulse offset equal to or largyen t
32.5 kHz; therefore, only the behavior seen whangua pulse offset of 30 kHz or less

will be discussed from this point forward.
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Figure 73 Pulse offset array of th€F Refocused DIVAM spectra of PVDF. This array i®wh
for selected excitation angles from 2.5 to 90 degnasing a MAS rate of 20 kHz, a®°90
pulse width of 2.qus, a 180 pulse width of fus, and an inter-pulse delay of 28 (Tr =
150ps).

Figure 73 clearly indicates that oscillations ie &tmorphous signal are observed

with respect to the pulse offset used for all etmn angles. These can now lead to a
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null point in the amorphous signal and provide #eraative method by which the
crystalline signals may be selected. The excitatioh5’ (row 2 in figure 69) shows that
as the pulse offset is increased the amorphouslsggadually loses intensity until the
spectra is almost purely crystalline when a pulégeb of 25 kHz is used. The use of a
pulse offset to cause selection of the crystalliigmals in PVDF will be further explored
with SIMPSON simulations in section 3.6.3.

The Refocused DIVAM pulse offset array for an irpeise delay of 4.58s (Tr
= 200 us) and several fixed excitation angles can be sedigure 74. This figure is
analogous to figure 73, but is obtained with thgusace rotor synchronized to 4 rotor
periods and allows for the investigation of puldtset behaviour over multiple rotor
periods. The oscillations in the amorphous signalsamilar to those seen in figure 73 as
long as they are considered with respect to tls¢ $jpectra in the array. The first spectra
in the array is expected to change because it h@asrsearlier (see section 3.3.2 figure
62) that the number of rotor periods over whichgaguence is synchronized will change
the observed nutation behavior. The only excitagmgle at which no change in the
initial spectra is expected is 2.8nd this was indeed observed in figure 74

There are a couple of key differences that can leerwved when comparing
figures 73 and 74. Firstly, in figure 73 the useaopulse offset between 1 and 5 kHz
produced only a small change in the amorphous kigtensity and was not considered
to be significant to the observed pulse offset beha. In contrast, Figure 74 shows that
for an excitation angle of 25row 2 figure 71) this small difference in thednsity
results in the complete selection of the crystallgignals. Secondly, figure 74 shows

significant oscillations when using an excitatiomwgle of 9¢ and a pulse offset up to 15
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kHz and these are absent in figure 73; however,o8@llations seem to agree quite
nicely beyond a pulse offset of 15 kHz. This vaoiatis most likely caused by the
relative intensity of the amorphous signal seerafpulse offset of 1 kHz. Figure 73 has
a rather large initial intensity of the amorphoignal, making the observation of the
small deviations in signal intensity very difficuti observe. Figure 74 has a very small
initial intensity of the amorphous signal and timakes observations of minor deviations
in the signal intensity much easier to see. Thianalogous to the behaviour seen when
calibrating the pulse powers on a solid-state NMiRctometer. Thirdly, figure 74
shows a continuous decrease in the signal interditthe amorphous peak for an
excitation angle of 30 In contrast, figure 73 shows an initial increasethe signal
intensity at this angle and this persists up talaeoffset of 12.5 kHz. The pulse offset
behaviour of Refocused DIVAM will be further invegdted with simulations from the

SIMPSON program in the section below.
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3.6.3 Simulations of the Pulse Offset Behaviour

Simulations of the pulse offset behavior for bdie CSA and Dipolar terms of
the Hamiltonian were carried out for both a fixeter-pulse delay and excitation angle.
These simulations should provide a valuable insigtet how the behaviour of varying
the pulse offset changes with respect to the spimamics of the system. It is important
to note that both the CSA and Dipolar simulatioosndt take into account the chemical
shift differences of the crystalline units with pest to the amorphous unit. The results
presented below clearly show that the signal intgmscillates with respect to the pulse
offset used. This means that the earlier assumghtiainthe oscillations of the amorphous
signal were caused by the chemical shift differenbetween the amorphous and
crystalline signals was not entirely correct. Thofwing sections will investigate how
the presence of various different CSA and dipotarpting interaction strengths effects

the signal oscillations observed with respect eophlse offset used.

I. The Chemical Shift Anisotropy Term

Figures 75 and 76 show the response of ‘fResignal intensity, for a set of
selected excitation angles and CSA strengths, asation of the pulse offset used.
These are analogous to the experimental resultingat in the two pulse offset arrays
(figure 73 and 74) in that they used an inter-pdekay of 2.51s (Tr = 150us) and 4.58
pus (Tg = 200 ps), respectively, and represent the sequences ibelhawhen rotor
synchronized to 3 and 4 rotor periods, respectivéiynen examining figure 75 it is
apparent that the pulse offset behaviour can leaddreat deal of selection based on the

CSA term of the Hamiltonian. A large difference oxin the first point of zero crossing
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for CSA interaction strength less than 30 kHz. Momgortantly, the selection for all
angles appears to be quite strong for small pufsets. This creates another situation in
which overlapping domains with varying mobility,catherefore varying chemical shift

anisotropies, can be selected using Refocused DIVAM
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Figure 75 The effect of varying the pulse offset on the ds@lyg of the Refocused DIVAM pulse
sequences for selected excitation angles and C8f&sawhere the excitation angle is
indicated in the figure and the CSA values areasgnted by the followinge = 1 kHz,
O =10kHz,v =15kHzY =20kHm =25kHIJ, =38% @ =32.5kHz, ang®
=35 kHz, A =37.5kHz, anda =40 kHz. These Sinmaoiet used real 100 kHz pulses
with an MAS rate of 20 kHz, a 9pulse width of 2.5us, a 180 pulse width of fus, and
an inter-pulse delay of 2% (Tz = 150us).

Earlier it was shown that the oscillations in timeoaphous signal intensity during
the experimental transient series closely resemtiiedsimulated behaviour for CSA

interaction strengths of 30-40 kHz. A series ofikimconclusions can be made when
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comparing the experimental and simulated oscilfestiof the signal during the pulse
offset array. The excitation angle of°i§ the only angle at which a zero crossing occurs
experimentally (figure 73); however, as mentionadier, zero crossings can be seen for
most excitation angles in the simulated array (®gt5). This restricts the comparison to
the CSA strengths that do not lead to zero crossirggch of the remaining angles. Upon
closer examination it is clear that for the exaitatangles of 2.% 30°, 60°, 75°, and
9(° the simulated curves for a CSA strength of 30-4@ khbst closely resembles the
experimental oscillations in the amorphous signglis is in agreement with the
conclusions from the transient series analysisopexdd earlier in this chapter. The only
two exceptions to this conclusion are the excitatingles of 15and 45. In the case of
an excitation angle of 4®nly a CSA strength of 37.5-40 kHz agrees with the
oscillations observed experimentally. The excitatiangle of 15is in complete
disagreement with the above conclusion becaudasaangle only a CSA strength of 20
kHz or less could lead to the zero crossing obskeexperimentally. This disagreement
could be caused by the lack of a dipolar interactiothese simulations or quite possibly
the absence of relaxation effects.

Figure 76 illustrates the pulse offset behaviaurvarious CSA strengths when
the Refocused DIVAM sequence is rotor synchronized rotor periods. It is clear that
major differences are still present between theresufor the various CSA interaction
strengths and that this can still lead to selectibmost of the excitation angles. A zero
crossing is only observed experimentally for theitetion angles of 1%5and 30 and this
again restricts our comparison of the curves foious CSA interaction strengths. In this

case all of the remaining excitation angles reqaifeSA strength of 25 kHz or greater in
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order to agree with the oscillations observed exrpantally. This is slightly less than the
30 kHz or greater required when the sequence @ synchronized over 3 rotor periods
and emphasizes, as mentioned earlier, that rotoechsgnization must be considered
when looking at all aspects of the selection meisimanThe excitation angles of %&nd
30° behave in a different manner than the other 5 anmhel the curves corresponding to
CSA strengths of 25-40 kHz no longer explain theillagions seen experimentally. In
the case of 1%the zero crossing seen experimentally can only ofmmuCSA strengths
of 15 kHz or less. Similarly, for an excitation éngf 30 the experimental amorphous
signal intensity initially decreases with increagipulse offset and this behaviour can

only be reproduced in simulation using a CSA sttiernd 20 kHz or less.
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Figure 76 The effect of varying the pulse offset on the dilg of the Refocused DIVAM pulse
sequences for selected excitation angles and C8f&sawhere the excitation angle is
indicated in the figure and the CSA values areasgnted by the followinge = 1 kHz,
O =10kHz,¥v =15kHzY =20kHm =25kHI, =38% @ =32.5kHz, ang®
=35 kHz, A =37.5kHz, andA =40 kHz. These Sinmoiet used real 100 kHz pulses
with an MAS rate of 20 kHz, a 9pulse width of 2.5us, a 180 pulse width of fus, and
an inter-pulse delay of 4.58& (Tz = 200us).

I1. The Dipolar Coupling Term

Figures 77 and 78 show the response of‘fResignal intensity, for a set of
selected excitation angles and dipolar couplingngjths, as a function of the pulse offset
used. These are analogous to the experimentaltsesiodained in the two pulse offset
arrays (figure 73 and 74) in that they used arriptdse delay of 2.5s (Tr = 150s)
and 4.58us (Tr = 200us), respectively, and represent the sequences ibehavhen

rotor synchronized to 3 and 4 rotor periods, respely. The first key observation can be
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made when comparing the curves for various dipotapling strengths (figures 77 and
78) with those for the various CSA strengths (fesu75 and 76). In the case of the
transient series, the dipolar and CSA curves ferslime interaction strength were quite
different. Surprisingly, when comparing the curf@ssimilar dipolar and CSA strengths
in the pulse offset array the curves follow simil@nds. As a direct result, differences in
dipolar coupling values can now lead to selectiaa differences in zero crossings, when
considered as a function of fixed excitation angled variable pulse offset. The
differences in the various curves for differing @gr coupling strength is much smaller
than with the CSA curves, but nonetheless it cde&tl to selection. In the transient
series only the CSA leads to significant selecaod the dipolar coupling term resulted
in simple signal oscillations, but no zero crossing

The oscillations in the signal intensity for ealtpolar coupling strength in figure
77 can be directly compared to the oscillationshi& amorphous signal intensity seen
experimentally. It is important to recognize thatlipolar coupling of 50 kHz is highly
unlikely in fluoropolymer systems; therefore, omgeraction strengths of 25 kHz or less
will be compared to the experimental results. Altlee selected excitation angles, with
the exception of 60and 75, have zero crossings for dipolar coupling strengitgo 25
kHz. In the CSA simulations, the experimental datdns seen at an excitation angle of
15° could not be explained by the simulations; howetles dipolar simulations for an
excitation angle of 15do fit to the experimental oscillations. This sagp the earlier
argument that a set of simulations should be ruwhich the dipolar coupling value is
fixed while the CSA strength is varied. This sintida could be used to better fit the

observed experimental oscillations.
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Figure 77 The effect of varying the pulse offset on the silég of the Refocused DIVAM pulse
sequences for selected excitation angles and dipobapling values, where the
excitation angle is indicated in the figure and difgolar coupling values are represented
by the following:®@ =1kHzO =5kHzy =10kHY 15 kHz,m =25 kHz, an(
= 50 kHz. These Simulations used real 100 kHz puigith an MAS rate of 20 kHz, a
9@ pulse width of 2.51s, a 180 pulse width of qus, and an inter-pulse delay of 218
(Te = 150ps).

Figure 78 illustrates the pulse offset behavioor Yarious dipolar coupling
strengths when the Refocused DIVAM sequence is sytiochronized to 4 rotor periods.
Similarly to the CSA simulations, it is clear thatmajor difference is still present
between the curves for the various dipolar couplktiggngths and this can lead to
selection at most of the excitation angles. Al$w obscillations seen for each of the

various dipolar coupling strengths has changed ribat the sequence is rotor

synchronizing to 4 rotor periods instead of 3. Tisisn agreement with the behaviour
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seen for the various CSA strengths and furthercatds that the pulse offset behaviour

varies dramatically based upon the rotor synchatdiga conditions.
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Figure 78 The effect of varying the pulse offset on the dilyg of the Refocused DIVAM pulse

sequences for selected excitation angles and dipobapling values, where the
excitation angle is indicated in the figure and difgolar coupling values are represented
by the following:@ =1 kHzO =5kHzy =10kHY 15 kHz,m =25 kHz, an(

= 50 kHz. These Simulations used real 100 kHz puigith an MAS rate of 20 kHz, a
90 pulse width of 2.5us, a 180 pulse width of Gus, and an inter-pulse delay of 4.58
(Te = 200uys).
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3.6.4 Summary of the Pulse Offset Behaviour

It is clear that the pulse offset behaviour of Reked DIVAM is quite
complicated and must be considered when implengthi® sequence. Experimental and
simulation results both show pronounced oscillationthe amorphous signal intensity
with respect to the pulse offset used. The simatiof the pulse offset array show that
various CSA and Dipolar coupling strengths are isigasto the pulse offset used and
both terms can lead to zero crossings (domain ts@h@cEarlier it was shown that, when
the pulse offset is fixed, the Dipolar couplingiist expected to play a major role in the
selection mechanism. The pulse offset now presemtay in which Refocused DIVAM
can be used to select for various domains based lopith the CSA and dipolar coupling
interactions. Furthermore, past use of the DIVAMwsnces was based upon selection
mechanisms that the user had no control over, ssclhe individual terms of the
Hamiltonian or relaxation rates. Selection baseahupe pulse offset shows promise as a
method by which the user of the sequence can dah&®election behaviour such that it

is dominated by the interaction of their choice.
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4. CONCLUSIONS AND FUTURE DIRECTIONS

167



A comparison of experimental and simulation data Woth the Direct and
Refocused DIVAM sequence provides an insight ink@irt selection behaviour.
Experimental nutation arrays of Direct DIVAM shotat significant phase distortions
are present when large excitation angles are dgdatiermore, only the signal from the
amorphous domain undergoes nutation. The experahansient series illustrates that
Direct DIVAM is sensitive to the rotor synchronizat conditions of the sequence. A
combination of analytical expressions and SIMPS@hukations illustrated that these
problems were directly attributed to the isotropitset and CSA dependence of the
sequence. The analytical expressions illustrated tie selection mechanism can be
driven by either relaxation or spin dynamics, dejyeg on the excitation angle and inter-
pulse delay used.

Experimental Refocused DIVAM nutation arrays denti@is that the addition of
both the refocusing pulses and a phase cycle lestieély removed the isotropic shift
dependence of Direct DIVAM and that all of the signin PVDF now nutate with
respect to excitation angle. SIMPSON simulatiormasthat the isotropic offset term has
been completely removed from the selection mechamisd that Refocused DIVAM is
more sensitive to the CSA term and less sensitivéhé¢ dipolar coupling term. The
experimental transient series show oscillationthesignal amplitude with respect to the
rotor phase, indicating that the orientational ®{@SA and Dipolar) of the Hamiltonian
have an active role in the selection mechanism.FSMN simulations of the transient
series indicate that the oscillations observed exgatally can be directly attributed to
the CSA term. This further supports the conclughat the CSA term is more involved

in the selection mechanism of Refocused DIVAM thamas for Direct DIVAM and this
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may be due to partial recoupling of the CSA inteoacduring the sequence. Refocused
DIVAM now provides a far more robust method foreditly applying the DIVAM
sequence to the nucleus of interest, while remotegoffset term from the selection
process.

The experimental pulse offset arrays of RefocusBtAM indicate that selection
can be achieved by varying the pulse offset usduleviixing both the excitation angle
and inter-pulse delay. SIMPSON simulations show this is indeed the case and that
varying the pulse offset can lead to selectionboth the CSA and Dipolar term. This
allows for selection to occur based upon smalleddhces in the dipolar coupling values
that otherwise would not lead to selection in tlaglition DIVAM nutation arrays.

Further studies must be carried out on the Refatd¥AM sequence to better
understand how the selection mechanism is workingorder to model the spin
dynamics effects properly and to accurately repcedthe nutation behaviour, a full
treatment including the offset, CSA and dipole temeeds to be included, along with
relaxation which is currently only available in oreoftware suite known as
SPINEVOLUTION!*® A simpler approach would be to simulate the spinagics for
the amorphous peak in PVDF with a fixed dipolarglong and various different CSA
values. This simulation could then also be carrmgd with a dipolar coupling
corresponding to the crystalline signals, the airahemical shift with respect to the
amorphous peak, and various differing CSA valudss Tnore complete simulation
would allow for a better understanding of the ekpental nutation and transient arrays

of Refocused DIVAM for both the amorphous and alste signals. This may provide
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insight into the possibility of using the observagtation behaviour during the DIVAM
sequence as a method of determining CSA valuesv/intapping spectral domains.

A set of Analytical expressions must be developdhilar to those seen for
Direct DIVAM, but with the orientation dependencktbe CSA term included. These
expressions would allow for an understanding of vawous different excitation angles
and inter-pulse delays affect the observed seleciio Refocused DIVAM. These
analytical expressions would be very similar to thees created for the dipolar
interaction during the REDOR experiméfit.An alternative approach to the use of
analytical expressions would be to develop an @eetdamiltonian treatment of the
Refocused DIVAM sequencé.®*This could provide useful insight into the symmetr
properties of the Hamiltonian during the sequemseis seen with the symmetry based
recoupling sequences.>

An alternative approach to understanding the behlawof the signal intensities
during the DIVAM sequences would be to create adimoensional plot. In this case the
indirect dimension would be represented by thetatton angle used while the direct
dimension would be either the inter-pulse delapuse offset used. This could make the
interpretation of both the transient and pulse atffsffects of Refocused and Direct
DIVAM much easier. Similarly, a two-dimensional ploould be created in which the
first dimension is the inter-pulse delay and theose dimension is the pulse offset. This
could greatly simplify the interpretation of thenadbined behaviour of the pulse offset
and inter-pulse delay for a fixed excitation angle.

The last area of potential development for theoBesed DIVAM sequence is

centered on better understanding the effects afgusipulse offset larger than 5 kHz.
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This can be simply done by co-adding the spectin fthe equal, but opposite in sign,
pulse offsets in the excitation profile of PVDF.iJ lwill provide a better understanding
of how the chemical shift differences between the trystalline units affects the phase
of the amorphous peak in the co-added spectra @dcReed DIVAM. Secondly, the
pulse offsets can be applied to only the excitafialses and not the refocusing pulses.
Currently, the pulse offsets are applied to alihef pulses in the Refocused DIVAM train
and this change should increase the effective &ecqy range over which the isotropic
offset term is refocused. Lastly, the transientawetur of Refocused DIVAM can be
simulated using pulse offsets larger than 5 kHz il should provide a great deal of
insight into the combined effects of the inter-puldelay and pulse offset used in

Refocused DIVAM.
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APPENDI X 1: SSIMPSON DIRECT DIVAM CODE

# Direct DIVAM single spin sinulation
# Array all excitation angles

spi nsys {
channel s 19F
nucl ei 19F
shift 1 000000

}

par {
spin_rate 20000
gamma_angl es 30
crystal _file repl6és8
np 37
start_operator I nz

detect _operator 11z
proton_frequency 500e6

ver bose 1101
}
proc pul seq {} {
gl obal par
maxdt 1
for {set i 0} {$i < $par(np)} {incr i} {
reset
for {set k 0} {$k < 12} {incr Kk} {
pul se 2.5 [expr $i*2.5*1e6/900] x
delay 2.5
}
acq }
}
proc main {} {
gl obal par

#index o is the index of interaction values to run

foreach o {{27500} {32500} {35000} {37500} {40000} {42500} {45000}
{47500}} {

set csa [l'index $o 0]
set fd [fsinmpson [list [list \shift_1 aniso $csa]]]
fsave $fd $par(nane)-$csa.tnp

set aaa [open $par(nane)-total z- $csa. xy w
for {set i 1} {$i <= $par(np)} {incr i} {

puts $aaa "[expr ($i-1)*2.5], [findex $fd $i -re]"}
cl ose $aaa

f unl oad
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APPENDI X 2: SIMPSON REFOCUSED DIVAM CODE

# O fset Conpensated DI VAm single spin sinulation.
# Array all excitation angles

spi nsys {
channel s 19F
nucl ei 19F
shift 12000000

}

par {
spin_rate 20000
ganme_angl es 30
crystal _file repl6s8
np 37
start_operator I nz

detect _operator 11z
proton_frequency 500e6

ver bose 1101
}
proc pul seq {} {
gl obal par
maxdt 1
for {set i 0} {$i < $par(np)} {incr i} {
reset
for {set k 0} {$k < 6} {incr k} {
of f set $par (of f set)
pul se 2.5 [expr $i*2.5*1e6/900] $par(pl)
delay 2.5
pul se 5 100000 $par (p2)
delay 2.5
pul se 2.5 [expr $i*2.5*1e6/900] $par(p3)
delay 2.5
pul se 5 100000 $par (p4)
delay 2.5
}
acq }
}
proc main {} {
gl obal par

#index o is the index of interaction values to run

foreach o {{27500} {32500} {35000} {37500} {40000} {42500} {45000}
{47500}} {

#index pp is the index of the two offsets to use

foreach pp {{1000 0} {-1000 1}} {
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#index p is the index containing the phase table for the pul ses

foreach p {{xy -x -y 1} {x -y -xy 2} {x x x -x 3} {x -x x x 4}
{-x x -x -x 5} {-x -x -x x 6} {-xyx-y 7} {-x -y xy 8}
{yyy-y o9 {y-yyy110} {y x -y -x 11} {y -x -y x 12}
{-yy-y-y13t {-y -y -y y 14} {-y xy -x 15} {-y -x y X

16}} {
set csa [l'index $o 0]
set par(offset) [I'i ndex $pp O]
set num [expr [lindex $p 4] +[expr [lindex $pp 1] *16]]
set par(pl) [l'index $p 0]
set par(p2) [lindex $p 1]
set par(p3) [l'index $p 2]
set par (p4) [l'index $p 3]
set par (nodel) $par (nane) - Snum

set fd [fsinpson [list [list \shift_1 aniso $csa]]]

fsave $fd $par (nodel)-$csa.tnp

}
}
funl oad $fd
#section for the addition of the 16 cycl ops scans
#sinple load function to add function to open and put function
set aa [fload OSCOWP- RS-rel00Khz-csa-final -cycl ops-1-$csa.tnp]
for {set int 2} {$int <= 32} {incr int} {
set ab [fload OSCOWP- RS-rel00Khz-csa-final -cycl ops-$int-
$csa. t np]
fadd $aa $ab
}
set aaa [open $par (nane)-total z- $csa. xy w
for {set i 1} {$i <= $par(np)} {incr i} {
puts $aaa "[expr ($i-1)*2.5], [findex $aa $i -re]"}
cl ose $aaa
funl oad
}
}

179



