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Abstract

Nuclei are termed unreceptive if they are not arblerta solid-state NMR (SSNMR)
experimentation at standard magnetic field strendtre to (i) low natural abundances or
dilution; (ii) low gyromagnetic ratios; (iii) ineifient longitudinal relaxation; (iv) large
guadrupole moments; or (v) combinations of thestofa. This thesis focuses on applying
a variety of SSNMR methods to study unreceptivdeiic a variety of systems.

The first portion of this thesis focuses upon ultideline (UW) SSNMR of three
main group nuclef*Bi, **Ba and**In. *Bi and**'Ba SSNMR were applied to a series of
systems with important structural motifs, whitdn SSNMR was applied to systems with
In in the +1 oxidation state. Extremely broad SSRIpectra were acquired at field
strengths of 9.4 and 21.1 T using frequency-stepgdthiques. In all cases, the electric field
gradient (EFG) and the chemical shift (CS) tensoameters obtained from these spectra
are used to probe the metal coordination envirotsnenhese data are complemented by
first principles calculations of the NMR tensorsngsmolecular orbital (MO) and plane
wave density functional theory (DFT) methods.

The second portion of this thesis examines apjphicatof SSNMR of unreceptive
nuclei to some practical problems. Fit$¥Ag and*®N SSNMR experiments were performed
to study silver supramolecular frameworks, andcstmal changes which occur upon their
reactions with primary amine&4-*°Ag cross polarization/magic-angle spinning (CP/MAS)
NMR spectra were used to differentiate Ag sites] 4N CP/MAS NMR spectra
provided measurements &f(**°Ag, **N) coupling constants, which are used to probe
bonding Ag-N bonding. First principles calculatsoof silver and nitrogen CS tensors and

Vil



1J(**°Ag, *N) constants aided in formulating the structurablels for the new materials.
Second,**CI SSNMR spectra, single-crystal and powder X-iiffyattion data, and

ab initio calculations were utilized to study HGChgsmaceuticals and some of their

polymorphs. The sensitivity of theCl EFG tensor parameters to subtle changes in the

chlorine environments is reflected in the powddtguas, which can be used for structural

interpretation, identifying and distinguishing polgrphs, and rapidly providing a spectral

fingerprint of each pure pharmaceutical and itymalrphs.

viii



iy 4l alall e 5 Y148 Lay (i ole 5 S

Dedlicated fo my family



Acknowledgment

| wish to extend my appreciation to the many peoplthout whose help this
thesis would not be possible. | would like to eegs my utmost gratitude to my advisor
Prof. Robert W. Schurko for giving me this greapogiunity to work in his group and for
introducing me to the exciting field of NMR. | darever grateful to him for making my
graduate studies a growing experience from botls¢rentific and personal perspectives.
His enthusiasm and dedication to research havevatetd and will always inspire me. |
must thank him for giving me the opportunity to Wwan diverse and exciting projects,
and for allowing me to choose and design my prejdat way | desire. | am very
thankful for his invaluable guidance in teaching abbeut NMR and his patience in
thoroughly editing my manuscripts and thesis. drapiate him in giving me the chance
to present my work at several conferences andantiially supporting my visits to the
ultrahigh NMR facilities in Tallahassee and in @ita

| am indebted to my present and past colleaguésdimgy Dr. Kris Harris, Aaron
Rossini, Alan MacGregor, Bryan Lucier, Tatjana Milg Chris Mireault, Alex Reidel,
Dr. Luke O'Dell, Dr. Joel Tang, Dr. Andy Lo, JerfPawlowski, Mike Laschuk, and Dr.
Ilvan Hung for their helpful insights and stimulafidiscussions about NMR, proof
reading my manuscripts and providing a cheerfulkimgy environment. | am particularly
grateful to Dr. Joel Tang for always being willitmhelp me when needed, even during
his busiest time writing his PhD thesis. | am disnkful to Dr. Andy Lo for training me
in using the NMR spectrometer and in taking meupglothe first steps in the NMR
journey. | also thank the undergraduate studemtkjding Tatjana Milovic, Jenna

X



Pawlowski, and Mike Laschuk for collaborating witie on some of the projects
presented in this thesis and Bryan Lucier in pgttip with my jokes about him.

| extend my appreciation to Prof. Charles L. B. Btagald and his student Ben
Cooper for collaborating with us on a couple ofjgects and for their helpful insights and
discussions. | also thank them and other group Imeesnincluding Erin Norton,
Rajoshree Bandyopadhyay, Christopher Allan, Gre§aryar, and Chris Andrews for
great comments regarding crystallization and sygshef different samples and for their
courtesy in allowing me to work in their lab anekukeir glassware. | am thankful to Dr.
Holger Eichhorn for helping me with TGA and DSC exments and for troubleshooting
the X-ray diffractometer.

| am very appreciative to Dr. Rigiang Fu at theidlzdl High Magnetic Field
Laboratory in Tallahassee, Florida and Drs. Vidterskikh and Eric Ye at the National
Ultrahigh-field NMR Facility for Solids in Ottawdor making my trip to their facilities
extremely comfortable and worthwhile, and for cotieating with us on different projects
and providing great insights and comments regardingollaborative research. | also
thank Dr. George K.H. Shimizu and his studentsieddiay and Jared Taylor at the
University of Calgary for collaborating with us apcbviding us with interesting
materials and Dr. David L. Bryce at the UniversfyOttawa for making his
EFGSHIELD program available for us to use.

| am grateful to Dr. Stephen Loeb and Dr. Trici@&r Carmichael for serving on
my committee during my graduate years, and Dr. Wikv Kedzierski and Dr. Tatyana

Polenova for reading and correcting my thesis dtehding my defense.

Xi



| am very appreciative to Joe Lichaa for fixing oomputer problems and to
Matthew Revington, Mike Fuerth and Sinisa Jezdidlfeir help regarding the NMR
spectrometers and electronic problems. | also aviike to thank Beth Kickham and
Kimberly Lefebvre for mailing out my samples to @allaborators and Marlene Bezaire
for organizing my defense.

| wish to thank the government of Ontario for ant&@io Graduate Scholarships
and the University of Windsor for tuition scholagshthroughout my graduate years and
the National High Magnetic Field Laboratory in Bdilassee, Florida and the National
Ultrahigh-field NMR Facility for Solids in Ottawdor travel support.

Last but not least, | like express my sincere grdé to my parents and siblings
for their endless and unconditional encouragentew, and support. This

accomplishment would not be possible without you.

Xii



Table of Contents

Declaration of Co-Authorship/Previous publications............ccccovieiiiiiiiiiiiiiiiiiiieeees ii
Y 0111 =T od PP PR Vil
[ =To [ o3 11 o] o PRSP IX
ACKNOWIEAGEIMENTS. ...ttt e e e e e e e e e e e eeeeet b e nnnnseseesena s X
LISt Of TaDIES. ... XVii
List Of FIQUIreS and SCREMES.......ccoiiieeeeeeee et XiX
LiSt Of ADDIeviations............oooiiiiiiiiimmeee e XXVi
LIStOf SYMDOIS......... e XXIX
Chapter 1
T goTo [¥ ox 1 o] o USSP 1
BibHOGraphy ... ..o 10
Chapter 2
Concepts and Techniques in Solid-State NMR
2.1PrinCIPlES Of NIMR ...oeeiiiiiiiie e rmeeee e 16
2.2NMR INTEIACHIONS ... oottt e e e e e e e e e e e e e e eeeeteeee b nnnnnrsenees 17
2.2.1 External INteractions ..........coooiiiiiiiiiiiiiiiiiiiii e 8.1
2.2.1.1 Zeeman INteracCtiON............aeeeeeeeeeeeeeeiiiii s 8.1
2.2.1.2 Radiofrequency INtEraction. . . ..ooevveeeeiiiiiiiiiiiiiinneeeeeeeeeee 20
2.2.2 Internal INteractions .........cooo o oo e 22
2.2.2.1 Chemical Shielding Interaction..............cccooeeeeeiiiiiiiiiiiiiiinnns 22
2.2.2.2 Direct Dipolar INteraction.......cccc..eeeeeoiiinnieeeeeeeeeeeeeeeeeiiiiinens 29
2.2.2.3 Indirect Spin-Spin Interactio@a@oupling.........ccccoeeeeeeeeeeene. 30
2.2.2.4 Quadrupolar INteraction...... e veeeeeeerieiiiniinaaeee e e e e ee e 31
2.2.2.5 EUIEr ANgIEs.......oueiiiieeeeee e 36
2.3 Solid State NMR TeChNIQUES ...ttt 37
2.3.1 Magic ANgle SPINNING.......ccuviiiii et 7.3
2.3.2 CroSS Polarization...............ooiicocmmeeeeeeesiiiiieee e e e e 40
2.3.4 Hahn-Echo and Quadrupolar Carr-Purcell biaib-Gill sequences..44
2.3.5 Frequency Stepped Techniques and WURST-Q&EPM................ 46
2.3.6 ADb Initio NMR Calculations.............meeeeeeieiiiiiiiiinneeeeeeeeeeeee 48
2.4 BibliOGraphy ......coooo i 50
Chapter 3

Application of Solid-State **Bi NMR to the Structural Characterization of
Bismuth-Containing Materials

G 700 R 1 (0T [FTox 1 o o 1RO PPUUPUPRPPRPRPP 56
3.2 EXPEIMENTAL.....uueeiii e 59
3.2.1 Sample Preparation ... 59
3.2.2 SOolid-State NMR .......coooiiiiiiiiiit e e eea e e 59



3.2.3 AD INItIo CalCUIALIONS .. .neeeeeee e ee e 61

3.3 RESUILS ANU DISCUSSION ....cevniiiitiiieeeei et ee et e et e e et e eaaaesan e sraneeessasesseasnees 63
3.3.1 SOlAd-StatEBi NIMR......eeeeeeeeeeeeee e ee e e e e e e et e e e et e e e e e eeeneeeeeeaaa 63
3.3.2 Theoretical Calculations fBi EFG and CS TeNnSOorsS ........ccccceeevveenen. 73
I O 0] 11 [V (0] 1 1T 79
3.5 BIBHOGrapNY . ... oo a e e aeaaaraa 81
Chapter 4

Solid-State*Ba NMR Spectroscopy: An Experimental and Theoretichinvestigation
of *‘Ba Electric Field Gradient Tensors and Their Relaton to Structure and Symmetry

Lt [ (o Yo 18 [ o o 86
4.2 EXPEIMENTAL ... .oiiiiii it ceeeee et e e e e e e 89
4.2.1 SOld-State NIMR ...t e e e e e e e e e e ean e ees 90
4.2.2 Computational Methods .............. e e e e 92
4.3 RESUILS aNd DISCUSSION .. ccuuiiiiiiiieeeeiee e ee e e et e et e e s s e e saaesesaa s san e eaneaeas 93
4.3.1 SOlid-StatEBa NMR .....ooeeeiieeeeee ettt e et e e e e e ereeees 93
4.3.2 Theoretical Calculations’8Ba EFG and CS TENSOrS .......ccveeeevvveeien 104
R @ 0] 1] (153 (o 110
I =11 o] [ToT | r=T o] )Y/ TR PEPRRUPRRRN 112
Chapter 5
Solid-State*In NMR Study of Low-Oxidation State Indium Complexes
LT A 10T [ T3 1 o 116
5.2 EXPEIMENTAL....ccoo it ceemem ettt e e e e e nneee e e e e e snrneeee e e e anns 119
5.2.1 Sample Preparation ...............cecmeeeeeeeeeeeeeeeeeeeeeeeeieiiiine s 119
5.2.2 SOlIA-StAtE NMR ... e e ea e eas 120
5.2.3 Computational Methods ...........oooicoeeeiiiii e 122
5.3 RESUIS N0 DISCUSSION ...uuiiitiiiiiiieeeeeii e e e e et e e e e st e e esaeesaaesean e eenes 122
5.3.1 SOlid-StatE®IN NIMR ....eeeeeeeeeeeeeeeeee et et e et e e e e e eeeaees 122
5.3.2 Theoretical Calculations®fin EFG and NS Tensors ........ccccccceuvee... 134
LI @ 0] [ U3 (0] o 1 141
5.5 BiblOGraphy.......cooo e 142
Chapter 6

Investigation of Silver-Containing Layered Materials and Their Interactions with
Primary Amines Using Solid-State!®®Ag and N NMR Spectroscopy and First
Principles Calculations

20 A [ (Yo 111 1T o 146

6.2 EXPENMENTAL........eiiiiiii e 150
6.2.1 Sample Preparation ................uueeceemmeeeeseiiieeieeeesiieeee e ssiesveeeennneeeees 150
6.2.2 SOlA-STAatE NIMR ... couiiiiiii e st e e v senaa s 152
6.2.3 AD INitio CalCulatioNS .......covviiiiiie e 154

6.3 RESUItS ANA DISCUSSION ....cvviiiiiiiiieeeee et e e e e et e s e e st e saa e e eaaees 154

Xiv



0.3.1 SOlId-State NIMR ... e e eaaaas 154

6.3.2 ADINItIO CalCUIALIONS. ... e et 171
0.4 CONCIUSIONS ..ot et e e ee e e e e e e e e eeeeaaees 178
6.5 BiDHOGraphy...... oo 179
Chapter 7

Application of Solid-State*Cl NMR to the Structural Characterization of
Hydrochloride Pharmaceuticals and their Polymorphs

4% T [ 1 (o o 11 o 1o PSSP 184
7.2 EXPEIMENTAL......oeiiiiiiiiee e e 188
7.2.1 Sample Preparation and XRD .........cccemmeeeeeeiiniiiieeeeeeniiieeeeeeenneeeeaa 188
7.2.2 SOlId-State NMR ... e e e e ee e 189
7.2.3 AbInitio Calculations .............uuieeeeeii e 191
7.3 RESUIES aNA DISCUSSION ....uuiiiiiiiieee e et e e e e e e e e e e e e e e e e eaeens 192
7.3.1 Crystal STIUCLUIES. ......cooiiiiiiiiieeemmmeae et 192
7.3.2 SOlid-Stat&CINMR ......ooouiiiiieiie ettt 195
7.3.3 Theoretically calculated NMR interactionders. .................ccccceveeeeeeennns 203
A 0] o3 11 ] SO 207
7.5 BiDHOGraphy......ccoooi e 208
Chapter 8
Solid-State®**Cl NMR Spectroscopy of Hydrochloride Pharmaceuticas
S 700 1 o To [T 1 o] o RSP PT 212
8.2 EXPEIMENTAL.....co it ceeemm e eemmmm e e e e e e eeeernnee 216
8.2.1 POWEI XRD. ..euiiiiiiiiii e e e 216
8.2.2 SOlid-State NMR ..o 217
8.2.3 Ab Initio Calculations .........coo oo 218
8.3 ReSUItS aNd DISCUSSION ......ccviiiiiiieeeeeeeiiiie e ee ettt e et e e e e e e e e e e eanaaas 220
8.3.1 S0lid-Staté®Cl NMR.......cc.eiiiieeieeeie ettt et etee et ereeeaeeeas 220
8.3.2 Theoretically calculated NMR interactiongers...............ccccceeeeeeevennnnnn. 235
S J A @ ] ol U] o 1SS 246
8.5 BIblOGrapny.......cooo i 248
Chapter 9
General Conclusions and Future OULIOOK...............uiiiiiiiiiiiieiiieeceeeeivieeeeeeevii 252
(7] 0] [ToTe | =1 o] o ) V20T 261
Appendices
1. Appendix A: Supplementary Information for Chae..............ovvviiiiiiiinninnennn. 268
2. Appendix B: Supplementary Information for Chaigite...............cccoee oo 276
3. Appendix C: Supplementary Information for Chapte.............cccooeeiiiiiiiiiiiiiininns 289
4. Appendix D: Supplementary Information for Chaye..............ccceevvviviiviiiinnnnn. 298

XV



5. Appendix E: Supplementary Information for Chagte...............ccccceieeiieiiiiiienneen, (013¢]
6. Appendix F: Supplementary Information for Chagte................ccccooeeiieviiiiienne, 18
7. Copyright Release FOIMS ...t 321
8. Vita Auctoris

XVi



List of Tables

3.1.

3.2.

3.3.

3.4.

4.1.

4.2.

5.1.

5.2.

6. 1.

6.2.

6.3.

6.4.

6.5.

7. 1.

7.2.

7.3.

8.1

Summary of the experimenfaBi NMR parameters..............ccccevveeuveeeeeeennnee. 63

Comparison of the experimental and CASTEBi EFG tensor parameters of the
BIO X SBIIES. ..ttt e e ettt ettt et e e e e e e e e e e e e e ee e e e e a e m————————a e aeenes 75

Comparison of the experimental and CASTEBi CS tensor parameters of the
211 ST =T =P 75

Comparison of the experimental and Gaus$@i EFG tensor parameters......... 78
Summary of the experimentdiBa NMR parameters ..............cccceeeevvessummwmeen..95

Comparison of the experimental and CASTEP-caledldf’Ba EFG tensor
PAIAIMELEIS. ...ttt et e et e et e e e e e e e e eeaa e e eaa s 105

Summary of the experimentalin NMR parameters..............ccoeeeveeeeeeeenenn. 123

Comparison of the experimental and theoretiém EFG and CS tensor parameters

......................................................................................................................... 135
Experimentaf’Ag chemical shift parameters................comeeeeeeeeieeieeeeenee. 157
Experimental indirect spin-spin COUPlNGS....cccocveiiiiiiiiiiee e 157
ExperimentaPN chemical ShiftS.............cc.cooieiuiiiucmee et 160

Experimental and theoreticdfAg chemical shift parameters ahlf'*’Ag, *“N)
COUPIING VAIUES...... i e e 173

CalculatedN isotropic chemical shielding values and assodiat®rdination shifts

relative to free propylamine in the structural miederle................ccccceeeeeeee 177
Crystal structure data for the HCI local anaesthet..............ccccoceeccniiiiiinneee. 193
Summary of the experimentaCI NMR parameters............ccceeeeeueeereeeiveenenns 195

Comparison of the experimental and theorefR&IIEFG and CS tensor parameters



8.2. Summary of the experimenfaCl NMR parameters. ...........cccccevveevevreceeenennen. 222

8.3. Comparison of the experimental and theorefRGIEFG and CS tensor parameters

XVili



List of Figures and Schemes

Figures:
2.1. The splitting of the energy levels of a spin-1i&leus in the presence of a static
applied magnetic fieltBo...........uuuuiiuiiiii e 19
2.2. The two vector components of tBefield in the xy-plane. Adapted from Prof.
Schurko's NMR notes.
(http://mutuslab.cs.uwindsor.ca/schurko/nmrcous@sa html)........................ 20
2.3.  The magnetic fields present in the rotating frainghe case of an on-resonance
pulse (py = @), ONIY B, FEMAINS .....oiiiiiiiiiiiiiiiiieee e ereeee e 22
2.4. An ellipsoid portraying the three principal compats of the NS tensor............. 24
2.5. Representation of the nitrogen CSA in pyridiri@ifferent crystallite orientations
with respect to the external static magnetic fiédg, lead to different chemical
shielding. (R.W. Schurko, NMR Course Notes, 2008ed with permission)....26
2.6. The shielding tensor components determine the stigibe powder pattern....... 28
2.7. The energy levels of spin-3/2 nuclei under Zeeminst- and second-order
quadrupolar interaction (QI)..........ooeee e e 34
2.8. Analytical simulation of*Bi SSNMR spectra at 9.4 T as an example of a hagh h
integer spin nucleus to show the effects of the @Tthe powder patterrC, = 180
MHZ andng = 0.6......ccviiiiiii e 35
2.9, The effects o€, andn, values on static SSNMR patterns ...........................36
2.10. Rotation of the CS tensor from the fixed EFG terfisame of reference (x, y, z) into
the CS PAS (X, Y, Z). Courtesy of Dr. Joel A. Tang..........cccceeeeeiniieeeeeeeeneenne. 37
2.11. The position of the NMR rotor with respectBgpduring the MAS experiment...38
2.12. The cross polarization pulSe SEQUENCE. .....ciiiieiiiiiiiiiieee e 42
2.13. Explanation of the Hartmann-Hahn conditigh shows the difference between the
'H and®C frequencies in the lab framB.shows that th€C and'H frequencies are
matched so that the spin transitioNs Can OCCUI....c.....cccvveiieeieiiiii e, 43.
2.14. The echo and QCPMG pulSe SEQUENCES .....ceciiiriiiieiiiiiiiiinieee e 45.

Xix



2.15.

2.16.

3.1.

3.2.

3.3.

3.4.

3.5.

4.1.

4.2.

4.3.

4.4,

Individual sub-spectra are acquired at even mergs and co-added to produce the
whole pattern. The arrows indicate the transmftBuencies ..............cccceeee. 47

The excitation profile for different offset fregucies. The offset producing a
rectangular excitation (middle) provides non-disgdrpowder pattern................ 47

20%Bj SSNMR spectra (blue - experimental, red - sirmd} of BiOl, BiOBr and
BiOCl at a) 21.1 T and b) 9.4 For BiOCI , simulations with and without satellite
transitions are shown. The rolling baselinesame of these spectra arise from
underlying satellite transitions which have beertighly excited........................ 64

29Bi SSNMR spectra of bismuth nitrate pentahydrate)f?1.1 T and b) 9.4 T. Not
all of the satellite transitions were acquired rdey to shorten experimental time,
more ST subspectra were acquired in the WURST sprctiue to the shorter
eXPErMENTAl tIME........ooiiiiiiiiei e 68

299Bi SSNMR spectra of nonaaquabismuth triflate &lal T and b) 9.4T. The
rolling baselines in these spectra drs@ underlying satellite transitions which
have been partially @XCIte....... i e 70

209Bj SSNMR spectra of bismuth acetate at a) 21.1dTa®.4T - indicate satellite
L= T 57110 1 1 USSP 72

a)?*Bi EFG tensor orientations in a) BiOX series, bjNgD,),-5H,0 c)
[Bi(HO)J(OT), and d) Bi(CHCTO,) 5w vvevreereeeeeeeereseeeeeeeeeseeeseeseseesereseeeesens 76

13’Ba static SSNMR spectra of barium nitrate at tvifecént magnetic field strengths

13Ba static SSNMR spectra of barium carbonate atdifferent magnetic field
SETENGLNS . e e e e e a e e e e e e e e e aaeeaaane 97

1¥Ba static SSNMR spectra of barium chlorate mondditgdiat two different
magnetic field strengths. Overlap between’t6éCT and®’Cl satellite transition

(ST) with the’*Ba spectrum is observed at 9.4 T. #: denotequstof the'*’Ba
STs. The small distortions in the right-most “sladeus” of each simulated spectrum
are artefacts arising from a limited number of asgin the total powder
=YL CT = To [T 99

13Ba static SSNMR spectra of barium chloride dihyel¢ft) and anhydrous barium
chloride (right) at two different magnetic fieldestgths. *: indicates interferences

from an FM radio freQUENCY.........ooiiiiiiiieeiee et 102



4.5.

4.6.

4.7.

4.8.

5.1.

5.2.

5.3.

5.4.

5.5.

5.6.

5.7.

5.8.

13Ba static SSNMR spectrum of barium hydrogen phaosphad its simulation at
21.1T.* indicates interferences from an FM rdd@uency..............ccceevveveennnee 104

Correlations between the experimental and cated&Ba a)C, and b)n, values
.................................................................................................................... 106

Theoretically calculated’Ba EFG tensor orientations in a) barium nitratdydrjum
carbonate, c) barium chlorate monohydrate, d) bamhloride dihydrate and e)
anhydrous barium Chloride.............ooiii e 107

Theoretically calculatedBa EFG tensor orientations in BaHPRO..................... 110

"9n SSNMR patterns of a) [In][Gagland b) InCJ. The MAS spectra were
acquired withv,,, = 18 kHz, and this spinning speed is fast enoogseparate the

spinning sidebands from the isotropic powder pasieflThe spectra of InCteveal
two indium sites with different oxidation statesimpurity at -1020(20) ppm.....124

9N SSNMR patterns of [In([15]crown-3JOTf]. The MAS spectrum was acquired
WIEN Vg = 125 KHZu oot nees s eees e s eneneenes 128

9N SSNMR patterns of a) [In([18]crown-6)]GaGind b) [In([18]crown-6)]AIC)
The MAS spectra were acquired with = 50 kHz, and this spinning speed is fast
enough to separate the spinning sidebands fronsdtepic powder patterns. *:
impurity at 1130(100) PPIM ceeeeieeireeennn s eennereeeeesasnnsereeeesensssaneneesess 130

¥n NMR spectra of a) Inl and b) InBr. The MAS spaavere acquired at,,=
B2. 5 KHZ.. e et ara 132

N NMR spectra of a) [In][OTf]. The MAS spectra reeacquired at,,, = 62.5
KHZ. *2 IMPUIILY et en e e 133

Correlations between the experimental and caedlaIn a) C, and b)n, values
..................................................................................................................... 136

Correlations between the experimental and caiedt&in a) chemical shift (CS), b)
span 2) and ) SKeWK{) VAlUES..........coooiiiiiiiiiiiiiiiiiiiiii et 137

The'*®In EFG tensor orientations in a) [In][Gaf;Ib) [In([15]crown-5)][OTf], c)

Inl d) InBr, and f) [IN][OTf]. The blue bonds indre those within 3 A from the
indium, the solid black bonds are within 3.5 A a@he dashed ones are within 4 A

XXi



6. 1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

Solid-staté®®Ag CP/MAS NMR spectra afa at two different spinning speeda)

V.= 2.9 kHz andb) v,,,= 2.0 kHz. Isotropic peaks for the two distindver sites
are designated as 1 and2 designates spinning sidebands for site 2; allrqigbaks
are SidebandS Of SIt@ L........covvviiiie e 155

Solid-staté®Ag CP/MAS NMR spectra ofa - 1e. Isotropic peaks are designated
with asterisks*¢). Spectra ofia, 1b and1c were acquired at,, = 2.9 kHz and
spectra ofid andlewere acquired at,, = 2.0 KHZ...........ccccvmiiiiiiiiiiiieinnnnn. 158

Solid-staté®®Ag CP/MAS NMR spectra dfeat three different spinning speeds)
Vit = 2.0 kHz. (b) v,,,= 2.9 kHz.(c) v,,,= 8.0 kHz. Isotropic peaks are designated
WItN @STEIISKSH) ... e e e e eeeeeaeaaee 159

15N CP/MAS NMR spectra afc(1:1) andle(1:2) acquired at two different fields.
The doublets around 36 ppm (shown in the insetespond to different nitrogen

sites of free amines. The doublets at 17 and 22 gurrespond to nitrogen sites
coupled to silver atoms. The insets are expansades fronle...........ccceeeveeeeee 161

Solid-staté®®Ag MAS NMR spectrum oleat9.4 T,v,,,= 8.0 kHz.................... 164

Solid-statéH-'“Ag CP/MAS NMR spectra af) 2a (b) 2b, (c) 2cand(d) 3 atv,,,
= 2.0 kHz. Isotropic peaks are denoted with asltergi), remaining peaks are
spinning sidebandsg : denotes impurity from the starting materi&as,........... 166

High resolution solid-staté’Ag CP/MAS NMR spectra ofa) 2b and(b) 3 (both
processed with two zero-fills). Isotropic peaks denoted by asterisks), and
insets are expansions of areas indicated by rdenig denotes impurity from the
starting MaterialSa..........ccoeeiiiiieeee e 168

'H->*N CP/MAS NMR spectrum d2b. The doublets at 14 and 19 ppm corresponds
to nitrogen sites coupled to silver atoms. The&k@@a@6 ppm correspond to a small
amount of unreacted dodecylamine. The intensity peaks at 27 and 90 ppm
correspond to some impurity from th¥ labled dodecylamine sample. Low
intensity peaks in the region of 20 to 30 ppm uleléihe main resonances, and can
be attributed to either dodecylamines in differamyironments or perhaps impurity
phases. The asterisks denote an artifact resuitorg Fourier transforming a
truncated FID, which was necessary to minimizehigi-power decoupling and
ACUISITION TIMES...ciiiiieeeeieiiiiiie e s e e e e e e e e e e e e e e e eeeeeetennnn s es 169

Theoretically calculated silver chemical shietfltensor orientations in structural

XXil



6.10.

7.1.

7.2

7.3.

7.4.

7.5.

7.6

8.1.

8.2.

8.3.

models forlaat siteqa) Ag(1) (model structur#l ) and structural models for (2p
(JAg(NH,C;H,),]*,1IV) and (d1e(JAg(NH,C.H-),] "*2(NH,C.H,), VI).......cc......... 172

1J(*°Ag, *N) coupling @) and span &) as a function of Ag-N bond length in
[AGINHLCH )] vttt eeee st e et et s st es st en s e en e e 751

Partial crystal structures of a) PH, b) TH, c¢) Lahd d) BH, which focus on the

chlorine atom positions. The short chlorine-hy@mgontacts are indicated in red,
and longer contacts are marked with dashed likes.TH and LH, some atoms are
deleted fOr CLAILY........uu et eeeeaenes 194

%CI SSNMR spectra of a) PH, b) TH, c) LH and d)ypobrph LH1.................... 197

%Cl SSNMR spectra of monohydrated bupivacaine HEI)(Bnd its polymorphs:
a) commercial BH, b) BH1 is a polymorph obtaineairBH by heating it to 12C,
c) BH2 is a polymorph obtained from BH by heatinigil70°C..............c........... 199

13C NMR of the monohydrated lidocaine hydrochloridelf samples acquired at,B
=9.4T,v,,=9.9 kHz: a) polymorph LH1, b) commercial LH. lbds one molecule
per asymmetric unit, while LH1 has two molecules g@/mmetric unit, as clearly
seen in the splitting of the chemical shift of daebonyl group (165 ppm). *: denote
SPINNING SIAEDANTS. ... .eviiiiiieiiiii et e e e enneeeeeas 201

Powder XRD (left) and®C NMR spectra (right) acquired at 9.4V, = 9.0 kHz: a)
commercial BH. b) polymorph BH1 (heated to 120, c) polymorph BH2 (heated
to 170°C). *: denote spinning sidebands ..........ccccccciiiiiiiiiiiiiin 202

%CI EFG tensor orientations in a) PH, b) TH, c) lidlal) BH. The diagranmabove
are magnifications of the chlorine sites pictureéfigure 7.1...............ceieeeennnn. 205

Partial crystal structures of a) AD, b) BU and B)which focus on the chlorine atom
positions. The short chlorine-hydrogen contacésiadicated in red, and longer
contacts are marked with dashed lines. Hydrog#asled to carbon atoms and
away (>3.0 A) from the chlorine ion are deleteddtarity.............cccceevernn.e.. 223

%Cl SSNMR spectra af) AD, b) BU, and ¢) TR. The top patterns are $athons
and bottom ones are experimental. *: indicatesspgisidebands...................... 224

Partial crystal structures of a) RA, b) AM, c¢) Cikhd d) GA which focus on the
chlorine atom positions. The short chlorine-hy@mgontacts are indicated in red,
and longer contacts are marked with dashed likglrogens attached to carbon
atoms and away (>3.0 A ) from the chlorine iongeteted for clarity................. 227

XXiii



8.4.

8.5.

8.6.

8.7.

8. 8.

8.9.

8.10.

8.11.

8.12.

8.13.

%CI SSNMR spectra aof) RA and b) AM. The top patterns are simulatiand
bottom ones are experimental. *: indicates spigsidebands.......................... 228

Partial crystal structures of a) AC, b) HM c)d8d d) TE, which focus on the
chlorine atom positions. The short chlorine-hy@mgontacts are indicated in red,
and longer contacts are marked with dashed likglrogens attached to carbon
atoms and away (>3.0 A ) from the chlorine iondeteted for clarity................... 230

%CI SSNMR spectra af) AC and b) IS The top patterns are simulatioskattom
ones are experimental. *: indicates spinning dels.................cccoevviiiiiiiiin. 231

Partial crystal structures of a) DI (chlorineesit), b) DI (chlorine site 2), c) ME
(chlorine site 1) and d) ME (chlorine site 2) mhbwdrate which focus on the
chlorine atom positions. The short chlorine-hy@mgontacts are indicated in red,
and longer contacts are marked with dashed likglrogens attached to carbon
atoms and away (>3.0 A ) from the chlorine iondeieted for clarity................... 233

%Cl SSNMR spectra of) DI and b) ME. The top patterns are simulatiamnd
bottom ones are experimental. *: indicates spigsidebands.............cccccceeeeeennn. 234

Correlations between the experimental and caledla)C, values and by,
VAIUES. ...t e e e et ——————aaaaaaaaaas 238

Correlations between the experimental and catedla)s,.,, b) Q and c)x values
%CI EFG tensor orientations in a) AD, b) BU and’®. The diagrams above are
magnifications of the chlorine sites pictured igle 8.1..........ocoveeiiiiiiiiinineeennnnn. 241

%CI EFG tensor orientations in a) RA, b) AM c) A@lad) IS. The diagrams above
are magnifications of the chlorine sites picturefigures 8.3 and 8.5................. 243

%CI EFG tensor orientations in a) DI (chlorine gijeb) DI (chlorine site 2), ¢c) ME
(chlorine site 1) and d) ME (chlorine site 2). T@grams above are magnifications

of the chlorine sites pictured iN FIQUIE 8.7 aueeee oo 245

Schemes:

3.1.

a) A schematic representation of the crystal sinecof BiOCl. The species in the

XXIV



4.1.

5.1.

6.1.

6.2.

7.1

8.1.

BiOX series (X = Br, Cl or I) are isostructural) The coordination environment of
the Bi atoms consists of a staggered arrangemdouofalides and four oxygen
atoms (left, side view; right, tOP VIEW).......uuueiiiiiiiiiiiiiieieeiii e 65

The coordination environments of the barium atomes) barium nitrate, b) barium
carbonate, c) barium chlorate monohydrate, d) barghloride dihydrate, €)
anhydrous barium chloride, f) barium hydrogen piadge, site 1 and g) barium
hydrogen phosphate, SItE2 ...........uuuuiiicmmm e 95

The coordination environments of the indium atom a) [In][GaCl], b)
[In([15]crown-5),][OTf], c) the structural model of [In([18]crown-BICI, and
[In([18]crown-6)]GacC], d) Inl, e) InBr, and f) [In][OTf]. The blue bosdn f are
those within 3 A from the indium, the solid blacérials are within 3.5 A and the
dashedonesare Within 4 A ..o, 126

Schematic representation of the crystal strestof [Ag(4-pyridinesulfonate){la,
top) and [Agp-toluenesulfonate)]Aa, bottom). There are two silver sitesliaand
ONIY ONE SITE ITRAL ...ttt e e e e e e e e e e e e e e ee b es 147

A schematic representation showing possibleréayarrangements (interdigitated,
non-interdigitated,and angled interdigitated) af th-shaped silver-dodecylamine
cations in the structures @t and2b. Uncoordinated silver cations, amines and
pyridinesulfonate groups are omitted. Three-dimmmali extension of these
structures back into the page are omitted fortglari.............ccceeeiiiiienneeeinnnn. 170

The structures of a) procaine HCI (PH), b) tetnaedCI| (TH), c) lidocaine HCI
monohydrate (LH) and d) bupivacaine HCI monohydf@td).............................. 187

The structures of a) adiphenine HCI (AD), b) bafedil HCI (BU), c) trigonelline

HCI (TR), d) ranitidine HCI (RA), e) amantadine HBM), f) acebutolol HCI (AC),
g) isoxsuprine HCI (I1S) h) dibucaine HCI (DI) amdmexiletine HCI (ME)....... 215

XXV



List of Abbreviations

AC

AD

AM
APls
BH
B3LYP

BU

CM

CP
CPMG
CRAMPS
CS

CSA

CT

DAS
DFT

Dl

DOR
CRAZED

EFG
FID

FT
FTIR
GA
GADDS
GGA
GIAO
GIPAW

acebutolol

adiphenine

amantadine

active pharmaceutical ingredients
monohydrated bupivacaine hydrochloride

Becke's three parameter hybrid functional gsire
correlation functional of Lee, Yang and Parr

buflomedil

L-cysteine methyl ester
cross-polarization
Carr-Purcell Meiboom-Gill
Combined Rotation and Multiple-Pulse Speciopyg
chemical shielding

chemical shielding anisotropy
central transition

dynamic angle spinning
Density Functional Theory
dibucaine

double rotation

COSY Revamped with Asymmetric Z-gradient &ch
Detection

electric field gradient

free induction decay

Fourier transform

Fourier-transformed infrared

L-glutamic acid

general area detector diffraction system
generalized gradient approximation
gauge-including atomic orbitals
gauge-including projector augmented waves

XXVi



HF
HM

LA

LH

MAS
ME
MQMAS
MS
NMR
NS
NQR
o.d.
PAS
PBE

PH
ppm
pXRD
QCPMG
RA
RAMP/CP
rf

RHF
SIN
SPICP
ST

STA
SSNMR
TE

TGA

TH

Hartree Fock

L-histidine HCI monohydrate
isoxsuprine

local anaesthetic

lidocaine hydrochloride

magic angle spinning

mexiletine

multiple quantum magic angle spinning
mass spectrometric

nuclear magnetic resonance

nuclear shielding

nuclear quadrupole resonance

outer diameter

principal axis system

Perdew, Burke and Ernzerhof
procaine hydrochloride

part per million

powder X-ray diffraction

quadrupolar Carr-Purcell Meiboom-Gill
ranitidine

ramped-amplitude cross polarization
radiofrequency

restricted Hartree-Fock

signal to noise ratio

simultaneous phase-inversion cross polarizatio
satellite transition

simultaneous thermal analysis

solid state nuclear magnetic resonance
threonine HCI

thermal gravimetric analysis

tetracaine hydrochloride

XXVil



T™MS
TPPM
TR

uw
UWNMR
VACP
VOCS
WURST
XRD
ZCW
ZORA

tetramethylsilane

two-pulse phase modulation

trigonelline

ultra-wideline nuclear magnetic resonance
ultra-wideline

variable amplitude cross polarization
variable-offset cumulative spectra
wideband uniform-rate smooth truncation pglsguence
X-ray diffraction

Zaremba Conroy Wolfsberg

zeroth order regular approximation

XXVili



List of Symbols

o, B,y

a, B

Y

811’ 822’ 833
8iso

No

K

G11) G2 Ogz3

@)
o

i'g‘ib"j

Euler angles

energy state labels

gyromagnetic ratio

principal components of the chemical shift tensor
isotropic chemical shift

asymmetry of the electric field gradient tensor
skew of the nuclear shielding tensor

principal components of the nuclear shielding tenso

angle describing the orientation of spin magnebrat
from the external magnetic field

length of applied pulse

inter-pulse delays

nuclear spin magnetic moment

Larmor frequency (rad §

nutation frequency (rad’

quadrupolar frequency (rad's

Larmor frequency (MHz)

nutation frequency (Hz)

frequency of a radiofrequency pulse (Hz)
qguadrupolar frequency (MHz)

span of the nuclear shielding tensor
magnitude of the applied external magnetic field
magnitude of the applied radio frequency field
qguadrupolar coupling constant

receptivity with respect to carbon

Planck’s constant

Planck's constant, divided by 2

Quadrupolar Hamiltonian

Zeeman Hamiltonian

XXiX



I nuclear spin

J spin-spin coupling tensor

M, vector describing net magnetization

Q nuclear electric quadrupole moment

Rop dipolar coupling constant

T, spin-lattice relaxation time constant

T, transverse relaxation time constant

Vi1, Voo Vag principal components of the electric field gradietsor
Z indicates the number of molecules in the asymmetnit

XXX



Chapter 1

I ntroduction

Over the last few decades, solid-state nuclear ptagresonance (SSNMR) has
emerged as a very important technique in the charaation of a variety of materials
including, but not limited to, polymetsyrganic molecule; inorganic coordination
compounds;>° organometallic$ pharmaceuticaf$ and biological system&§“etc.
SSNMR is often used independently for charactaednatf systems such as glasses and
other amorphous solidsyr as a complementary technique to single crygstdlor powder
X-ray diffraction (XRD). It is also an excellenbmpanion technique to solution NMR,
especially for cases where certain synthetic prisdaie@ insoluble, or assume different
solution and solid state structures.

In solution, fast molecular tumbling generally Iedd the observation of
inherently narrow NMR lineshapes. However, indslithis isotropic molecular motion
is absent, causing the NMR lineshapes to be oaderagnitude broader due to the
contributions from different anisotropic NMR intetens. Despite the reduction in
resolution and signal-to-noise ratio (S/N) in SSNBJfectra, these broad NMR patterns
carry a wealth of information about structural aydamic properties of the sample
which cannot be obtained from solution NMR. Howewaequisition of SSNMR spectra
can be very challenging, and requires specializzdvirare and pulse sequences.

SSNMR spectroscopy continues to undergo rapid tdolgical and

methodological developments, and novel approadresfficient spectral acquisition



continue to appear in the literature. For instatioe availability of ultra-high magnetic
field spectrometers and the sensititity enhancement techniques enable the acquisition
of extremely broad NMR patterns, and have expatigeability of SSNMR to meet the
unique challenges in characterizing a broad arfaew solid state materials. Wideline
NMR spectroscopy is a terminology that has tradélty been used to refer to the
acquisition of wide spectra with powder patterngm@fadths ranging from tens of kHz up
to ca. 300 kH2%%° Many of these wideline SSNMR experiments haveigsed on
studying molecular-level dynamics using nuclei sastH, ?H, *C and®'P #%13° OQver
the last few decades, wideline NMR has extendeaaclade the acquisition of very broad
NMR spectra with breadths larger than 300 kHz. hiSuatterns cannot be acquired in
their entirety in a single experiment, and therefoequire special techniques and/or
hardware. We designate such spectra as ultraiwed@/W) NMR spectra, in order to
differentiate them from conventional wideline spatt** Acquisition of UW NMR
patterns is very challenging due to (i) limitatiafghe spectral excitation bandwidth
which can be attainable using standardf0ses, (ii) limitations on the probe detection
bandwidths and (iii) the inherently low S/N resuadfifrom the spread of the signal over
wide frequency ranges. Efficient acquisition of UWWIR patterns becomes even more
difficult for nuclei with low gyromagnetic ratiog)and/or low natural abundances, often
requiring specialized hardware and/or ultra-higlgnsic fields.

Aside from the use of high-power rectangular pylagsumber of techniques have
been developed to acquire wideline and UW NMR pastencluding thevariable-

frequency pulse (or stepped-frequency) techniqyeint-by-point techniques (including



frequency-stepped and field-stepped),fdteeewise technique (or variable-offset
cumulative spectra, VOCS) aadiabatic pulse techniques (vide infra). We use the four
designations in italics above to avoid confusioroagisome of the techniques which are
similarly or redundantly named in the older litewrat

The variable-frequency pulse technique uses a tfdimw-power fixed-frequency
selective rf pulse¥*® After the pulse is applied, a single data paraéquired, and the
transmitter frequency is changed. The entire paitecollected using a train of low
power pulses without waiting for the spin magneiorato go back to equilibrium after
each pulse. There is a reduction in S/N in spextcaired using this method compared
to conventional high-power spin echo techniques,tdithe lowB, fields that are
applied. This method has only been applied to isequideline NMR spectra (i.e., like
2H NMR spectra) up to ca. 300 kHz in breadth.

The point-by-point method involves stepping thasraitter frequency in even
increments across the desired spectral regiofiieéd magnetic field, acquiring a spin
echo at each frequency utilizing high-power pulsesi plotting the intensity of the spin
echoes as a function of transmitter frequency tmfthe overall pattern (this is known as
a frequency-stepped acquisitidh}> Alternatively, if the proper hardware is avaikapl
one may fix the transmitter frequency and stepnthgnetic field strength (i.e., field-
stepped acquisition) in even increments to achiikeesame effect (though this is less
common in practice¥*’ The field-stepped method has found more atterttian the
variable-frequency pulse techniques and has baadredpo study a number of nuclei (i.e,

ZIA|, ©35%Cu, 1%, etc) in different systeni3?®5! The frequency-stepped technique has



been used much more widely, since such experinvamt®e conducted on standard
NMR spectrometerg:”® However, as in the case of variable-frequencgetechnique,
the point-by-point acquisition process (frequenmyfield-stepped) can make UW NMR
experiment times impractically long, rendering dsiion of such spectra inefficient and
costly. For example, Bastow reportetf8a frequency-stepped NMR spectrum of
BaCQ, which took more than 21 days to acquftre.

In 1995, Massiot et al. introduced thiecewise acquisition (VOCS) techniqu@
which, at first sight, appears to be similar to fitegjuency-stepped point-by-point
technique, in that the transmitter frequency ipps¢el in even increments, and FIDs are
acquired at each point. The major difference @ the FIDs are Fourier transformed to
produce sub-spectra, which are subsequently codddedskyline projected to form
the full UW NMR pattern. This technique has bessvpn to be the most efficient for
the acquisition of UW NMR spectra of a number oflei(i.e.,**Zr, *Nb, *"Ga,**Co,
139_a, 2°9Bi, "Br, ®’Zn,'N, **Cr, etc.) in a variety of different systemig26>¢7.70.727477|n
addition, the piecewise acquisition technique camiged in combination with a variety of
signal enhancing pulse sequences such as the gatairCarr-Purcell-Meiboom-Gill
(QCPMG, see Chapter 2)%05>67.7888n( cross polarization (CP) pulse sequefit&so
further reduce experimental times and obtain hithh SSNMR spectra.

Recently, more sophisticated methods have beenrstmhave a great potential
for improving the efficiency of UW NMR spectroscop@®ne of these methods involves
the use of microcoils, which typically have an indemeter smaller than 1.5 nffi?>

Microcoils are capable of generating laBjaf fields from very modest power inputs; as



such, the excitation bandwidths associated withraomils are very large, and broad
spectral regions can be probed using conventiarad experiments. The reduced sample
sizes, of course, lead to a reduction in sengjtibitit this is partially compensated for by
the extremely large, homogenous rf fields. Furthcrocoil experiments are very useful
when sample sizes are limited.

Another new methodology involves the use of WUR®/Adeband Uniform Rate
Smooth Truncation) adiabatic pulSésyhich are able to achieve uniform excitation
bandwidths which are much larger than those acHiewth standard rf pulses.
Bhattacharyya and Frydman have demonstrated tha& 8Wpulses can be utilized to
acquire UW NMR spectra of half-integer quadrupolaclei. WURST-80 pulses can be
used in Hahn-echo or quadrupolar-echo type seqad¢aa#btain undistorted, high S/N
central transition patterns, or to obtain frequeeacsgoded time domain patterns, which
when magnitude processed, resemble the Fouriesftraned powder pattef. Our
group has extended this work by optimizing the poaved sweep settings of the WURST
pulses, and implementing the WURST pulses in a QGHilke schemé&® This
WURST-QCPMG pulse sequence is very beneficialHeracquisition of UW NMR
patterns?®9%since the broadband excitation of adiabatic plisesmplemented by
the signal enhancement from QCPMG. The developwieahiese techniques plays a
significant role in expanding the applications 8MN\8VIR spectroscopy to explore nuclei
with broad NMR lineshapes which once thought talifigcult to study by NMR.

The first part of this thesis deals with explorthg application of UW SSNMR to

a variety of unreceptive nuclei (i.€°3Bi, *n, **'Ba), which have received little attention



in the history of NMR. Nuclei are designated aregaptive if they are not amenable to
NMR experimentation at standard magnetic fieldrgties due to (i) low natural
abundances or nuclear dilution; (ii) low gyromagmedtios §); (iii) large longitudinal
relaxation time constant3 ); (iv) large anisotropic NMR interactions or (v)
combinations of these factors.

The second part of this thesis focusses upon SShipRtroscopy of unreceptive
nuclei such®®Ag, **N and®*CI. While the powder patterns are not particulérgyad for
these nuclei, they still present challenges fotineuNMR experimentation due to their
low gyromagnetic ratios'®Ag and*®N SSNMR are applied to the study of silver-
containing layered supramolecular frameworks aed thteractions with primary amines
to form coordination complexe$>Cl SSNMR is applied to examine a series of HCI
pharmaceuticals, and some of their solid polymarghsorder to understand the context
of this research, and to appreciate the challefagesl by a SSNMR spectroscopist when
acquiring NMR spectra of unreceptive nuclei, afliscussion about NMR interactions
and methods of spectral acquisition is presenté&himpter 2.

The results of the first systematf@i SSNMR study reported in the literature are
discussed in Chapter®3.Extremely broad®Bi SSNMR spectra were acquired and
analysed to obtain structural information abouaigety of bismuth-containing systems.
This work had multiple aims: First, we demonstrateat the combination of
frequency-stepped NMR techniques, specialized mégeences and ultra-high magnetic
fields render®Bi SSNMR spectroscopy a powerful method for strradtu

characterization. Second, we established simplelations between the molecular



structure, symmetries of the bismuth coordinatiovil®nments, and th&Bi NMR

tensor parameters in periodic and molecular solkiesally, we demonstrated that the
combination of*Bi SSNMR,**Bi NQR experiments, first principles calculationsla
X-ray crystallography is essential for this typestiictural characterization, and that this
will provide future means for probing a varietyBifmaterials.

The application of*Ba SSNMR to study a variety of barium-containingenials
is presented in Chapter £'Ba UW SSNMR spectra of several barium-containing
systems were acquired at two different magnetld B&engths (9.4 and 21.1 T) using
frequency-stepped techniques. It is demonstraigttihe use of the WURST-QCPMG
pulse sequenégis very beneficial for rapidly acquiring high SIBa SSNMR spectra.
Analytical simulations of th&'Ba SSNMR spectra at both fields yield the quadraipol
parameters, and in select cases, the barium chleshiflaanisotropies (CSAS).
Quadrupolar interactions dominate tf®a powder patterns, with quadrupolar coupling
constantsCq(**Ba), ranging from 7.0 to 28.8 MHz. TH&Ba electric field gradient
(EFG) parameters extracted from these spectreoarelated to the local environments at
the barium sites, via consideration of moleculansyetry and structure, and first
principles calculations df'Ba EFG tensors performed using CASTEP software.

Chapter 5 discusses the applicatiod'dh SSNMR to study a variety of low-
oxidation state indium complexes. Recently, irdene synthesising low oxidation state
complexes of main group elements has increasetbdhe potential use of such
complexes as new catalysts and materials prectifsd8tsMany of the low-valence

indium compounds are insoluble in most organiceals, which limits their



characterization by routine methods such as sollNi®IR and single crystal X-ray
diffraction; this renders SSNMR as the perfect teghe for studying the structures and
dynamics of indium low-valence complexes. In thapter, we demonstrate the
usefulness of*In NMR in characterizing a number of In(I) complexeome of which do
not have known crystal structures?n static wideline and UW SSNMR spectra of
several In(l) complexes were acquired with modeaatd ultra-high magnetic field
strength spectrometers (9.4 and 21.1 T, respeglivEfin magic angle spinning (MAS)
spectra were obtained with moderate and ultraffa60 kHz) spinning rates at 21.1 T.
The'n EFG and CS tensor parameters extracted fromthetbtatic and MAS spectra
are correlated to the electronic environments efitidium sites and provide key
information about the electronic environment andngetry around the indium. In
addition, first principles calculations 8fln EFG and CS tensors were performed, in
order to investigate the relationships betweerNlWiR tensors, their orientations, and
molecular structures.

Multinuclear SSNMR spectroscopy, in combinationhaypbwder XRD
experiments and ab initio calculations, were wiizo probe the structures of the
materials formed after the reactions between pgraarines and layered silver
supramolecular frameworks (Chapter 6). The layemdpounds are selective in their
reactions with amines, and may find future appidet in separation technology.
However, little was known about the intermolecuderactions involved in their specific
chemical selectivity*®Ag, **N and™*C CP/MAS SSNMR experiments and first

principles calculations were very helpful in chaesizing these materials and their



interactions with amines. Experimental NMR da@&@mbined with theoretical
calculations in order to propose structural mofteishese materials. This study
demonstrates the importance of combining compleangmhysical characterization
methods for obtaining a comprehensive understanafitige molecular structures
underlying new materials.

The first application of°CI SSNMR experiments to study polymorphism in
hydrochloride (HCI) pharmaceuticals is discusse@hapter 7.3*Cl NMR spectra are
presented for a series of HCI local anaesthetic (i#armaceuticals and some of their
polymorphs. Thé°Cl NMR tensor parameters are extremely sensitithaahlorine
anion environments, providing a fast count of thenber of crystallographically distinct
chlorine sites, a probe of the hydrogen-bondingrenments at the chlorine anions, and
a "fingerprint" spectrum for each polymorgPClI NMR data acquired at both standard
(9.4 T) and ultra-high (21.1 T) magnetic field siyéhs were utilized for accurate
extraction of NMR parameters. These data weremtgg by X-ray crystallography’C
SSNMR and ab initio modelling of tfeCl NMR tensors. The methodology for
experimental acquisition and structural interpretataid out in this work is of great
importance, providing a powerful means of screefomgpharmaceutical polymorphs.
Due to the success of this work and to the fadti@ pharmaceuticals constitute more
than 50% of pharmaceutical salts and chlorineaesgmt in ca. 25% of drugs, this

research was extended to include a variety of H@hmaceuticals (Chapter 8).



Bibliography

(1) Diehl, B.NMR Spectrosc. Pharm. Anal. 2008, 157-180.

(2) Wwiddifield, C. M.; Chapman, R. P.; Bryce, D.Annu. Rep. NMR Spectrosc. 2009,
66, 195-326.

(3) Geppi, M.; Borsacchi, S.; Mollica, G.; Veraci@. A. Appl. Spectrosc. Rev. 2009,
44, 1-89.

(4) Naito, A.Solid State Nucl. Magn. Reson. 2009, 36, 67-76.

(5) Singhal, AMater. i. Found. 2009, 49-51, 149-192.

(6) Chierotti, M. R.; Gobetto, REur. J. Inorg. Chem. 2009, 2581-2597.

(7) Wasylishen, R. E.; Bernard, G. M.Qomprehensive Orgnanometallic Chemistry I11;
Crabtree, R. H., Mingos, D. M. P., Parkin, G., E@sevier: Oxford, 2007; Vol. 1, pp
451-482.

(8) Tishmack, P. ADrugs Pharm. Sci. 2009, 192, 381-435.

(9) Wawer, INMR Spectrosc. Pharm. Anal. 2008, 201-231.

(10) Ghahghaei, A.; Faridi, N. Biomed. Sci. Eng. 2009, 2, 345-358.

(11) Mulder, F. A. A.; Filatov, MChem. Soc. Rev. 2010, 39, 578-590.

(12) Fu, R.-qBopuxue Zazhi 2009, 26, 437-456.

(13) Ramamoorthy, ASolid State Nucl. Magn. Reson. 2009, 35, 201-207.

(14) Matsuoka, S.; Inoue, NChem. Commun. 2009, 5664-5675.

(15) Aliev, A. E.; Law, R. VNucl. Magn. Reson. 2009, 38, 271-321.

(16) Opella, S. Nat. Methods 2009, 6, 197-198.

(17) Edgar, MAnnu. Rep. Prog. Chem., Sect. B, Org. Chem. 2009, 105, 340-362.
(18) Anderson, S. E. Organometal. Chem. 1974, 71, 263-269.

(19) Levy, H., II; Grizzle, W. EJ. Chem. Phys. 1966, 45, 1954-1960.

(20) Zeigler, R. C.; Maciel, G. H. Am. Chem. Soc. 1991, 113, 6349-6358.

(21) Fortier-McGill, B.; Reven, LPolym. Prepr. 2008, 49, 676-677.

(22) Leal, C.; Sandstroem, D.; Nevsten, P.; Toptda. Biochim. Biophys. Acta,
Biomembr. 2008, 1778, 214-228.

10



(23) Silva, C. L.; Topgaard, D.; Kocherbitov, Bousa, J. J. S.; Pais, A. A. C. C.; Spatrr,
E. Biochim. Biophys. Acta, Biomembr. 2007, 1768, 2647-2659.

(24) Aliev, A. E.Biopolymers 2005, 77, 230-245.

(25) Lequieu, W.; Van De Velde, P.; Du Prez, F.Aflriaensens, P.; Storme, L.; Gelan,
J. Polymer 2004, 45, 7943-7951.

(26) Asano, A.; Kurotu, TRPolym. Degrad. Sab. 2002, 78, 137-141.

(27) Ricardo, N. M. P. S.; Lahtinen, M.; Price; Beatley, FPolym. Int. 2002, 51, 627-
634.

(28) Mao, J.; Ding, G.; Xing, BZommun. Soil Sci. Plant Anal. 2002, 33, 1679-1688.

(29) Mizuno, M.; Hirai, A.; Matsuzawa, H.; Endo,;KSuhara, M.; Kenmotsu, M.; Han,
C. D.Macromolecules 2002, 35, 2595-2601.

(30) Gelfer, M. Y.; Waddon, A.; Schmidt-Rohr, KGale, R.; Kleiner, L.; Berggren, B.
Polym. Sci., Part B: Polym. Phys. 2001, 39, 2774-2780.

(31) Mirau, P. A.; Heffner, S. A.; Schilling, Molid State Nucl. Magn. Reson. 2000, 16,
47-53.

(32) Geppi, M.; Kenwright, A. M.; Say, B. Solid Sate Nucl. Magn. Reson. 2000, 15,
195-199.

(33) Bonev, B. B.; Morrow, M. RCan. J. Chem. 1998, 76, 1512-1519.

(34) Aliev, A. E.; Harris, K. D. MMagn. Reson. Chem. 1998, 36, 855-868.

(35) Quijada-Garrido, I.; Wilhelm, M.; Spiess, W.; Barrales-Rienda, J. N\lacromol.
Chem. Phys. 1998, 199, 985-995.

(36) Mirau, P. A.; Heffner, S. A2olym. Prepr. 1997, 38, 876-877.

(37) Spiess, H. WRolym. Spectrosc. 1996, 135-150.

(38) Wilhelm, M.; Lehmann, S.; Jaeger, C.; Spies3\V.; Jerome, RMagn. Reson.

Chem. 1994, 32, S3-S7.

(39) McMahon, P. EJ. Polym. <ci., Polym. Phys. Ed. 1966, 4, 639-647.

(40) Tang, J. A.; O'Dell, L. A.; Aguiar, P. M.; tier, B. E. G.; Sakellariou, D.; Schurko,
R. W.Chem. Phys. Lett. 2008, 466, 227-234.

(41) Tang Joel, A.; Masuda Jason, D.; Boyle Timpfh; Schurko Robert, W.

11



ChemPhysChem 2006, 7, 117-130.

(42) Sindorf, D. W.; Bartuska, V. J. Magn. Reson. 1989, 85, 581-585.

(43) Kennedy, M. A.; Vold, R. L.; Vold, R. R. Magn. Reson. 1991, 92, 320-331.
(44) Bastow, T. JXChem. Phys. Lett. 2002, 354, 156-159.

(45) Bryant, P. L.; Harwell, C. R.; Mrse, A. A.ntery, E. F.; Gan, Z.; Caldwell, T.;
Reyes, A. P.; Kuhns, P.; Hoyt, D. W.; Simeral, L,.tall, R. W.; Butler, L. GJ. Am.
Chem. Soc. 2001, 123, 12009-12017.

(46) Wu, X.; Juban, E. A.; Butler, L. Ghem. Phys. Lett. 1994, 221, 65-67.

(47) Clark, W. G.; Hanson, M. E.; Lefloch, F.; $agsan, PRev. Sci. Instrum. 1995, 66,
2453-2464.

(48) Poplett, I. J. F.; Smith, M. Bolid State Nucl. Magn. Reson. 1998, 11, 211-214.
(49) Bruening, E. M.; Baenitz, M.; Gippius, A. Atrydom, A. M.; Steglich, F.;
Walstedt, R. EJ. Magn. Magn. Mater. 2007, 310, 393-395.

(50) Baenitz, M.; Gippius, A. A.; Rajarajan, A.;lMorozova, E. N.; Hossain, Z.;
Geibel, C.; Steglich, FPhys. B 2006, 378-380, 683-685.

(51) Bryant, P. L.; Butler, L. G.; Reyes, A. Puylkhs, PSolid Sate Nucl. Magn. Reson.
2000, 16, 63-67.

(52) Hamaed, H.; Ye, E.; Udachin, K.; SchurkoyR.J. Phys. Chem. B 2010, 114,
6014-6022.

(53) Moudrakovski, I.; Lang, S.; Patchkovskii, Ripmeester, Jl. Phys. Chem. A 2010,
114, 309-316.

(54) Ooms, K. J.; Terskikh, V. V.; Wasylishen,lR.J. Am. Chem. Soc. 2007, 129,
6704-6705.

(55) ODell, L. A.; Schurko, R. WRhys. Chem. Chem. Phys. 2009, 11, 7069-7077.
(56) Sutrisno, A.; Terskikh, V. V.; Huang, €hem. Commun. 2009, 186-188.

(57) Sutrisno, A.; Lu, C.; Lipson, R. H.; Huang,J Phys. Chem. C 2009, 113,
21196-21201.

(58) Tang, J. A.; Masuda, J. D.; Boyle, T. J.; 8&b, R. W.ChemPhysChem 2006, 7,
117-130.

12



(59) Widdifield, C. M.; Schurko, R. WJ. Phys. Chem. A 2005, 109, 6865-6876.

(60) Widdifield, C. M.; Bryce, D. LJ. Phys. Chem. A 2010, 114, 2102-2116.

(61) Bowers, G. M.; Lipton, A. S.; Mueller, K. Tolid Sate Nucl. Magn. Reson. 2006,
29, 95-103.

(62) Chen, F.; Ma, G.; Cavell, G.; Terskikh, V; Wasylishen, R. EChem. Commun.
2008, 5933-5935.

(63) Chen, F.; Ma, G.; Bernard, G. M.; Cavell®; McDonald, R.; Ferguson, M. J.;
Wasylishen, R. EJ. Am. Chem. Soc. 2010, 132, 5479-5493.

(64) Lucier, B. E. G.; Tang, J. A.; Schurko, R.;\Bowmaker, G. A.; Healy, P. C,;
Hanna, J. VJ. Phys. Chem. C 2010, 7949-7962.

(65) Mroue, K. H.; Power, W. B. Phys. Chem. A 2010, 114, 324-335.

(66) Hamaed, H.; Laschuk, M. W.; Terskikh, V. 8churko, R. WJ. Am. Chem. Soc.
20009, 131, 8271-8279.

(67) Hamaed, H.; Lo Andy, Y. H.; Lee David, S.;dfg William, J.; Schurko Robert, W.
J. Am. Chem. Soc. 2006, 128, 12638-12639.

(68) Hung, I.; Schurko, R. Wrolid State Nucl. Magn. Reson. 2003, 24, 78-93.

(69) Bowers, G. M.; Kirkpatrick, R. J. Magn. Reson. 2007, 188, 311-321.

(70) Forgeron, M. A. M.; Wasylishen, R. Bagn. Reson. Chem. 2008, 46, 206-214.
(71) Massiot, D.; Farnan, I.; Gautier, N.; Trume@u Trokiner, A.; Coutures, J. Bolid
Sate Nucl. Magn. Reson. 1995, 4, 241-248.

(72) Medek, A.; Frydman, V.; Frydman, l..Phys. Chem. A 1999, 103, 4830-4835.
(73) Lipton, A. S.; Wright, T. A.; Bowman, M. KReger, D. L.; Ellis, P. DJ. Am.
Chem. Soc. 2002, 124, 5850-5860.

(74) Bureau, B.; Silly, G.; Buzare, J. Y.; Legeih; Massiot, DSolid State Nucl. Magn.
Reson. 1999, 14, 181-190.

(75) Hanna, J. V.; Pike, K. J.; Charpentier, Tenkp, T. F.; Smith, M. E.; Lucier, B. E.
G.; Schurko, R. W.; Cahill, L. £hem.-Eur. J. 2010, 16, 3222-3239.

(76) Pauvert, O.; Fayon, F.; Rakhmatullin, A.; Kex, S.; Horvatic, M.; Avignant, D.;
Berthier, C.; Deschamps, M.; Massiot, D.; Bess@dénorg. Chem. 2009, 48, 8709-

13



8717.

(77) Smith, L. J.; Wang, XMater. Res. Soc. Symp. Proc. 2007, 984E, 21-26.

(78) Tang, J. A,; Ellis, B. D.; Warren, T. H.; Ham J. V.; Macdonald, C. L. B.; Schurko,
R. W.J. Am. Chem. Soc. 2007, 129, 13049-13065.

(79) Rossini, A. J.; Mills, R. W.; Briscoe, G. Alprton, E. L.; Geier, S. J.; Hung, |.;
Zheng, S.; Autschbach, J.; Schurko, R.JAAmM. Chem. Soc. 2009, 131, 3317-3330.
(80) Hung, I.; Schurko, R. W. Phys. Chem. B 2004, 108, 9060-9069.

(81) Chapman, R. P.; Bryce, D.RCCP 2009, 6987-6998.

(82) Carr, H. Y.; Purcell, E. MPhys. Rev. 1954, 94, 630-638.

(83) Meiboom, S.; Gill, DRev. ci. Instrum. 1958, 29, 688-691.

(84) Larsen, F. H.; Lipton, A. S.; Jakobsen, HNielsen, N. C.; Ellis, P. D1. Am.
Chem. Soc. 1999, 121, 3783-3784.

(85) Larsen, F. H.; Jakobsen, H. J.; Ellis, P.NDelsen, N. CJ. Magn. Reson. 1998,
131, 144-147.

(86) Larsen, F. H.; Jakobsen, H. J.; Ellis, P.NDelsen, N. CChem. Phys. Lett. 1998,
292, 467-473.

(87) Larsen, F. H.; Jakobsen, H. J.; Ellis, P.NDelsen, N. CMol. Phys. 1998, 95,
1185-1195.

(88) Larsen, F. H.; Jakobsen, H. J.; Ellis, P.NDelsen, N. CJ. Phys. Chem. A 1997,
101, 8597-8606.

(89) Pines, A.; Waugh, J. S.; Gibby, M. Ghem. Phys. Lett. 1972, 15, 373-376.

(90) Hung, I.; Rossini, A. J.; Schurko, R. WPhys. Chem. A 2004, 108, 7112-7120.
(91) Davis, M. C.; Brouwer, W. J.; Wesolowski, D; Anovitz, L. M.; Lipton, A. S,;
Mueller, K. T.Phys. Chem. Chem. Phys. 2009, 11, 7013-7021.

(92) Yamauchi, K.; Janssen, J. W. G.; Kentgens$?.AVl.J. Magn. Reson. 2004, 167,
87-96.

(93) Kentgens, A. P. M.; Bart, J.; van BentumJ PM.; Brinkmann, A.; Van Eck, E. R.
H.; Gardeniers, J. G. E.; Janssen, J. W. G.; KRijnVasa, S.; Verkuijlen, M. H. W.
Chem. Phys. 2008, 128, 052202-052201 - 052202-052217.

14



(94) Kupce, E.; Freeman, R.Magn. Reson. Ser. A 1995, 115, 273-276.

(95) Bhattacharyya, R.; Frydman,l.Chem. Phys. 2007, 127, 194503/194501-
194503/194508.

(96) O'Dell, L. A.; Schurko, R. WChem. Phys. Lett. 2008, 464, 97-102.

(97) O'Dell, L. A.; Schurko, R. WI. Am. Chem. Soc. 2009, 131, 6658-6659.
(98) O'Dell, L. A.; Rossini, A. J.; Schurko, R. Whem. Phys. Lett. 2009, 468, 330-335.
(99) Ellis, B. D.; Macdonald, C. L. Eoord. Chem. Rev. 2007, 251, 936-973.
(100) Dyson, P. Xoord. Chem. Rev. 2004, 248, 2443-2458.

(101) Roesky, P. WDalton Trans. 2009, 1887-1893.

(102) Mindiola, D. JAcc. Chem. Res. 2006, 39, 813-821.

(103) Housecroft, C. ECompr. Coord. Chem. Il 2004, 5, 555-731.

15



Chapter 2

Concepts and Techniques in Solid-State NMR

2.1. Principles of NMR

Nuclei which possess a spin-angular momentum, fasedieby the nuclear spin
number|, are observable by NMR and are referred to as “NddfR/e nuclei”. The
nuclear spin is an intrinsic property of the nusleThree general rules are used to
determine whether the nucleus of a particular p®is NMR active. First if the atomic
mass and the number of neutrons are even, theusuicés a nuclear spin of zetg=(0)
and cannot be observed by NMR. Second, if the iatamass is even and the number of
neutrons is odd, the nucleus possesses an infggerlsastly, the nucleus has a half
integer spin if the atomic mass is odddhe nuclear spin angular momentum, defined by
the vectoll, gives rise to the nuclear magnetic dipole monmpenthich is aligned in the

direction of the spin axis:

no= vl (2.1)

wherey is the gyromagnetic ratio ards Planck's constant. is related to the ratio of the

proton's charge and its mass and is expressed as:

Y = (2.2)

e
2mg
g is the nucleag-factor and is unique for each isotope of each elemThe

gyromagnetic ratio is a very important quantitiNlIR, since NMR spectroscopy
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depends on the precession of the nuclear spingiagaetic fieldB,, and the rate of this

precession, known as the Larmor frequengy,

o, = -YB, (2.3)

whereB, is the external applied magnetic field.

2.2 NMR Interactions

NMR interactions are generally classified into thfferent types: internal and
external interactions. The external interactiomsthose which depend @&, and the
smaller oscillating fieldB,, which is induced by an applied radiofrequencygtfise and
solenoidal coil. The internal interactions aresthavhich arise from the magnetic and/or
electronic chemical environment of the nucleus, iactide the chemical shielding,
direct spin-spin coupling, indirect spin-spin cangland quadrupolar coupling. Herein,
we focus on the interactions which are relevanbhéwork discussed in this thesis.
Detailed discussions of these interactions ardabiaifrom other sourcés.

In terms of quantum mechanics, NMR interactionsdascribed by the following

Hamiltonians?°%1°
HNMR:j—£Z+}(ﬁ+HCS+}CD+HJ+§(Q (2.4)

where,, H., H., H,, H, fﬁ(Q describe the Zeeman, radiofrequency, chémica

shielding, dipolarJ-coupling and quadrupolar interactions, respedtivel
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2.2.1. External Interactions
2.2.1.1 Zeeman Interaction

The interaction of the nuclear spin with the appkxternal magnetic field,, is
known as the Zeeman interaction. It is the basibedNMR phenomenon, and is

represented in its Hamiltonian form Hs:
jA{z = ~yByl, (2.5)

wherel, is the projection of the nuclear spin angular motue, |, along thez-axis,

which is the direction 0B,. When an active NMR nucleus with a nuclear spiarqum
number, is placed in an external magnetic field, the spihprecess about the
guantization axisz (or By), in one of the P+ 1 possible orientations. These orientations
or energy levels are described by different vabfale nuclear spin magnetic quantum

numbem, wherem =1, -1..., .

E, = -maB, (2.6)

For the spin-1/2 case, the spin precesses abofieltiewith one of the two energy
levels,m = +1/2 @-state), om = -1/2 @-state) (Figure 2.1). The difference in energy

between these levels (i.e., framo B) depends on botR, andy *°

AE = vyiB, = ho, (2.7)

If AE increases as the result of increasingjwor vy, the population difference between

the energy levels increase.
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m| = _1/2

AE=0 AE = yhB, = Aw,

“ vm| = +1/2
B,#0

Figure 2.1. The splitting of the energy levels of a spin-al&leus in the presence of
a static applied magnetic fielB,.

At thermodynamic equilibrium, the non-degeneratergy states are not equally
populated, and the ratio of the population betwas#jacent energy levels is described by

the Maxwell-Boltzmann distribution &2

(2.8)

whereN, andN, represent the populations of highgy &nd lower ¢) energy levels
(wheny > 0), respectively, anklis the Boltzmann constant. As a consequence of
longitudinal relaxation, at equilibrium, there atightly more spins in the state than in
thep state, and as a consequence, there is a bulk tregion, M, directed along the
direction ofB,.* The difference between spin state populatiomslaively small,
compared to other forms of spectroscopy, becauteedmall energy spacings between

the different levels. As a result, NMR is an inséwue technique in terms of the
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attainable signal-to-noise ratio (S/N).

2.2.1.2. Radiofrequency Interaction

In NMR, a spin transition (i.e., the change of sgtizte frono to  or vise versa)
is induced by applying an rf fiel&,, in the direction perpendicular to the static exaé
magnetic fieldB,. The rf Hamiltonian describes the interactionn®sn the nuclear spin

andB;:

F, = -By(t) cosfyt + o] Y vily 2.9)

whereo, is the applied rf and is its phase. The nuclear spins interact Bitin a

similar fashion as they do wiy,

excepting thaB, is static andB, oscillates X

in time in the lab frame. This oscillating

field, B,, can be visualized as vector with |31/ 2 Bll 2

two components rotating abdag in {'1 h\ y
opposite directions (Figure 2.2). The "“ 1':

effect of theB, field can be easily p "l
understood by transforming this system rotates at ey rotates at-wy

Into a rotating frame of reference which Figure 2.2. The two vector components of the

B, field in thexy-plane Adapted from Prof.
Schurko's NMR notes.
(http://mutuslab.cs.uwindsor.ca/schurko/nmrcou
rse/notes.html)

rotates at the rf transmitter frequenoy,
In this rotating frame, the effect of tBg

field is depleted and the oscillating magneticdj#,, appears stationary and has a
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similar effect on the bulk magnetizationBgsdoes in the lab frame (i.e., the
magnetization precesses abByfor an on-resonance pulse). In the absence df anr
pulse, the bulk magnetizatioM,,, precesses alorig} at an,. When an rf pulse is
applied along th&-axis of the rotating frame, the bulk magnetizatidn, rotates
counterclockwise by an angdeabout thex-axis. The anglé is called the tip angle and it

is defined by:

0 - B, - o, (2.10)

whereow, is called the nutation frequency. If the applpedse is on resonance

(i.e., 00 = ®4), then the bulk magnetizatioll,, appears stationary in the rotating frame
andB, appears to be absent. The only remaining fieR},i@round which the
magnetization precessds. most NMR experiments, pulses are not appliedesonance.
In such cases, the Larmor frequency is then redfroeto, to (o, -®,) and the field
alongB, does not vanish (as it is the case for an on sesmnpulse). Thus, in this case
there exist two fields, one along thaxis with magnitude equal &8,(1 - o /woy)/y and
the second of magnitud® along thex-axis. The resultant effective field is the vetbr
sum of the two components and is denoteB aqFigure 2.3) around which the nuclear
spin magnetization precesses. In NMR, the allogyed transitions are defined by the
selection ruleAm = £1. After an rf pulse is applied, absorptioreakrgy occurs causing
spin transitions between two different energy Isyahd the populations of the two levels
become equal, this phenomenon is called saturatrce the pulse is turned off, the

magnetization returns to thermal equilibrium. Blystem reaches the equilibrium state
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by releasing the acquired energy to the surrousdiega phenomenon called relaxation.
There are two fundamental spin relaxation proceskesgitudinal or spin-lattice
relaxation, whose time constant is denoted pys the process by which the
magnetization returns back to the initial statéhefmal equilibrium (along theaxis),

and transverse or spin-spin relaxation, denote®, big the magnetization dephasing or

loss of phase coherence in ttyeplane.

Y4
A

Bo(1 -wi/0d) )

> >» X

B,

Figure 2.3. The magnetic fields present in the rotating frarime
the case of an on-resonance pulsg £ o), only B, remaing

2.2.2. Internal Interactions
2.2.2.1 Chemical Shielding Interaction

Chemical shielding is the interaction between thelear spins and the small local
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magnetic fieldsB,,,, which are generated by circulation of the surchog electrons
induced by the static external magnetic field. i@iwal shielding is also referred to as
nuclear magnetic shielding or just nuclear shigJdiNS). We shall use the latter term to
differentiate its abbreviation from “chemical shif€S) which is discussed below. These
local fields change the net magnetic field at theleus, leading to changes in its Larmor
frequency. The degree of change of the preces®qnency reflects the value of the
chemical shielding which depends on the total éifeanagnetic fieldB,, experienced

by the nucleus:

By = B, + By = B, - oB, = (1-0)B, (2.11)

The magnitudes of these local magnetic fields dementhe strength of the external
applied magnetic fiel&,, but more importantly, upon the nature of the tatbiwithin the
atom or molecule. The latter is what makes nudbalding a sensitive probe of subtle

changes in molecular structure. The nuclear shigldamiltonian is expressed'as

Hoe = -yhl 5B, (2.12)

wheres is the nuclear shielding tensor, which3sxa3 non-symmetric second-rank

tensor.

6 = |o, o, © (2.13)
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Here, we only consider the symmetric portion of & tensor, which contributes to
frequency shifts in NMR spectra to first order. eTdnti-symmetric components
contribute only to relaxation processes, and aseudised elsewhet&.This tensor can be

diagonalized by transforming it to its own prindipais system (PAS)

oy 0O O
6 = 0 o,, O (2.14)
0 0 oy

whereos,,, 6,, andog, are the principal components of the NS tensorufi€é@.4) and are

defined suchs,; < 6,, < G55

b

O’ vaen 1O

Figure 2.4. An ellipsoid portraying the three principal compgats of the NS tensor.
The trace of the NS tensor (i.e., the sum of tiagainal components), which is

non-zero, defines the isotropic nuclear shielditgciv is expressed By
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(6, + Oy * Oy
Oo = — 3 (2.15)

The nuclear shielding for a given orientation @ S tensor in an external

magnetic field is described by the tip and azimuéngles 6 ande and it is expressed as:

PAS

0. (0,0) = 0yl - (042" SiMPO COSP + oy SIMPO Sie + oy COSH))  (2.16)

wheref ande are the polar angles defining the orientatioBpih the PAS of the NS
tensor. This equation indicates that the nucleeiding depends on the orientation of
the NS tensor with respect to the magnetic fiehdl lsence upon the orientation of the
molecules. The orientation dependence of the synonart of the NS is referred to as
“anisotropy”’or chemical shielding anisotropy (CSAh a microcrystalline sample, all
possible orientations of the crystallites, and leethe molecules, are present with respect
to B,, therefore all angleande are possible. However, in solution, a small maliec

reorients through one radian at a rate on the ai&d * s™.

Hence, if reorientation is
isotropic, over the course of a second, the NSotere®rients with respect &, such that
all 6 ande are “visited”; hence, sharp peaks representin@gtfeeage nuclear shielding
are observed, as opposed to a distribution of &ages. In contrast, in the solid state,
these different molecular orientations resula distribution of local magnetic fields, and
thus, a range of NMR frequencies, yielding NMR pewpgatternd:** The intensity of the

powder pattern at a given frequency is proportioaahe number of molecular

orientations which have a particular nuclear simgjdorresponding to this frequency.
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The principal components of the CSA tensor areilgatitained from discontinuities and
shoulders of the solid-state NMR patterns influehaely by CSA, which in turn gives us
information on the local electronic structure.

To further understand CSA, we consider the nitra@8w in pyridine. Three
different orientations of the pyridine molecule lwiespect td3, are depicted in
Figure 2.5. Each of these orientations is assediaith a different nuclear shielding.
The combination of all possible orientations leadhie formation of th&N powder

pattern.

011 # Ogp # O33

less shielding o—> more shielding

Figure 2.5. Representation of the nitrogen CSA in pyridimsfferent crystallite
orientations with respect to the external statignedic field,B,, lead to different
nuclear shielding. (R.W. Schurko, NMR Course NoR)9. Used with permission).

Due the anisotropic nature of the NS tensor, mai@mation regarding the
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electronic environment around a nucleus can baraata Such information can be
extracted from the powder pattern from the valddb® spanQ) and the skew) which

are defined, following the Herzfeld and Berger camtion, as:***°

Q = (o4 - 0y (2.17)

K = M (2.18)
Q

The span describes the breadth of the powder pattetermines the range of the CSA
(i.e., a larger span corresponds to a wider powdtern breadth) and is reported in parts
per million (ppm). The skew, which ranges fronte1l, defines the degree of axial
symmetry of the CSA tensor. The tensor is salgetaxially symmetric when the value
of the skew is 1 or -1 (Figure 2.8). For an axially symmetric CSA tensor, two of the
tensor components are equal and the third is distiim the case where all of the
components are equal, only the isotropic chemiu#tl is observed.

In practice, chemical shielding or nuclear shigjdginot measured directly in an
NMR experiment; rather, the chemical shift is meaduwhich is defined as the nuclear
magnetic shielding of the nucleus in the samplatefrest with respect to that of some

reference compound. The chemical shift is repdrgapm as?

Vsample = Vv

3(ppm) = "l x 100 (2.19)

ref

wherev,...iS the frequency of the signal for the nucleuthimsample of interest amng,
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is the frequency of the same nucleus in the stancanpound. The relation between the

chemical shift and the nuclear shielding is givgri?o

_ ref sample _ _
6 = 1 - ® Oret ~ Osample (2.20)
Oref
02 = Os3
k=-1.0 o

axial symmetry

Oy

k=+03
non-axial

k=+1.0
axial symmetry

_

Isotropic Q =0,
0117 027 033

23

L

Figure 2.6. The shielding tensor components
determine the shape of the powder pattern.
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2.2.2.2. Direct Dipolar Interaction

The direct dipolar interaction, also known as thpol&-dipole interaction or direct
dipole spin-spin interaction, is the interactiotvzeen the magnetic moments of two
nuclear spinseparated by a distange It arises from the through-space mutual
interactions of small local magnetic fields anthidependent of the applied magnetic

field B,. The dipolar coupling Hamiltonian is given by:

A

Ho

1 ,
~X iy (3080, ~1)[31 -1 1]

i<j

CRoes - g (DG (2.21)
= Rooll 'S = 3 =75
- Ho VYl

Roo = (4 e (2.22)

whereb; is the angle between the vectpandB,. Ry is called the dipolar coupling
constant and it is expressed in units of radBquation 2.21 indicates that the dipolar
interaction is inversely proportional to the culi¢h@ distance between the two nuclei;
therefore, only nuclei which are relatively clorespace experience a significant dipolar
interaction (i.e., fotH- °C = 1.0 AR, = 30.2 kHz). Also, the dipolar Hamiltonian
depends on the gyromagnetic ratios of the nuabeihis interaction is more important for
nuclei with larger magnetic moments (i1, *°F). The dipole-dipole tensor is
symmetric and traceless. In liquids the dipol&enaction vanishes, with the exception of

long range dipolar effects which are used for dignaancement in the COSY Revamped
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with Asymmetric Z-gradient Echo Detection (CRAZEMD#agnetic resonance imaging
experiments; because of the molecular tumbling which averageshe (3co¥), -1)

term to zero.

2.2.2.3. Indirect Spin-Spin Interaction OrJ-Coupling
J-coupling or indirect spin-spin coupling descrilties mutual interaction between
nuclear spins mediated via bonding electrons wighmolecule. This interaction is

independent oB, and its Hamiltonian is expressed By

H, = 1-3-S (2.23)
where J is the spin-spin coupling tensor.

The magnitude of th&coupling is independent of the magnituddBgfand it is
described by a second rank tensor. In contrasietaipolar tensor, thg  tensor is not
symmetric and its trace does not vanish, sa{beupling interaction does not average to
zero in solution NMR spectra. Indirect spin-spoupling between two spinsandS
causes a splitting of the peaks in tldSspectra into 3+ 1 and 2+ 1 evenly spaced
peaks, respectivelyJ-coupling is a very important probe of moleculausture, and is
useful for determining the connectivities betwe#fecent nuclei. TheJ| is
proportional to the product gfy,, but it is also strongly dependent upon the ebetr
structure of intervening bonds between the nucielike R, which is through space).
J-coupling is reported in Hz. Therefore, to compavapling constants of different

nuclei, it is convenient to use the reduced cogptionstant, expressed By:
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= 4P
XY MYty

(2.24)

2.2.2.4. Quadrupolar Interaction

Quadrupolar nuclei are nuclei with spins 1/2. They have a non-spherical
positive charge distribution which gives rise touzlear electric quadrupole moment.
The electric quadrupole moment is unique for eaatlaus, and is defined by a scalar
value,Q, which is measured in%or barn (168 m?). The quadrupolar interaction is the
interaction between the nuclear electric quadrupolament and the local electric field
gradient (EFG) around the nucleus. The EFG anhtiodeus is caused by the surrounding
electronic charge distribution (i.e, electronspaddoonds, etc.); thus, the EFG is very

sensitive to small structural changes. The E-@escribed by a second-rank tensor as:

Vo= [V Yy Y, (2.25)

whereV,,, V,,, V.

w Vay, €1C. represent the gradient of the electric figddtor components in a

arbitrary reference frame. The EFG tensor canidgodalized by transforming the

matrix into its PAS?

vV, 0 0
V =0V, O0 (2.26)
0 0 V
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These components are defined such (Mg >|V,,|>|V,;| and this tensor is symmetric
and tracelessv, + V,, + V5, = 0)1* These principal components provide useful
information about the spherical and axial symmetrthe EFG tensor through the
measurement of the nuclear quadrupolar couplingteonC,, and the asymmetry

parameter,, respectively. Th&, is defined as:

c, - &R . (2.27)

and can also be expressed in terms of the quadnufpetjuencyy, as:

_ %o 2.28
o T o) (2.28)

The asymmetry parametey,, is expressed as:*

V,, -V
_ 11 22
Mg V. (2.29)

wheren,, varies from 0 to 1; when, = 0, the EFG tensor is axially symmetric and

Vy;, = V,,, while if V;; =V,, =V,;, = 0, the nucleus is located in a site of perfpbtiesical
symmetry, and th€, is equal to zero. Th&, is normally reported in MHz ang}, is
dimensionless. The terminologhstinct is used throughout this document to denote the
principal component of an NMR interaction tensoiichhis furthest in absolute

magnitude from the other two components (i.engif 0.1, therVy; is distinct, and/,;
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andV,, are similar in absolute magnitude). In the cadgeerfect axial symmetry, the
terminologyunique is utilized (i.e., ifng = 0, thenV,; is unique and/,; = V,,; if ng = 1,
thenV,, is unique, angV,,| =|V,,).
The quadrupolar Hamiltonian in angular frequenciysiis expressed bYy:
{]:( = L BYA

? 2121 - 1)a (2.30)
wherel is the nuclear spin operator, agdis the EFG tensor. In the case where the
Larmor frequency is much larger than the quadrudfotéguency ¥, » vy), the
guadrupolar Hamiltonian can be treated as a petiordbon the Zeeman Hamiltonian,
which is known as the high field approximation. eTdquadrupolar Hamiltonian can be

written as: *

Hy = #HY o+ HG - (2.31)

Q

if‘f(Ql)l i]A'C(Qz) represent the first- and secorder quadrupolar Hamiltonians, respectively.
In most cases, both the first- and second-ordedmgyalar interactions have effects on
the spectra of quadrupolar nuclei, and in somesctgeel-order terms can also contribute
to the NMR spectral lineshapes (we will negleanzhigher than second-order in this
thesis)! The first- and second-order quadrupolar inteoasticause large energy shifts in
all of the (2 + 1) pure Zeeman levels.

Consider the case of a quadrupolar nucleus with-3d; there are four (2+1)

guantized energy levels (-3/2, -1/2, +1/2, and ;+Bi@ure 2.7). The transition from
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-1/2 to +1/2 is called the central transition (Ghy all others are known as satellite

transitions (ST).

mI ““““““““ A
-3/2 A :
, ®, + Ay,
Y
-1/2 A 7
®, A T
1/2 Y @o $ @ + Ayg
A T W e
9 YO -Awg .
3/2 \
Zeeman 1* order QI 2™ order QI

Figure 2.7. The energy levels of spin-3/2 nuclei under Zeerfiest- and second-
order quadrupolar interaction (QI).

The CT is only affected by the second-order quanlargnteraction while the STs
are affected by both the first- and second-ordedqupolar interactions. The size of the
first-order effect is much larger than the secordkeoeffect, and the STs span much
wider frequency ranges than the CT. For this neasee majority of NMR studies of
guadrupolar nuclei focus on observing the CT byhapg selective 90 pulses (i.e., these
are pulses with lengths determined by the length@hon-selective solution pulse
widths scaled by a factor df £ %2)).*° However, for higher half-integer spin nuclei (i.e

spin-9/2), the ST powder patterns can overlap thehCT (Figure 2.8).
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Simulation without STs

Simulation with STs

20 10 0 10 20 MHz
Figure 2.8. Analytical simulation of*Bi SSNMR spectra at 9.4 T as an example of a

high half integer spin nucleus to show the effectdhe STs on the powder pattern.
Cq = 180 MHz andh, = 0.6.

In solution, the first-order quadrupolar interaotaverages to zero, and thus has
no influence on the frequency of the observed r@soes. However, it has an effect on
the quadrupole nuclear spin relaxation, which eaad to some degree of line broadening.
However, in the solid state, the effects of thedyupolar interaction dominate the NMR
spectra, and can lead to broad powder patternsbngiddths of several MHz. The
magnitude ofC, describes the magnitude of the quadrupolar intieraend determines
the breadth of the NMR pattern. Increasing@gewhile keepingy, constant, will

increase the breadth of the pattern; however, chgmg while keepingC, constant will
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change the shape of the powder pattern (Figure 2.9)

= 0.0

Co=1MHz

Co=3MHz

50 0 -50 -100 kHz 30 20 10 0 -0 -20 -30 kHz

Figure 2.9, The effects o€, andn, values on static SSNMR patterns

2.2.2.5. Euler Angles

The Euler anglesu( B, y) define the relative orientation of the CS and EFG
tensors, and along with the CS and quadrupolanpetexs, all influence the appearance
of the SSNMR patterns. All spectral analytical giations of static spectra reported in
this work have been performed using WSoffdshich uses counterclockwise rotation as
the positive direction. In this dissertation, th&ation of the CS tensor from a fixed EFG

tensor frame into its own PAS is depicted in FigRuwHO.
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\/11Y 0J.1

Figure 2.10.Rotation of the CS tensor from the fixed EFG terisaime of reference
(x,y, z) into the CS PAS (X, Y, Z). Courtesy of.[Joel A. Tang

2.3 Solid-State NMR Techniques
2.3.1 Magic Angle Spinning (MAS)

Rapid, isotropic, molecular tumbling averages this@tropic NMR interactions
to zero in the solution state resulting in the obsgon of sharp resonances. In
microcrystalline or disordered solids, anisotrapieractions broaden the NMR spectra,
and these powder patterns can provide very us@iimation on chemical systems.
However, in the case where there are multiple r@so@ frequencies observed in a
spectrum, it becomes difficult to resolve indivilbR patterns and to extract any
useful chemical data. Therefore, it is necessanse techniques such as MAS to obtain
high resolution solid-state NMR spectfé® In MAS, the sample is spun about an axis

oriented at the magic angle= 54.74, with respect td3, (Figure 2.11). This technique
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averages all first-order interactions (CS, dipalad quadrupolar). Rapid sample rotation
at the magic angle was used for the first time by

Andrew, Bradbury and Eades in 1958 to Bﬂ

average dipolar-broadened lirfésThe basis of
the MAS experiments is that most of the first-
order interactions have a geometrical spatial

dependence of the form (3é06s1), whered is

the angle between tlrzeaxis of NMR

Figure 2.11. The position of the NMR

angle, the orientation of the tensor with respec'rél)fé Vggg;ﬁ;%en? @, during the

interaction tensor and the static magnetic field,

B,.2 When spinning the sample at the magic

to the magnetic field varies with time and the

average orientation beconég?

<3c00-1> - %(300§B—1)(3c0§x—1) (2.32)

wherey describes the angle of the princigalxis of the NMR tensor with respect to the
spinning axis, which is fixed for each individugirs. Therefore, settingto 54.74
makes (3co$ -1) = 0, so <3cd8 -1> will vanish, and the anisotropy first-order IRM
interactions are averaged to zero.

CSA is one of the main sources of inhomogeneogsdmadening for spin-1/2

nuclei and can be averaged out completely by MA®iged that the spinning speed is
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larger than the CSA as measured in Hz; in this,d¢hsesotropic peak will be the only
observable peak. However, when the spinning sizeleds than the CSA, the NMR
pattern will be divided into spikelets under whtble intensities are localized. These
spikelets are known as spinning sidebands andflduely the isotropic peaks at distances
equal to the spinning frequency. Spinning sidebartse because of the refocusing of
the magnetization after each rotor period. After dephasing of the magnetization, the
spins go back to their original positions afterfesmtor cycle leading to the formation of
what are called “rotational echoes” in the frequyesectrum. Spectroscopists often
acquire SSNMR spectra of spin-1/2 at low to modesginning speeds to get as many
spinning sidebands as possible; the intensiti¢ésesfe sidebands are related to the
anisotropy of the chemical shift and are used toaekthe CSA parametets.

Homonuclear and heteronuclear dipolar interactales contain the angular term
(3cog0 - 1). The dipolar interaction can be averagedmsblids if the sample is spun at
the magic anglgj. Unlike the CS tensor, the dipolar tensor isdlass; thus, MAS can
completely average dipolar interactions to zero/joled that the spinning frequency is
larger than the strength of the dipolar coupling.

MAS only averages the first-order quadrupolar iat&on. Since the CT is only
affected to second-order by the quadrupolar intenagcit is only partially averaged by
MAS, owing to the distinct geometrical dependeniceezond-order NMR interactions.

The frequency of the CT to second-order under M&Gven by

| e%Q zi_ e Ly QL QL
i (4|(2|-1)) w0(3 A0S Voo + Az V,0} (2.33)
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Wherevo(g, VZ(S, V4%) are the zeroth, second and fourth rank tenadich contain the

following Legendre polynomials, respectivély.

Po(cog)=1 (2.34)
P(c08) =2 (3cosy 1) (2.35)
P,(co%) :%(BSCoéx—SOco§x+3) (2.36)

wherey represents the angle between the rotor axi8gn&pinning at the magic angle
causes th@,(cog) term to vanish but not tHe,(cog) term which can only be zero either
at 30.56 or at 70.12. Thus, there is not a single valueyafhich makes th@,(cog) and
P,(cog) terms go to zero simultaneously, and as a rebatinewidth of quadrupolar
powder pattern gets reduced under MAS, but an oo powder pattern remains, even
at very high spinning speeds. However, differenhhiques have been developed such as
multiple quantum MAS (MQMASY! double rotation (DOR¥ and dynamic angle

spinning (DASY* which provide high resolution spectra of halfeigér quadrupoles but

such techniques are beyond the scope of this thesis

2.3.2. Cross Polarization.
The cross-polarization (CP) technique was firgbiaticed by Pines, Gibby and
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Waugh®3? It is a double-resonance experiment which is isashhance the signal for
dilute (low natural abundant) spins in solid sarapl€P relies on the transfer of
magnetization from the abundant spins (id,,'°F) to the dilute spins (i.3C, **N,
19%Ag) which are dipolar coupled to one another. @R lead to a maximum theoretical
enhancement of the signal by a factoyp,bt, wherey, andy are the gyromagnetic ratios
of the abundant and dilute spins, respectivel (thespecially attractive for nuclei with
low gyromagnetic ratios). Furthermore, CP helpgettucing the experimental time
significantly compared to single pulse experimesitsce the spin lattice relaxatidi of
the dilute spin plays no role in determining theyde delay between acquisitions.
Instead, thd, of the abundant spins, which is usually much sndhan the, of the
dilute spins, is used to determine the delays batveeans.

The CP pulse sequence (Figure 2.12) begins willY pilse applied on resonance
along thex-axis on thd-spin (i.e.*H) channel, which rotates thespin magnetization
along the negativg-axis in the doubly rotating frame (i.e, a framattiotates according to
the employed rf frequencies). Then, simultaneaousesonance pulses are applied to the
dilute and abundant spins on both channels. Tieetedf these long (normally in ms) low
power pulses is to fix themagnetization along theaxis of the rotating frame and allow

for the build up ofSmagnetization, this is known as “spin locking”.
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Figure 2.12. The cross polarization pul se sequence.

The amplitude of these pulses are set such that the Hartman-Hahn condition (y,B, =v4Bs,
or , = ms, under non-spinning conditions) is satisfied (Figure 2.13).%3** Then the S-spin
magnetization is observed by turning off the lock field on the S channel and keeping the

decoupling on the | channel to get rid of the [-Sdipolar interaction during acquisition.
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Figure 2.13. Explanation of the Hartmann-Hahn conditioh.shows the
difference between thiél and**C frequencies in the lab fram&. shows that the
13C and'H frequencies are matched so that the spin transitan occur.

Magic-angle spinning at high rotational frequendas greatly decrease the rate of

magnetization transfer from the abundianthe dilute spins because of the decoupling of

the dipolar interaction. The Hartman-Hahn conditior a static sample is usually

Gaussian in shape and fairly broad. However, uhtie®, the Hartman-Hahn match

splits into a series of sidebands with maximal ppédion transfer appearing at the integer

multiples of the rotor frequency,, - ®,5 = £nog (N = 1, 2 for the most efficient

magnetization transfer). This Hartman-Hahn cooditiolds reasonably well under

moderate MAS speeds.

Since the CP experiment depends on the dipolaractien between the dilute and

abundant nuclei, and because this interactionrisaig averaged when spinning at higher
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speeds, the efficiency of the CP experiment deesea¥arious CP modified pulse
sequences, such as the simultaneous phase-inv@Bi¢8PICPY® ramped-amplitude CP
(RAMP/CP}¥" and variable amplitude CP (VACP¥°were developed to decrease the
sensitivity of the matching condition to high MA$ this thesis, only the VACP was
used and will be discussed in more detail.

In VACP, the'H contact pulse consists of a series of pulses té¢rsame phase
but different amplitude¥*° The amplitude of the step size between pulstgisame,
and the total amplitude variation is abow2 Using variable-amplitude pulses creates a
series of Hartman-Hahn conditions, which reducesmaiches between the two spin-

locking fields and decreases the loss of signahisity in comparison to CP.

2.3.4. Hahn-Echo and Quadrupolar Carr-Purcell Meilbom-Gill sequences

The Hahn-echo sequence (Figure 2.14) is the maglywised NMR pulse
sequence for the acquisition of NMR spectra of-ratger quadrupolar nucl&i** This
technique is very useful for observing the quidkbgcaying signal of these nuclei by
applying an-pulse after tha/2-pulse, which refocuses the magnetization inhglane.
However, this sequence can be time consuming wbguireng UW NMR spectra,
particularly in case of unreceptive quadrupolar&iuc

The quadrupolar Carr-Purcell Meiboom-Gill (QCPM@yaence (Figure 2.14)
was reintroduced in 1997 for the acquisition ofdofdNMR patterns of half-integer

quadrupolar nuclei under MAS or static conditi6éts.
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Figure 2.14. The echo and QCPMG pulse sequences.

In comparison to the Hahn-echo sequence, the QCB&dGence is composed of
the firstn/2 andr pulses which produce the first echo, and theaia tfz pulses and
acquisition periods which are used to detect theadi Fourier transforming the FID
obtained using the QCPMG sequence produces a pgattern which is composed of
“spikelets”. The outer manifold of this patterntefees the manifold of the pure Hahn-
echo spectrum. However, since all of the signldaalized beneath the sharp spikelets,
the S/N is greatly enhancédIn certain cases, sensitivity can be enhanceahlyrder of
magnitude or more. The degree of signal enhancedegends on the experimental

acquisition timeg,, and the transverse relaxation tinig(a longerT, results in a longer
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echo train, which in turn yields a higher S/N).

2.3.5. Frequency Stepped Techniques and WURST-QCRB/

The breadths of the NMR powder patterns can extigno several MHz,
exceeding the excitation bandwidth achievable wiitandard high power rectangular
pulse; hence, it is necessary to acquire suchrpattesing “stepwise” or “piecewise”
techniques. Such techniques involve steppingréresimitter frequency across the entire
CT powder pattern in even increments, collectirggitidividual sub-spectra, and then co-
adding them to produce the total pattern (Figui®R. Determining the correct offset
frequency is crucial for obtaining NMR patternsefi distortions. Thus, it is necessary
to have a rectangular excitation profile in ordeexcite the whole pattern evenly. The
following equation is used to calculate the exmtaprofile for a square pulse of

amplitudew, =yB,:’

sin(mt . cosfrt)-1
E((D) = (Dl'fp (D—p) + | (D—p (237)
B B

wherea, is the strength of thB, field andz, is the pulse length.
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Figure 2.15. Individual sub-spectra are acquired at even mergs and co-added to
produce the whole pattern. The arrows indicatdrdmesmitter frequencies.

Using this equation, it is possible to determine dptimum offset which leads to an
evenly excited NMR pattern. An offset which prodsi@ rectangular excitation profile is
the best choice (Figure 2.16). A small offset jes a uniformly excited pattern but

unnecessarily increases experimental time; onttiner thand, a large offset leads to

Small frequency offset Optimum frequency offset Large frequency offset
Figure 2.16. The excitation profile for different offset fregcies. The offset producing
a rectangular excitation (middle) provides nondatigtd powder pattern.
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distorted NMR pattern. This frequency-steppednegpie has been used in combination
with the Hahn-echo and QCPMG pulse sequences.

Adiabatic pulsed*° are becoming increasingly popular in NMR due tirth
efficacy in achieving broadband excitation. Adi@abaulses are amplitude-and
frequency-modulated pulses which generate a nehetagieldB,, that sweeps slowly
through all directions with respect to the extemalgnetic fieldB,, and results in a much
wider excitation region in comparison to regulapufses. Adiabatic WURST (wideband
uniform-rate smooth truncation) pulses were dewedidipr excitation of wide frequency
ranges by Freeman and co-work&rRecently, Bhattacharyya and Frydman utilized
WURST pulses in echo sequences to acquire widBIMBR spectra of quadrupolar nuclei,
and have shown that this sequence yields unifoextyted powder patterns and
significant gains in S/N in comparison to standdedhn—echo sequenc®&sOur group has
extended this work by implementing the WURST pulses QCPMG-type pulse
sequencé® This WURST-QCPMG sequence is very beneficiaklieracquisition of UW
NMR patterns>®*®since the broadband excitation of adiabatic puksesmplemented
with the signal enhancement from the QCPMG echndraDue to the larger excitation
bandwidth of the WURST pulses, experimental time loa significantly reduced by
decreasing the number of individual subspectra lwhre needed to be acquired in order

to obtain broad powder patterns.

2.3.6. Ab Initio NMR Calculations.

Experimental NMR powder patterns yield the NMR tensomponents;
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however, they don't provide information about thermation of these components with
respect to molecular structures or atomic coordmébther than via inferences from
molecular symmetry). Tensor orientations can ldaiobd either from single-crystal NMR
spectroscopy or first principles calculations. ginacrystal NMR experiments are difficult
to perform, requiring specialized probes and |langéable crystals, which are often
unobtainablé®®® Ab initio calculations are very useful for detéming the orientations of
these tensors and how they are correlated to steucA large number of publications
involving calculations of the NMR tensors have besgorted and proven that such
calculations are very useful in correlating the Nlgitameters to molecular structure and
symmetry?®*’® A variety of methods, such as Hartree Fock (ldEpsity functional theory
(DFT) and the gauge-including projector augmentedeMGIPAW) have been used to
predict the NMR tensor parametét§? A detailed description of these methods as agplie
to the calculations of NMR parameters are descréisewherd®®®

In this thesis, HF and B3LYP methods have been tsediculate the NMR
parameters using Gaussian03 and Gaussian09 softaekage$’*° Also, GIPAW
CASTEP calculations have been performed for systehuse structures are periodic in
nature®* The accuracy of such calculations (i.e., agre¢inefween experimental and
theoretical tensor parameters) depends on the el basis sets used, as well as the

correctness of the structural models applied.
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Chapter 3

Application of Solid-State **Bi NMR to the Structural
Characterization of Bismuth-Containing Materials
3.1. Introduction

Bismuth is an element rarely found naturally inpgtse form; however, it is
acquired as a byproduct of lead ore mining and@mmonly encountered in bismuth
oxides? and man-made coordination compleX&é<Recently, bismuth-containing
compounds have become important in a number o&relsareas, including synthesis of
pharmaceutical3® design of superconductorsnd catalytic process&swith the
increased occurrence in the literature of bismutht&ining systems and associated
chemistry and materials science implications, mgsghaf characterizing the structure and
bonding at the Bi sites are becoming increasinglyadrtant.

While X-ray crystallography is useful for structudgterminations in highly
crystalline systems, arttl and**C NMR experiments are routinely applied for
identification of bismuth coordination complexesswlution, characterization of bismuth
sites in solid materials has largely been limi@é&Bi nuclear quadrupole resonance
(NQR, vide infra)®*°® 2°Bj is the only naturally occurring isotope of bistmand has a
nuclear spin of 9/2. Despite its 100% natural alaunce, moderate gyromagnetic ratio
and high receptivity with respect &€, i.e.,D(***Bi) = 848)%° °Bi NMR spectroscopy
is very limited because of its large nuclear qupdle moment@).* In all but the most
spherically symmetric Bi environments, the comhborabf the largeQ and moderate

electric field gradients (EFGSs) at the Bi site tesin sizeable quadrupolar interactions.
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These serve to severely broad®Bi NMR patterns, and drastically reduce bothThe
andT, relaxation time constants, making routine NMR expentation very challenging.
To date, there are very fé#Bi NMR studies in the literature and no system&@&NMR
study of**Bi quadrupolar and chemical shift parameters. Repmf**Bi SSNMR have
largely focused on measurement of relaxation tiorestants and Knight shifts f&Bi in
super- and semiconducting materiaf&and on spectra of BiVingle crystals®3!
Despite the aforementioned difficulties, thereraasons why’Bi SSNMR
spectroscopy is an attractive technique for strattharacterization?*Bi SSNMR
experiments can be very useful for probing thellBc&nvironments, as well as for
increasing the understanding of structures andrdigsaat the molecular/atomic level.
Notably,?*Bi SSNMR may be especially valuable for charactgitn of disordered
solids or for microcrystalline solids for which stgl structures are unavailable. FPBi
quadrupolar interaction is important in this regahg EFGs at th&°Bi nucleus, which
arise from the surrounding atoms and bonds, areridesl by an EFG tensor, which is a
symmetric, traceless, second-rank (3 x 3) matrtk wWiree principal components defined
as Va4 > V,) > Vyy|- The quadrupolar parameters derived from tmsdeare the
nuclear quadrupolar coupling consta®t,= eQV;/h, and the asymmetry parameter,
No = (Vi1 - V,)/V,; These parameters are sensitive to both majomamar structural
changes, with accurate measurementSdndn, providing information on the spherical
and axial symmetry, respectively, of the groundesédectronic environments at Bi sites.
Numerous bismuth-containing materials have beatiesiby**Bi NQR, often

referred to as “zero-field NMR”, via measuremen€gfandn,.'*** However*Bi NQR
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IS very time-consuming, since extremely wide fragryeranges must be swept to detect
the frequencies of interest. This could be all®dasomewhat by theoretical computation
of 2°Bi quadrupolar parameters; unfortunately, reliafimputational methods do not
currently exist for universally predictirffBi EFG tensor parameters with accuracy.

Frequency-stepped NMR techniques have been shobe tery useful for the
acquisition of the ultrawideline (UW) NMR spect@ ¥arious nuclei in a variety of
materials®*3° These techniques generally involve steppingrinestnitter frequency (at a
constant field strength) in even increments, amgiiging individual sub-spectra with
limited excitation bandwidths, which are then caadidr projected to generate the final
UWNMR spectrum. The S/N of these spectra can beloer due to their extreme
breadths. Timely acquisition of high quality spads further exacerbated for nuclei with
low natural abundances and/or low gyromagnetiosatiThis has been partially
addressed by the application of the quadrupolar-Barcell Meiboom-Gill NMR
(QCPMG) sequenéfor acquisition of frequency-stepped UWNMR speétfa More
recently, wideband uniform rate smooth truncatURST) and WURST QCPMG
sequences have been shown to be very effectivaat spectral acquisitiofi;**and
should be advantageous for the acquisition of Bih?*°Bi UWNMR spectra.

Herein, we demonstrate the effectivenes¥®8i frequency-stepped UWNMR
techniques for the study of a variety of bismutiMeming materials. To the best of our
knowledge, there is no methodié®¥Bi SSNMR study of this sort reported in the
literature to date. A set of well characterizeshtiith complexes (i.e., either by NQR

and/or single-crystal XRD) with disparate bismutivieonments is examined in order to
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start building a database 8fBi NMR data, which may have use in future strudtura
studies of bismuth-containing systems. First/tfgi SSNMR data for solid BiOX
systems (X = Cl, Br, and I), which have well-knoguradrupolar parameters obtained
from NQR;}® are presented. Theii’Bi SSNMR data are shown for some Bi coordination
compounds for whicf°Bi quadrupolar parameters have not been reportehiiding
bismuth nitrate pentahydrate, nonaaquabismutlateifand bismuth acetate. Finally, we
discuss a preliminary investigation of theoretf@®i quadrupolar and chemical

shielding parameters obtained from both plane WBWSTEP) and ab initio (Gaussian

03) methods.

3.2. Experimental
3.2.1 Sample Preparation.

Samples of BiOl, BiOCl, Bi(NQ,-5H,0, and Bi(OTf) were purchased from
Sigma-Aldrich Canada, Ltd., and used without furtimedifications. Bi(CHCO,), was
purchased from Strem Chemicals Inc. BiOBr washssgized in our laboratory following
slightly modified literature procedur@gour sample was heated at 18D in an oven for
eight hours). Nonaaquabismuth triflate, [Bj(),](OTf),, was obtained by rehydrating

Bi(OTf), in air at room temperature (Figure A.3.1, Appenal)x®

3.2.2 Solid-State NMR.
29Bi SSNMR experiments were carried out on a Varidinity Plus

spectrometer equipped with a 9.4v[({H) = 399.73 MHz) Oxford wide-bore magnet at
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the University of Windsor witl,(**Bi) = 65.455 MHz, and a 21.1 T(*H) = 900.08
MHz) Bruker Avance Il spectrometer,(**Bi) = 144.64 MHz) at the National Ultrahigh-
field NMR Facility for Solids in Ottawa, Canadan dll cases, NMR powder patterns
were too broad to be uniformly excited with a sengigh-power pulse; hence, spectra
were acquired by stepping the transmitter frequerccgss the entire central transition
powder pattern in even increments, collecting titdvidual sub-spectra, and coadding
them to form the total pattern (see Tables A.3.8,ZAfor full experimental details}
In most instances, spectra were acquired usingreitie Hahn-echo or solid-echo pulse
sequences of the form&/2),-1,-(),-1,-acq and #/2),-t,-(n/2),-t,-acq, respectively, where
T represents the interpulse delays. In cases whefg is long enough, experiments at
9.4 T were performed using either the QCPR1G*or WURST-QCPM®*pulse
sequences. Bismuth chemical shifts were referetcadsaturated solution of
Bi(NO,),-5H,0 in concentrated HNQs,., = 0.0 ppmf° Analytical simulations of*Bi
NMR spectra were performed using WSolids.

Experimentsat 9.4 T. Samples were finely ground and packed into efh@am
0.d. zirconium oxide rotors or 5 mm glass NMR tub@8i NMR spectra were collected
using a Varian 5 mm double-resonance (HX) statiber For Hahn-echo and QCPMG
experiments, a central-transition selectiV2 pulse width of 0.75 ps (= 66.7 kHz) was
applied, with an optimized recycle delay of 0.02&rsd spectral widths ranging from 2 to
4 MHz. Inthe QCPMG experiments, the number ofitMem-Gill (MG) loops was set
to 40. For WURST-QCPMG experiments, a 50 ps WURGEe length, swept with an

offset of 2000 kHz at a rate of 40 MHz/ms, was us€de number of echoes was set to
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20, the spectral width to 2 MHz, and recycle déta@.1 s. In all experiments, the
transmitter frequency offset was set between 1AG6kHz, in order to ensure uniform
excitation. Experimental times ranged from 1 tchbdirs, depending upon the pattern
breadth, the number of sub-spectra collected, lmadi¢sired S/N. In addition, NQR
experiments were performed using the same expetangarameters mentioned above
with the NMR probe positioned about 1 m away frém magnet.

Experimentsat 21.1 T. Samples were ground and packed into 4 mm o.d.
zirconium oxide rotors?*Bi NMR spectra of all samples were acquired withram HX
MAS probe, using the frequency-stepped Hahn-eattique described above. All
experiments were conducted with a seleciitZpulse width of 1 ps/(=50.0 kHz),
spectral widths of either 2 or 4 MHz, and optimizedycle delays of 0.2 s. Transmitter
frequency offsets of 500 kHz were used, and totpeamental times ranged from 1 to 14
hours. In samples with shdrs* values, the full echo acquisition was often enyplibto

improve the S/N.

3.2.3 Ab Initio Calculations.

209Bi EFG tensor parameters were calculated using GARTEP softwar€ and
Gaussian 03t Ab initio plane-wave density functional theoryRD) calculations for the
BiOX (X = Cl, Br, 1) series were performed usingt@ASTEP NMR prografft®?in the
Materials Studio 4.3 environment on an HP xw4400k&tation with a single Intel
Dual-Core 2.67 GHz processor and 8 GB DDR RAM.rasiboft pseudopotentiatavere

used for®Bi EFG calculations with a plane wave basis setftaf 610 eV in an
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ultrafine accuracy basis set with the MonkhorstkRaspace grid size of (6x6x3). The
Perdew, Burke, and Ernzerhof (PBE) functionals wesed in the generalized gradient
approximation (GGA) for the exchange-correlatioergy>*** The magnetic shielding
tensors for®Bi were calculated in ultrafine accuracy basisusig the projector-
augmented wave method (GIPAW) implemented in th&TRP codé>*® The CIF

crystal structure files used in the calculatioresfanm the Crystallography Open
Database (COD)and built based on previously published restifts. CASTEP

geometry optimization of the BiOX structures did sbow any significant changes in the
calculated NMR parameters; therefore, only redalt®ionoptimized structures are
presented for clarity (Table A.3.3, Appendix A).

Ab initio calculations using Gaussian 03 were panied on bismuth nitrate
pentahydrate, nonaaquabismuth triflate, and bisracg¢tate on Dell Precision
workstations. Atomic coordinates were input frdra trystal structures reported in the
literature®®®? For the first two compounds, calculations weagied out on clusters
composed of a central bismuth atom and coordinatiggnic moieties. However, for
bismuth acetate, a larger structural unit wasaali(vide infra). In some cases, hydrogen
atom positions were geometry optimized using tséricted Hartree-Fock (RHF) method
with the 18s15p9d3f (333333/33333/333/3) basi® setthe bismuth atom and 3-21G*
basis set on lighter atoms (i.e., C, H, O). Catahs of the EFG tensors were performed
using both the RHF and B3LYP methods with the 189@3f (333333/33333/333/3) and
15s12p8d4f (432222/42222/42Fasis sets on the bismuth atoms and 6-31G* or

6-311G** on the lighter atoms.
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3.3 Resultsand Discussion
3.3.1 Solid-State *Bi NMR.

Bismuth Oxyhalides, BiOX (X = I, Br, Cl)'he bismuth oxyhalides were chosen
for preliminary’®Bi SSNMR experiments since they have high Bi caistand moderate
guadrupolar coupling constants (previously deteeatiny NQR to be 91.26, 119.58, and
152.46 MHz for X = |, Br, and ClI, respectively)) The?*Bi SSNMR spectra of the BiOX
samples and associated simulations are shown uné=g8y1, with corresponding NMR
parameters summarized in Table 3.1. The expermhéntes required to acquire these
spectra were relatively short (see Tables A.3.1AB® for details). The spectra reveal
that each of these samples has a single chemdiatlgct bismuth site, in agreement with
the crystal structures (Scheme 3.1). The expetiahealues ofC, andn, are very close
to those determined with NQRwith the values 0€,(**Bi) increasing with increasing
Bi-X interatomic distance. There are larger uncetiggrassociated with the parameters

obtained from NMR experiments than those from NQ@R t the wide pattern breadths.

Table 3.1. Summary of the experimentdfBi NMR parameters.

ICo(*Bi)| ng>  S/ppnf  Qippnf  «*  o/ded p/deg y/deg

/MHZz?
BiOI 91(3)  0.01(1) 3200(100) 1100(200) 0.8(2) O O 0
BiOBr 122(3)  0.03(3) 3500(200) 2000(300) 0.9(1) 0 2(2) O
BiOCI 153(3)  0.01(1) 3500(400) 3000(500) 0.9(1) 0 3(3) O

Bi(NO,);-5H0O  78.6(8) 0.66(2) 0(100) 1500(300) 0.7(2) 1®0( 35(5) 95(20)
Bi(OTf); -9H,0 90(1) 0.01(1) -750(20) 240(40) 0.6(3) 0 O 0
Bi(CH,CO,), 256(10) 0.30(6) 3200(500) 3400(1000) 0.9(1) O 2(D)

*Cq =€QVa/; P g = (Viy = Vo)/Vag %80 = Buy +82 +853)/3;:9Q =855 - 835 °k = 30, — 8,0 )/Q.
 Conventions for the Euler angles are describedenVSolids software package.
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Figure 3.1. 2Bi SSNMR spectra of BiOl, BiOBr and BiOCI at a) 21T and b)
9.4 T. For BIOCI , simulations with and without satellitansitions are shown.
The rolling baselines in some of these spectra &msn underlying satellite
transitions which have been partially excited.
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Scheme 3.1. a) A schematic representation of the crystal stinecof BiOCI. The species
in the BiOX series (X = Br, Cl or |) are isostrual b) The coordination environment of
the Bi atoms consists of a staggered arrangemdatiohalides and four oxygen atoms
(left, side view; right, top view).

BiOl has the smallest, (91 MHz), and an axially symmetrig{= 0) central
transition (CT) pattern with a breadth of ca. 1.HMat 9.4 T. The experimental time for
the spectrum acquired at 21.1 T is significantueed compared to that at 9.4 T due to
both increased sensitivit$s(= B,% and the reduced spectral breadth of ca. 685 Kz

contributions of the second-order quadrupolar adgon to the CT breadth scale as the

inverse of the applied magnetic field, whereas routions of bismuth chemical shift
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anisotropy (CSA) are directly proportional to thagnetic field strength; hence, it is
possible to make relatively accurate determinatadissmuth CS tensor parameters with
NMR data at both fields. The span and skew aredda be2 = 1100 ppm and = 0.8
(see Table 3.1 for definitions of these parametars) the Euler angles indicate that the
largest component of the EFG tensdy, is coincident with the most shielded component
of the CS tensoi,,. The CS tensor is almost axially symmetric, megrnhatd,; is

distinct, and,; = d,,, consistent with both the relative orientatiorited CS and EFG
tensors and, = 0. The contribution of the CSA represents aaly165 kHz or 24% of
the breadth of the total powder pattern (Figure &;3hus, accurate measurement of CS
tensors is more challenging for the remainder efdbmplexes discussed herein, all of
which have markedly large values@f and CT patterns dominated by second-order
quadrupolar contributions (Figures A.3.3 & A.3.4).

BiOBr and BiOCI haveCy's of 122 and 153 MHz, respectively, and both pssse
axially symmetric EFG tensors. In addition, thel?T data permits the measurements of
effectively axially symmetric CS tensors with siiggantly larger spans than that of BiOl.
Interestingly, in the spectrum of BiOCI, the overlaf the CT and one of the satellite
transitions (ST) is observed in the 9.4 T spectrdine STs for spin-9/2 nuclei are
generally “packed” quite tightly about the CT; thaseshadows the increasingly
complicated spectra resulting from CT/ST overldqa aare observed for increasing
values ofC,,. Traces of the ST patterns are seen on the edges CT patterns in all
three cases.

It should be mentioned that the Hahn-echo sequamcenot QCPMG, was used
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for the acquisitions of these spectra due to themely short transverse relaxation time
constantsT,, of the?®Bi nuclei. Fitting of CPMG echo intensities asuadtion of time
yieldedT, values of 97(6) us, 59(7) us, and 139(10) ps f&d,BiOBr, and BiOCI
(Figure A.3.5), respectively. The transverse rafie is likely to be dominated by the
guadrupolar relaxation mechanism; however, unlikéne extreme narrowing limit, there
is no clear correlation between the magnitud€pand the value of,. It is possible that
dipolar relaxation mechanisms may have some infleem thé*Bi T, values, since the
magnitudes of th&°Bi- X dipolar couplings vary aR,,(**Bi, "®Br) > R,,(**Bi, **1) >
Rop(3°°Bi, *°Cl), andT,(BiOBr) < T,(BiOl) < T,(BiOCI), and the NMR active isotopes
are 100% naturally abundant in each caseMAS NMR spectra acquired for each
system (not shown) do not reveal significant amgwhtproton-containing impurities that
could influence the transverse relaxation rates.

Finally, a comment on the bismuth isotropic cheinstafts should be made.
While theC, is extremely effective at differentiating the Bidronments in these
samples, thé,, is very similar in all three cases (within thegamuncertainties),
reinforcing the notion that for samples with simi environments, the quadrupolar
parameters are crucial for accurate structuralatharization. Bismuth chemical shift
differences will mainly be useful for differentiagj very distinct Bi environments, as
noted from previous solutici’Bi NMR studies}* and as discussed below.

Bismuth Nitrate Pentahydrate, Bi(NQ5H,0. Previous attempts to obtairf’aBi
NQR signal for Bi(NQ),-5H,0 were unsuccessftd. However, we were able to obtain

the?*Bi NMR spectra with relative ease using both thétacho and the WURST-
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QCPMG"® pulse sequences (Figure 3.2). It is possibleséotie QCPMG-type
experiments since thg is much longer (1547(35) ps, Figure A.3.6) thassthof the
BiOX series. The spectrum reveals a powder pattenresponding to a single bismuth

site, in agreement with the crystal structtire.

a)
simulation without ST
simulation with ST
echo
500 0 500 KHz
b)
simulation without ST

simulation with ST

WURST-QCPMG

echo

2000 1000 0 -1000 2000  KHz
Figure 3.2. 2*Bi SSNMR spectra of bismuth nitrate pentahydrata)at
21.1 Tand b) 9.4 T. Not all of the satellite s#ilons were acquired in
order to shorten experimental time, more ST sulisp&ere acquired
in the WURST spectrum due to the shorter experiaid¢ime.
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The bismuth atom is coordinated by ten oxygen atehish form an irregular
polyhedron comprised of four,® molecules, two nearly symmetrically bidentate,NO
ions (i.e., the Bi-O bond lengths are similar) ané asymmetrically bidentate N©

Nine of the Bi-O distances range from 2.32 to 26nd the tenth is 2.99 A. The
smallerC,, reflects the higher spherical symmetry of the tet#sc charge distribution
about the bismuth atom compared to those in thexBi@tems. In addition, the value of
N indicates that the EFG tensor is nonaxially symimetvhich is consistent with the Bi
atoms not being positioned on symmetry elementscey, is nonzero, some minor
interference between ST and CT can be seen by e¢wopaf simulations with and
without STs (Figure 3.2).

Nonaaquabismuth Triflate, [Bi(}D),] (OTf),. Quadrupolar parameters have not
previously been obtained for [Bi(B),](OTf),. The**Bi NMR spectrum (Figure 3.3)
was obtained in a very short time (i.e., aboutat 8.4 T) and reveals a powder pattern
corresponding to a single bismuth site, again ree@ment with the crystal structi¥e.
The Bi atom in the nonaaquabismuth cation is coateéid by nine KO molecules, with
Bi-O distances of 2.448 or 2.577 A. The slightly éargalue ofC,compared to that of
Bi(NO,),-5H,0 arises from a slightly less spherically symmetneironment and may be
due to the smaller bismuth coordination number;daw, this is difficult to definitively
ascertain without a larger database of quadrupaleameters and structures for
comparison. The cation ha€g symmetry, which is reflected by the axially symneet
EFG tensor, with/,; as its unique component. Bi(N@5H,0 and [Bi(HO),](OTf),

have similar values d,; however, these values are distinct from thogb®BiOX
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series, suggesting thatBi nuclei in substantially different environmentnde

differentiated by chemical shifts extracted frora troad®Bi SSNMR spectra.

a)

Simulation

C

C

Experimental l

200 0 -200 -400 -600 kHz

b)

C

Simulation

Experimental

r

1000 500 0 -500 -1000 kHz
Figure 3.3. ?Bi SSNMR spectra of nonaaquabismuth triflate at
a) 21.1 T and b) 9.4 T. The rolling baselineshiese spectra arise
from underlying satellite transitions which havebeatrtially
excited.
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Bismuth Acetate, Bi(@CH,),. Bismuth acetate has only one bismuth site in the
asymmetric unit, with a coordination environmengatéed as an irregular, nine-vertex
polyhedron. The lone electron pair of the bismatthm occupies a considerable amount
of space (i.e., displays stereochemical activity)ging the bidentate acetato ligands into
positions on one side of the Bi at6™As a result, the spherically asymmetric
distribution of atoms results in a large quadrupoiteraction, as reflected in the
expansiveé®Bi NMR pattern (Figure 3.4).

The spectrum acquired at 9.4 T is extremely broagljiring the acquisition of
143 QCPMG-subspectra to roughly span the CT anerakslosely spaced
discontinuities from some of the STs. Some ofitikensities are inconsistent with the
simulation, which could arise from variation in tinensverseT,) relaxation parameters
of the CT and STs, or more likely, differential @aton of the CT and STs (i.e., CTs and
STs have distinct nutation rates which can potynggve rise to different relative
intensitiesf>%° It is also possible that these discrepanciesamiag from the failure of
the high field approximation (i.ev, » v), since theC, of 256 MHz corresponds tovg
of ca. 10.7 MHz; however, the dominant quantizatais is still the Zeeman axis
(vo(®*Bi) = 65.455 MHz at 9.4 T). In contrast, the spect at 21.1 T,(**Bi) = 146.927
MHz) is constructed from 13 subspectra, and the@d ST discontinuities match well
with simulations, suggesting that the high fielghagximation holds in this case. Thg
is much larger than those of the previous samglgs to the influence of the
stereochemically active lone pairs of the Bi af8nT.o further confirm the EFG

parameters, NQR experiments were performed anatilee transitions were found
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(Vaiztosy= 32.086 MHz andlq, , 7= 43.366 MHz). From these transitions Gwas

calculated to be 262.61(7) MHz ang= 0.336(2), confirming our NMR results.

a)

simulation without ST

simulation with ST

echo

6000 4000 2000 0  -2000 -4000  kHz

b)

simulation without ST

simulation with ST

QCPMG

8000 6000 4000 2000 O -2000 -4000 -6000  kHz
Figure 3.4. 2Bi SSNMR spectra of bismuth acetate at a) 21.1 T
and b) 9.4 T+ indicatesatellite transitions.
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We note that thé, is similar to that of the BiOX series, despite th&tinct Bi
chemistry; this can be attributed, in part, toldrge errors associated with the
measurement af,.. There are very few reports of bismuth chemibétsin the
literature available for comparison to our datasidé from several studies ¥fBi Knight
shifts 2242729 2098j chemical shifts have only been reported for gmesuch as the highly
symmetric BiFg anion in aceton®,aqueous solutions of bismuth salts, and the
[Bi(H,O)]** cation formed in solutions of Bi(N{} in concentrated nitric acfd. Since
the chemical shifts presented herein representtjerity of bismuth chemical shifts
reported in the literature, it is difficult to conemt further at this time. It is possible that
Bi may have a chemical shift range similar to thfaantimony, which has been estimated

at ca. 3500 pprff.

3.3.2 Theoretical Calculations of *°Bi EFG and CS Tensors.

An appreciation of the relationships between sstatte structures and bismuth
NMR interaction tensors will be crucial for makifigure structural interpretations for
the multitude of Bi-containing materials. To deyeh basis for understanding these
relationships, we have conducted ab initio calonet of the’*Bi EFG tensors for all of
the systems discussed above, as well'Bs CS tensors for the BiOX series. In this
section, we present an examination of the prin@patponents and tensor orientations
with respect to the molecular coordinates.

CASTEP Calculations for the BiOX SerigSompounds in the BiOX series

crystallize in a tetragonal unit cell with tRd/nmmspace groug?>° Their structures
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consist of metal-oxygen layers separated by twinlé@aheets (Scheme 3.1). The bismuth
atoms are located on special positions, i/@pmdand are coordinated by four oxygen
atoms and four halide atoms. Due to the periodafithese structures, CASTEP
softwaré® was used to calculate tffBi EFG parameters. The calcula@gls
(Table 3.2) are consistently lower than the expenital values, and valuesgf are
axially symmetric in all cases. The disagreemeivben experimental and theoretical
Cq's may arise from either the nature of the Bi psgadential (a full investigation of
which is beyond the scope of this thesis) or thgreke of uncertainty in the
experimentally measured and theoretically calcdl&®i nuclear quadrupole moments.
Bieron and Pyykko have pointed out that valueQ@f*Bi) have been put forward that
range from-370 to-710 mb?* with the most likely candidates bein§70(26) mB>"°
and-500(80) mb™ It is clear from the results for the BiOX spedf&able 3.2), and also
for the molecular Bi species (vide infra), thatiagsy variation in the magnitude of
Q(*Bi) could certainly lead to better agreement in sarases, while simultaneously
diminishing agreement in others. In this work, veeve elected to utiliz&(**Bi) = -370
mb (0.37 x 162 n?) for all of our conversions from a.u. to MHz, sinihere are
numerous reports @(**°Bi) close to this value, and since this providegarmity in our
comparisons of experimental and theoretical dBkanetheless, the experimental trend of
increasing values @, in the series X = |, Br, Cl is replicated.

The CS tensor parameters have also been calcidattdte BiOX series
(Table 3.3). We do not report the theoreticalrigoic chemical shifts, as a reliable

computational reference standard has yet to bélestad.
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Table 3.2. Comparison of the experimental and CASTEBi EFG tensor parameters of the BiOX series.

vV, /a.u. V,,/a.u. Vg, /a.u. Co(*"Bi)/MHz* Mo
BiOl Exp. - e 91(3) 0
BiOI Cal. 0.3381 0.3381 -0.6763 58.8 0
BiOBr Exp. - e e 122(3) 0
BiOBr Cal. 0.6067 0.6067 -1.2133 105. 0
BiOCI Exp. - e 153(3) 0
BiOCI Cal 0.7402 0.7402 -1.4805 128.7 0

Theoretical values doE, (C, = eQV,y/h) are calculated by converting from atomic unitsioby multiplyingV,; by €Q/h)(9.7177 x 18"V m?),
whereQ(**Bi) = -0.37 x 1G° n?. The absolute values of the experime@is are reported, while theoretical values are regabwith the calculated
signs.

Table 3.3. Comparison of the experimental and CAST#Bi CS tensor parameters of the BiOX series.

o./ppm  oylppm o /ppm o /ppnt  Q/ppn? K a/deg  p/deg  y/deg
BiOl Exp. === s e e 1100(200) 0.8(2) 0 0 0
BiOI Cal. 6279.21  6279.21  7430.62 6663 1151 1 0 0 0
BiOBr EXp.  ---—-  —eeem e e 2000(300) 0.9(1) 0 2(2) 0
BiOBr Cal.  5689.54  5689.54  6766.67 6049 1077 1 0 0 0
BiOCI Exp. - === e e 3000(500) 0.9(1) 0 3(3) 0
BiOCICal.  5699.3 5699.3 6799.32 6066 1100 1 0 0 0

30 o, = (0 +0, +039)/3;°SpanQ =04, -0, © Skew: K = 3
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The theoretical span for BiOl matches very wellhwekperimental data, while those for
BiOBr and BiOCI are overestimated. In all casks,liismuth CS tensors are predicted to
be axially symmetric, in good agreement with expent. The largest component of the
EFG tensory,,, is aligned along the axis of the unit cell, as expected (Figure 3.8aj)
theV,, andV,, are consistently oriented along the Bibonds; however, given that thg

= 0, the precise orientations \¢f, andV,, are not terribly relevant in this case.

T |
Vs is 1 to plane Vi I3, is 1 to plane

n

V3 is L to plane V5 is L to plane
Figure 3.5. a)?Bi EFG tensor orientations in a) BiOX series, bjNED,),-5H,0
¢) [Bi(H,0)J(OTf), and d) Bi(CHCO,)..

Furthermore, the most shielded component of thée@Sor 9., is found to be collinear
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with V,,, and the associated Euler angles are in excelgmeement with experiment.

Gaussian 03 Calculations for the Molecular Secies. Calculations of thé*Bi
EFG tensors on the nonperiodic, molecular systears werformed using Gaussiarr'03
software. The basis sets and methods which are in best agreemth the experiment
are discussed separately for each system. Litdeess was achieved with calculations of
209Bi CS tensors on these species, and hence thests @® not discussed at this time.

Both the RHF and B3LYP methods overestimate theesbfC,, for
Bi(NO,),-5H,0 (Table 3.4); however, the B3LYP method prediaaaxially
symmetric tensor, in agreement with experimente discrepancy between the
experimental and theoretically calculatégmay be due to longer range interactions
which were not accounted for in the calculationg@ssibly deficiencies in the Bi basis
sets. The EFG tensor has an unusual orientatidim My, oriented near the molecular
pseudo-threefold axis, and the distinct componéntpointing approximately in the
direction of one of the bidentate ligandgN-Bi-V,,) = 18.4° Figure 3.5b).

As for Bi(NO;),-5H,0, the calculations on [Bi(}®),](OTf), using the B3LYP
method with(333333/33333/333/3) and 6-31G* basis sets yigJdndn, values in good
agreement with the experimental values, suggethiigthe Bi basis set may indeed be
suitable for such calculations, and/or that longeige influences on tH&Bi EFG tensor

are less significant in this molecule.
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Table 3.4.Comparison of the experimental and Gaus&i#i EFG tensor parametets.

Method Basis sets vV, la.u. V,,/a.u. Vg, /a.u. Co®*Bi)IMHz® g
(Bi, other atomg)
Bi(NO,);-5H,0
Experimental - - e e 78.6(8) 0.66(2)
RHF A, 6-31G* -0.5317 -0.5654 1.0972 -954 0.03
RHF B, 6-31G* -0.5362 -0.5815 1.1178 -97.2 0.04
RHF A, 6-311G** -0.561 -0.5933 1.1544 -100.4 0.03
B3LYP A, 6-31G* -0.172 -0.9953 1.1674 -101.5 0.7
B3LYP A, 6-311G** -0.2088 -1.03 1.2388 -107.7 0.66
[Bi(H ;0)](OTH) 5
Experimental - a0 e e 90(1) 0.01(1)
RHF A, 6-31G* 0.3997 0.403 -0.8027 69.8 0
RHF A, 6-311G** 0.3925 0.3955 -0.7881 68.5 0
B3LYP A, 6-31G* 0.4692 0.4782 -0.9474 82.4 0
B3LYP A, 6-311G** 0.4584 0.4664 -0.9248 80.4 0
Bi(CH,CO,),
Experimental - - e e 256(10) 0.30(6)
RHF A, 6-31G* -0.3146 -0.9511 1.2658 -110.0 0.5
RHF A, 6-311G** -0.3959 -0.968 1.3639 -118.6 0.42
RHF A, 6-31G* -1.269 -1.8692 3.1383 -272.8 0.19
RHF A, 6-311G** -1.3431 -1.8929 3.2361 -281.3 0.17
B3LYP® A, 6-31G* -0.9307 -1.1102 2.041 -177.4 0.09
B3LYP® A, 6-311G** -0.992 -1.1195 2.1115 -183.6 0.06
RHF A, 6-31G* -1.1677 -1.7945 2.9622 -257.5 0.21
RHF A, 6-311G** -1.2365 -1.7755 3.012 -261.9 0.18
B3LYP A, 6-31G* -0.8791 -1.1977 2.0768 -180.6 0.15
B3LYP A, 6-311G** -0.9341 -1.1875 2.1217 -184.4 0.12

aDefinitions of parameters are given in Table 82and B denote the basis sets (333333/33333/32aB8)432222/42222/422/4), respectivelyThe absolute values

of the experimentaC,'s are reported while the theoretical values aperied with the calculated sigfiCalculations conducted on a cluster consisting sihgle
bismuth atom and coordinated acetate ligands (Ei§u8.7a).¢ Calculations conducted on a cluster consistintpiefe bismuth atoms and nine acetate ligands
(Figure A.3.7b)f Calculations conducted on a cluster consistingeon bismuth atoms with eighteen acetate ligafidsife A.3.7¢).
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V,, is the unique component of the EFG tensor andésni@d along th€, axis (Figure
3.5c), akin to the orientations of metal EFG teasnrCo(acag)and Al(acac)’®"® V,,
andV,, are identical, as indicated gy = 0.

For Bi(CH,CQ,),, calculations performed on small clusters (i.euctural units
with one bismuth atom and coordinated acetate digasee Figure A.3.7) yield values of
Co andn,, that are in poor agreement with experiment. Shismuth acetate has a
polymeric structuré® a larger cluster consisting of three bismuth atants nine acetate
ligands was used. For this larger cluster, the R&lEulations predidC, andn, values
in good agreement with experiment, and furtheraasing the size of the structural unit
to include seven bismuth atoms and eighteen adejated produces even better
agreement. These data are much better than tfaysesimilar B3LYP calculations;
however, it is unclear why the RHF calculationssuperior in this instance. The RHF
calculation, performed on the largest structura with the RHF method and the
(333333/33333/333/3) and 6-31G* basis sets (Tallg Bredicts a nearly axially
symmetric tensor, with the distingt,; component oriented close to the shortestBi

bond ¢ (V,;;-Bi-0) = 159) (Figure 3.5d).

3.4 Conclusions

This is the first detailed account of solid-st&f8i NMR spectroscopy of broad
central and satellite transition powder patteriAgequency-stepped techniques have been
shown to be very useful for the acquisition of ertely broad®Bi NMR patterns.

Acquisition of?*Bi NMR spectra at 9.4 T is possible, but is presticto become
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increasingly inconvenient for the many systems \tger values o€,(**Bi). However,
acquisition of*Bi NMR spectra at 21.1 T is much more rapid andughenable the
investigation of an enormous array of Bi-containmaterials and compounds, providing
both quadrupolar and chemical shift data. Foregmély largeC,'s, it is possible that
209Bi SSNMR at 21.1 T or higher may be utilized to @iogg UW “histogram” spectrato
provide rough estimates of quadrupolar parametteeseby improving the efficiency of
complementary®Bi NQR experiments, which can then be conductaéfioe these
parameters in very short time frames as we showetthé bismuth acetate sample.
The?*Bi quadrupolar interaction dominates the shapesamadths of the NMR
patterns; however, extraction of the quadrupolaapaters is relatively straightforward,
even in cases where there is overlap between th@@1STs. The quadrupolar
parameters and (to a lesser degree) isotropic claéshifts reflect the geometry,
symmetry, and coordination environment of the bignatom. Theoretical calculations
of the?®Bi EFG and CS tensor parameters are in reasonably agreement with the
experimental values and will help in structuraldacdons for which crystallographic data
are not available. Clearly, our work suggests sloate further effort is required on the
development of suitable basis sets for bismuthyedsas on the refinement of the value
of Q(**Bi). Finally, the*®Bi EFG and CS tensor orientations within the atomic
coordinate systems/molecular frames provide us avgharting point for the
rationalization of the origin of these tensors #mar correlations to molecular structure
and symmetry. We hope that this work encourageseft?Bi NMR and NQR studies

on the ever expanding catalog of Bi-containingeayst.
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Chapter 4

Solid-State *‘Ba NM R Spectroscopy: An Experimental and
Theoretical Investigation of **’Ba Electric Field Gradient
Tensorsand Ther Relation to Structure and Symmetry

4.1 Introduction

The number of solid-state NMR (SSNMR) studies oadyupolar nuclei
continues to grow due to the development of newgsakguences, improvements in
NMR hardware and the ever-increasing availabilftiN®MR spectrometers with ultrahigh
magnetic fields. There is burgeoning intereshm¢haracterization of structure and
dynamics at the molecular/atomic level from thespective of quadrupolar nuclei, since
they account for approximately 73% of the NMR-aethuclei in the periodic table, and
are present in innumerable materials. Many quadanmuclei are difficult to study by
routine NMR methods, since they may have large qumadar interactions which result in
immense spectral breadths, presenting challengédmth uniform excitation and
detection and acquisition of high signal-to-noiS&\) NMR spectra. A variety of
techniques have been developed for the rapid diotbet acquisition of quadrupolar-
dominated powder patterfié. Recently, much work has been dedicated to theN&SN
spectroscopy of unreceptive quadrupolar nuclei,(ERy, **1, 2°Bi, *3n, *Ge, "N, *S,
8’Sr,*Mg, “*Ca etc.y,*® which are defined as nuclei which may have lowogyagnetic
ratios, low natural abundances, broad anisotrogitems, long relaxation times, or
combinations of these characteristics. Theseesuave shown that such SSNMR

spectra can provide rich structural informationdorariety of materials; however,
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numerous challenges exist in acquiring broad powdéerns of high quality for
inherently unreceptive nuclei.

Barium has two NMR-active isotopeéBa and'*Ba, both of which are
classified as unreceptive. Both have nuclear gpii3$2, large nuclear electric
quadrupole moment€)(= 24.5 and 16.0 finrespectivelyf’ small gyromagnetic ratios
(2.9930 x 10and 2.6755 x 10rad T's?, respectively) and low natural abundances
(11.3% and 6.6%, respectivef)). The combination of these properties renders the
routine acquisition of barium NMR spectra very idiflt. Despite the fact thatBa has a
smaller quadrupole moment’Ba NMR is more commonly applied due to its higher
receptivity (i.e., with respect to carbdd$(**'Ba) = 4.62 and“(**Ba) = 1.93). In spite
of the inherent difficulties encountered'#Ba NMR experiments, the resulting spectra
can be very useful for probing the chemical enviments of different barium sites, and a
significant amount of information on structure atyhamics at the molecular level can be
obtained. In particular, the quadrupolar inte@activhich is manifested in the central
transition (+¥2- -1%) of*’Ba SSNMR spectra is very diagnostic. The quadarpol
interaction results from coupling of the nucleaadupole moment to the electric field
gradient (EFG) at the nuclear origin. The EFGsdascribed by a symmetric, traceless,
second-rank (3 x 3) tensor with three principal ponents defined such that
Vasl > M,y = Vyy|l. The nuclear quadrupolar coupling const@gt= eQV.,y/h, and the
asymmetry parametetg, = (V;, - V,,)/Va,, are sensitive to both major and minor structural
changes, providing information on the spherical axidl symmetry, respectively, of the

ground state electronic environments at the Ba.site
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13’Ba SSNMR experiments could increase our understgrafithe numerous
barium-containing systems important in differenplagations such as glass
manufacturing, well-drilling fluids, emulsificatioof liquids, NO storage and the
development of ultrasonic and electronic devicés.Notably,**’Ba SSNMR may be
especially valuable for characterization of materiar which crystal structures are
unavailable or unobtainable (i.e., disordered sokaib-microcrystalline powders, etc.).
However, of the relatively fed?’Ba SSNMR studies reported to date, most have facuse
on systems in which the barium sites exist in Sph#y symmetric environments, such
as in BaG? BaTiO,;,*>?° BaZrQ,*® YBa,Cu,0,** and BaSr,, TiO; (0 < x <1),* which
have small quadrupolar interactions and correspgglinarrow pattern€?’ MacKenzie
et al. reported th&'Ba NMR spectra of several barium-containing systaougiired
under conditions of magic-angle spinning (MASyvhich were challenging to acquire
due to the wide powder pattern breadths. Recestiirjsno et al. demonstrated the
utility of ¥"1¥Ba SSNMR experiments in probing the barium envirentinf-barium
borate®®

The problems associated with acquiring high 8/Bla SSNMR spectra can be
solved in part by the use of ultrahigh magnetitdfs&rength spectrometers (i.e., 21.1 T)
and/or the use of specialized SSNMR techniques asithe quadrupolar Carr-Purcell
Meiboom-Gill (QCPMG) pulse sequen¥end the recently reported Wideband Uniform
Rate Smooth Truncation (WURST)-QCPMG sequefiéeln addition, high S/N ultra-
wideline (UW) NMR spectra (i.e., ranging from 30x«to several MHz in breadth) can

be rapidly acquired using stepwise (or piecewisedhmds®***>3"* Individual sub-spectra
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with limited excitation bandwidths are acquiredsbgpping the transmitter frequency in
even increments at a constant field strength, laed to-added or projected to obtain the
total UWNMR pattern. The acquisition of such spgcian be very time consuming, and
this is further exacerbated for nuclei lik&Ba, which has both a low natural abundance
and low gyromagnetic ratio. However, the comboratf the WURST-QCPMG pulse
sequence and piecewise acquisitions at ultrahigineta fields should enable the
acquisition of high quality spectra.

In this work, we present the first systematiBa SSNMR study of a series of
barium-containing species using a combination edidiency-stepped NMR techniques
and the WURST-QCPMG pulse sequence. FfBa NMR spectra of six barium-
containing compounds, including barium nitrate jlbrarcarbonate, barium chlorate
monohydrate, barium chloride, barium chloride diilayd and barium hydrogen
phosphate, have been acquired at two differertt figkengths (9.4 T and 21.1 T), and
anisotropic quadrupolar and chemical shift tenssameters obtained via spectral
analysis are presented. In addition, experimet#tl are complemented by a series of
theoreticaf*Ba EFG tensors, calculated using plane-wave CASTiEfRods? in order
to draw correlations between the experimental NMRameters, the calculated NMR

tensors and the local Ba environments.

4.2 Experimental Details
Samples of barium nitrate (Ba(N)g), barium carbonate (BaGY) barium chlorate

monohydrate (Ba(Clg,-H,0), barium chloride dihydrate (Baf22H,0), anhydrous
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barium chloride (BaG) and barium hydrogen phosphate (BaHR@ere purchased from
Sigma-Aldrich and their identities were confirmesing powder X-ray diffraction (XRD)
(Figures B.4.1- B.4.6, Appendix B). Powder X-raffrdction data were collected on a
Bruker Apex 2 Kappa diffractometer at room tempa®tusing graphite

monochromatized M&o radiation £ = 0.71073 A).

4.2.1 Solid-State NMR.

13’Ba SSNMR experiments were performed on a VarianitgfPlus spectrometer
at the University of Windsor equipped with a 9.4/J(*H) = 399.73 MHz) Oxford wide-
bore magnetv(**'Ba) = 44.422 MHz) and a 21.1 ¥,(*H) = 900.08 MHz) Bruker
Avance |l spectrometer(**'Ba) = 100.02 MHz) at the National Ultrahigh-Fielt/IR
Facility for Solids in Ottawa, Canada. In mostesagthe NMR powder patterns were
much wider than the excitation bandwidth achievakith a standard high power
rectangular pulse; hence, spectra were acquireteipping the transmitter frequency
across the entire central transition (CT) powdétgpa in even increments, collecting the
individual sub-spectra, and co-adding them to ftentotal patterti*? (see Tables B.4.1,
B.4.2 in Appendix B for full experimental detailsigarium chemical shifts were
referenced to a 1 M aqueous solution of B4, = 0.0 ppm)*? Analytical simulations
of *'Ba NMR spectra were performed using WSoffdiShe uncertainties in the NMR
tensor parameters were determined by visual cosganf the experimental and
simulated spectra, and bidirectional variationinfke parameters from their values

corresponding to the best fit.
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Experimentsat 9.4 T. Samples were finely ground and packed into efh@am
0.d. zirconium oxide MAS rotors or 5 mm glass NMRés. *’Ba NMR spectra were
acquired using either a Varian 5 mm double-resom@AX) static probe or a Varian 5
mm triple-resonance (HXY) MAS probe. All spectrare collected using the WURST-
QCPMG pulse sequenée®” WURST-80 pulse shapgésvere used with a 50 ps
WURST pulse length, and swept at a rate of 10 dvi#a/ms with an offset of either
250 or 1000 kHz and an rf power of 28 kHz. The hanof echoes ranged between 40
and 160, depending on the transverse relaxatioractagistics of*'Ba in each sample.
A spectral width of either 500 or 800 kHz and atirazed recycle delay of 0.1 s were
used. The frequency step size was set betweearkd00 kHz, in order to ensure
uniform excitation. Further experimental details given in Table B.4.1. High-power
proton decoupling was tested for all proton-contajrsamplesy(*H) = 35 kHz); the
only differences were observed for barium chloddeydrate (vide infra).

Experimentsat 21.1 T. Samples were ground and packed into 7 mm o.d.
zirconium oxide rotors*'Ba NMR spectra were acquired with a 7 mm statibenasing
the frequency-stepped techniques outlined abowb,avsolid-echo pulse sequence of the
form (n/2),-1,-(n/2),-1,-acq, where the, andr, represent interpulse delays. Experiments
were conducted with a selectiw® pulse width of 4 ps/( = 31 kHz), spectral widths
between 250 kHz and 1 MHz, calibrated recycle debmtween 0.2 s and 0.5 s and
transmitter frequency offsets of 100 kHz. Furtbeperimental details are given in
Table B.4.2. In the case of the barium hydrogessphate sample, th&Ba NMR

spectrum was collected using the WURST-QCPMG psesgiencé>?’ WURST-80
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pulse shapéswith a 50 ps WURST pulse length, swept at a ra@dviHz/ms, a sweep
width of 1000 kHz and rf power of 6 kHz were us@ithe number of echoes was set to

96. A spectral width of 1000 kHz and recycle ded&@.2 s were used.

4.2.2 Computational methods.

13'Ba EFG and CS tensor parameters were calculatedl fetructures. Ab initio
plane-wave density functional theory (DFT) calcwalas were performed using the
CASTEP NMR prograffi“®in the Materials Studio 4.3 environment on a HRI£00
workstation with a single Intel Dual-Core 2.67 Gptpcessor and 8 GB DDR RAM.
Ultrasoft pseudopotentials were usedf@a EFG calculations with a plane wave basis
set cut-off of 550 eV in a fine accuracy basisvgét the Monkhorst-Pack-space grid
sizes of 4x4x4, 5x3x4, 3x3%x3, 4x2x4, 3x3x5, 4xlorlblarium nitrate, barium
carbonate, barium chlorate monohydrate, bariumrcdalihydrate, anhydrous barium
chloride and barium hydrogen phosphate, respegtivEhe Perdew, Burke and
Ernzerhof (PBE) functionals were used in the gdira@ gradient approximation (GGA)
for the exchange-correlation enef§y’ The magnetic shielding tensors f&Ba were
calculated in a fine accuracy basis set using tbggtor augmented-wave method
(GIPAW) implemented in the CASTEP cotfé¢? Relativistic effects are included in
CASTEP calculations at the level of the scalartraktic zeroth-order regular
approximation (ZORAJ° The chemical shifts were calculated usipgsample) -
5. (ref) =o (ref) - o (sample) wheré, (ref) andos, (ref) are the*’Ba experimental

chemical shift (279 pprand the calculated chemical shielding (5262.28 )ppim
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BaZrQ,, respectively. The CIF crystal structure fileedign the calculations were
obtained from the literatufé>® Proton positions were geometry optimized onlthia
case of barium hydrogen phosphate, since the stagctitilized in the calculations for
barium chloride dihydrate and barium chlorate mguaoaite were determined from

neutron diffraction experiments.

4.3 Results and Discussion

4.3.1 Solid-State ¥'Ba NMR. In this section, we discuss tHéBa SSNMR data
for a series of systems in which the Ba atomsradistinct coordination environments.
The NMR spectra were acquired at two different negigrfield strengths to enable
accurate deconvolution of the contributions ofgeeond-order quadrupolar interaction
and the barium chemical shift anisotropy (CSA).e Bxperimentally measurézl’s
range from 7.0 to 28.8 MHz (Table 4.1), with cehtransition powder pattern breadths
ranging from 145 kHz to 4.0 MHz at 9.4 T.

Barium Nitrate. Using the WURST-QCPMG pulse sequefidie NMR pattern
of barium nitrate was acquired very rapidly in gt experiment (11 minutes at 9.4 T
with a breadth of 145 kHz, Figure 4.1). Analytisahulation of the spectrum reveals a
single barium site, which is consistent with thewn crystal structures:°>*® TheC, is
7.0 MHz, in agreement with that measured by WemwhWeiss from &'Ba single-
crystal NMR experiment. This value is the smallest among the samplesisisa
herein (Table 4.1), likely due to the high sphdrsgganmetry around the barium atom

resulting from coordination to the twelve oxygeamas of the nitrate groups arranged in a
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distorted cuboctahedron (Scheme 4°t&).Then,is 0, indicating the axially symmetric
electronic environment at the barium site (fhgcomponent of the EFG tensor is the

unique component and is therefore positioned albadhreefold rotational axis of the

molecule).

2117

Simulation J L

Experimental J \

60 40 20 0 -20 -40 -60 -80 kHz
94T
Simulation
Experimental
150 100 50 0 -50 -100 -150 kHz

Figure 4.1 “*'Ba static SSNMR spectra of barium nitrate at two
different magnetic field strengths.
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Table4.1. Summary of the experimentdlBa NMR parameters.

ICo(®Ba)l 1o S /ppnt  Q/ppnt K® o/ded P/deg y/deg

/MHZz?
Ba(NO,), 7.0(1) 0.01(1)  -42(8) 25(20) 0.8(2) 4I)2 10(25) --—-
BaCQ, 17.4(6) 0.33(4) 50(200) 150(150) 0.5(5) ----- —— e
Ba(CIG),,H,O0  25.4(6) 0.48(4) 0(200) 200(100)}0.8(2) - === -
BaCl-2H,0 28.8(3) 0.94(2) 150(100) 150(150) -0.5(5) - - -
BaCl, 28.7(3) 0.81(2) 200(200) 400(300) 0.5(5) - - - -

BaHPQ sitel 15.5(1.0) 0.85(4) -120(60)  ----—- - - —— -
BaHPQ site 2 22.5(1.0) 0.82(4) 0(200) - e e mme= mmem-
*Cq =€QVadh; Png = (Vi — Vop)/Vaz, “8iss = B +82 +853)/3;9Q =855 ~ 83 °k = 30, — 8i50)/Q..
f Conventions for the Euler angles are describebenVSolids software package

a) E b) c) ; _ : d)
e) f) g)

Scheme 4.1. The coordination environments of the barium atomes) barium nitrate,
b) barium carbonate, c) barium chlorate monohyddjtearium chloride dihydrate,
e) anhydrous barium chloride, f) barium hydrogbngphate, site 1 and g) barium
hydrogen phosphate, site2

‘ ¥

/.

This agrees with the earlier assumptions of WeatshWeiss, who assigned (but did not
measure) an,, of 0 due to the molecular symmetry. The highdfighectrum allows for

the measurement of the barium CSA parameters @gud & B.4.7); however, the span
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(Q) of the CS tensor is rather small, and represeotmtribution of only 4 % of the total
breadth of the CT pattern. This indicates thatieate measurement of barium CS tensor
parameters will be more challenging for complexéh Varger values o€,, where the

CT patterns are dominated by second-order quacaupohtributions.

Barium Carbonate. A static’*Ba SSNMR spectrum of barium carbonate was
previously obtained by Bastow, who reported anesrély long acquisition time (21 days
at 9.4 T using the stepwise echo technidtia) spite of the large sample size that was
used (i.e., in a 10 mm transverse coil). Our spativas obtained by collecting fifteen
and seven sub-spectra at 9.4 T and 21.1 T, resphcttotal experimental times were
only 6.8 hours and 2.4 hours for the whole pattetrs4 T and 21.1 T, Figure 4.2).
Simulations of both high- and low-field spectragaVNMR parameters identical to those
obtained by Bastow. Thg, is much larger than that of the nitrate sampleesthe nine
coordinating oxygen atoms (Scheme 4.1b) are positicuch that there is great variation
in the Ba-O distances, and give rise to a non-sdr symmetric environment about the
Ba centre? In addition, the Ba-O distances are shorter énctrbonate than in the
nitrate, which may also augment the magnitud€of The value ofy, indicates thaV,
is the distinct component of the EFG tensor andilshioe oriented either along/within or
perpendicular to a molecular symmetry element élea single mirror plane in this unit,
which must also contain one ¥f; orV,,). The slightly different values &f,; andV,,

(and non-zerg,) correspond to the absence of a threefold (ordmjgiotational
symmetry axis. The barium CSA contribution is vemyall and its effect on the NMR

spectra at both fields is negligible. This is ¢gonéd by the ratio of the CT pattern
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breadths at 9.4 T and 21.1 T, which is ca. 2.1dirie the CT pattern breadths scale as
the inverse of the external magnetic field, itlesac that the second order quadrupolar

interaction is dominant.

211 T

Simulation

Experimental

800 600 400 200 0 -200 -400 -600 -800 kHz

94T

Simulation

Experimental

600 400 200 0 200 -400 600  -800 KHz
Figure4.2. ®'Ba static SSNMR spectra of barium carbonate at two
different magnetic field strengths.
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It is also interesting to note that the shapef®f@T powder patterns indicate some
degree of disorder in the sample (the same phenamsrobserved in the spectrum
reported by Bastow), since they do not have the&ygharp discontinuities associated
with highly crystalline samples. This is not susprg, since carbonates are known to
readily absorb water from the air. The presenceaiér in the sample was confirmed via
'H MAS NMR experiments (Figures B.4.8, B.4.9).

Barium Chlorate Monohydrate. The!*’Ba quadrupolar parameters of barium
chlorate monohydrate were obtained by NakamuraEadiya from the Zeeman
splittings of'**Ba and**’Ba nuclei in a single crystal by using the protigmal
enhancement caused by the frequency crossing,gf*Ba or**'Ba ) withv,(*H); a
directly excited NQR signal was not obserfed’he low natural abundances'df=Ba
make these types of NQR experiments challengindjasra result, large sample sizes
(i.e., on the order of 5 to 30 g) are traditionaitifized ***?rendering these experiments
impractical for cases in which sample sizes arddi

We were able to obtain th&Ba SSNMR spectra at two different magnetic fields.
The spectrum acquired at 9.4 T shows overlap betwéga and®™Cl/*’Cl powder
patterns,(***'Cl) = 39.260 and 32.680 MHz, Figure 4.3). P& EFG parameters
were previously measured by NQR spectrosc@Ry~58.687 MHz andj, = 0.027)>*%
Using these parameters, analytical simulationsaieat the**Cl and®*'ClI NMR pattern
breadths exceed 30 MHz, and result in the obsesvedap; unfortunately, it is very
difficult to obtain a precise fit of the overlappipatterns (Figure B.4.10). Due to the

much higher natural abundance of chlorine ( n.2565% and 24.5% forCl and®*Cl,
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respectively), as well as the differenceTircharacteristics betweé#iBa and®™”™Cl, the

137Ba signal in the low frequency side of the patisrabstructed by th&*Cl signals.

211 T

Simulation

Experimental

1000 500 0 -500 -1000 kHz

94T

Simulation

Experimental

1000 500 0 -5 1000 1500

Figure 4.3 . ®'Ba static SSNMR spectra of barium chlorate mon(mﬁjat
two different magnetic field strengths. Overlaptvizeen thé°Cl CT and

3Cl satellite transition (ST) with thé'Ba spectrum is observed at 9.4 T.
#: denote portions of thé’Ba STs. The small distortions in the right-most
“shoulders” of each simulated spectrum are artefagsing from a limited
number of angles in the total powder average.
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However, theé*Ba NMR spectrum acquired at 21.1 T displays no swehmlap, since the
13Ba and®*Cl Larmor frequencies are further apaft**'Cl) = 88.125 and 73.356 MHz,
and the CT pattern breadths scale as the inveiBg(tifough traces of interference from
the*’Ba satellite transitions are observed). The baiamin this site is surrounded by
one water oxygen and ten other oxygen atoms frdfareint chlorate groups. The
largerC, compared to that of the previous two samples éstduurther reduction of
spherical symmetry at the barium site. The shbBasO bond of 2.731 A is to the lone
water molecule in the arrangement of eleven oxyjems (the other ten Ba-O distances
range from 2.790 to 3.004 A). Tihg = 0.48 indicates that,; is the distinct component
of the EFG tensor, which is likely oriented alohg twofold rotational axis of molecule,
which includes the lone Ba-Qt#ond (Scheme 1¢}.

Dihydrate and Anhydrous Forms of Barium Chloride. The®*Ba quadrupolar
parameters of barium chloride dihydrate were presfpobtained from NQR
experiments on single crystaand polycrystalline samplés.In the former case, the
extraction of the quadrupolar parameters was caaigd by crystal twinning, while in
the latter case, a very large amount of crystaia@ple was used (i.e., 25 g) in order to
obtain the signal (again, this can be inconveragiatimpractical in many situations
where sample sizes are limited). In contrast,'8§Ba SSNMR spectra were obtained at
9.4 T and 21.1 T using a small amount of a powdsagdple (i.e., 0.2 g). Simulations of
the spectra (Figure 4.4) reveal a single barium gitagreement with the crystal
structure?® TheC, value is similar to that obtained from NQR; howetken, value of

0.78(14) is different®®” Then,, value obtained from our NMR experiments is likely
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more accurate, since the previously reporigdalue was estimated from calculations
and quadrupolar parameters of analogous systemsy@rdirectly measured in the NQR
experiments (NQR experiments on spin-3/2 nuclenaloreadily permit determination of
no."® unless special techniques are applféd).The barium atom is coordinated to four
oxygen and five chlorine atoms (Scheme 4.1d), 8dakO bond distances varying from
2.844 to 2.887 A, and Ba-Cl distances varying f@81 to 3.340 &° The chlorine and
oxygen atoms are arranged such that no simple gdaoal@ssignments of shape can be
made; in fact, the arrangement of atoms has besmsrided “approximately as a square
antiprism with one square face enlarged to acconatedtthe fifth Clion.”™® The
complete absence of spherical/platonic symmetnypleal with the different Ba-O and
Ba-Cl distances and distinct electronic charadies®f the Cl and O atoms give rise to
the largesC, observed in this series. Since thgs close to 1.0, it is known th¥t, is

the distinct component, and), andV,; are very similar in magnitude. However, due to
the absence of any symmetry elements, it is diffttumake any postulations regarding
the orientation of the EFG tensor components.

The'*’Ba SSNMR spectra of the anhydrous form at botlli¢Figure 4.4)
indicate a single barium site, consistent withahestal structuré€> Simulations of these
spectra reveal NMR parameters similar to thoséeflihydrate sample. The barium
atom in this case has a ninefold coordination torale atoms forming a three-face
centred trigonal prism (Scheme 1e), and the Bae@tldistances vary from 3.063 to
3.544 A% Due to the difference between the barium chenginaironments in the

anhydrous and dihydrate samples and the much IBay€} distances in the former, it is
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difficult to qualitatively rationalize the similayi of theC, values (though certainly, the
aspherical environment yields a lai@g). Again, then, value of the anhydrous form
indicates thaV, is the distinct component; however, in this céisey,; must be

oriented perpendicular to the mirror plane si¥gge= V..

2117

Simulation

Experimental

1000 500 0 500 ~1000 1500 kHz 1000 500 0 500 “1000 “1500 kHz

94T

Simulation
Experime

1000 0 -1000 -2000 -3000 kHz 2000 1000 0 -1000 -2000 -3000 kHz

Figure 4.4. *'Ba static SSNMR spectra of barium chloride dihyel#ft) and
anhydrous barium chloride (right) at two differemagnetic field strengths. *: indicates
interferences from an FM radio frequency.

It would be very difficult to differentiate the Bstes in the anhydrous and
dihydrate forms based on the value€gfandn, alone. However, there is a large
difference in their transverse relaxation timigg¢,*’Ba), which are measured from the
QCPMG echo trains. THE, is much longer in the anhydrous form (13.2 £ 59) than

in the dihydrate (3.1 £ 2.0 ms). This differencses from the presence of dipolar
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couplings between water protons &#8a nuclei in the dihydrate sample, which serve to
increase the efficiency of transverse relaxatibis; was confirmed by applyirni
decoupling during acquisition, which helps to resltlre dipolar contribution to the
overall transverse relaxatiof,(= 9.6 £ 5.7 ms). In principle, one could diffetiate

these sites in a mixed sample by acquiring QCPM® ¢&@ins of varying lengths.

Barium Hydrogen Phosphate. The acquisitions of thé'Ba SSNMR spectra of
barium hydrogen phosphate were more challengingtth@se of the previous systems,
due to the presence of two overlapping powder pett@-igure 4.5) resulting from two
crystallographically distinct barium sites, as wadIsubstantially reduced transverse
relaxation times (and correspondingly shorter CPikéihs). We were unable to obtain a
full, high S/N powder pattern at 9.4 T; howevehigh quality spectrum was acquired at
21.1 T using the WURST-QCPMG pulse sequence. Whesites have very different
NMR parameters which reflect the difference in tlueiordination environmeritsand
demonstrate the sensitivity of thé8a NMR to the structural differences. The two
barium sites are ninefold (Bal) and tenfold (B&heme 4.1f, g) coordinated by oxygen
atoms, and are assigned to the smaller and l@xgealues, respectively, on the basis of
the higher spherical symmetry of the former (seapmatational section below for further
discussion). The high, values indicate th¥,, is the distinct component of the EFG

tensor in both cases (vide infra).
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Site 1

Site 2

Both sites

Experimental

soo 0 50  -1000 kHz
Figure4.5. *"Ba static SSNMR spectrum of barium hydrogen phosphiad its
simulation at 21.1 T. *: indicates interferencemriran FM radio frequency.

4.3.2 Theoretical calculations of **’Ba EFG and CStensors.

Ab initio calculations were performed in order twrelate thé*'Ba EFG tensors
to the solid-state structure at the barium sifEse development of such correlations is
crucial for future applications 6t’'Ba SSNMR spectroscopy and associated structural
interpretations for many barium-containing systevhgch are disordered or do not have
known crystal structures. Due the periodic natirthe systems herein, CASTEP
software was used for the calculations of the NMiRameters (see computational
methods for details). The results of all of theakeulations are compared to the

experimental values in Tables 4.2 and B.4.3.
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Table 4.2. Comparison of the experimental and CASTEP-caledfdfBa EFG tensor

parameters

V,, (au) V,, (au) Va, (au) Co(**Ba)/MHZ Mg

Ba(NO,), Exp. 7.0(1) 0.01(1)
Ba(NO,), Cal. 0.0464 0.0464 -0.0927 -5.3 0.00
BaCO, Exp. 17.4(6) 0.33(4)
BaCQ, Cal. -0.1241 -0.1385 0.2626 15.1 0.06
Ba(Cl0,),-H,0 Exp. 25.4(6) 0.48(4)
Ba(Cl0,),-H,0 Cal. 0.0629 0.3868 -0.4497 -25.9 0.72
BaCl,-2H,0 Exp. 28.8(3) 0.94(2)
BaCl-2H,0 Cal. 0.0077 0.5490 -0.5567 -32.0 0.97
BaCl, Exp. 28.7(3) 0.81(2)
BaCl, Cal. 0.0301 0.4688 -0.4989 -28.7 0.88
BaHPQ site 1 Exp. 15.5(1.@.85(4)
BaHPQ sitel Cal. 0.0123 0.2625 -0.2748 -15.8 0.91
BaHPQ site 2 Exp. 22.5(1.0).82(4)
BaHPQ site 2 Cal. 0.0882 0.3411 -0.4293 -24.7 0.59

# The signs of experiment@l, values are unknown; signs of theoretically caladavalues oC, are

determined from calculations.

Plotting the experiment&,'s versus the calculated values provides an extelle

linear correlation (Figure 4.6a); however, thisretation is only satisfactory for thg,

values (see Figure 4.6b and discussion below)ceSime anisotropic chemical shift

parameters have a minimal influence on'ff@a CT NMR spectra, it is difficult to make

accurate comparisons of these data and the theadhgttalculated magnetic shielding

tensors; hence, the barium CS tensor parameteat discussed in detail herein (some

preliminary data is summarized in Table B.4.3).

CASTEP calculations were performed on the threferdint structures of barium

nitrate reported in the literatu?&>>*® The best agreement with experiment is obtained

from calculations utilizing coordinates based omiost recently reported structure by

Trounov et al. (Tables 4.2 and B.4.4). While alcalations predict axially symmetric

EFG tensorsn, = 0), theoretically calculated values@f vary with subtle changes in
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molecular structure, demonstrating that even sdigilacements in O positions can lead

to significant changes in the magnitude/gf

a)

N 98]
(&)} o
1 1 1

Experimental C, /MHz
M
o

(&)}
q

b) 5.1&).1;5.2'0.2:5-3%).35
Calculated C/MHz

R =0.980

Experimental ng,

00 02 04 06 08 10

Calculated 1o

Figure4.6. Correlations between the experimental and caiedla
¥’Ba a)C,, and b)n,, values.
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Furthermore, geometry optimization of the structamd the use of varying degrees of
basis set flexibility in the EFG calculations diot mesult in significant variation in the
calculated values @, (Table B.4.4). Itis likely that limitations ité basis set or
density functional may account for discrepancigsvben experimental and calculateg
values, and not long range electrostatic interastisince these are inherently taken into
account in the CASTEP calculations. The largestmmnent of the EFG tensof,,, is
aligned along the threefold rotational axis of thelecule, in accordance with the axial
symmetry of the EFG tensor (Figure 4.7a), and cb@st with our predictions based on

symmetry.

b) Va c) Vs
V,
Vll 22
' Lo
VL plane V), 1L plane
V.
d) e) .
|
cn
o ci2
ciz cI2
Vll O
ci2
[
ci ci cH
ci
€2 p 1 plane V,, L plane

Figure4.7. Theoretically calculatetf’Ba EFG tensor orientations in a) barium nitrate,
b) barium carbonate, c) barium chlorate monohyddjtearium chloride dihydrate and
e) anhydrous barium chloride.
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The calculated, for barium carbonate is in good agreement with the
experimental valueV,,, the distinct component of the EFG tensor, istpmsed within
the crystallographic mirror plane (Figure 4.7b)] &ies close to an approximate plane
formed by four O atoms. The theoretical valugofs 0.06, which indicates that the
EFG tensor is essentially axially symmethg, (= V,,), and thav/,, andV,, aredirected
into similar chemical environments. This is susprgly different from the
experimentally measured tensor, in whi¢handV,, are not similar. We are uncertain of
the origin of this discrepancy; however, given tthieror plane symmetry of the BgO
coordination environment, and the distiNgt andV,, environments indicated by
symmetry and by calculated tensor orientationsbaleve that the experimental value is
far more reliable.

The calculate, value in the barium chlorate monohydrate case excellent
agreement with experiment; however, the calculgtgd slightly higher. In this case, the
discrepancy between the experimental and theokegicaalues may result from the
observation of an “average” or “effectivgy, which results from librational motion of
the water moleculéswhich may alter the magnitude(s)\gf, and/orV,,. As expected,
the largest component of the ERG,;,, is oriented along the Ba;{),, bond ¢ V,,-Ba -O
= 180°), which lies along th€&, rotational axis, with/;; andV,, oriented in different
environments (Figure 4.7c).

Both theC,, andn,, values for barium chloride dihydrate are in gogceament
with experiment. As discussed above, these laaiges ofC,, result from the absence of

any sort of spherical/platonic symmetry about theum centre. In this cas¥,, is the
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distinct component of the EFG tensor, and is ogi@értimost in the center of a distorted
pyramid formed by two Cl1, Ola and O2a atoms,\&jds oriented at an angle with the
plane formed by Ola, O2a, and O2Wg2-Ba-O2b = 67.3% Figure 4.7d). For the
anhydrous system, both tlig andn, values are in excellent agreement with
experimental data. AgaiN,;, is the distinct component, and as predicted,iented
perpendicular to a crystallographic mirror planerfed by one CI2 and two CI1 atoms,
and bisects two separate planes formed by oner@iveo CI2 atoms (Figure 4.7€Y.,,
andV,, are contained within the former plane, with theelaoriented very close (ca. )4
to the shorter in-plane Ba-Cl2 bond. These twoesys have very similar local barium
geometries in terms of atom positions, as evidebgetie similar values dt, and

tensor orientations; however, the dispargi®alues reflect the changing atom identities
(O vs. Cl) and bond lengths.

The calculated values @, andn,, for barium hydrogen phosphate are in very
good agreement with experiment and confirm thegassent of the two sites based on
the NMR data. The nine-coordinate Bal site haystallographic mirror plane which
contains the lone Ba-O-H arrangement of atomsQtla¢doms are arranged in a distorted
monocapped square prismatic environmant.is the distinct component, and is directed
perpendicular to this plan¥;,, andV,; are positioned within the plane, oriented at da. 1
and 103, respectively, from the unique Ba-O(H) bond (Fegdr8a). The Ba2 site isin a
general position with no symmetry elements, andhmawer spherical symmetry than
Bal. V,, is again the distinct component, and is orientedgthe direction of the two

bidentate-bound phosphate groups, Figure 4.8b\i.eBa-R, 4. 0f 1.4 and 7.9). V,,
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andV,, are directed into similar environments comprised shallow pyramid of O
atoms from four monodentate phosphate ligands g¢btfeem is nominally bidentate with

a much lengthier Ba-O bonWy, lies ca. 6.7from this bond).

‘o
)
b

Ba2

Vll
Vs L plane VL plane

Figure4.8. Theoretically calculateti’Ba EFG tensor orientations in BaHPO

4.4 Conclusions

Herein, we have shown that acquisition®Ba ultra-wideline SSNMR spectra of
barium-containing materials is feasible at modeaaie ultrahigh magnetic field
strengths. Using the WURST-QCPMG pulse sequeharg avith frequency-stepped
acquisitions, thé*’Ba NMR spectra can be rapidly acquired with higiohetion and
reasonably good S/N. Furthermore, using ultramglgnetic field strengths,

experimental times can be significantly decrease®(N enhanced) due to the reduction
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in the second-order quadrupolar pattern breadshdtneg from their inverse dependence
on the external magnetic field strength.

The shapes and breadths of tfiBa NMR patterns are dominated by the
quadrupolar interaction. The quadrupolar parareggyandn,, which are extracted
from these spectra are extremely sensitive to dbare of the barium site geometries,
symmetries and coordination environments. TheesbfC, increase in magnitude as
the Ba environments become less spherically synenelheoretical calculations of the
13’Ba EFG tensor parameters are generally in goodkagmet with the experimental
values, and will undoubtedly be helpful in fututeustural predictions for which
crystallographic data are not available. Furtbehis, the”’Ba EFG tensor orientations
provide insight into the origin of these tensord #reir correlations to molecular
structure and symmetry. From this work, we hope'ffBa SSNMR spectroscopy will
continue to be applied to characterize moleculacsire (and potentially dynamics) in a
wide variety of barium-containing systems, aidihgmists and material scientists in

understanding these systems at the molecular level.
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Chapter 5

Solid-State **In NMR Study of L ow-Oxidation State Indium
Complexes

5.1 Introduction

There is increasing interest in exploring new courats with metal elements in
low oxidation states for the synthesis of new gatalor materials precursdrs.
Compounds with metal elements in lower oxidatiates have significantly different
structural features and reactivities than corredpanhigher oxidation state
compounds:?® For group 13 elements, the +3 oxidation statesislly the most stable,
and is commonly involved in complexes behaving esik acids. In contrast,
compounds containing group 13 elements in the tdabwn state are relatively rare, and
can behave either as Lewis bases or Lewis d¢fdm particular, In(l) compounds
exhibit unique behavior and redox properties wiictkke them useful as either reagents
or catalysts used to affect several types of omymansformation&!*** The majority of
In(l) salts are insoluble in most common organiweats! which limits their structural
characterization by routine methods (i.e., singystal X-ray diffraction and solution
NMR).

Indium has two NMR-active isotopés’in and**In, which are quadrupolar nuclei
(both have nuclear spins of 9/2). They both havgd nuclear electric quadrupole
moments Q = 79.9 and 81.0 finrespectively}?> moderate gyromagnetic ratios

(5.8845 x 10and 5.8972 x 10rad T's?, respectively) and natural abundances of 4.3%
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and 95.7%, respectively. Of the two isotopes!in is preferred for NMR due to its
much higher receptivity (i.e., with respect to @arlD(**3n) = 88.5 andD“(**In) =

1.98 x 16); however, its quadrupole moment is the largesiragrall NMR-active
isotopes of the main group elemefitsThe largeQ can lead to sizeable quadrupolar
interactions, resulting in very broad NMR pattewisch are challenging to acquite.

The quadrupolar interaction is the interactionhe&f huclear quadrupole moment with the
electric field gradient (EFG) at the nucleus. H#& is described by a symmetric,
traceless, second-rank (3 x 3) tensor with threeipal components defined such that
Vil > Vo > V;y|. These components provide information abousgieerical and axial
symmetry of the ground state electronic environnagtihe nuclear site through
measurements of the quadrupolar coupling constant,eQV,y/h, and the asymmetry
parameterm, = (Vq; - V,,)/Vs; respectively. Measurements of {fn EFG tensor
components, along with the indium chemical shifiste parameters (which describe the
indium chemical shift anisotropy, CSA) provide ugehformation about the chemical
environments of the indium atoms.

Solution-staté™In NMR spectroscopy has been used to identify diffeindium
sites in a variety of In(lll)-containing systemsdabgh measurements of the isotropic
chemical shifts$,.,.'"?® However, in cases where indium sites are nothighly
spherically symmetric environments, it is ofterfidiflt to observe thé®in NMR signal,
due to fast quadrupolar relaxation in soluttdrMany In(l) compounds are insoluble in
commonly used solvents, limiting the applicatiorsofution-state NMR spectroscopy for

their study.'*In solid-state NMR (SSNMR) is an excellent alteiveafor
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characterization of such systems, since the angictNMR interaction tensors obtained
from these spectra provide rich structural infoiorat Most of the*In SSNMR studies
reported to date have largely focused on indiunenas which are used (or have the
potential to be used) as semi-conductors or condsiét** Many of these studies report
indium Knight shifts, sometimes the quadrupolaiapagters, and rarely, the chemical
shift (CS) tensor parameters. In addition, moghese studies deal with indium
materials in which In is in the +3 oxidation stated/or exists in highly symmetric
environments. Recently, Chen et. al have shownitiligy of ®In SSNMR for studying
indium coordination complexes in which the indiwsriri the +3 oxidation staté3®
Herein, we describe the first detaifédn SSNMR study of low-oxidation state
indium compounds!*In SSNMR data are obtained for eight samples withraety of
structural motifs, including [In][Gag]l InCl,, [In(15-crown-5)][OTf], [In([18]crown-
6)][GaCl,], [In([18]crown-6)][AICI,], [In][OTf], InBr and Inl. Static (i.e., statioma
sample) NMR spectra were acquired at both modaradeultra-high magnetic field
strengths (9.4 and 21.1 T) in order to accuratedpsare the EFG and the CS tensor
parameters. In addition, magic-angle spinning (M8&ectra were obtained at 21.1 T in
order to average the contribution of indium CSAhe central transition (CT) pattern,
and to separate the central isotropic powder pattem the spinning sidebands, thereby
allowing for accurate measurementsigf n, ands,,. In most cases, the use of ultra-fast
(vt 250 kHz) MAS was necessary, due to the sizeabletoEc NMR interactions.
There are very few reports 8fin MAS NMR in the literaturé?*23¢3"o the best of our

knowledge, this is the first report Bfin ultra-fast MAS NMR spectra. Analytical
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simulations of thé™In static NMR spectra are used to determine thelmpmlar and CS
parameters, which are correlated to the local stra@and symmetry. Finally, first
principles calculations of thé3n EFG and nuclear magnetic shielding (NS) tensor
parameters are presented for systems for whichtates are available, using the plane-

wave CASTEP methodg.

5.2 Experimental Details
5.2.1 Sample Preparations.

Samples of [In][GaC], InCl,, InBr, and Inl were purchased from Sigma-Aldrich.
[In([15]crown-5)][OTf] and [In][OTf] were synthesized as descrikiadhe literaturé?>°

Synthesis of [ In([ 18] crown-6)] [AICI,] . Toluene (30 mL) was added to AlCI
(0.251 g, 1.89 mmol) and InCl (0.284 g, 1.89 mnmolx 100 mL Schlenk flask and
refluxed overnight, or until no traces of InCl weiisible. The solution was then brought
to room temperature and a toluene (10 mL) [18]cr®N0.500 g, 1.89 mmol) solution
was added to the reaction mixture. Immediatelynugpadition of [18]crown-6, a colour
change was observed followed by the formation @dlaurless product. All volatile
components were removed under reduced pressuitheipdoduct was obtained as a
colourless powder after washing with pentane (84ytil).

Synthesis of [ In([ 18] crown-6)] [ GaCl,] . Toluene (30 mL) was added to GacCl
(0.333 g, 1.89 mmol) and InCI (0.284 g, 1.89 mnmok 100 mL Schlenk flask and
refluxed overnight, or until no traces of InCl weisible. The solution was then brought

to room temperature and a toluene (10 mL) [18]cr®A0.500 g, 1.89 mmol) solution
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was added to the reaction mixture. All volatilenpmonents were removed under reduced
pressure, and the product was obtained as a cetsuypbwder after washing with pentane

(89% vield).

5.2.2 Solid-State NMR.

9N SSNMR experiments were performed on a Variaimityf Plus spectrometer
equipped with a 9.4 Tv{(*H) = 399.73 MHz) Oxford wide-bore magnet,(**3In) =
87.59 MHz) at the University of Windsor and a 2T.({v,(*H) = 900.08 MHz) Bruker
Avance |l spectrometer(**In) = 197.23 MHz) at the National Ultrahigh-fieldR
Facility for Solids in Ottawa, Canada. In someesashe NMR patterns were much wider
than the excitation bandwidth achievable with aaldigh power rectangular pulse;
thus, spectra were collected by stepping the trétemnfrequency across the entire CT
powder pattern in even increments, acquiring thlévidual sub-spectra, and co-adding
them to form the total pattefif* (see Appendix C, Tables C.5.1-C.5.3 for full
experimental details). Indium chemical shifts werterenced to a 0.1 M solution of
IN(NO,); in 0.5 M HNQ, (5., = 0.0 ppm):® Analytical simulations of*In NMR spectra
were performed using WSolidsand MAS NMR spectra with spinning sidebands were
simulated using DMFIT?

Experimentsat 9.4 T. Samples were finely ground and packed into efh@am
0.d. zirconium oxide rotors or 5 mm glass NMR tub®3n static NMR spectra were
acquired using a Varian 5 mm triple-resonance MAsbe (HXY). Spectra were

collected using either the Hahn-echo sequenceediitm (t/2),-1,-(n),-t,-acq (where the
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1, andr, represent interpulse delays), or the WURST-ectheemequenc¥. For the
Hahn-echo experiments, CT selectiv/2 pulse widths between 0.45 and 1.1 us, an
optimized recycle delay of 0.1 s and a spectruniwid 1 or 2 MHz were used. The
transmitter offset frequency was set between 351&0kHz. For the WURST-echo
experiments, WURST-80 pulse shaegere used with a 50 us WURST pulse length,
and swept at a rate of 40 MHz/ms with an offset@3¥0 kHz and rf power of

17 kHz. A spectral width of 2 MHz and recycle detd 0.1 s were used. The frequency
step size was set to 250 kHz, in order to ensuiferamexcitation. Further experimental
details are given in Table C.5.1.

Experimentsat 21.1 T. For the statié*In NMR experiments, samples were
ground and packed into 4 mm o.d. NMR glass tubdsspectra were acquired on a 4 mm
home-built static (HX) probe using a solid-echosgusequence of the form
(n/2),-1,-(n/2),-1,-acq. Experiments were conducted with a seleati@epulse width of
1 ps ¢, = 50 kHz), spectral widths between 200 and 1008, ktecycle delay of 1 s. In
cases where piecewise acquisition was necessariratiismitter frequency offsets were
set between 60 and 150 kHz.'A decoupling power of 55 kHz was applied for the
spectral acquisitions of proton-containing samgtesyever, decoupling did not seem to
alter the shape of the powder patterns comparsgédotra acquired without decoupling.
Further experimental details are given in TableZ.5

MAS NMR spectra were acquired using either 4 mrh.8rmm Bruker double-
resonance probes, using the solid-echo pulse seguwéth rotor-synchronized echo

delays. Selective/2 pulse widths of 0.5 (100 kHz) or 1 ps € 50 kHz), spectral widths
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between 200 and 1000 kHz, a recycle delay of elitfeor 1 s were used, with spinning

speeds from 12.5 to 62.5 kHz (Table C.5.3).

5.2.3 Computational methods.

9n EFG and CS tensor parameters were calculateallfeystems with available
crystal structure&3°448 Ap initio plane-wave density functional theoryRD)
calculations were performed using the CASTEP NM&ypani®“*°in the Materials
Studio 4.3 environment on a HP xw4400 Workstatiath & single Intel Dual-Core
2.67 GHz processor and 8 GB DDR RAM. Ultrasoftysk®potentials were used fofin
EFG calculations with a plane wave basis set dubidd50 eV in an fine accuracy basis
set with the Monkhorst-Padkspace grid sizes of (2x4x3), (3x3x3), (5x2x5),26%)
and (5x4x1) for [In][GaC], [In(15-crown-5)][OTH], Inl, InBr and [In][OTf],
respectively. The Perdew, Burke and Ernzerhof (FiBictionals were used in the
generalized gradient approximation (GGA) for therange-correlation enerd}>* The
magnetic shielding tensors fdfin were calculated in fine accuracy basis set usirg
projector augmented-wave method (GIPAW) implemeimetie CASTEP cod&:>?
Relativistic effects are included in CASTEP caltiolas at the level of the

scalar-relativistic zeroth-order regular approxiimafZORA)>*

5.3 Results and Discussion
5.3.1 Solid-state ***In NMR.

In this section, thé”In SSNMR data are discussed for the eight samplas.
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EFG and CS tensor parameters are summarized ie Bahl We note that the MAS
NMR spectra were only obtained at 21.1 T; becaosdteadth of the CT NMR spectra
is inversely proportional to the applied magneigtdf strength, it is possible to separate
the spinning sidebands from the isotropic powdétepa, and accurately determi@s,

Ne andd,,. In all cases (with the exception of the In(dije in InC}), the isotropic
chemical shifts are consistent with the indiumsslieing in the +1 oxidation state, since
the measured chemical shifts indicate that nudltheIn(l) sites are much more shielded
than those reported of In(lll) complexes in solatand in the solid staté?*and

consistent with chemical shifts of In(l) sites maasl with solutiort*In NMR
spectroscopy?

Table5.1. Summary of the experimentdfin NMR parameters.
GRS S /ppnt  Q/ppnf  «*  o/ded Ppl/deg vy/deg

MHz?
[In*][GaCl,] 22.0(6) 0.2(1) -1115(10) 60(20) 0.7(3) 65(20) 8(6) 5(5)
InCI2 Site 1 10.0(15) 0.75(20)-1080(5) 30(10) -0.5(3) 40(20) 30(10) 5(5)
InCI2 Site 2 29.5(15) 0.16(8) 80(10) 60(10)0.6(3) 55(20) 90(5) 10(5)

[In([15]crown-5)][OTf]  28.4(10) 0.18(10) -1192(15) 75(15) 0.2(4) 50(30) 90(10) 5(5)
[In([18]crown-6)]GaC}  57.0(15) 0.10(5) -1110(20) 50(30) 0.2(6) 10(10) 20(10) 10(10)
[In([18]crown-6)JAICI,  60.2(10) 0.07(6) -1115(10) 45(30) 0.0(6) 30(20) 35(20) 20(10)

Inl 44(1)  0.7(1) -480(20) 110(50) 0.8(2) 45(40) 5(5) O
InBr 67(2)  0.58(8) -580(40) 140(40) 0.4(3) 30(20) 5(5)  30(20)
InOTf 80.5(15) 0.07(3) -1045(15) 260(60) 0.3(2) 50(30) 3(3) _ 30(20)

: Co = eQV,o/h; an = (Vi1 = Vo)/Va3 85 = (011 +8, +0633)/3; Q= 811 — Oz3 “k = 30, — O, )/
f Conventions for the Euler angles are describebenVSolids software package

Indium Gallium Chloride, [In][GaCl,]. TheIn SSNMR spectra of [In][Gag]l

(Figure 5.1a) reveal a single indium site in agreenwith the crystal structuf®.
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Figure5.1. ™In SSNMR patterns of a) [In][GaCI A and b) InCl,. The MAS spectrawere acquired withv,, = 18 kHz, and this
spinning speed is fast enough to separate the spinning sidebands from the isotropic powder patterns. The spectra of InCl,
reveal two indium sites with different oxidation states. *: impurity at -1020(20) ppm, top and bottom traces are simulated and
experimental spectra, respectively.
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The indium site in this structure is coordinated by six chlorine atomsin a distorted
octahedra environment (Scheme 5.1a). The C, value (Table 5.1) is small, given the large
nuclear electric quadrupole moment of ***In, and in comparison to the large C,, values of
the six-coordinate indium(l11) complexes reported by Chen et a.*** Thissmall Cy, is
similar to that of NagIn(l11)Cls (Co=20.11 MHz), in which the indium atomisasoin a
distorted octahedral environment.* The non-zero 1, value indicates the absence of a
threefold (or higher) rotational symmetry axis, and that the largest component of the EFG
tensor, V,,, isdistinct and is likely oriented along/within or perpendicular to the mirror
plane containing the four equatoria chlorine atoms. Despite the fact that the NMR
pattern of [In][GaCl,] is dominated by the quadrupolar interaction, the CSA contribution
has amajor effect on its shape, as clearly seen from the static spectrum acquired at 21.1 T
(Figure C.5.1, Appendix C). The nearly null value of the Euler angle 3 indicates that V.,
and the principal component of the CS tensor corresponding to the direction of the
highest shielding, o4, are almost coincident.

Indiumdichloride, InCl,. The empirical formulaof InCl, isdeceiving since it
suggests that In isin the +2 oxidation state and the sample is paramagnetic. However, it
has been suggested that this sample has monovalent and trivalent indium sitesin 1:1 ratio
and the formulais better described as [In()]*[In(l11)Cl,] ;"** to date, the crystal
structureis still unknown. Currently, thereis still a debate in the literature concerning the
environment of the two indium sites, particularly the In(l11) site. In some reports, it is
believed that the In(111) is coordinated to four chlorine atomsin adightly distorted

tetrahedral environment, asis the case for the Ga(lll) in GaCl,, structure.®®**’
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a)

d)

Scheme5.1. The coordination environments of the indium atora) [In][GaCl], b) [In([15]crown-5)][OTf], c) the
structural model of [In([18]crown-6)]AIGland [In([18]crown-6)]GaC| d) Inl, e) InBr, and f) [In][OTf]. The blue bosdn f
are those within 3 A from the indium, the soliddidonds are within 3.5 A and the dashed ones #ininvd A.
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However, other reports predict that the In(l11) is coordinated to six chlorine atoms, which
is believed to be the most stable coordination state of In(I11) with chlorine ligands.”##>8
Our ™In SSNMR spectrarevea two distinct powder patterns separated by more than
1000 ppm (Figure 5.1b); confirming the divalent nature of InCl,. The powder patterns
have isotropic shifts of -1080 and + 80 ppm, and are assigned to the In(1) and In(l11) sites,
respectively. The In(l11) site has an isotropic chemical shift and quadrupolar parameters
similar to those of In(l11)Cl; (3,5, = 74(10) ppm, C, = 28.8(5) MHz and n, = 0.11(10)),
measured by Bryce and co-workers,> indicating that the In(l11) sitein InCl, is very likely
to be coordinated to six chlorine ligands in a distorted octahedral environment (asisthe
case for In(l11)Cl;) The near-zero n,, value indicates that the EFG tensor is close to being
axially symmetric, consistent with a distorted octahedral environment. TheIn(l) sitein
InCl, has avery small C,, indicating that it isin an environment of higher spherical
symmetry than In(I11). Itispossible that thisindium siteisin aless distorted octahedral
environment, or even more likely, it maybe coordinated to 10 or more chlorine atoms, due
to the tendency of In(I) to acquire alarger coordination number.*® The high n, value of
this site reveals the absence of arotational symmetry axis and that the EFG tensor is not
axially symmetric. Thisn, valueissimilar to that of Ga(l) sitein GaCl, (1, =1),* in
which the Gais coordinated to eight Cl atoms with an irregular dodecahedral geometry.®
Indium(1)-15-Crown-5-Sandwich Trifluoromethanesulfonate, [ 1n(15-crown-
5),] [OTf]. Thisisthefirst reported compound with bonds between indium metal and
[15]crown-5; in addition, it is unusually solublein toluene.*? The structure exhibits a

single indium site residing on an inversion center (Scheme 5.1b). The ***In NMR spectra
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reveal the presence of asingle indium site with arelatively small C, (Figure 5.2), which
is consistent with its highly spherically symmetric environment. The small non-zero n,
confirms the absence of athreefold (or higher) rotational axis and consistent with the
presence of an inversion center. Theindium CSA aso makes a significant contribution to
the powder pattern (Figure C.5.2), with the Euler angle of = 90° revealing that 6,; iS
oriented in adirection perpendicular to V,;. However, the skew and other Euler angles do

not indicate the co-alignment of 6,, or ,, with V.

MAS21.1T Static21.1 T Static94 T

M
.

L
.

-180 -200 -220 -240 -260 -280 -300 kHz 50 0 50 -100 -150 -200 -250 kHz -180  -200 -220 -240 -260 kHz

Figure5.2. ™°In SSNMR patterns of [In([15]crown-5),][OTf]. The MAS spectrum was
acquired with v, = 12.5 kHz. Top and bottom traces are simulated and experimental
spectra, respectively.

Indium(1)[ 18] Crown-6-Gallium Tetrachloride and Indium(1)[ 18] Crown-
Aluminum Tetrachloride, [In([ 18] crown-6)] [GaCl,] and [In([ 18] crown-6)][AICI,]. The
structures of these samples have not been obtained due to the difficultiesin growing
crystals suitable for single-crystal XRD experiments. Therefore, **In SSNMR is an ideal
tool for providing insights into the electronic and bonding environments of the indium

sites, and the arrangement of the different ligands in these structures. The NMR patterns
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of both samples (Figure 5.3) are much broader than those discussed above, due to the
larger quadrupolar interactions in these systems. The large quadrupolar interactions yield
static CT patterns which must be acquired in a piecewise manner (three subspectra) at
9.4 T; in addition, the MAS NMR spectrum acquired at 9.4 T would be very convoluted,
since there is overlap between the isotropic powder pattern and spinning sidebands (data
not shown). Due to the inverse dependence of the CT pattern breadth on B, it was
possible to acquire an MAS spectrum at 21.1 T using an ultra-fast MAS NMR probe
(v, = 50 kHZ). Further, the static *°*In NMR spectrum could have been acquired at

21.1 T in asingle experiment, but the spectrum was obtained in three pieces to ensure
uniform excitation. The combination of the static NMR spectra at two fields, and the
simulation of the full MAS spinning sidebands manifold, allow for refinement of the
NMR tensor parameters.

Simulations of the spectrarevea asingle indium sitein each of [In([18]crown-
6)][GaCl,] and [In([18]crown-6)][AICI,] with similar NMR parameters, indicating that
these sites exist in similar chemical environments. The large C,, in comparison to that of
the [15]crown-5 complex, indicates a reduction in spherical symmetry at the indium sites,
and n,, values indicate nearly axially symmetric EFG tensors. The CSA contribution is
less important in these patterns due to the dominant quadrupolar interactions; however,
the static CT powder patterns could not be accurately simulated without the inclusion of
the CS tensor parameters (Figure C.5.3). The stoichiometries for these systems are
different from that of the [15]crown-5 complex (i.e., thereis only one crown per indium

site), suggesting that they may have very different structures and indium environments.
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WMWM

-100 200 400 KkHz - 150 -200 -250 350 kHz 200 100 0O -100 -200 -300 -400

|

-100 -200 -3 400  kHz -100 -150 -200 -250 -300 kHz 300 200 100 O -100-200 -300-400 -500 kHz
Figure5.3. *In SSNM R patterns of a) [In([18]crown-6)]GaCl, and b) [In([18] crown-6)]AICI, The MAS spectrawere
acquired with v,,, = 50 kHz, and this spinning speed is fast enough to separate the spinning sidebands from the isotropic
powder patterns. *: impurity at 1130(100) ppm, top and bottom traces are simulated and experimental spectra, respectively.
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Given that the [18]crown-6 cavity is large enouglatcommodate the In(l) ichand
given the larg&,'s and near-zeng,'s, we propose a structural model pictured in
Figure 5.1c. The presence of Ga@id AIC|, are confirmed by'Ga and”’Al SSNMR
spectra (Figure C.5.4), based on their solutiommiba shifts>* However, furthet*3n
NMR experiments should be performed on similar vebHlracterized systems, which in
combination with first principles calculations, da@ utilized to confirm the proposed
structures.

Indium(l) lodide and Indium(l) Bromide, Inl and InBr. The structures of Inl and
InBr are isomorphous, each having seven halogensato the first coordination sphere
of In.%2 The coordination geometry around the indium scdeed as a “7-octahedrdf”
or as capped trigonal prismatic (Scheme 5.1d, 5.%ehulations of the NMR spectra
(Figure 5.4) reveal a single indium site each casagreement with the structurgég®
The relatively largeC, values result in broad NMR patterns which necatesihe use of
ultra-fast spinning speeds (62.5 kHz) in orderlitam the MAS NMR spectra. THg,
of InBr is higher than that of Inl, possibly duethe longer In-X distances in the latter.
This trend was also observed fBi C,'s in the isostructural BiOX (X = ClI, Br, I)
systems? ®GaC,'s in GaX systems?As Cy's in AsXg, **?SbCy's in SbX and®Nb in
(NbXy), (y=2 or 4) system¥. In all of these cases, tk®, values increase with
increasing electronegativity of the halide atorite CSA contributions are small in both
cases; however, the inclusion of the CS tensompatexrs is again necessary in order to
achieve the best fits (Figures C.5.5 and C.5.@)ally, the nearly zero values pf

indicate thaW/,; ando,, are almost coincident in both systems.
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Figure5.4. **In NMR spectra of a) Inl and b) InBr. The MAS spectrawere acquired at v,, = 62.5 kHz. Top and bottom
traces are simulated and experimental spectra, respectively.
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Indium(l) Trifluoromethanesulfonate, [In] [OTf]. The structure of [In][OTf] has
two indium sites with very similar geomeffy.The coordination environment of the
indium atoms consist of four short contacts (ls®1t3 A) with oxygen atoms of different
triflate anions, and eight other oxygen and fluerintacts within 4 A. The four short
contacts are arranged in an approximately “see-g@oinetry’ and are oriented to one
side of the indium atom (Scheme 5.1f). Tt NMR patterns (Figure 5.5) are the
broadest (i.e. 575 kHz at 9.4 T and 290 kHz at I} .4f all of the spectra discussed so

far.

MAS 21.1T Static21.1 T Static9.4 T

M
W‘M A

100 0 -100 -200 -300-400-500kHz 0 -100 -200 -300 -400 kHz 400 200 O -200 -400 -600 kHz
Figure5.5. **3In NMR spectra of a) [In][OTf]. The MAS spectra reacquired at
V= 62.5 kHz. *: Impurity, top and bottom traces amaulated and experimental

spectra, respectively.

Due to the structural similarities of the two sjtékee NMR parameters are very similar,
and differing sets of parameters cannot be obtamoead the spectra acquired at 21.1 T.
Surprisingly, there is some evidence of the twaasate sites in the stafitin NMR

spectrum acquired at 9.4 T. Structurally simiiegssare most often distinguished via
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slight differences in values éf,, which are more easily differentiated at highegnetic
fields due to the higher frequency dispersion @&oltal shifts. In this case, it is very
likely that the values di, for the two In(l) sites are identical, and therefaot resolved
at either field. However, th€, (and possibly)) values are different enough that two
patterns can be partially resolved at 9.4 T, stheeeffect of the second-order
qguadrupolar interaction on the CT pattern bread#thes as the inverse Bf.

Unfortunately, we were not able to obtain religbdeameters from a two site fit, and
therefore only report one set of parameters withelauncertainties (a two site fit of the
9.4 T spectrum is possible, but the parameteredoh site are within the other site’s
experimental uncertainties, Figure C.5.7). Tgevalue of [In][OTf] is the largest among
those of all of the systems studied herein. Theat zeray, value indicates that the
EFG tensor is axially symmetric and thgf is the distinct component. The span is also
the largest of the systems herein, but contriboidg to ca. 9% of the total breadth of the

NMR pattern (Figure C.5.8).

5.3.2 Theoretical calculations of **In EFG and NStensors.

First principles calculations of tH€In NMR tensor parameters were performed in
order to correlate the tensor orientations andrpaters with molecular structure and
symmetry, and to provide a deeper insight intopimgsical origins of the NMR
interactions. The development of such correlatigitisbe helpful in modeling the
structures of indium containing systems for whiglgke crystals suitable for XRD

experiments are unobtainable (i.e., amorphous and-ror microcrystalline systems).
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Due to the periodic nature of the most of the systberein, CASTEP software was used for the cdlonsof the NMR
parameters. The results of these calculationsampared to the experimental values in Tables bt calculate®, values

are consistently overestimated; however, certageemental trends are replicatedde infra).

Table5.2. Comparison of the experimental and theoretichd EFG and CS tensor parameters.

Vi, (au) V,, (au) Vg (au) Co(*In)/ Mo d/PPm Q/ppm «  o/deg P/deg y/deg

MHZz?
[In*][GaCl,] Exp. 22.0(6) 0.2(1) -1115(10) 60(200.7(3) 65(20) 8(6) 5(5)
[In*][GaCl,] Cal. 0.1074 0.1127 -0.2201 -41.9 0.02 -1115 112 830. 90 5 90
[In([15]Crown-5),][OTf] Exp. 28.4(10) 0.18(10) -1192%) 75(15) 0.2(4) 50(30) 90(10) 5(5)
[In([15]Crown-5),][OTf] Cal. -0.0959 -0.1466 0.2425 46.2 0.21 -1153 091 0.30 19 76 13
Inl Exp. 44(1) 0.7(1) -480(20) 110(p®@.8(2) O 0 0
Inl Cal. 0.0622 0.2443 -0.3065 -58.3 0.59 -545 29 .290 45(40) 5(5) O
InBr Exp. 67(2) 0.58(8) -580(40) 14m) 0.4(3) O 0 0
InBr Cal. 0.0924 0.3525 -0.4449 -84.7 0.58 -583 012 0.94 30(20) 5(5) 30(20)
INOTf Exp. 80.5(15) 0.07(3) -104Eg) 260(60) 0.3(2) 50(30) 3(3) 30(20)
[In][OTf] Cal. Site 1 0.2066 0.3309 -0.5375 -102.3 0.23 -1083 236 0.44 51 2 22
[IN][OT{] Cal. Site 2 0.2442 0.3292 -0.5734 -109.1 0.15 -1075 248 0.56 44 10 28

*Values ofC, (C, = eQV,4/h) are calculated by converting from atomic unitsioby multiplyingV,; by €Q/h)(9.7177 x 18 Vm?), whereQ(**In)
=0.81 x 16°n7 . The signs of experiment@}, values are unknown; signs of theoretically calmdavalues o€, are determined from calculatioris.
The calculated CS are reported with respect t¢@aCl,] using the equatiori,sampdPPM =0is([IN][GaCl,])/ppm - o, ,(sample)/ppm -1115 ppm
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This could arise from either the limitations of the basis set or density functional, and/or
the degree of uncertainty in the experimentally measured and theoretically calculated *°In
nuclear quadrupole moments;*® however, plotting the experimental values of C,, versus
calculated values yields excellent linear correlation (R =0.990, Figure 5.6a). In tests of
several of the systems, the use of different basis sets did not result in significant variation
in the caculated values of C, The correlation for the experimenta and cal culated ng
valuesisreasonable (R =0.808, Figure 5.6b). There are excellent correlations between
the experimental and cal culated isotropic chemical shifts and spans (R(6,,) = 0.999 and
R(Q) = 0.944, respectively); however, the correlation is only fair for the skew values

(R =0.718, when the k of Inl is excluded, Figure 5.7).

os{ R =0.808

n
o
[&2]

Experimental C, /MHz
Experimental

0.11 s i

L B L | T T v T T T T

40 50 60 70 80 90 100 110 00 01 02 03 04 05 06
Calculated C/MHz Calculated ng

Figure5.6. Correlations between the experimental and calculated ***In &) C, and b) 1,
values.

Investigating the orientations of the indium EFG and nuclear shielding (NS)
tensors with respect to the periodic (or molecular) solid-state structures is important for

understanding the origins of these tensors. Some specific cases are discussed below.
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Figure5.7. Correlations between the experimental and calculated **In a) chemical shift
(CS) , b) span (2) and ¢) skew (k) values.

For [In][GaCl,], the largest component of the EFG tensor, V., isthe distinct
component and is positioned in the mirror plane containing the four equatoria chlorine
atoms, perfectly bisecting the angles /(Cl1-In-Cl2) and /(CI3-In-Cl4) (Figure 5.8a), and
V,, bisects the angles /(Cl1-In-CI3) and /(Cl2-In-Cl4). In addition, the NStensor is
nearly coincident with the EFG tensor (Z(V,;-In-6,,) =0°, £ (V,-In-6,,) =5.02°, /(Va5-In-

043) = 5.02°), in agreement with experimental predictions.
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Figure5.8. The™In EFG tensor orientations in a) [In][Gaf;lb) [In([15]crown-5)][OTf], ¢) Inl d) InBr, and f) [IN][OTH].

The blue bonds in f are those within 3 A from thdiim, the solid black bonds are within 3.5 A amel dashed ones are
within 4 A.
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For calculations conducted upon [In(15-crowg{®)Tf], the triflate anions were replaced
by fluorine atoms (i.e. fluorine atoms were posigd at the xyz coordinate of the triflate
sulfur atoms), due to the disorder in the triflgteups. V,, the distinct component, is
oriented in the direction perpendicular to the fiolé pseudo-rotational axis, indicating
that the largest change in the EFG is in this timaqFigure 5.8b).V,; andV,, are

similar in magnitude, witl,, aligned close to two of the In-O contact¥/(;-In-O1 =
5.95°). The NS tensor is oriented such tbatis in the direction of the pseudo-fivefold
rotational axis and thus nearly perpendiculavi(/ (V,5-In-655) = 76.06), in agreement
with experimental findings.

The orientations of the EFG tensors in InBr ancah@ similar, which is
unsurprising, since they are isostructural (Figuge, d). In both cases, thg values
indicate that all three components of the EFG teassdifferent.V,; is oriented exactly
along the shortesnX (X = 1, Br) bonds. V,, andV,, bisect the X-In-X angles, witll, ,
oriented at 90 from the longest equatorial In-X bonds, angdin the plane of these
bonds. In the case of Inl, the NS tensor companar oriented such thay, is aligned
with V,,, andV,; is aligned withs,;, as expecteflom the experiment. In the case of InBr,
V,;andao,; are also coincident, in agreement with the expemtmV,, andV,, are aligned
with 6,, ando,,, respectively.

In the case of [In][OTf], the NMR parameters otlbondium sites are very
similar; therefore, we only discuss the tensorrdagon of site 2. Each indium site has
four short In-O contacts from the four different{@Foups. The four short contacts are

about a pseudo-twofold rotational axis (thoughehsmo twofold rotational axis at the In
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site or in the overall cluster model,, is oriented close to this pseudo-twofold axis
(Figure 5.8e), and,, andV,, are oriented into similar environments, resulim@ near
zerong value. Vg, is almost coincident with,, as predicted experimentally.

Finally, a comment should be made on the signeefjuadrupolar coupling
constants, and the importance of these signsmkitig about the relationships between
the tensor parameters, tensor orientations andi lloeavironments.C, signs are not
available from SSNMR spectra of quadrupolar nuth&iugh they are available indirectly
from SSNMR spectra of spin-1/2 nuclei which &@and dipolar-coupled to quadrupolar
nuclei®” However, the signs &, are available from first principles calculatioasd do
provide some insight into the nature of the enwinent into whichVy, is directed. In all
of the complexes discussed herein, excepting [Ei¢ibwn-5}][OTf], the C, values are
negative and th¥,; components of the EFG tensor are oriented aloag 8 X (X = Cl,

O, I, Br) contacts. Interestingly, in [In([15]cromb),][OTf], which has a positive value

of Cq, theV,; component is not aligned near any atoms, bondsher sources of electron
density. This is consistent with recent predictitnom a detailed theoretical study of the
relationships between EFG tensor components, atient signs and local structure, in
which it is shown that negative electronic chargptridbutions that are stretched in a
particular direction generally produce negative ER®ng this direction, while the

absence of such charge distributions results iitipe€EFGs®®
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5.4 Conclusions

This work represents the first systematic studgpwfoxidation state indium
complexes usingin SSNMR. *3n SSNMR is proven to be a valuable tool for
characterization of a variety of low-oxidation statdium complexes, including
microcrystalline and/or multi-valence systems. NMR parameters extracted from the
19n SSNMR spectra provide information about the tetetic environment, geometry,
symmetry and oxidation states of the indium sit8ach information is particularly useful
for systems which are insoluble in most organigeals (as is the case for most In(l)
complexes), and/or systems with unknown structures.

Theoretical calculations of th&ln EFG and CS tensor parameters are, for the
most part, in good correlation with the experiméutdues. The orientations of the EFG
and CS tensor components provide insight into tiggroof these tensors and their
correlations to molecular structure and symmeTiyese calculations will also be helpful,
in combination with experimental NMR, for proposistguctural models in cases where
crystallographic data are not available. We hba this work will encourage the use of
1390 SSNMR spectroscopy as a primary technique fobipig the indium chemical

environments in a wide variety of indium-containgygtems.
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Chapter 6

Investigation of Silver-Containing Layered Materials and
Their Interactions with Primary Amines Using Solid-State
19%Ag and *®N NMR Spectroscopy and First Principles
Calculations

6.1 Introduction

Coordination network materials, also referred tonas$al-organic frameworks
(MOFs), represent a compromise between wholly iaigor organic solids, often
having the chemical and physical properties ofinlésidual building blocks, as well as
new properties that result from their connectivitySolid silver sulfonates are
representative of this subtle balance, as theglaleeto form stable layered networks
composed of sulfonate bridges between silver fdfhshe flexibility of their
coordination chemistry and the adaptability of th&mellar structures enable the
possibilities of selective reactivity or absorptiminguest molecule$:*

Shimizu and co-workers recently reported the sysithend characterization of
several new layered materials formed by the readfasilver sulfonates with primary
aminest*** interestingly, layered solids were not producectkictions of silver
sulfonates with any other class of organic reastatitwas proposed that the new layered
materials were likely formed from the intercalatmiprimary amines, on the basis of
interlayer distances determined by powder X-rafraiition (XRD). After publication of
this study, several questions arose regardingdhee of these materials and the
mechanism behind their synthesis. First, doe$aitmeation of these new materials

actually result from the intercalation of primarpiaes? Second, are there selective
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interactions between the silver atoms and amimegeh atoms? Finally, can a
combination of XRD methods and solid-state NMRibvfes and nitrogen sites in these
materials lend insight into their structures arglature of their formation? While
detailed crystal structures are available for ihessulfonate starting materials (Scheme
6.1), they are not available for many intercalatomayered solids, since most often, the

samples have long-range disorder and suitably simggle crystals cannot be isolated.

Scheme 6.1 Schematic representation of the crystal
structures of [Ag(4-pyridinesulfonatgflla, top) and
[Ag(p-toluenesulfonate)|2a, bottom). There are two
silver sites inla and only one site iBa.
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Solid-state NMR (SSNMR) represents a powerful cam@ntary tool for the
characterization of structure, connectivity andaiycs in such systems; most notably,
the understanding of metal-ligand bonding intemadiis crucial for the future rational
design of such materials.

While N NMR experiments on solid materials have becoroeemmsingly
routine, solid-state silver NMR spectroscopy iseqtiently applied despite the regular
occurrence and significance of silver sites in i@t of technologically important
materials'®* This is partly due to the fact thdtAg and'*°Ag (both spin-1/2) have low
gyromagnetic ratiosy] and correspondingly low receptivities (0.198 ari2B,
respectively, compared tC). In addition*”**Ag nuclei in solids often have
exceedingly large longitudinal relaxation time dams$s {T,) which may be on the order
of minutes to hours, making acquisition of high4iftya®®Ag NMR spectra very
challenging?®® Further, NMR experiments on lowauclei (e.g.y, = 18.67 MHz at
9.4 T) are plagued by acoustic probe ringing, tesyin interference in the NMR free
induction decay (FID) which partially or wholly atdrates the signal.

The cross-polarization magic-angle spinning (CP/MA&periment can address
the sensitivity problems stemming from poor recggtiand long relaxation times;
however, there must be spatially proximate, dipotarpled, abundant nuclei present
(e.g.,*H, F, etc.)***® The experimental time can be reduced due toigimals
enhancement from CP (e.g., the maximum theoregigahl-to-noise ratio (S/N)
enhancement factor foiH-'*’Ag CP/MAS NMR experiments is proportional to
v(*H)/y(**°Ag) = 21.7) and the use of shorter recycle delsiyse the CP/MAS NMR

experiment depends on tiigof the abundant spin (which is typically much derathan
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that of’Ag). If higher spinning speeds are required orkeealipolar couplings are
present, the variable-amplitude CP (VACP) or RAMP-€Xperiments can be used to
obtain optimal CP signat:* However, all of the CP experiments place a sigaift
amount of stress on the solid-state NMR probesgdiong contact times of 30 ms or
more are often needed to obtain reasonable CR towigamma silver nuclides. The
use of silver NMR is continuing to increase, du¢hi® availability of new hardware for
low-y nuclei?**the development of pulse sequences for S/N enhamtéii® and the
recent proliferation of ultra-high field NMR spemtneters®°

Herein, we report upon the application of solidestZAg, **N and**C NMR
experiments to the study of the molecular structdirglver-containing layered materials.
The silver-containing systems include [Ag(4-pyresalfonate)] (1a), four samples ofa
reacted with GH,.NH, in different ratios,1:0.5, 1:1, 1:1.5 and 1:Ph(1c, 1dandle
respectively, wher&c andlewere synthesized with 98% isotopically enriched
C.,H,:"NH,),** [Ag(p-toluenesulfonate)]2a),** 2a reacted with GH,.NH, and
CoH;oNH, in a 1:2 ratio 2b and2c, respectively}? and [Ag(C,H,sNH.,),] INO,]~ (3).**
Due to the extreme sensitivity of silver chemidaiftf CS) tensors to structural changés,
19%Ag NMR experiments can be used to probe structliffirences between starting
materials and amine-containing sampl&®8Ag and™N NMR experiments on systems
synthesized with°N-enriched dodecylamine are used to identify thenesof the silver-
nitrogen interactions, since they are crucial i fihrmation of these materigfs.Finally,
ab initio calculations of silver and nitrogen cheatishielding tensors, as well as one-
bond!®Ag-1***N J-couplings, are presented to aid in proposing tatee structural

model for these new materials.
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6.2 Experimental
6.2.1 Sample Preparation

All chemicals were purchased from Sigma Aldrich @il Co. and used as
received. The 98% enriché&iN-dodecylamine was purchased from Cambridge Isotope
Laboratories. C, N and H chemical analyses wetaiméd on a Control Equipment
Corporation Model 440 system, with samples weighestmbient laboratory atmosphere.
FT-IR data were obtained from KBr pellets on a NetdNexus 470 Fourier transform
spectrometer. DSC/TGA experiments were carriecbawt Netzsch 449C Simultaneous
Thermal Analyzer in a nitrogen atmosphere. Sam(gi@s5 mg) were placed in
aluminum pans and referenced against an emptyqrahd DSC measurements. Typical
heating programs involved data collection betwegard 450 °C with heating rates of
5 °C/min.

Synthesis of alkylamine materials.Synthesis of 1b -1e. An appropriate
stoichiometric amount of dodecylamine (unlabelle®8%*N-enriched) was dissolved
in diethyl ether and added 1@ suspended in diethyl ether (e.g., Iar 1.0 mmol of
dodecylamine was added per silver center to protheeé:1 complex). The
heterogeneous mixture was stirred for 6 hoursy aftech time the ether was removed by
filtration. No uptake of diethyl ether by the hesis observed in either the presence or
absence of amine molecules (as determined by pofidBrand simultaneous thermal
analysis (STA)). Samples @4, 2b, 2c and3 were synthesized as described in the
literature®1>4*

[Ag(4-pyridinesulfonate)], reacted withC,,H,.NH, in 1:0.5, 1b. Yield: 95%.

Anal.Calcd for AQGH;; N, S0, (357.51 g/mol): C, 36.83; H, 4.92; N, 5.86. Fou@d:

150



36.12; H, 4.66; N, 5.68. DSC/TGA: 97 °C (11.8% gndo), 132 °C (28.5 J'gendo),
145 °C to 215 °C (68.5 J'gexo), 210 °C to 280 °C (112.5 3,endo),-8.5 % obsd and
-25.6% calcd for loss of 0.5 eq8,:NH,in the first two mass loss combined, 290 °C to
410 °C (114.2 J°¢ endo, 5.5 J g, endo), loss of remaining amine molecules and
decomposition of the material.

[Ag(4-pyridinesulfonate)], reacted withC,,;H,;NH, in 1:1, 1c. Yield: 93%.
Anal. Calcd for AgGH,(N,SG, (451.37 g/mol): C, 45.24; H, 6.92; N, 6.21. Fou@d
44.65; H, 6.73; N, 6.01. DSC/TGA: 95 °C (12.0Y gndo), 103 °C (4.7 J'gendo),
128 °C (39.9 J g, endo), 145 °C to 215 °C (70.53,@x0), 215 °C to 280 °C (116.5
J g*, endo),-22.0% obsd and41.1% calcd for loss of 1.0 eq8,:NH, in the first two
mass loss combined, 280 °C to 406 °C (111.2,kgdo; 9.2 J ¢, endo), loss of
remaining amine molecules and decomposition ofriaterial.

[Ag(4-pyridinesulfonate)], reacted withC,,;H,.NH, in 1:1.5, 1d. Yield: 97%.
Anal.Calcd for AQG;H,, N, SO, (544.05 g/mol): Calcd: C, 50.78; H, 8.24; N, 6.44.
Found: C, 50.69; H, 8.28; N, 6.40. DSC/TGA: 96(26.6 J ¢*, endo), 108 °C (66.7
J g?, endo), 115 °C to 250 °C (77.9 3,@x0),-32.4% obsd and51.1% calcd for loss
of 1.5 G,H,NH,, 255 °C to 415 °C (139.2 J*gendo; 50.9 J ¢, endo), loss of remaining
amine and decomposition of the material.

[Ag(4-pyridinesulfonate)], reacted withC,,;H,;NH, in 1:2, 1e. Yield: 95%.
Anal. Calcd for AgGH;,N,SGO, (632.69 g/mol): C, 55.05; H, 8.60; N, 6.64. Fou@d
55.12; H, 8.77; N, 6.45. DSC/TGA: 95 °C (16.61 gndo), 114 °C (66.7 J'gendo),
115 °C to 254 °C (94.2 J'gexo),-37.9% obsd and58.3% calcd for loss of 2.0

C,,H,NH,, 254 °C to 416 °C (152.2 J*gendo; 96.9 J ¢, endo), loss of the remaining
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amine and decomposition of the matetidp:**

6.2.2 Solid-State NMR

All samples were finely powdered and packed intorb outer diameter
zirconium oxide rotors. Solid-stat&€Ag, **N and**C CP/MAS and VACP/MAS NMR
spectra were acquired using a Varian Infinity MR spectrometer with an Oxford
9.4 T (,(*H) = 400 MHz) wide bore magnet, operating at resordrequencies of
vo(***Ag) = 18.61 MHzy,(**N) = 40.50 MHz and,(**C) = 100.52 MHz. A Varian-
Chemagnetics 5 mm triple resonance (HXY) MAS profas used for all experiments.
Probe tuning and matching for low-frequed®®g NMR experiments, and acquisition of
spectra with reduced acoustic ringing, were accan@dl using a Varian low-gamma
tunning box and low-gamma pre-amplifier. In admiti**N CP/MAS NMR spectra afc
andlewere acquired on a Bruker 900 MHz spectrometerguai3.2 mm HX MAS probe
at the National Ultra-high Field NMR Facility foofds in Ottawa, Ontario, Canada.
The two-pulse phase modulation (TPPM) decouplingisace™ was used for all of the
CP/MAS experiments.

'H-1%°Ag CP/MAS NMR. Silver chemical shifts were referenced to a 9 M
agueous solution of AgN{s,., = 0.0 ppm) by using solid silver methane-sulfonate
AgSO,CH,, as a secondary referenég,(= 87.2 ppmy° Proton-decoupletf®Ag
VACP/MAS NMR spectra were acquired with spinningesaf,.,) ranging from 2.0 to
8.0 kHz, and calibrated recycle times between 62énsl. Protom/2 pulse widths ranged
between 3.75 and 5.5 pus. Hartmann-Hahn matéHiedds ofv,(*H) = 16.8 and

27.8 kHz were applied with optimized contact tinoé80 or 35 ms. In one special case,
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proton-decoupled®Ag{ *H} Bloch decay (single-pulse) experiments were aeql) using
a 60 pulse widths of 8 us and a recycle delay of 308dditional experimental
parameters and details are summarised in Tabld DA@pendix D).

'H-"N CP/MAS NMR. Nitrogen chemical shifts were referenced to lighNH,
(20 °C), 8., = 0 ppm, by setting the chemical shift of the ammam peak of a doubly-
labeled solid*NH,*NO, (98%"°N) sample to 23.8 ppfi. The'H-*N CP/MAS NMR
spectra at 9.4 T were acquiredgt= 5 or 6 kHz with an optimized recycle delay o§.4
A protonz/2 pulse width of 3.75 ps, and a contact time of®2were used, with the
collection of between 64 to 152 transients. THé°N CP/MAS NMR spectraat 21.1 T
were acquired witlr,, = 10 kHz and a recycle delay of 20 s. A pratéhpulse width of
2.5 pus, and contact time of 2 ms were utilizedhwi®24 transients collected in each
experiment. Additional experimental parameterssaremarised in Table D.6.2.

H-BC CP/MAS NMR. 'H-2C CP/MAS NMR spectra have been acquired for
most of the systems for purposes of probing samglatity and purity; relevant spectra
are included in Appendix D (Figures D.6.1-D.6.8arbon chemical shifts were
referenced to the high frequency chemical shifiadid adamantane,(, = 38.57 ppm
with respect to tetramethylsilane, TMS). Spectith wvo different spinning speeds were
acquired for each sample, and optimized recyclaysedf 6 to 12 s were applied.
Additional experimental details are summarisedabl& D.6.3.

Silver chemical shift parameters were obtainedsinaulations of experimental

spectra using the WSolids software packége.
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6.2.3 Ab initio calculations.

Ab initio calculations of chemical shielding addoupling tensors were
performed using Gaussian‘08n Dell precision workstations running Red Hatuxras
well as on Alpha and Opteron workstations on SHARCTRf All of the calculations
were performed using the Restricted Hartree FotkR)Rnethod with the valence
double-zeta plus polarization (DZVP) basis'sen both the silver and nitrogen atofhs
and 6-311G** on all of the other atoms. Molecutaordinates used in the calculations
onla® and on [Ag(NH),],SO, (4),>* were taken from the crystal structure data, andeth
used in the calculations deand2b are based on a structure similar to that repdayed
Smith et af® In all cases, hydrogen atom positions were gegnogtimized, using the
6-311G** basis set on all H atoms. The nuclear me#ig shielding tensors were

calculated using the gauge-including atomic orbitakthod (GIAO§?>3

6.3 Results & Discussion
6.3.1. Solid-state NMR.

In this section, we will first discuss thid-'>Ag CP/MAS NMR spectra of the
parent compounda, along with similar spectra of samplHsto 1e which are obtained
from the reaction otawith stoichiometric amounts of amine. ThéiN CP/MAS NMR
data are discussed fbc (1:1) andle(1:2), in an effort to further refine our
understanding of the layered solids. ThiféAg and**N NMR data are presented for a
different series of layered materia?s to 2c, and compared to the first series of
materials, as well as to [Ag(H,:NH,),] '[NO,]~ (3). Finally, a thorough discussion of
ab initio calculations of silver and nitrogen cheatishift tensors, silver-nitrogen
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J-couplings, and their use in defining and proposirggructural model for the layered

solids, is presented.

[Ag(4-pyridinesulfonate)], (1a). *H-'*°Ag CP/MAS NMR spectra dfa acquired
at two MAS speeds (Figure 6.1) reveal two peakh wivtropic chemical shifts of 283

and 25 ppm (silver CS parameters are summarizédbie 6.1).

e
'J('®Ag-"N) = 60(8) Hz

-10 -30 -50 ppm

(1)
@ TJ_MJLWLWU A

+
80 600 400 200 O  -200  -400 ppm
Figure 6.1 Solid-staté®®Ag CP/MAS NMR spectra afa at two different spinning
speeds(@) v,,,= 2.9 kHz andb) v,,,= 2.0 kHz. Isotropic peaks for the two distinct

silver sites are designated as 1 and-2Zdesignates spinning sidebands for site 2; all
other peaks are sidebands of site 1.

The two shifts indicate the presence of two cristghphically distinct silver sites, in
agreement with the known crystal structurdat® Since the Ag(1) nucleus, the pyridine

ligated center, is in a nearly linear environméAQg-N = 168.62) and the Ag(2)
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nucleus, the sulfonate ligated center, is in aodistl tetrahedral environment

(Scheme 6.1), the assignment of the resonancésighéforward. Ag(1) should have a
significantly larger CSA than Ag(2), since the maba shielding is distinct in directions
parallel and perpendicular to the N-Ag-N bondingiagement. On the other hand,
Ag(2) is in a relatively spherically symmetric eronment by comparison, and the CSA is
reduced. Therefore, Ag(1) and Ag(2) are assigodld peaks at 283 ppm and 25 ppm,
respectively. Herzfeld-Berger analy$iwas used to extract the silver CS tensor
parameters for site 1 using the slow-spinning spat(2.0 kHz), yielding a span and
skew ofQ2 = 1163 ppm ané = 0.74, respectively. The skew indicates thatsthielding
tensor is nearly axially symmetric, from which iaynbe inferred that the distinct
componentg,,, is directed along or near the direction of th&¢¢N bonding
arrangement. An accurate CS tensor cannot bengbt&iom the small manifold of
sidebands for Ag(2), but an upper limit@f= 250 ppm can be estimated from ab initio
calculationsvideinfra), which is comparable to experimentally measure@sCS
tensors for Ag nuclei in five- and six-coordinatieer atoms in AQSQCH,(183.4(5)

ppm) and [Agp-toluenesulfonate)] (163(4) ppm), respectivély.

The!®Ag NMR spectrum acquired at, = 2.9 kHz (Figure 6.1a) was processed
with less line broadening than the slow-spinningcsum, and fine structure is clearly
visible. Closer examination of the pattern with = 283 ppm reveals a quintet of
1:2:3:2:1 intensity (Figure 6.1, inset) which asi$eom indirect spin-spin coupling
between®Ag and two*N nuclei,*J(**°Ag, *N), where'N is a spin = 1 nucleus
(n.a. = 99.63%). The magnitude'df>°Ag, **N), 60(8) Hz (Table 6.2), is typical for a
silver atom bound to asp? nitrogen?*
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Table 6.1. Experimental®Ag chemical shift parametets.

Compounds 3., (ppm)° Q (ppm) © K¢
1a (site 1) 283(2) 1163(50) 0.74(5)
(site 2) 252 e e
1b (site 1) 283(2) e e
(site 2) 252 e e
(site 3) 508(2) 991(50) 0.95(5)
1c (site 1) 283(2) 1128(50) 0.90(5)
(site 2) 25(2) e e
(site 3) 508(2) 991(50) 0.95(5)
1d (site 1) 283(2) 1106(50) 0.99(1)
(site 2) 25(2) e e
(site 3) 507(2) 1031(50) 0.99(1)
le 507(2) 1031(50) 0.96(4)
2a 46(1) e e
2b 457(2) 1497(50) 0.96(4)
2c 474(2) 1530(50) 0.99(1)
3 454(2) 1322(50) 0.99(1)

#The CS tensor is described by three principle @mapts ordered such thigt > 6,,> 6.
®8i50= (Br1 + 8 +835)/3,°Q =833 - 835, @ 1k = 3@ - 815/

Table 6.2. Experimental indirect spin-spin couplings.

Compounds  1J(**Ag, ¥N) (Hz) 2J(**°Ag, ™™N) (Hz)* 'K(Ag, N)° (N AZm?)

la(site 1) 608 - -1.47663*1&
- — 61(8) 1.07023*1%
2b 50(8) 70(5) -1.23053*18
2c 508 0 e -1.23053*18
3 508y e -1.23053*1&

2 Values of'J(**Ag, **N) were measured frof°Ag and**N NMR spectra of labeled complexBReduced

coupling were calculated using (ref. 88), = 4n>—"

bysry
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Complex 1a reacted with G,H,NH, in ratios of 1:0.5, 1:1 1:1.5 and 1:2, (1b,
1c, 1d and 1e).The'H-'°Ag CP/MAS NMR spectra dfb, 1c, 1d andleare compared

to the parent sampléa, in Figure 6.2.

R

1b
me«—ﬂm-—aﬂw-f\-—ﬁ L RJ 'ww..l'lh._ﬂm ULJJ PR S S——
le

410000 500 0 500 ppm
Figure 6.2. Solid-staté®®Ag CP/MAS NMR spectra ofa - 1e. Isotropic peaks are

designated with asterisk&). Spectra ola, 1b and1lc were acquired at,, = 2.9 kHz
and spectra afd andlewere acquired at,, = 2.0 kHz.

As the loading level of the dodecylamine is incegas new spinning sideband manifold
emerges with a distinct isotropic shift (ca. 50pp The intensity of this pattern
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increases with increasing amine loading level wntly this pattern remaind ). Silver
CS tensor parameters extracted from the lower-gsprspeed powder patternsidare
0,s, = 507 ppmQ = 1031 ppm and = 0.96 (Figure 6.3a, 6.3b). The higher frequency
shift (i.e., the'®Ag nucleus is deshielded relative to those in tept compound), in
combination with the span and skew, suggest theenge of a distinct silver

environment from those dfa.

1J("*°Ag-""N) = 61(8) Hz
b

(@ LJ

1500 1000 500 0 -500 ppm
Figure 6.3. Solid-staté®®Ag CP/MAS NMR spectra afeat three
different spinning speed4a) v,,,= 2.0 kHz. (b) v,,,= 2.9 kHz.(c)
V.= 8.0 kHz. Isotropic peaks are designated withresits ).

'H-1%Ag CP/MAS NMR spectra afe were also acquired at a higher spinning
speedy,, = 8.0 kHz), revealing triplets of 1:2:1 intensifigure 6.3c). The size of the

splitting is ca. 61(8) Hz, indicating that tH8Ag nucleus isl-coupled to twd*N nuclei in
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the sp® environments of the dodecylamines. The distingltiplets arising from
J-coupling to'“N nuclei of the pyridine rings are not observedjéating that silver-
pyridine nitrogen bonds are absent. The data ateithat, at loadings above one
equivalent of amine, the primary species preseqti#es a major reconstruction of the
coordination polymer backbone. The higher loadimiggmine may enable a requisite
degree of swelling to allow the transformation, ndégplace the pyridine ligands directly,
or may likely lead to some combination of the twotbrs. Clearly, simple intercalation
of the primary amine is not the only process ogogrrrather, what is being witnessed is
the gradual formation dfe, which has new silver coordination sites.

'H-*N CP/MAS NMR experiments were conductedlerandleat 9.4 T and
21.1 T (Figure 6.4, Table 6.3). The spectra asemsally identical, unlike their distinct
1%Ag NMR spectra. In th&N NMR spectra acquired at 9.4 T, there are two drigh
frequency peaks at 36.9 and 36.4 ppm, and two ltnequency peaks centered at 22.0
and 17.2 ppm, the latter of which are split du&J(8°Ag,**N) = 61(8) Hz, in agreement

with splittings measured in the corresponditigg NMR spectra ofle

Table 6.3. Experimental®N chemical shifts.

Compounds d,.,(ppm) of coordinated 0., (ppm) of
nitrogen uncoordinated nitrogen
1c 21.9(5), 17.2(5) 36.9(5), 36.5(5)
le 21.9(5), 17.2(5) 36.9(5), 36.4(5)
2b 19.4(5), 14.0(5) minor species, 36.6(5) ppm
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36.9 ppm 14("%Ag-""N) = 61(8) Hz
+ 3&4 ppm
J(""Ag-"*N) = 61(8) Hz
38.0 375 37.0 38.5 36.0 ppm 25 20 15 ppm
By=211T f| le
B,=9.4T J k k
50 40 H 30 20 10 ppm
1c
B,=211T
0 __) -
B,=9.4T | k-k
50 40 30 20 10 ppm

Figure 6.4. *®N CP/MAS NMR spectra afc(1:1) andle (1:2) acquired at
two different fields. The doublets around 36 p@imofvn in the inset)
correspond to different nitrogen sites of free arinThe doublets at 17
and 22 ppm correspond to nitrogen sites couplatiter atoms. The insets
are expansions taken frabe.

Due to the similarity of gyromagnetic ratios'®fAg and'®Ag, the'J(**’Ag, °N) and
1J(**°Ag, *N) could not be differentiated. Integration of tiid CP/MAS NMR spectra of
both samples reveals intensity ratios of 1:1 betwbese two regions (this was assessed

under multiple contact times). The shifts andgraged intensities of all of the peaks, as
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well as thel-coupling observed for the low-frequency resonanaese confirmed by
experiments conducted at 21.1 T, since the diffexem Hz for the peaks split by
J-coupling is constant regardless of the field sitepand easily differentiated from peaks
with different chemical shifts, which are constamppm. The high frequency peaks have
similar isotropic shifts to “free” dodecylamingde infra),>® and indicate the presence of
a non-coordinated amine species. The low-frequehsplit peaks are assigned to
nitrogen atoms of the dodecylamine which are icténg with silver atoms in the newly
formed materiaf?*>® Coordinative displacement of sulfonate ligandsigh loadings
of amines has been observédlhis assignment is consistent with the numeraggtive
coordination shiftsAs = 5.0 - 5 reported for coordinatioraafine ligands to
transition metal4>°8>°

These data confirm the notion tHagis gradually being formed frorha and
dodecylamine. Previous XRD experiméntonducted at room and higher temperatures
for 1lcandlewere proposed to reveal the “reversible” reledssone and the
regeneration ofa for the former, while such behaviour was not obseérfor the latter. It
is possible that the combination of “free” dodeayliae released upon heatihg along
with the remaining unreactdd, gave the impression that a reversible intercaiatif the
amine was occurring. In fact, the disparate sét®aff NMR spectra and identical set of
>N NMR spectra for these samples demonstrate thaplsalb, 1c andld are likely
simple mixtures olaandle

However, this does raise some questions regarteéptmation ofLe from la

Aside from the highly selective reaction at theesilsite, which requires cleavage of two
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sub-2.0 A Ag-pyridyl bonds iftaand replacement by two amine molecules, it is yikel
that the amine is playing a role in exfoliating thgers ofla and “bowing” the layers
such that the silver sites are exposed to reaetiinthe primary amines. Such layer
bending has been observed for more rigid moleahiaets such as those in grapffite.
Unfortunately, the formation of a layered solid h@&onsisting ofa and intercalated
amine would be very difficult to distinguish by NMRbm 1la and free amine, and may
only exist transiently during the formationd While the formation of a transitory
layered solid en route to the formationl@fis plausible, and is somewhat consistent with
the!®®Ag NMR data, thé®N NMRspectra strongly suggest the constant presenta of
andle

Complexleis clearly not an intercalation solid, and itsisture must now be
considered. Sinckeis known to have a layered structure from powdeDXpatterns?
and based on known structures of analogous sij)gtesis, it is possible that the silver-
diamine cations form bilayef$®* However, since samplee has a 1:2 ratio of silver
atoms to dodecylamines, it seems that half of illierssites are unaccounted for in this
model. It is possible that tAEl-1Ag CP/MAS NMR experiments are unable to detect
silver sites which are not proximate to an abunganton source. Hence, lengthy
19Ag{ *H} Bloch-decay MAS NMR experiments, run with a reteytime of 300 s, reveal
a sharp peak at 425 ppm (Figure 6.5) with no ftnecsure QAv,,, = 78 Hz) which was not
observed in previously discuss&t+'®Ag CP/MAS NMR spectra. The silver resonance
at 507 ppm in this spectrum, corresponding to thme-coordinated silver, is broad and

more difficult to observe. The new peak has a sifilar to those observed for silver
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sites in AgSQ, (between 409 and 466 ppiiJikely corresponding to an isolated,

uncoordinated silver ion.

600 500 400 300  ppm
Figure 6.5. Solid-staté”®Ag MAS NMR spectrum olleat9.4 T,v,, = 8.0 kHz

We are cautious in our definition of “isolated’tims case: bysolated, we refer to a Ag
site which is not strongly coordinated by oxygemnas (as irla), and there are no
coordination shifts indicating hydrogen bondingr fine structure to indicate the
presence of nearby NMR active nuclides. Unfortelyathe integrated intensities of
these peaks (isolated:coordinated, 1.5:1.0) argumttitatively representative of the
amount of silver, since tH&’Ag relaxation time constants are different for esith, and
part of the broader, high frequency signal is thgt to the rapidly decaying FID. In fact,
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theT, associated with the broad resonance is so stadrttis resonance is not observed
in Hahn-echo experiments with interecho delaysofL25 ps; hence, only Bloch decay
experiments could be applied.

If the silver-diamine cations form bilayers, thée tfree” dodecylamine
molecules, silver ions and pyridinesulfonate corart®nsare likely positioned between
the layers, or perhaps among the alkyl chainsefitdecylamine$;****however, no
interactions of these species with the diamineooatare detected, and the precise
arrangement of these species is unknown at thes tifilme structural positioning of the
uncoordinated dodecylamines could potentially bg rderesting, as they could be
located among the layers in a variety of scenariosddition, they may play a role in the
gradual conversion dfato 1ewith addition of amine, since the 1:1 reactionsinet
completely form a new layered solid.

Solid-state NMR spectra indicate that the structiiree is very different from
that ofla: in the former, the silver atom is strongly cooatied to two dodecylamine
nitrogen atoms, as opposed to the nitrogen atortieipyridine-sulfonate moieties in the
latter. The increased axial symmetry of the sil@&tensor also indicates that the
N-Ag-N arrangement of atoms is increasingly linatein comparison to that iha. A
reaction has occurred in which half of the dodetytee molecules coordinate to silver
atoms to form silver diamine cations, while the aamng dodecylamine molecules do
not have strong bonding interactions with silvemas. A structural model is further
developed below, via comparison to data for othenes, as well as through theoretical

calculations on model systems.
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Ag(p-toluenesulfonate) (2a), and 2a reacted with GH,.NH, and C;H,;NH, in
1:2 ratios (2b and 2c). The'H-*°Ag CP/MAS NMR spectrum d?a has one sharp

(FWHH of 100 Hz), isotropic peak at 46 ppm (Fig6réa).

(d)
2000 1500 1000 500 O  -500  ppm
Figure 6.6. Solid-statéH-'“Ag CP/MAS NMR spectra afa) 2a (b) 2b, (c) 2cand

(d) 3atv,,, = 2.0 kHz. Isotropic peaks are denoted with &dteiti), remaining peaks
are spinning sidebandgt.: denotes impurity from the starting materias,

This isotropic shift is the same as per PennerLandgho also reported silver CS tensor
parameters of2 = 163 ppm and = 0.15%* The observation of one peak for this sample
is consistent with the crystal structure, sincefthe silver atoms in the unit cell are
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related by an inversion centre, and are therefoeenacally and magnetically equivalent.
The arrangement of atoms around the silver sidessribed as trigonal prismatic,
featuring five oxygen atoms and two other silvenat as nearest neighbotitsThe
structure oRais distinct from that oflain that the inorganic and organic moieties are
not contained within the same layer (Scheme @ils,Rais classified as a hybrid
inorganic-organic solid, with the toluene moietipendant” into the interlayer regidf.
Sample2awas reacted with two equivalents of unlabeled dygldenine and
nonylamine to produc2b and2c, respectively?® The'® Ag CP/MAS NMR spectrum of
2b has a single isotropic peak at 457 ppm, flanked large set of spinning sidebands
(Figure 6.6b). The span is very large= 1497 ppm, and the CS tensor is axially
symmetrick = 0.96. Once again, the high-frequency shift @&dtensor characteristics
indicate that the silver is in a linear or neaelin environment, suggesting the formation
of a diamine cation. Th&°Ag CP/MAS NMR spectrum d?b acquired at,., = 2.9 kHz,
and processed with no additional line broadenirdytewo zero fills, provides enough
resolution to identify 1:2:3:2:1 multiplets witd(***Ag, **N) = 50(8) Hz (Figure 6.7a)
confirming the proposed cation formation. Simiesults are observed fac (Figure
6.6c), demonstrating that the alkyl chain lengtbsidt have much influence on tHéAg
NMR parameters. Prior work indexing the powder Xpddterns of a nonylamine
intercalate was consistent with a layered AgRB8€@work where the amine defined the
interlayer region; however, as for the first seoésompounds, it was not possible to

determine the nature of the amine's interactioh wie layers?
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J("°Ag-"*N) = 50(8) Hz
#*
800 T80 T80 ppm

" W

1J('®Ag-*N) = 50(8) Hz
(b) . ?ﬁm TE0 TS50 74D T730ppm

L

.............. WWWWW
2000 1500 1000 500 0 -500 -1000 ppm

Figure 6.7. High resolution solid-staté€°Ag CP/MAS NMR spectra ofa) 2band

(b) 3 (both processed with two zero-fills). Isotropeajis are denoted by asterisks,
and insets are expansions of areas indicated byngles.#: denotes impurity from the
starting materiala.

A sample of2b was made with°N-labeled dodecylamine to confirm the binding
of the dodecylamine to the silver sites. THe'”Ag CP/MAS NMR spectrum of the
labeled2b reveals a single silver site with a spinning satebpattern identical to that of
the unlabeled sample, with the exception of thegmee of 1:2:1 triplets and
1J(*°Ag, **N) = 70(5) Hz (Figure D.6.4). Thel-*N CP/MAS spectrum of the label@t
(Figure 6.8) indicates that most of the dodecylansinvolved in direct coordination to
silver sites, withs,, of 19.4(5) and 14.0(5) ppm, aht{***Ag, °N) matching the

corresponding®Ag NMR spectrum. However, unlike in the casd efthere is not a 1:1
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ratio of coordinated and uncoordinated amine. Jdek at 36.6 ppm corresponding to
"free” amine is of very low integrated intensitpdanow corresponds to a mere impurity,

along with several other peaks which are separate 6r underlying the main resonances

at 19 and 14 ppm.

1J ("Ag-"*N) = 70(5) Hz

|

............

100 80 60 40 20 0 20  -40 ppm

Figure 6.8. *H-"*N CP/MAS NMR spectrum a2b. The doublets at 14 and 19 ppm
correspond to nitrogen sites coupled to silver atoithe peak at 36 ppm corresponds
to a small amount of unreacted dodecylamine.l®heintensity peaks at 27 and 90 ppm
correspond to some impurity from th#l labled dodecylamine sample. Low intensity
peaks in the region of 20 to 30 ppm underlie thexmasonances, and can be attributed
to either dodecylamines in differing environmentperhaps impurity phases. The
asterisks denote an artifact resulting from Fouremsforming a truncated FID, which
was necessary to minimize the high-power decougdyacquisition times.

[Ag(C,H,NH,),]"INO,]~ (3). Further understanding of the structure2lofind

2ccan be made by considering the [Ag#€,-NH.,),] [NO,]~ (3) coordination compound.
It has been proposed that the silver diamine catid consist of N-Ag-N in a near-

linear arrangement, and alkyl chains which addjut-ahape,” resulting in self-assembly
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into a bilayered structuré?® The'H-*Ag CP/MAS NMR spectrum d3 (Figure 6.6d)
looks remarkably like those @b and2c, with &, = 454 ppmQ = 1322 ppm and

k = 0.99(1). 'H-1Ag CP/MAS NMR experiments on unlabel@atv,, = 2.7 kHz and
processed with two zero fills and minimal line lteaing (Figure 6.7b) reveal 1:2:3:2:1
multiplets with*J(***Ag, “N) = 50(8) Hz, confirming that each silver is bodde two
dodecylamine molecules.

The similarity of the silver chemical shift tensarsdJ-coupling parameters of
2b, 2cand3 suggests that they have comparable structurds siver atoms in linear
N-Ag-N arrangements. TH&Ag and®N NMR data, along with powder XRD data be
and2b, suggest that the structureslef 2b, 2c and3 all consist of silver-diamine cations

which adopt the proposed “U-shaped” structuresfard bilayers (Scheme 6.2).

2

N-Ag-N N-Ag-N N-Ag-N

g
N-Ag-NN-Ag-NN-Ag-N E
N-

Scheme 6.2.A schematic representation showing possible &d/arrangements
(interdigitated, non- interdigitated,and angleckrdtgitated) of the U-shaped
silver-dodecylamine cations in the structured@&nd2b. Uncoordinated silver
cations, amines and pyridinesulfonate groups anéesn Three-dimensional
extension of these structures back into the pageraitted for clarity.
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The “free” dodecylamines do not seem to be necg$sathe stabilization and/or
formation of the layered structures, except indhge ofle The positions of additional
species (including anions for all species and “foelecylamines folle) cannot be
directly probed with thé”Ag or **N NMR experiments, though theoretical structural

modeling may be utilized to shed further light bede structural aspects.

6.3.2.Ab initio calculations.

First principles calculations of silver and nitrogehemical shielding tensors, as
well as*J(***Ag, **N) coupling constants, can be readily performedhwibdern
computational chemistry suites such as GaussiatnQBis section, we first present
calculations of silver CS tensor parameters.&odupling constants on a model
compound for a well-characterized structure, [Ag{NHESO,, in order to determine
which method and basis sets yield the best agradmémneen experiment and theory, as
well as to establish an approximate chemical sk#le (no absolute chemical shielding
standard has been reported for silver to date¢or®E calculations of NMR interactions
of structural models fata are presented (Figure 6.9a, 6.9b), since it hasnaell-
characterized, distinct silver sites. Third, weadiss the computation of NMR parameters
for [AQ(NH,R),]* units (Table D.6.4), which are used as structun@dels forle and2b
(Figure 6.9c, 6.9d). A preliminary explorationarthe potential environments of
additional species, including “free” or non-coorated amine and organic sulfonate

anions, is also presented.
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In plane Sideview

o
e

I/"\

Figure 6.9. Theoretically calculated silver chemiclél shietgdtensor orientations in structural
models forlaat sites (apg(1) (model structurd ) and (b) Ag(2) (Il ) and structural models
for (c) 2b (JAg(NH,C,H-),]*, IV) and (d)1e ([Ag(NH,C;H,),] -2(NH,C;H,), VI).
[Ag(NH,),],SO, is a reasonable starting model compound for cingoen
appropriate method and basis sets, since it haswrkcrystal structuféand silver CS
tensor parameters ahi{**°Ag, **N) coupling constants have been measttdeollowing
Bowmaker et al., the model cluster [(Ag(§H(HSO,),]* (1) is investigated, using
geometry optimized protons on the sulfonate grouigee silver atom is coordinated to
two sp*-nitrogen atoms, similar to that ireand2b. The RHF method, with DZVP basis
set$® on silver and nitrogen atoMis’and 6-311G** on all other atoms, yields the best
agreement with experimentally measured silver @Saes andJ(**°Ag, **N) (Table 6.4,

Table D.6.5), producing results similar to thos@ofvmaker and co-workeféwho used
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DFT calculations with the ADF suite, including zeér@rder relativistic approximation
(ZORA)#

Table 6.4. Experimental and theoretic8lAg chemical shift parameters and
1J(*°Ag, N) coupling values.

Structural Unit * r(Ag-N) G0 S0 Q K 1J(**°Ag,“N)
A (eppm)  (ppm)**  (ppm) (H2)
[Ag(NH,),],SO, (sampled)
Experimental 211 e 657(2)  1708(50) 0.62(5)47(8)
[(Ag(NHJ),)s(HSO),]*¢ (1) 2.11 3546 657 1652 0.84 41
Ag(PS) (sampld.a)

Experimental (site 1) 216 - 283(2) 1163(50) @4 60(8)

[Ag(py),]* (I1) 2.16 3988 215 1100 0.87 38

Experimental (site 2) = - —eeee- 25(2) - —_ e

[Ag(SOMe),]* () - 4174 29 257 B0 -3 J—
(sample2b)

Experimental e e 457(2) 1395(50) 0.92(5)50(8)

[Ag(NH,C,H,),]" (IV) 2.10 3729 474 1366 0.93 42

[Ag(NH,CH,2).]* (V) 2.10 3728 475 1370 0.93 42
(samplele

Experimental = —eeeeem e 507(2) 1031(50) 0.9%(4 43(8)

[Ag(NH,C;H,),]* ¢ (VI) 2.10 3652 526 1231 0.83 38

[Ag(NH,CH-).]* ¢ (VI) 2.15 3741 452 1096 0.83 35

" The model structure formulae and reference numfiretsldface Roman numerals) are listed below.

@ The chemical shifts were calculated usipgsample) 5,,(ref) = o (ref) - o (sample) wheré,(ref)
ando,(ref) are thé®Ag experimental chemical shift and the calculateeingical shielding, respectively.
®Thes,, of the Ag(2) site oflawas set to 25 ppm as an approximate chemicalrefigftence. See text

for details. © This unit is taken from the reported crystal stmue with adding two hydrogen atoms to avoid

the negative charg&The positions of the uncoordinated amines weraniged

To further test the consistency of the choice ofhoe and basis sets, similar
calculations were conducted on model systemddorThe structural unit used to model
site Ag(1) inlaconsists of a silver atom bonded to two pyridings, {Ag[pyl,} *
(Il', Figure 6.9a), in which the sulfonate groups apaced by hydrogen atoms to reduce
computational expense. The calculated valug3 ahdk are in good agreement with

experimental data, and the CS tensor is oriented thato,; (the most shielded
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component) is near the Ag-N bonds{;-Ag-N1 = 5.75and/c,-Ag-N2 = 5.64). The
skew is not axially symmetric, since the N-Ag-N &nig not exactly 180 ands,, ando,,
are oriented in different environments, as prediétem experiment. However, the
theoretical value ofJ(***Ag, “N) is less than the experimental value, and thedp@
shift is not accurately reproduced. The structaoratlel for site Ag(2), [Ag(SMe),]*
(111", Figure 6.9Db) is also based on the crystal stractuwowever, to reduce computational
expense, the pyridine moieties on the sulfur ate@® replaced by methyl groups.
There are no experimental silver CS tensor datthfersite; however, we found that by
settingod,,, = 25 ppm (the experimental value) for the Ag(2¢,sihe relative chemical
shift values of all of the other model compounddesd well with experimental values.
This is by no means an endorsement of this paaticubdel as an absolute chemical
shielding standard; a detailed experimental andréieal determination of such a
standard is beyond the scope of this paper.

The!®Ag and™N NMR spectraof 1e and2b indicate that the silver sites are
coordinated to two dodecylamines; hence, one oétihuetural models used for these
species is [Ag(NKC,H,),]* (IV, Figure 6.9c). The starting model 18 was constructed
from a crystal structure reported by Smith ef3alijth optimized proton positions. In
order to reduce computational expense, the allginshonly have three carbons; this
feature of our model is justified by aforemention®4g NMR data for2b and2c, as
well as calculations on [Ag(NJEH,5),]" (V, not pictured), both of which reveal that CS
andJ-coupling parameters are not influenced to anytgtegree by chain length

differences.

174



Different structural parameters were varied ineoitth observe corresponding
changes in NMR parameters. The variation of thveisCS span antd(**°Ag, **N) as a

function of internuclear distance (Figure 6.10, [€dD.6.4) reveals that both tkeand

2000 50
1800 ] A
: . 145
]
_ 1600] A = ©
g & a —
£ 1400 A - I
- - ¥ 5
¢ 1200 ] u £
s A . 0 3
] A (1]
= 1000 ] K - 3
[ ]
A - 25
800 ] A .
A | |
A 120
600 1 A o
A A
A
400 ] 115
D 10

Bond Length (A)

Figure 6.10. *J(***Ag, **N) coupling @) and span4) as a function of Ag-N bond
length in [Ag(NH,C;H)]".

1J(*°Ag, N) increase with decreasing Ag-N bond length; Hebkaviour is expected for
the latter, since its magnitude is dominated byR#eni-contact mechanism and
increasings-character in the Ag-N borfd. The best agreement between the theoretical
silver CS tensor parameters and thosRtok observed at(Ag-N) = 2.10 A

(Table D.6.4), whileJ(**°Ag, *N) is slightly underestimated. This valuer@hg-N) is a
reasonable equilibrium bond length for this struetsince there are a number of
analogous molecules having Agds{) bond distances of ca. 2.12&%*%°and similar
values of'J(**Ag, *N).?
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While model structuré/ may be adequate for describiPlg, the parameters are
clearly distinct fromle, and simple geometrical adjustments to the [Ag{GLH-),]*
coordinates (Ag-N bonds, as well &3-Ag-N) and/(C-N-N-C), Tables D.6.6 and
D.6.7) are insufficient for modeling this systeience, calculations were conducted on
numerous structural models which include additiovai-coordinated amine units and
pyridine sulfonate ions, all of which exert consatde influence on the CS tensors and
J-couplings. Interestingly, fairly good agreememswound in structural models
incorporating two additional propylamine units whinigre weakly coordinated (through
geometry optimization) to the silver atom, [Ag(MEH-),]*-2(NH,C,H-) (Figure 6.9d,

VI). Specifically, calculations involving Ag-N bond§2.10 and 2.15 A, and weakly
coordinated amines with Ag-N distances of 2.9 add3 yield reasonably good
agreement with experimental data i@ suggesting that weaker, long-range interactions
are key in determining the silver tensor charasties, and hence, influencing its overall
structure.

Theoretical nitrogen chemical shifts are also & imsmodeling the structure of

free
iso

coord

2b (Table 6.5). Our experimental results indicat®ardination shiftAs = 6, -0
of between ca-15 and-20 ppm inleand between ca.1l4 and-22 ppm in2b.
Calculations are in excellent agreement, prediatmgydination shifts oA = -16 to
-22 ppm for coordination of two propylamine moleaute silver to form the cationic
diamine complex. As expected, calculations prettiiat additional long-range

interactions between silver and propylamines wéld/no noticeable change in isotropic

chemical shift, witls ranging from-0.2 to +1.0 ppm.
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Table 6.5. CalculatedN isotropic chemical shielding values and assodiate
coordination shifts relative to free propylamineghe structural models fdre

Structural Unit Ag-N (A) 6. (Pppm) A§?

[Ag(NH,C,H.),]* 2.10 273.7 -22.0
2.15 271.0 -19.3

2.20 268.5 -16.8
[Ag(NH,C.H.),]* ® (site 1) 2.10 272.2 -20.8
(site 2) 2.10 268.5 a7
(site 3) 2.90 251.6 20.
(site 4) 3.02 250.4 11.
[Ag(NH,C,H.),]* ® (site 1) 2.15 269.8 -18.2
(site 2) 2.15 266.2 A4
(site 3) 2.90 252.0 10

(site 4) 3.02 250.7 0.9

coord

whered,g,

ANG = 8coorc _ 8free

is0 S0 1 is thé°N chemical shift of the nitrogen site coordinatedtte silver

atom andSif;ie is th&N chemical shift of free propylamine. The RHF/GL&E* nitrogenc,, for

propylamine is 251.7 ppm. The coordination skifiéfined ads = -Ac. ® The position of the third amine
was geometry optimized in this calculation.

Ab initio calculations of silver CS tensors, siln@trogenJ-couplings and
nitrogen coordination shifts are all useful in glecidation of the local structure of the
silver-dodecylamine cations in layered systems2ilste However, for systems likke in
which there may be additional long-range interaxjdhe structures are more difficult to
model on the basis of NMR data; further investigagi and structural refinement are
required. Itis possible that molecular dynamiceséaling simulations combined with
first principles calculations of silver and nitragfMR tensors may be useful for future

elucidation of the structures of these complex n& notably, the nature of the long-
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range layered structure and counteranion positions.

6.4 Conclusions

Layered silver supramolecular frameworks reacted piimary amines have been
characterized using SSNMR, powder XRD and ab imiticulations.**’Ag and™N
NMR spectroscopy have been utilized to demonsthaienew materialslg and2b) are
formed which consist of silver diamine cations, m@nanions and, in the caselsf
“free” amine molecules and uncoordinated silvezssitAmines are crucial in the
formation of these materials as both non-coordieaguests and highly selective
reactants at the silver site$’Ag and>N NMR data, along with complementary NMR
parameters obtained from ab initio calculationgquivocally demonstrate the formation
of silver diamine cations and the disappearandkeobriginal metal-organic frameworks.
The combined powder XRD and NMR data suggest beasitver diamine cations are
responsible for forming a bilayered structure. dgifothe positions of the counteranions
are somewhat ambiguous, ab initio calculations destnate that additional amines that
are weakly coordinated to the silver sites mayugice the silver CS tensors while not
producing an observablecoupling, and suggest that these amines may logatin
stabilizing the layered structure b& In a broader view, this study demonstrates the
importance of combining complementary physical abtarization methods for obtaining

a more comprehensive understanding of moleculactstre underlying new materials.
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Chapter 7

Application of Solid-State*Cl NMR to the Structural
Characterization of Hydrochloride Pharmaceuticalsand their
Polymorphs

7.1 Introduction

Polymorphs, which are distinct, stable phasespmfra substance resulting from a
minimum of two different arrangements of the moleswor atoms in the solid state, are
of great interest in many areas of chemistryMost active pharmaceutical ingredients
(APIs) can adopt more than one polymorphic phasecan also crystallize as
pseudo-polymorphs, in which the molecules are stirtit hydration or solvation
environments. Identification of different polymig or polymorph screening, is of great
importance in the pharmaceutical industry and aasaxt laboratoried! since (i) ca. 80%
of solid pharmaceuticals possess more than onengophic form? and (ii) different
polymorphs can have distinct physicochemical priogesuch as solubility, melting
point, dissolution rate, density, hardness andigstal morphology, all of which can
affect the bioavailability, handling, packing, SHéfe and/or patenting of a druitf?

Traditionally, single-crystal and powder X-ray d#ttion (XRD) have been the
primary methods for solid-state characterizatioplwirmaceutical$:*® In many cases,
isolation of crystals suitable for single-crystdRl studies is very difficult for standard
pharmaceuticals. Powder XRD is useful for distisging polymorphs, but is often
limited for detection of slight structural/confortitmal changes$!**and for providing
specific information on the intra- and intermoleaubrigins of polymorphism.
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Solid-state nuclear magnetic resonance (SSNMR)rarpats are an excellent
complement to XRD method$!’ since they are sensitive to changes in the local
electronic environments of nuclei resulting frorteedtions in molecular structure such as
bond length and angle variation, hydrogen bondsodéiner intra- and intermolecular
interactions®2° SSNMR spectroscopy also provides the added lesfdfeing able to
examine disordered or non-crystalline phases @ gtlarmaceuticals. In gener&t
SSNMR experiments have been key in probing pharuatieead polymorphism, allowing
for the study of site-specific chemical changes-astmichiometric hydration and
solid-state dynamics in heterogeneous and disatdeneples, as well as quantification
of mixtures of crystalline and/or amorphous forfhdn numerous cases wheéf€ NMR
spectra are ambiguous, SSNMR of other nuclidesarmpaceuticals have proven useful,
includingH, H, N, 3P and"F, and eve®*Na, all of which seem very promising for
probing polymorphisn?#

Chlorine SSNMR, to the best of our knowledge, hatsbeen applied for the
investigation of pharmaceutical polymorphism, desthe plenitude of hydrochloride
(HCI) pharmaceuticals. It is estimated that 50%albpharmaceutical salts, which are
more soluble than non-ionic species and extremsdyul in solid dosage forms, are HCI
pharmaceuticals, and that chlorine is presennial formulations of ca. 25% of drugs.

It has recently been demonstrated that chlorine N§/&h excellent probe of the Gbn
binding environment in HCI amino acié&* and is very useful for distinguishing
pseudo-polymorphs of chlorine-containing coordimattompound& *Cl NQR has

been applied to study the temperature and phasmdepce of*Cl quadrupolar
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frequencies in numerous spect&®,however, this technique is restricted to systeritis w
largerCy's, and not generally applicable fGf < ca. 10 MHz. Chlorine has two
naturally-occurring NMR-active nuclideSCl and®'Cl, both of which are half-integer
quadrupoles (both spin 3/Q(**Cl) = -0.082 x 163® m?, Q(*'Cl) = -0.065 x 138 m?)*¢3’
with low gyromagnetic ratios, and are regardedrasaeptive low-gamma nuclei, despite
their relatively high natural abundances (75.53% 2¢.47%, respectively). The recent
increase in the availability of ultra-high magnédietds and signal-enhancing pulse
sequences has made roufitf€Cl SSNMR experimentation a viable option for
investigating such systems. Given the sensitifitthe®*"CI quadrupolar interaction to
site geometry and chemistfand the relatively wide chlorine chemical shifiga3®

%37CI SSNMR should be an excellent probe of strucam polymorphism in HCI
pharmaceuticals.

One class of drugs prone to polymorphism is HCal@naesthetics (LAs). LA
molecules generally have common structural featwlesh determine their
pharmaceutical activities, including a hydrophéied group, which is normally a tertiary
or secondary amine, and a hydrophobic end groujghw usually aromati®. These
groups are linked by ester or amide bridges andgsssone or more aliphatic chains as
substituent$? While these structural features allow for confatimnal flexibility, which
undoubtedly influences the drug activity, they asoount for the high possibility of
polymorph formatiori?*® The anionic chlorine sites, which adopt uniqusifans in the
unit cell, are expected to have distinct quadrupaha chemical shift parameters. This

suggests thatCl NMR spectra can serve as indicators and/or ifilerst of different solid
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phases, providing rapid, unambiguous differentrabdstructural polymorphs. Notably,
%Cl SSNMR should find much utility in cases whé&i@ NMR data are indeterminate or
there is a disordered phase(s) unamenable to XREacterization.

Herein, we report a preliminary study of the apgtiicn of solid-staté’Cl NMR
spectroscopy for the structural characterization©f salts of procaine (PH), tetracaine
(TH), monohydrated lidocaine (LH) and monohydrate@ivacaine (BH) (Scheme 7.1)

as well as some polymorphs of LH and BH.

a) b)

NH
J NH4©—< 3
© clr JJ o c

O

d)
- °
; ( *
~NH N‘/ N N NH |
c «HO Ck <H,O

Scheme 7.1.The structures of a) procaine HCI (PH), b) teinae HCI (TH),
¢) lidocaine HCI monohydrate (LH) and d) bupivaeaihCl monohydrate (BH).

Quadrupolar and chemical shift parameters extréfotea**Cl SSNMR spectra can be
used to distinguish different chlorine environmantthese samples; of particular interest
is the relationship between the quadrupolar parammeind number of short Cl---H

hydrogen bonds. These data are complemented g sirystal structures, powder XRD
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patterns andH-C CP/MAS NMR spectra. We hope to demonstratettieat
combination of these methods will give us insigtibirelationships between the
structures of the solid pharmaceuticals and the NMRmeters, and th&€Cl SSNMR
spectroscopy is much needed as a routine scre@olignorphism in pharmaceutical

HCI species.

7.2 Experimental
7.2.1 Sample preparation and XRD.

Samples were purchased from Sigma-Aldrich Canaitia, Crystals of PH were
obtained directly from the bottle, whereas crystdlsH, TH and BH were grown by
slow evaporation from acetone, isopropanol andutiea of water/aceton®,
respectively. Commercial BH was heated in an atel20 C for one day to form
polymorph BH1, and was also heated at“XZ@or 12 hours using a silicon oil bath to
form BH2. Monohydrated lidocaine HCI polymorph (LHvas synthesized by
dissolving approximately 1 g of the commercial tdme HCI (LH) monohydrate in
acetonitrile (30 mL) and a small amount of Mg3@as added. The mixture was left to
stir under nitrogen overnight. The sample wasr@dtl and acetonitrile was then removed
under reduced pressure. Elemental analysis onvilperformed by Atlantic
Microlabs, Inc. (Anal Cald. for LH1: Cl, 12.27%; 68.22%; H, 8.72%; N, 9.69%; O,
11.08%. Found: Cl, 12.22%, C, 58.16%; H, 8.85%918.1%; O, 11.10%).

Sngle crystal and powder X-ray diffraction. Single crystals were covered in Nujol

and placed into the cold,dtream of a Kryo-Flex low-temperature device. The
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experiments were performed using the SMARI&ta collectiosoftware on a Bruker
APEX CCD diffractometer using a graphite monochrtonaith Mo-Ka radiation

(A = 0.71073 A) source at a temperature of -100R®emisphere of data was collected
using a counting time of 30 s per frame. The dadactions were performed using
SAINT*® and absorption corrections were applied using SBBA The structures were
solved by direct methods and refined by full-mateast-squares dff with anisotropic
displacement parameters for all non-H atoms usiegSHELXL software packade.
Powder XRD patterns were collected using a D8 DISER X-ray diffractometer
equipped with an Oxford Cryosystems 700 Cryostr@éums Cooler. This diffractometer
uses a Cu-K (A = 1.54056 A) radiation source with a Bruker AXSS$ITAR area
detector running under the General Area Detecttirdation System (GADDS).

TGA and MS. Thermal gravimetric analysis with mass spectroimeetection of
evolved gases was conducted on a Mettler Toledo TGAA 851e that was attached to
a Pfeiffer Vacuum Thermostar mass spectromete0QlaBnu) via a thin glass capillary.
Helium (99.99%) was used to purge the system witbvarate of 30 mL/min. Samples
were held at 25 °C for 30 min before being heatet5 °C at a rate of 2 °C/min. A mass
range between 15 m/z and 100 m/z was constanthynedaat a frequency of about 1.6

scans per second.

7.2.2 Solid-State NMR.
%Cl SSNMR experiments were carried out on a Vanwimity Plus

spectrometer equipped with an Oxford 9.4 J*H) = 400 MHz) wide-bore magnet with

189



vo(*Cl) = 39.26 MHz. Thé®Cl isotope was chosen instead®@l because of its higher
receptivity. High-field®CI NMR data were collected on an ultra-wide boré 8Hz
(21.1 T) built-in-house superconducting NMR magiwg(f°Cl) = 88.125 MHz) at the
NHMFL in Tallahassee, Florida, as well as on a Bz Bruker Avance Il spectrometer
at the National Ultrahigh-field NMR Facility for 8ds in Ottawa, Canada. All spectra
were acquired using the Hahn-echo pulse sequendedorine chemical shifts were
referenced to NaCl(sp,(, = 0.0 ppm), following Bryce and co-workers?

Experiments at 9.4 T. Samples were finely ground and packed into 5 nan o
zirconium oxide rotors3*Cl NMR spectra were collected on a double resonéiizg
static probe. Central-transition selecti/2 pulse widths between 1.0 and 2.3 us were
applied with an optimized recycle delay of 0.9rs.cases where NMR powder patterns
were too broad to be uniformly excited with a sengulse, spectra were acquired by
stepping the transmitter frequency across theespéntral transition powder pattern in
even increments, collecting individual sub-spearal co-adding thefi*” Experimental
times at 9.4 T ranged from 5 to 80 hours, dependpan the desired S/N, pattern breadth
and the number of sub-spectra collected. Furtheemxental NMR details can be found
in the supporting information (Table E.7.1-E.7.3p&ndix E).

'H-3C CP/MAS NMR spectra of BH and LH were acquired,at 9.0 and
9.9 kHz, respectively, on a 5 mm HXY probe at 9.4A'H =/2 pulse width of 3.25 s,
optimized contact time of 4 ms, recycle dela 4 § andH decoupling fields of ca.

62 kHz, using the TPPM sequerféeyere applied. Carbon chemical shifts were

referenced with respect to TMS using the high fezagpy chemical shift of solid
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adamantane&(, = 38.57 ppm) as a secondary reference.

Experiments at 21.1 T.*Cl NMR spectra of BH obtained in Ottawa were
acquired on a Bruker HX 3.2 mm MAS probe. Tt@& MAS NMR experiment on BH
was performed with a spinning frequencwgf= 15 kHz. MAS and static spectra were
acquired using selectivé2 pulse widths of 3.6 and 6.0 us, respectiveld, @otimized
recycle delays of 1.0 s. TR&I MAS NMR experiments conducted at the NHMFL were
performed withv,, = 22 kHz on a built-in-house HX 3.2 mm MAS probeelegtiven/2
pulse widths of 2.3 or 3.3 pus witH decoupling fields of ca. 60 kHz and optimized
recycle delays of 1.0 or 2.0 s were employed. skatic®*CI NMR experiments, samples
were packed in a rectangular glass container (%31 mm) and spectra were acquired
on a low-E rectangular-flat coil HX proli.Selectiver/2 pulse widths of ca. 2.0 ps with
proton decoupling rf fields of ca. 60.0 kHz wered.s Analytical simulations ofCl

NMR spectra were performed using WSofitis.

7.2.3 Ab initio calculations.

%Cl EFG and CS tensor parameters were calculated @aussian G3on Dell
Precision workstations and the SHARCNET grid ohhggerformance cluster$. Atomic
coordinates were input from the crystal structutetsined in our laboratory. All
calculations were carried out on clusters compridemicentral chlorine atom and
surrounding organic moieties. Hydrogen atom passti@within 3.6 A of Cl atoms) were
optimized using the B3LYP methdsince crystallographic proton positions are

estimated during structural refinement. EFG caltohs were performed using the
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Restricted Hartree Fock (RHF) method with the cGg\basis set on Cl atoms and
cc-pVDZ or 6-31G* basis sets on the other atomidoffiong Bryce et al.f° and with the
6-311+G* on all atoms (for comparison). CS tensmameters were calculated using the
B3LYP method with the aug-cc-pVDZ basis set ondhlerine atom and cc-pVDZ basis
set on the other atom%.The nuclear magnetic shielding tensors were tated using

the gauge-including atomic orbitals method (GIA&Sf. The EFG and CS tensor

parameters were extracted from the Gaussian ouging EFGShield program.

7.3 Results and Discussion
7.3.1 Crystal structures.

Single-crystal X-ray diffraction (XRD) structure§ ®H>® and LH>" and a
structure of TH from synchrotron powder XRD d#thave previously been reported.
Newly refined single-crystal XRD structures for PH{ and LH were determined in our
laboratory, and we also report the crystal strigctar monohydrated bupivacaine (BH).
The crystallographic parameters for these sampéebstéed in Table 7.1, and patrtial
crystal structures are shown in Figure 7.1. Powd®D patterns were obtained for all
four parent samples, and found to match very with gimulated powder XRD patterns,
ensuring the purity of the bulk samples (Figurée& EE.7.4). Structural features of these

systems will be addressed in the NMR discussioaviel
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Table 7.1.Crystal structure data for the HCI local anaestbet

Procaine HCI Tetracaine Lidocaine HCI-  Bupivacaine
HCI H,O HCI- H,0O
empirical formula GH,.CIN,O, CH,CIN,O, C.H,CIN,O, Cis HsiC N;O,
formula weight (g/mol) 272.77 300.82 288.81 342.90
temperature (K) 173(2) 173(2) 173(2) 173(2)
wavelength (A ) 0.71073 0.71073 0.71073 0.71073
crystal system, space group Orthorhombic, Triclinic, P -1 Triclinic, P1 21/n Orthorhombic,
Pbca 1 Pbca
unit cell dimensions (A, deg)
a (A) 14.009(2) 7.3436(10) 8.391(2), 18.5429(18)
b (A) 8.2472(12) 8.5082(12) 7.0150(17) 7.2296(7)
c (A) 24.853(4) 13.6340(19) 26.163(6) 28.476(3)
o (deg) 90.0 105.5420(10) g g 90.0
B (deg) 90.0 91.8630(10) 91.414(3) 90.0
v (deg) 90.0 99.5810(10)  90.0 90.0
volume (&) 2871.4(7) 806.60(19) 1539.5(6) 3817.4(6)
Z 8 2 4 8
calculated density (g cfh 1.262 1.239 1.246 1.193
absorption coefficient (mf) 0.263 0.241 0.249 0.211
F(000) 1168 324 624 1488
crystal size (mm) 0.3x0.2x0.2 0.2x0.1x0.1 0@2XkxO0.1 0.2x0.1x0.1
0 range for data collection(deg) 1.64t0 28.3 2.531t028.20 1.561028.27 1.431028.23
-18<h<18, -9<h<9, -11<h< 10, -23< h< 24,
limiting indices -10< k<10, -10<k< 10, 9<k<9, 9<k<9,
-832<1<32  17<1<17  -33<1<33 -37<1<37
. ' 30086/3433 8886/3614 15806/3503 39005:/4472
reflections collected/unique Ry = [Riny = [R.. = 0.1231] R =
0.0447] 0.0268] (int) 0.0986]
refinement method Full-matrix least-squares6n
data/restraints/parameters 3433/0/175 3614/0/189 GHED 4472/0/224
goodness-of-fit o> 1.089 1.239 1.457 1.173
i . Ri=00428, o _00s99, R,=01396 - 0:0808
final R indices [I > 2 (I)] Ovﬁzéi vst = 0.1399 vst = 02690 0,163\,;? =
R indices all data R, =0.0621, R,=0.0677, R, =0.1897, R, =0.1342,
wR, =0.1231 wR,=0.1462 wR,=0.2812 wR, = 0.1970
largest diff, peak & hole (e %> & 0317 &-0.372 0.585&-0.357 fgnn

AR1F) = X(|F,| - |F¢|)/Z|F,|for reflections withF, > 4(o(F,)); WR2(F?) = {Zw(|F,|? -

|F.|)Zw|F,|?)% Y2 wherew is te weight given for each reflection.
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Figure7.1. Partia crystal structures of @) PH, b) TH, c) LH, and d) BH, which focus on the chlorine atom positions. The
short chlorine-hydrogen contacts are indicated in red, and longer contacts are marked with dashed lines. For TH and LH, some
atoms are deleted for clarity.

194



7.3.2 Solid-state *ClI NMR.

In this section, solid-staféCl NMR spectra of the four parent compounds, a$ wel
as polymorphs of LH and BH, will be discussed. Maangle spinning (MAS) NMR
spectra were acquired at 21.1 T, in order to sépdna central isotropic powder pattern
from the spinning sidebands, thereby allowing far &ccurate determination of the
quadrupolar coupling constan,, asymmetry parameteng,, and isotropic chemical
shifts, 5, (see Table 7.2 for definitions and conventior3fatic**Cl NMR spectra were
acquired at both 9.4 and 21.1 T, in order to deotute spectral contributions from the
electric field gradient (EFG) and chemical shietd{€S) tensors, and to extract the

anisotropic chlorine CS parameters.

Table 7.2. Summary of the experimentaCl NMR parameters.

Cy/MHz* 1o’ S /ppnt  Q/ppnf  «° al° B/e y/°
PH 487 (7) 028(4)  96(6) 125(25)0-0.4(3) 95(15)  3(2) 32(8)
TH 6.00(10) 0.27(4) 71(6)  80(15) 0.4(3) (8D 8(5) 10(10)
LH 467(7) 0.77(3) 100(4) 110(15)0.85(3) 12(3) 40(10) 80(3)

LH1sitel 2.52(12) 0.95(5) 85(10) 20(10)-0.8(2) 90(40) 50(50) 60(40)
LH1site2 5.32(10) 0.32(10) 110(10) 45(10) 0.8(2) 5)5(50(15) 40(40)
BH 3.66 (10) 0.72(8) 96(10) 100(25) 0.2(4) 105(20L0(5) 5(5)
BH1sitel 4.75(20) 0.65(10) 118(10) 160(40) 0.9(1) 10(10) 3(2) 0(2)
BH1site2 5.85(20) 0.26(4) 95(10) 160(40)-0.2(1) 18(4) 50(5) 80(5)
BH2 4.58 (5) 0.56(6) 118(5) 120(10) 0.8(1) 1M1 0(2) 50(50)
? Theoretical values dE,, (C, = €QV.y/h) are calculated by converting from atomic unitéitoby
multiplying V; by €Q/h)(9.7177 x 18" Vm®), whereQ(**Cl) = -0.082 x 16° m? °ng = (Vy; - Vo)/Vyy
5o = B11 +8 +853)/3;9Q =8y, - 8g5 k=30, ~ 85, ) Q.

PH and TH. PH has been recrystallized from a variety o¥anls and stored at
high humidity, but no polymorphic forms have bedserved® TH, unlike PH, is

known to form polymorphs arising either from hegtor different recrystallization
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processe® However, for the purpose of this work, PH and gaymorphism will not

be discussed further; rather, these compoundsemie as benchmarks for comparison of
CI NMR parameters with structural data for HCI Lélts and other analogous
chlorine-containing systems.

According to our single crystal X-ray structureRH (Figure 7.1a), there is one
crystallographic Cl site with a close Cl---HN cantaf 2.150 A and seven longer Cl---H
contacts between 2.545 A and 3.087 A, similar eoptteviously reported structui®>*Cl
NMR spectra (Figure 7.2a) show powder patternsespawnding to a single Cl site with
parameters similar to those of cocaine HGJ € 5.027 MHzn, = 0.2§° and
quinuclidine HCI C, = 5.25 MHzn, = 0.05)°* Both have chlorine environments similar
to that of PH, with each CI surrounded by eighttéhas, and single close contacts
(Cl---HN = 2.098 and 1.888 A, respectivéfy).

A crystal structure of TH was obtained in our ladiory after recrystallization of
commercial TH from isopropanol (Figure 7.1b). Thew structure is similar to a
previously reported or&,and has a single short Cl---HN contact of 2.1khd six

longer Cl---HC contacts ranging from 2.794 to 3.844°CI NMR spectra of TH

(Figure 7.2b) reveal similar NMR parameters to éhoEPH. The slightly largeg, for
TH is consistent with its shorter Cl---HN contatearly, short, single Cl---H contacts
dominate the magnitude ®f,, the largest component of the EFG terf$dfor both PH
and TH, static NMR spectra acquired at 21.1 T alflomwefinement of the quadrupolar
parameters, as well as the determination of threcimral components of the chlorine CS

tensors and the relative orientation of the CSERG tensors (Table 7.2).
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Figure7.2. *Cl SSNMR spectra af) PH, b) TH, c¢) LH and d) polymorph LH1. Top
and bottom traces are simulated and experimengalisp respectively.

The chlorine chemical shift anisotropy (CSA) partereare in the range of those
reported in the literature for similar systeths.

LH & polymorph LH1. The crystal structure of LH determined in ourdediory
(Figure 7.1c) is different from that previously oefed?’ however, they both have only

one chlorine site in the asymmetric unit. TheiGh in our structure has two hydrogen
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bonds (Cl---H = 2.206 and 2.402 A) and seven mistard Cl---H contacts (ranging from
2.7 to 3.1 A).**CI NMR spectra (Figure 7.2c) of this sample reveeahlue ofC, close to
that of PH; however, the, is distinct from those of PH and TH. The highgifor LH
indicates a reduction in the axial symmetry offi&@ EFG tensor, which possibly results
from the presence of two short Cl---H contactspg®sed to the single contacts in PH

and TH.

It is well known that the presence of coordinatimghon-coordinating water
molecules can influence the solid-state structafdg/drated pharmaceutical solig$®°*
There have been no other reports of LH polymorpksgertheless, a new form (LH1) was
made in our laboratory. Thermal gravimetric analy$GA) and solutiodH NMR
experiments confirm that both the commercial LH &Rid samples are monohydrates.
TGA curves (Figure E.7.5) show that the water maex are lost at different
temperatures (at 65 °C for LH and 50 °C for LHfplying structural differences
between these forms. LH1 has a distinct powder XRfern from LH, but a crystal
suitable for single-crystal XRD could not be ob&n The'H-*C CP/MAS NMR
spectra are slightly different, with similar grongs of peaks on a coarse chemical shift
scale, but clear distinctions on a finer scale ffeégr.3). While this data combination is
indicative of polymorphism, little insight into tleetual differences between LH and LH1
is readily available.

On the other hand, ti#eCl NMR spectra of LH1 reveal two overlapping
second-order patterns, which are especially apparé¢he static spectra (Figure 7.2d &

E.7.6).
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a)

300 250 200 150 100 50 0 50 ppm
Figure 7.3. *°C NMR of the monohydrated lidocaine hydrochloritlelY samples
acquired at B=9.4 T,v,,, = 9.9 kHz: a) polymorph LH1, b) commercial LH. ltds
one molecule per asymmetric unit, while LH1 has malecules per asymmetric unit,
as clearly seen in the splitting of the chemicdt st the carbonyl group (165 ppm).
*. denote spinning sidebands.

These spectra indicate the presence of two chlemve@onments with quadrupolar
parameters distinct from that of LH. Site 1, whishlistinguished by a narrower central
pattern, has a smdll,, a highn, and a small span, all of which are similar to agalis
parameters reported for L-cysteine methyl ester,#1®hich has a Clion with three
short Cl---HN contacts (ranging between 2.256 aB8924)% Site 2 has a broad pattern
with two clearly visible discontinuities, arisingpfn a largelC, andn,, closer to zero, and
a slightly larger span. These values are simildhose measured for PH, TH and
quinuclidine HCE* all of which have a Clion with only one short CI---H contact,

suggesting that site 2 is of a similar nature. ieatification of these two structurally
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unique CI sites confirms that LH and LH1 are polypits, and intimates two

possibilities: (i) LH1 is a single phase with twystallographically distinct Cl sites; or

(i) LH1 is a mixture of two phases, each with gstallographically distinct Cl site; the
TGA data suggests that the former is highly probathformation obtained frofiCl
SSNMR in this case is invaluable in consideringaps for refinement of powder XRD
data, additional®C and'H NMR experiments, etc., for further polymorph
characterization; of course, full discussion o§tbomplete characterization is beyond the
scope of the current work.

BH and polymorphs BH1 and BH2. The crystal structure of anhydrous BH has
been reported in the literatutehowever, the commercial BH is monohydrate.
Recrystallization of the commercial BH, and ensuigitnement of single-crystal XRD
data, reveals a single chlorine site with two hgérbonds (Cl---HO =2.106 A and
Cl---HN = 2.374 A) and six other Cl---HC contaatgying between 2.835 and 3.045 A.
%Cl SSNMR spectra of BH (Figure 7.4a) reveal a sen&l}, and a highen,, than those
of the LAs discussed above. The ClI---HN contaBHns the longest of the four
pharmaceuticals, and the CI---HO contact is slyacblmparison. As a result, the
guadrupolar parameters for BH are extremely diffefem the complexes discussed
thus far, withV,; no longer dominated by a short CI---HN contact.

BH is known to form polymorphs when heated, or atédg when recrystallized
from different solvent&® Heating the BH sample to 120 °C leads to the &ion of a
polymorph, BH1, whose structure is unknown. @ NMR spectra indicate the

presence of two distinct chlorine sites with ennireents different than those in the
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commercial BH (Figure 7.4b & E.7.7). In additidhe spectral discontinuities are not as
sharp as in NMR spectra of highly crystalline sasplndicating some degree of

disorder.

MAS at21.1T Staticat21.1 T Staticat 9.4 T

a) BH

~
7
s

25 20 15 10 5 0 -5 -10 kHz 50 40 30 20 10 0 -10 -20 -30 kHz 80 60 40 20 0 -20 -40 -60 -80kHz

b) BH1

Lt
7
>

e —
40 20 0 -20 -40  kHz 80 60 40 20 0 -20  -40 -60 kHz 150 100 50 0 -50 -100 -150 kHz

c) BH2

-
ks
s

Figure 7.4. *Cl SSNMR spectra of monohydrated bupivacaine HE)(Bnd its
polymorphs:a) commercial BH, b) BH1 is a polymorph obtaineatrirthe BH sample
by heating it to 120, ¢) BH2 is a polymorph obtained from the BH bytiagit to 170.
Top and bottom traces are simulated and experirgpggatra, respectively.

However, the fact that discontinuities are obsetedll is consistent with some
crystallinity, as confirmed by the correspondingvder XRD patterns andC NMR data
acquired by us (Figure 7.5) and oth¥r8oth sites have larger quadrupolar interactions

than that of BH: site 1q, = 4.75 MHz) is similar to the chlorine site in I(ivo Cl ---H
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bonds), whereas site €{ = 5.85 MHz) indicates a coordination environmentilar to

that in TH (one CI ---H bond).
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Figure 7.5. Powder XRD (left) and®*C NMR spectra (right) acquired at 9.4v[,, = 9.0
kHz: a) commercial BH. b) polymorph BH1 (heated &9 °C), c) polymorph BH2

(heated to 170C). *: denotespinning sidebands.

Heating the BH sample to 170 °C leads to the faonaif another crystalline

polymorph, BHZ® Comparisons of powder XRD patterns ai@ NMR spectra

(Figure 7.5) of BH1 and BH2 indicate subtle diffeces between the two samples, but are
inconclusive with regard to polymorphism, and awe particularly useful for any

structural interpretation. HowevérCl NMR data (Figure 7.4c) indicate that BH2 has
only one chlorine site, with quadrupolar parametieas are similar to site 1 of BH1. In
addition, the discontinuities in tR&Cl NMR powder patterns of BH2 are sharper than
those of BH1, consistent with indications of highgystallinity of BH2 indicated by both
sharper powder XRD peaks ali@ NMR peaks (Figure 7.5). In comparifigl NMR

data for BH1 and BHZ2, it is surmised that (i) BiJaimixture of a non-crystalline phase
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with one type of chlorine environment and a crystalphase with a second distinct
chlorine environment, and (ii) BH2 is comprisededplof one crystalline phase.
Therefore, heating from room temperature to 12@ricluces new crystalline and
disordered phases in BH1, the latter of which teced by*>Cl NMR but not by powder
XRD. The disordered phase disappears after hettib@O °C, leaving only a unique
crystalline phase, BH2, which is similar, but naegmtical to the crystalline phase in BH1.
In this instance, th®Cl NMR data are crucial in demonstrating that Biatl 8H2 are

distinct polymorphs, and reveal a phase undetextapXRD techniques.

7.3.3 Theoretically calculated NMR interaction tensors.

An appreciation of the relationships between sstate structures and chlorine
NMR interaction tensors will be crucial for makifigure structural interpretations for
the many HCI pharmaceuticals for which crystal&tites are unavailable. To develop a
basis for understanding these relationships, we banducted ab initio calculations of
the*Cl EFG and CS tensors of the four parent pharmaagsit and carefully examined
the principal components and tensor orientatiornk wespect to the molecular
coordinates. Following the work of Bryce et*8IRHF calculations were found to
provide the closest agreement with experiment f6® Eensor parameters, and B3LYP
calculations were considerably better for CS tepsoameters (full details on the basis
sets are given in the Experimental Section and AgixeE, with key results are
summarized in Tables 7.3 & E.7.4). In all calaglas, the molecular coordinates were

taken from single-crystal structures, and only gngbositions were geometry optimized.
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Table 7.3. Comparison of the experimental and theorefi@ll EFG and CS tensor
parameters.

Co/MHz 1 0,./ppm Q/ppm K al° p/e y/°
PH Exp. 4.87(7) 0.28(4) 96(6) 125(25) -0.4(3) 95(15) 3(2) 32(8)
PHCa. -541 0.286 96 114.4 -0.16 21 6 72
TH Exp. 6.0(1) 0.27(4) 71(6) 80(15) 0.433) 60(8) 8(5) 10(10)
TH Cal. -6.11 0.20 105 103.4 0.49 51 31 57
LH Exp. 4.67(7) 0.77(3) 100(4) 110(15) -0.85(3) 12(3) 40(10) 80(3)
LH Cal -4.097 0.437 120 115.05 -0.52 50 78 75
BH Exp. 3.66(10) 0.72(8) 96(10) 100(25)  0.2(4) 105(20) 90(5)  5(5)
BH Cal. 3.91 0.84 108 117.24 -0.1 164 85 4.2

2 Definitions of parameters are given in Table 7.All theoretical EFG parameters are obtained from
RHF calculations featuring cc-PVTZ on the Cl atomd &81G* on all other atoms. Other calculations
producing reasonable agreement with experimennateded in Appendix E, Table E.7.4. Only the

signs of the theoreticéIQ's are reported, since the signs of the experimenitia¢s@an not be
determined form th&’C| NMR spectra.

In general, the agreement between the experimantbtheoretical’Cl EFG
parameters is quite good, with the only significdistrepancy being the valuesrgffor
LH (expt. 0.77, theor. 0.44). Itis instructivethis point to consider the EFG tensor
orientations and local atomic coordinates to urtdadsthe origins of th&Cl quadrupolar
parameters. PH and TH, as noted earlier, bothrfeaingle, short Cl---HN contacts, with
the shorter contact distance corresponding toatyet value o, in TH. Visualization
of the tensor orientation aids in understandingeeFG parameters: in each cakgjs
found to be oriented close to the CI---HN bond @xig,,-Cl-H) = 4.6 and 24.8 in PH
and TH, respectively), accounting for its depeneéemt contact length (Figure 7.6a,
7.6b). Since there are no other short contattsandV,, are similar to one another, and

the value ofy, is closer to zero than to one.

LH and BH both possess two short hydrogen-bondamgects: Cl---HN and

Cl---HO. These environments are distinct froméahafdPH and TH, as reflected in the
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higher values of\,. For LH,V,;is again oriented very near to the CI---HN bond ax
(Figure 7.6c/(V35-Cl-H) = 11.6), and tha (ClI---H) is very similar to that in PH,
accounting for their similar values 6, HoweverV,, andV,, are differentiated from

one another by the presence of the short Cl---H@cbwith an HO molecule.

b)

X3
s A

===

= '

Figure 7.6. *Cl EFG tensor orientations in a) PH, b) TH, c) Litlal) BH. The diagrams
above are magnifications of the chlorine sitesyoed in Figure 7.1.

Rapid motion of the KO molecule and variation in proton coordinates Viksly

accounts for the discrepancy between experimenthtteeoretical values af,. The
Cl---HN contact in BH is the longest of the fouaphaceuticals (2.374 A, geom. opt.

2.182 A), and the ClI---HO contact is short by campa (2.106 A, geom. opt. 2.087 A).
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As a result, thé®Cl EFG tensor is oriented differently from all btother cases
discussedV,,, the most distinct component, is aligned clost&oCl---HO bond
(£(V,-CI-H) = 24.4), andV,, is near the Cl---HN bond(V,,-Cl-H) = 13.0). Not only is
the value ol,; reduced in comparison to the other systems, leuthdoretically
determined sign d¥,, is observed to be opposite, which is consistetit My, being
oriented approximately perpendicular to the NH---BD plané! As further
experimental and theoreticdCl NMR data are accumulated for well-characteritzéi
pharmaceuticals, it is anticipated that ab iniécalations will play a major role in
structural characterization of polymorphs.

Examination of the theoretical CS tensor parametisis reveals good general
agreement with experimental data. There are nplsigorrelations between basic
structural features and CS tensor parameters,amghexception: we note that for PH and
TH, the Euler angles indicate thég and the most shielded component of the CS tensor,
033, are nearly coincident, while for LH and BH, thigher values op indicate non-
coincidence of these components (Figure E.7.8)s iBlconsistent with one short contact
dominating the CS tensor components in the forraseg, and two short contacts
resulting in a change in tensor orientation inl#teer cases. Of course, a wider spread of
complexes will have to be examined in a forthconshgly to get a better handle on the
relation of chlorine CSA to structure, since thigiorof CS tensor parameters are
somewhat more complex than those of the EFG tensoetheless, these results show

promise for future detailed structural investigaio
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7.4 Conclusions

This study represents the first applicatio®@ SSNMR for the structural
characterization of and identification of polymoigh in solid pharmaceutical$>Cl
SSNMR spectroscopy is clearly a powerful complemsgmtiechnique to XRD andC
SSNMR experiments, providing clear information ba humber of chlorine sites, and
showing great utility for identifying sites in namystalline, disordered or even impurity
phases, especially in cases where the solid-S@tdMR spectra or powder XRD
experiments cannot unambiguously differentiate moisphs. The use of ultra-high field
NMR spectrometers is crucial for the success o suark, for both fast acquisition of
high S/N NMR spectra and accurate determinaticemafotropic quadrupolar and
chemical shift parameters. The sensitivity of it EFG and CS tensor parameters to
the chlorine chemical environment allows for préditc of the number of short hydrogen
bonds around the Cion. Theoretically calculated chlorine EFG andt€Ssors are in
good agreement with experimental data, and wilp helimprove the predictive abilities
of the solid-staté’Cl NMR experiments. Consideration of the tens@grdations in the
molecular frames provides a deeper understanditigeatorrelation between NMR
parameters and chlorine-hydrogen bonding envirotsnarLAs, and holds strong

promise for application to a wide array of HCI phaceuticals and related systems.

207



7.5 Bibliography

(1) McCrone, W. C. IfPhysics and Chemistry of The Organic Solid Sate; A, F. D. L. M.
W., Ed.; Interscience: New York, 1965; Vol. 2, @3b7767.

(2) Nangia, AAcc. Chem. Res. 2008, 41, 595-604.

(3) Reutzel-Edens, S. MCurr. Opin. Drug Discov. Devel. 2006, 9, 806-815.

(4) Threlfall, T. L.Analyst 1995, 120, 2435-2460.

(5) Miller, S. P. F.; Raw, A. S.; Yu, L. Xolymorphism 2006, 385-403.

(6) Singhal, D.; Curatolo, WAdv. Drug Delivery Rev. 2004, 56, 335-347.

(7) Hilfiker, R.; De Paul, S. M.; Szelagiewicz, Molymor phism 2006, 287-308.
(8) Lohani, S.; Grant, D. J. ViPolymor phism 2006, 21-42.

(9) Karpinski, P. HChem. Eng. Technol. 2006, 29, 233-238.

(10) Llinas, A.; Box, K. J.; Burley, J. C.; GleR, C.; Goodman, J. M. Appl.
Crystallogr. 2007, 40, 379-381.

(11) Brittain, H. G.; Grant, D. J. WPolymor phism in Pharmaceutical Solids; Marcel
Dekker: New York, 1999; Vol. 95 pp 279-330.

(12) Maiwald, M.Am. Pharm. Rev. 2006, 9, 95-99.

(13) Brittain, H. GPolymorphism in Pharmaceutical Solids; Marcel Dekker: New York,
1999; Vol. 95 pp 227-278.

(14) Zzell, M. T.; Padden, B. E.; Grant, D. J. \8chroeder, S. A.; Wachholder, K. L.;
Prakash, I.; Munson, E. Jetrahedron 2000, 56, 6603-6616.

(15) Padden, B. E.; Zell, M. T.; Dong, Z.; Schreeds. A.; Grant, D. J. W.; Munson, E.
J.Anal. Chem. 1999, 71, 3325-3331.

(16) Harris, R. KAnalyst 2006, 131, 351-373.

(17) Berendt, R. T.; Sperger, D. M.; Munson, Elshester, P. KTrends Anal. Chem.
2006, 25, 977-984.

(18) Christopher, E. A.; Harris, R. K.; Fletton, & Solid Sate Nucl. Magn. Reson.

208



1992, 1, 93-101.
(19) Petkova, A. T.; Leapman, R. D.; Guo, Z.; Y&U;M.; Mattson, M. P.; Tycko, R.
Science 2005, 307, 262-265.

(20) Byrn, S. R.; Pfeiffer, R. R.; Stephenson,&ant, D. J. W.; Gleason, W. Bhem.
Mat. 1994, 6, 1148-1158.

(21) Harris, R. KJ. Pharm. Pharmacol. 2007, 59, 225-239.

(22) Vogt, F. G.; Brum, J.; Katrincic, L. M.; FllacA.; Socha, J. M.; Goodman, R. M.;
Haltiwanger, R. CCryst. Growth Des. 2006, 6, 2333-2354.

(23) Li, Z. J.; Abramov, Y.; Bordner, J.; Leonadd, Medek, A.; Trask, A. VJ. Am.
Chem. Soc. 2006, 128, 8199-8210.

(24) Wawer, |.; Pisklak, M.; Chilmonczyk, 4. Pharm. Biomed. Anal. 2005, 38, 865-
870.

(25) Chupin, V.; De Kroon, A. I. P. M.; De KruijfB. J. Am. Chem. Soc. 2004, 126,
13816-13821.

(26) Smith, E. D. L.; Hammond, R. B.; Jones, NIRbberts, K. J.; Mitchell, J. B. O.;
Price, S. L.; Harris, R. K.; Apperley, D. C.; Cheman, J. C.; Docherty, R. Phys.
Chem. B 2001, 105, 5818-5826.

(27) Wenslow, R. MDrug Dev. Ind. Pharm. 2002, 28, 555-561.

(28) Giriffin, J. M.; Dave, M. R.; Steven, B. Ragew. Chem.,, Int. Ed. Engl. 2007, 46,
8036-8038.

(29) Bighley, L. D. B., S. M.; Monkhouse, D. C.HEncyclopedia of Pharmaceutical
Technology; Swarbrick, J. B., J. C., Ed.; Marcel Dekker, 1996l. 13, pp 453-499.

(30) Bryce, D. L.; Sward, G. 03. Phys. Chem. B 2006, 110, 26461-26470.
(31) Bryce, D. L.; Sward, G. D.; Adiga, $.Am. Chem. Soc. 2006, 128, 2121-2134.
(32) Bryce, D. L.; Bultz, E. BChem.-Eur. J. 2007, 13, 4786-4796.

(33) Lucken, E. A. CNuclear Quadrupole Coupling Constants; Academic Press:
London, 1969.

209



(34) Biedenkapp, D.; Weiss, Ber. Bunsen-Ges. Phys. Chem. 1966, 70, 788-796.
(35) Ramananda, D.; Ramesh, K. P.; UchiMdgn. Reson. Chem. 2007, 45, 860-864.
(36) Pyykko, PMoal. Phys. 2001, 99, 1617-1629.

(37) Harris, R. K.; Becker, E. D.; Cabral de Mee®zS. M.; Goodfellow, R.; Granger, P.
Solid Sate Nucl. Magn. Reson. 2002, 22, 458-483.

(38) Bryce, D. L.; Sward, G. DMagn. Reson. Chem. 2006, 44, 409-450.

(39) Schmidt, A. C.; Niederwanger, V.; GriesserJU. Therm. Anal. Calorim. 2004,
77, 639-652.

(40) Schmidt, A. C.; Senfter, N.; Griesser, W.Jherm. Anal. Calorim. 2003, 73, 397-
408.

(41) Csoeregh, Acta Crystallogr., Sect. C: Cryst. Sruct. Commun. 1992, C48, 1794-
1798.

(42) SMART; Bruker AXS Inc.: Madison, WI, 2001.

(43) SAINTPIus; Bruker AXS Inc.: Madison, WI, 2001

(44) SADABS; Bruker AXS Inc.: Madison, WI, 2001.

(45) Sheldrick, G. M.; v 6.10 ed.; Bruker AXS InMadison, Wisconsin, 2000.
(46) Medek, A.; Frydman, V.; Frydman, L..Phys. Chem. A 1999, 103, 4830-4835.

(47) Massiot, D.; Farnan, I.; Gautier, N.; Trume@u Trokiner, A.; Coutures, J. Bolid
Sate Nucl. Magn. Reson. 1995, 4, 241-248.

(48) Bennett, A. E.; Rienstra, C. M.; Auger, Makdshmi, K. V.; Griffin, R. GJ. Chem.
Phys. 1995, 103, 6951-6958.

(49) Gorkov, P. L.; Chekmenev, E. Y.; Li, C.; @Got, M.; Buffy, J. J.; Traaseth, N. J.;
Veglia, G.; Brey, W. WJ. Magn. Reson. 2007, 185, 77-93.

(50) Eichele, K.; Wasylishen, R. E.; WSolids NMRn8lation Package, 1.17.30 ed.;
Dalhousie University: Halifax, CA, 2001.

(51) Frisch, M. J.; et. al. Rev. B.03 ed.; Gaussiac.: Pittsburgh, 2003.

(52) This work was made possible by the facilibéshe Shared Hierarchical Academic

210



Research Computing Network (SHARCNET:www.sharciagt.c

(53) Ditchfield, RMol. Phys. 1974, 27, 789-807.

(54) Wolinski, K.; Hinton, J. F.; Pulay, B.Am. Chem. Soc. 1990, 112, 8251-8260.
(55) Adiga, S.; Aebi, D.; Bryce, D. [Can. J. Chem. 2007, 85, 496-505.

(56) Dexter, D. DActa Crystallogr., Sect. B: Struct. Sci. 1972, 28, 77-82.

(57) Hanson, A. W.; Roehrl, Micta Crystallogr., Sect. B: Struct. Sci. 1972, 28, 3567-
3571.

(58) Nowell, H.; Attfield, J. P.; Cole, J. C.; CGd&. J.; Shankland, K.; Maginn, S. J.;
Motherwell, W. D. SNew J. Chem. 2002, 26, 469-472.

(59) Giron, D.; Draghi, M.; Goldbronn, C.; Pfeff&.; Piechon, Rl. Therm. Anal. 1997,
49, 913-927.

(60) Yesinowski, J. P.; Buess, M. L.; GarrowayNA, Ziegeweid, M.; Pines, AAnal.
Chem. 1995, 67, 2256-2263.

(61) Bryce, D. L.; Gee, M.; Wasylishen, R.EPhys. Chem. A 2001, 105, 10413-10421.
(62) Zhu, N.; Harrison, A.; Trudell, M. L.; KleiBtevens, C. LSruct. Chem. 1999, 10,
91-103.

(63) Lester, C.; Lubey, G.; Dicks, M.; Andol, &aughn, D.; Cambron, R. T.; Poiesz,
K.; Redman-Furey, Nl. Pharm. Sci. 2006, 95, 2631-2644.

(64) Vogt, F. G.; Dell'Orco, P. C.; Diederich, M.; Su, Q.; Wood, J. L.; Zuber, G. E.;
Katrincic, L. M.; Mueller, R. L.; Busby, D. J.; De@sse, C. WJ. Pharm. Biomed. Anal.
2006, 40, 1080-1088.

(65) Gorbitz, C. HActa Chem. Scand. 1989, 43, 871-875.

(66) Lubach, J. W.; Padden, B. E.; Winslow, S.Salsbury, J. S.; Masters, D. B.; Topp,
E. M.; Munson, E. JAnal. Bioanal. Chem. 2004, 378, 1504-1510.

(67) Tang, J. A,; Ellis, B. D.; Warren, T. H.; Ham J. V.; Macdonald, C. L. B.; Schurko,
R. W.J. Am. Chem. Soc. 2007, 129, 13049-13065.

211



Chapter 8

Solid-State **ClI NMR Spectroscopy of Hydrochloride
Phar maceuticals

8.1 Introduction

Chlorine is present in ca. 25% of known pharmacaigj and HCI drugs
constitute more than 50% of pharmaceutical $élt§he ubiquity of chlorine anions in
many classes of pharmaceuticals suggests thatthgylay important roles as NMR
probe sites for structural characterization. Adenstanding of the structure of
pharmaceuticals in the solid state is crucial en¢bnsideration of the molecular origins
of a number of their properties, including bioaahility, handling, packing, shelf life,
and/or patenting of a dridd. In addition, the definitive identification of sttural
polymorphs, solvates and hydrates of various pheentacals is important in all of these
respects.

Single-crystal X-ray diffraction (XRD) crystallogray and high-resolution NMR
spectroscopy both play pivotal roles in the cha@ation of the molecular structures of
pharmaceuticals and their polymorphi8however, these techniques are limited in terms
of the types of systems that can be characteraedlpr the level of clear structural
information that is available. For instance, isiola of crystals suitable for single-crystal
XRD studies is often very difficult or simply impgible for many standard
pharmaceutical solids. Further, amorphous/disedisolids are not subject to

characterization via XRD. While solution NMR isefigl for structural characterization,
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there are many cases in which the molecular strestof pharmaceuticals in solution are
different from the solid-state structures (and 8oluNMR does not address issues
surrounding any of the bulk solid properties listdxbve):*? Solid-state NMR

(SSNMR) spectroscopy is an excellent complemené&tynique for structural
characterization, and can also function as a staneaechnique in cases where XRD and
solution NMR are not applicabté!®* SSNMR is sensitive to subtle changes in the local
electronic environments of nuclei resulting frorteedtions in molecular structure such as
variation in bond lengths and angles, hydrogen mgndnd other intra- and
intermolecular interactions. SSNMR spectroscompbie to probe molecular structures
of disordered or non-crystalline phases of solidrptaceuticals, or other samples
unsuitable for XRD experiments, and is capablero¥iging information on differences

in molecular structure, reactivity, stability andlymorphism.

Traditionally,*C SSNMR experiments have been key in probing pheeotical
solids, allowing for the study of site-specific aeal changes, hydration, solid-state
dynamics, and quantification of mixtures of crylst@ and/or amorphous phasésin
cases wher€C NMR spectra are ambiguous in their meaning, SSNifi&her nuclides
has been applied, includifg, 2H, **N, *P and*F, and®Na!*® In the previous chapter
and recent publicatioft,we demonstrated th&CI SSNMR spectroscopy is a very useful
probe of the different anionic chlorine sites prése local anesthetic HCI drugs and their
polymorphs.**Cl SSNMR provides clear information on the numbfectdorine sites
(and potentially their structural environments) ahdws great utility for distinguishing

sites in microcrystalline, non-crystalline, disamrelé and/or even impurity phases. The

213



sensitivity of the chlorine chemical shift (CS) agldctric field gradient (EFG) tensors to
small changes in the Cenvironments is reflected in the striking diffecea between the
%Cl SSNMR powder patternsCl SSNMR is very useful in cases where solid-stiie
NMR spectra or powder XRD data are indetermindteparse, it can be used to
complement or support results from these technigsasell. We have now extended this
research to include a variety of HCI| pharmaceuical

Chlorine has two NMR-active isotopé¥;| and*'Cl, which are both half-integer
quadrupoles (both spin = 3R(**Cl) = -0.082 x 16 m*andQ(*'Cl) = -0.065 x 16®
m?)?*% Due to their low gyromagnetic ratios, they am@ssified as unreceptive,
low-gamma nuclei, despite their relatively highurat abundances (75.53% and 24.47%,
respectively). SSNMR experiments B8 are more common due to its higher
receptivity. The recent availability of ultra-highagnetic field spectrometers and
signal-enhancing pulse sequences (vide infra) raef*’Cl SSNMR experimentation a
viable option for the routine investigation of aiesy of chlorine-containing systems. In
part, the work of Bryce et al. on HCI salts of amactids was the inspiration for our work
in this are&*?’ A wide range of applications &CI SSNMR has been recently reviewed
by Bryce et. al®®*?°and we refer readers to these articles for furtlesails.

Herein, we describe the application of solid-sta@ NMR spectroscopy for the
structural characterization of HCI salts of adigher(AD), buflomedil (BU), trigonelline
(TR), ranitidine (RA), amantadine (AM), acebutof8IC), isoxsuprine (IS), dibucaine
(DI), and mexiletine (ME) (Scheme 8.1). These drage used in the treatment of a

variety of medical conditions or diseases suchyaetension, arrhythmias, vasodilation,
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Scheme 8.1. The structures of @) adiphenine HCI (AD), b) buflomedil HCI (BU), c) trigonelline HCI (TR),
d) ranitidine HCI (RA), €) amantadine HCI (AM), f) acebutolol HCI (AC), g) isoxsuprine HCI (1S) h) dibucaine HCI (DI)
and i) mexiletine HCI (ME).
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viral infections, peptic ulcers, eté>Cl magic angle spinning (MAS) SSNMR spectra
were acquired at 21.1 T, and static spectra wegeiaed at both 21.1 T and 9.4 T. Our
previous work has shown that the use of ultrahigldlNMR spectrometers is crucial for
both the fast acquisition of high S/N NMR spectnd ¢he accurate determination of
anisotropic quadrupolar and chemical shift paramet&éhe WURST-QCPMG pulse
sequenc@?is very beneficial for the acquisition of broatite **Cl NMR powder
patterns, combining the uniform broadband excitaitbWURST pulse®$* with

dramatic signal enhancement of the QCPMG proticQuadrupolar and chemical shift
(CS) parameters extracted frér@l SSNMR spectra are used to distinguish different
chlorine environments in these drugs; in particula® quadrupolar parameters are related
to the number of short CI---H hydrogen contacth ti¢ chlorine ions, as well as the
local geometry. These data are complemented &typiimciples calculations of EFG and
nuclear shielding (NS) tensors, in order to coteethe local chlorine environments with
the local structure and symmetry, and to develbpsac understanding of the origins of

the chlorine NMR interaction tensors.

8.2Experimental
8.2.1 Powder XRD.

All samples were purchased from Sigma-Aldrich Canadd. and their purities
and crystal structures were confirmed using pouk®D. Powder XRD patterns were
collected using a D8 DISCOVER X-ray diffractomegguipped with an Oxford

Cryosystems 700 Cryostream Plus Cooler. A GugK= 1.54056 A) radiation source
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with a Bruker AXS HI-STAR area detector running eanthe General Area Detector
Diffraction System (GADDS) were used.
8.2.2 Solid-State NMR.

Static*Cl SSNMR spectra were acquired on a Varian InfiRilys spectrometer
equipped with an Oxford 9.4 T(*H) = 400 MHz) wide-bore magnet at the University
of Windsor withv,(**Cl) = 39.26 MHz. Ultra-high field®®Cl NMR experiments were
carried out on an ultra-wide bore 900 MHz (21.Th®jne-built superconducting NMR
magnet {,(**Cl) = 88.125 MHz) at the NHMFL in Tallahassee, iar Spectra were
acquired using either a Hahn-echo or WURST-QCPMIBeusequenc®;** and chlorine
chemical shifts were referenced to NaClg) € 0.0 ppm)** Analytical simulations of
%Cl static and some MAS NMR spectra were performsdgiWSolids® Simulations of
%Cl MAS NMR spinning sideband manifolds were geresatith SIMPSON? using 10
gamma angles and powder averaging over 4180 ciyséaitations calculated using the
Zaremba Conroy Wolfsberg (ZCW) method.

Experiments at 21.1 T. For the MAS experiments, samples were finely gbu
and packed into 3.2 mm zirconia rotof&Cl MAS NMR experiments were performed
with spinning speeds(,) ranging from 20 to 23.4 kHz on a home-built H2 8im
MAS probe. Selectiv&Cl n/2 pulse widths ranged between 2.0 and 2.2'Hs.
decoupling fields of ca. 90 kHz and optimized réeytelays between 1.0 and 3.0 s were
utilized. For statié®*Cl NMR experiments, samples were packed in a rgalanglass
container (7.5 x 5 x 11 mm) and spectra were aedusing a low-E rectangular-flat coll

HX probe®” Selectiver/2 pulse widths of 2.5 ps with proton decouplinfjefds of ca.
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62 kHz were employedAdditional experimental NMR details are includeddppendix
F (Tables F.8.1 and F.8.2).

Experiments at 9.4 T. Samples were finely ground and packed into efham
0.d. zirconium oxide rotors or glass NMR tub&Cl NMR spectra were collected on
either a double resonance (HX) static probe oipetresonance MAS (HXY) probe. For
the Hahn-echo experiments, central-transition sgkea/2 pulse widths between 1.5 and
2.2 us and an optimized recycle delay of 0.5 s weesl. A 50 kHZH decoupling field
was applied in most cases. For the WURST-QCPM&periments, spectra were
collected using the WURST-80 pulse sh&p&he WURST pulse length was set to 50 ps
and swept at a rate of 10 or 12 MHz/ms with anedfts either 250 or 300 kHz and rf
power of 14 or 18 kHz. AH decoupling field of 42 kHz was applied in these
experiments. The number of echoes ranged betwean®120, depending on the
transverse relaxation characteristics®@f in each sample. A recycle delay of 0.5 s and a
spectral width of either 500 or 800 kHz were usEdrther experimental NMR details are

included in Appendix F (Table F.8.3).

8.2.3 Ab initio calculations.

%ClI EFG and NS tensor parameters were calculated asid Gaussian &on
the SHARCNET grid of high performance clust&rsAtomic coordinates were taken
from the crystal structures reported in the literaf®*® In some cases, calculations were
carried out on clusters comprised of a centralraidoatom and surrounding organic

moieties which have protons within 3.6 A from ttgocine anions. In certain cases (BU,
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AC, AM, DI and ME), more than one chlorine atom waduded in the calculation (vide
infra). Hydrogen positions were optimized using BBLYP method> EFG calculations
were performed using the Restricted Hartree Fo¢kR)Rnethod with the cc-pVTZ basis
set on Cl atoms and 6-31G* basis sets on the atbers?> NS tensor parameters were
calculated using the B3LYP method with the aug-¢®g basis set on the chlorine atom
and cc-pVDZ basis set on the other atémssing the gauge-including atomic orbitals
method (GIAO) "' The EFG and NS tensor parameters were extraciatthe
Gaussian output using EFGShield prograntCalculated isotropic NS values were
converted to isotropic CS values using the follapdguationd,s,s,mpPPM =ois,(HCI,
g)/ppm- o (Sample)/ppm + 28 ppm + 45.37 ppm, whergHCI, g) = 952.62 ppm
(from a B3LYP/aug-cc-pVDZ(CI) calculation on HCB8 ppm is the chemical shift of
HCI* and 45.37 ppm is the difference between the charskift of NaCl (s) and
NacCl ().2

EFG calculations on RA were also performed usinggTBP NMR program=°
in the Materials Studio 4.3 environment on an HR400 workstation with a single Intel
Dual-Core 2.67 GHz processor and 8 GB DDR RAM.rdgibft pseudopotentials were
used for®Cl EFG calculations with a plane wave basis sebffubf 450 eV in a coarse
accuracy basis set with the Monkhorst-Plcpace with a grid size of 1x2x1. The
Perdew, Burke and Ernzerhof (PBE) functionals wsed in the generalized gradient

approximation (GGA) for the exchange-correlatioergy >’
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8.3 Results and Discussion

In this section, thé’Cl SSNMR data for the HCI pharmaceuticals are priese
followed by a discussion of the ab initio calcudatiresults. The discussion is organized
such that the samples are grouped based on theenamd type of Cl---H contacts and/or
the number of chlorine sites.
8.3.1 Solid-state*Cl NMR.

The HCI pharmaceuticals are listed in Table 8dn@with short hydrogen-bond
contacts, quadrupolar coupling constaftg,asymmetry parametersg,, and isotropic

chemical shiftsg,.
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Table 8.1: A comparison of short Cl...H contacts and experimgndetermined NMR
parameters.

Key Cl---H Contacts  Key Cl---H Contacts Cy/MHz Mo O, /Ppm
(Experimental) (A) 2 (Theoretical) (A)"

AD Cl---HN 2.05 2.037 5.04(6) 0.18(3) 128(5)
BU Cl---HN 2.184 1.951 5.67(13) 0.18(6) 75(10)
TH ¢ Cl---HN 2.112 1.899 6.00(10) 0.27(4) 71(6)
TR Cl---HO 1.909 1.878 7.50(12) 0.05(3) 70(10)
RA Cl---HN 2.132 2.017 4.70(10) 0.92(3) 75(5)
Cl---HN 2.366 2.208
LH © Cl---HN 2.206 1.995 4.67(7) 0.77(3) 100(4)
Cl---HOH 2.402 2.246
AM Cl---HN 2.076 2.122 2.90(4) 0.68(3) 131(5)
Cl---HN 2.184 2.117
Cl---HN 2.319 2.182
CM© Cl---HN 7)1 J— 2.37(1) 0.81(3) 94
Cl---HN 2269 e
Cl---HN 2389 e
GA® Cl---HO X oy J— 3.61(1) 0.65(2) 102(1)
Cl---HN 2107 e
Cl---HN 2137 e
AC Cl---HN 2.162 2.11 457(5) 0.50(4) 95(5)
Cl---HN 2.408 2.267
Cl---HO 2.197 2.103
HM © Cl---HN 2165 e 459(3) 0.46(2) 93(1)
Cl---HN 2265 e
Cl---HO 2233 e
IS Cl---HO 2.328 2.171 5.50(15) 0.25(5) 120(10)
Cl---HO 2.36 2.183
Cl---HN 2.34 2.146
Cl---HN 2.529 2.402 5.4(1)  0.94(2) 99(10)
TE® Cl---HN 23 e
Cl---HN =3 A—
Cl---HO 2206 e
Cl---HO 2313 e
Distel Cl-HN  —— 2.01 4.65(20) 0.86(7) 105(15)
(o FE ] N R — 2.361
Disite2 Cl+HN = 1.928 4.00(20) 0.93(7) 95(15)
(o FE ] N R — 2.254
Cl--HOH - 2.111
ME site 1 Cl---HN 2.227 2.013 5.45(10) 0.40(8) 90(5)
Cl---HN 2.288 2.103
ME site 2 Cl---HN 2.284 2.101 3.10(10) 0.55(10) 130(5)
Cl---HN 2.323 2.121
Cl---HN 2.455 2.307
Cl---HN 2.486 2.355

2 This is a list of the shortest CI---H contactthia series of HCI pharmaceuticals. The uppersthot is
2.60 A. ° This is a list of the shortest Cl---H contactdetermined via first principles energy minimization
and geometry optimization. See the experimental@efor details® These systems are included for
comparison.
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These parameters were obtained for all samples fmerical/analytical simulations of
ClI MAS SSNMR spectra which were acquired at 21ifh drder to reduce/remove
overlap between the isotropic pattern and its spmeidebands, and to average the
effects of chemical shift anisotropy (CSA). Stdtel NMR spectra were acquired at
both 9.4 and 21.1 T, in order to deconvolute tliects of the EFG and CS tensors on the
powder patterns and accurately measure the CSrtpasgmeters. A complete listing of
all of the EFG and CS tensor parameters extracted the simulations of th&ClI NMR

spectra are summarized in Table 8.2.

Table 8.2.Summary of the experimentaCl NMR parameters.

Co/MHZ® 1.° 3/ppm® Q/ppm°® «° al°  BI° v/°
AD 5.94(6) 0.18(3) 128(5) 155(20) 0.60(20) 10(10) 13(2)  35(1
BU 5.67(13) 0.18(6) 75(10) 125(30) -0.60(20) 5(5)  8(4) 45(10)
TR 7.50(12) 0.05(3) 70(10) 120(30) 0.80(20) 30(20) 12(5)  150(
RA 4.70(10) 0.92(3) 75(5) 70(15) 0.30(30) 55(10) 95(10)  DH(1
AM 2.90(4) 0.68(3) 131(5) 50(5) 0.60(20) 80(10) 80(10)  20(20
AC 457(5) 0.50(4) 95(5) 95(10) -0.30(30) 15(5) 15(5)  60(5)
IS 5.50(15) 0.25(5) 120(10) 50(20) 0.50(40) 40(20) 55(15) (229

Disitel 4.65(20) 0.86(7) 105(15) 100(20) -0.26(60) 70(15) 80(50)90(10)
Disite2 4.00(20) 0.93(7) 95(15) 80(20) -0.20(60) 95(15) 100(50)0(1D)
ME site 1 5.45(10) 0.40(8) 90(5) 80(20) -0.80(20) 40(30) 100(20) O
ME site 2 3.10(10) 0.55(10) 130(5) 75(20) 0.80(20) 10(10) 5(5) 0

2 Cq (Cqo = eQV,y/h) whereQ(*Cl) = -0.082 x 16° m?; "ng = (Vy; — Vo) Vag € 8o = B1y +8,, +855)/3;
TQ =8y - 35y k=302 - 50 ) Q.

Systems with single Clsites with one short Cl-H contact: Adiphenine (AD),
Buflomedil (BU) and Trigonelline (TR) Hydrochlorides. The crystal structures of AD
and BU both have single Cl sites involved in omghort hydrogen contact (Cl---HN),

(Table 8.1 and Figures 8.1a, 8.11¥:
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Figure8.1. Partial crystal structures of a) AD, b) BU and'& which focus on the chlorine atom positions.e Bhort
chlorine-hydrogen contacts are indicated in red,langer contacts are marked with dashed lineddréfjyens attached to
carbon atoms and away (>3.0 A) from the chlorimedce deleted for clarity.
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The**CI NMR spectra of each of these pharmaceuticatyu(Es 8.2a, 8.2b) indicate a
single chlorine site, in agreement with the knowocures. Simulation of these spectra
reveal EFG and CS tensor parameters which aressitithose of tetracaine
hydrochloride (TH), in which the chlorine ion isalengaged in a single hydrogen
contact of similar length (Table 8.%).ThenQ value, which is the same for both AD and

BU, indicates a nearly axially symmet#€| EFG tensor, also similar to the case of TH.

MAS at21.1 T Staticat21.1T Staticat 9.4 T

e bl

60 40 20 -20 -40 kHz 80 60 40 20 0 -20 40 kHz 100 50 -50 -100 kHz

z“c:

-40  kHz 80 40 0 -40 -80 kHz
*
*
W
-20 60 kHz 100 50 T T

Flgure8 2 %Cl SSNMR spectra o) AD b) BU and C) TR The top patterns are
simulations and bottom ones are experimentalndicates spinning sidebands.

é?

éé
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The crystal structure of TR also has a singlesiié engaged in only one short
hydrogen contact with the COOH group (Table 8.fjuFeé 8.1cf° Such distances are in
the lower limit of the range of typical Cl---H hgden bonds in organic HCI sattsThe
%CI NMR spectra (Figure 8.2c) indicate the preseasfaesingle chlorine environment, in
agreement with the crystal structure. Simulatibthese spectra revealGg (Table 8.2)
which is the largest of all of tHéCl C, values of hydrochloride salts reported to déte,
the second largest being that of aspartic aciddgydoride C, = 7.1 MHz)?" Then
value near zero indicates an axially symmef@ EFG tensor; this means that the largest
component of the EFG tensdf, is unique, and most likely oriented along (orsel®o)
the CI---HO hydrogen bond.

It is obvious from these data that for HCI drugwaingle short Cl---H contacts,
the C, values increase with decreasing Cl---H distahezfrend is consistent with our
previous observatiort3. Thus, the largeC,, in TR in comparison to those of AD and BU
is likely due to the much shorter CI---HO contaldte chlorine CS tensor parameters in
these systems are consistent with those of HQ.sdlhe Euler anglg, in all three cases,
is close to zero, indicating that the largest congmb of the EFG tensovg,, is almost
coincident with the largest CS tensor compongat,

Systemswith single ClI" sitesand multiple Cl--HN contacts. Ranitidine
Hydrochloride (RA) and Amantadine Hydrochloride (AM). There are several crystal
structures for RA reported in the literatd¥€®>>° Based on the powder XRD diffraction
pattern (Figure F.8.1, Appendix F), our samplethassame crystal structure as that

reported by Hempel et &f which has a single Ckngaged in two hydrogen bonds
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(Cl---HN, Table 8.1 and Figure 8.3a). P& NMR spectra reveal a single chlorine site
(Figure 8.4a). The values Gf, andn,, are similar to those of lidocaine HCI (LH), where
the chlorine site is in a similar environment; nmaktwo short hydrogen contadéts.

The single chlorine site in the AM structure hag¢hshort hydrogen contacts
with protons of different NElgroups (Figure 8.31}. **ClI NMR spectra reveal a single
chlorine site in agreement with the crystal streetiirigure 8.4b). Simulation of the
narrow central transition pattern yield€gvalue between those of L-cysteine methyl
ester (CM) and L-glutamic acid (GA)?*® In the case of CM, the chlorine anion is
involved in three hydrogen bonds arranged in alammanner to the chlorine ion in AM,
but with longer ClI---HN distances (Figure 8. 3c)n the structure of GA, the chlorine is
also engaged in three hydrogen contacts (one Ol-arnd two CI---HN, Figure 8.3d)
which are shorter than those of AM and EMThe slightly largeC, of GAin
comparison to those of AM and CM is likely due lte shorter ClI---H distances and/or the
drop in spherical symmetry around the chlorine arfdue to fact that one of these
distances is associated with an OH group). In @img the NMR parameters of RA and
AM, it seems possible that ti@&, value may decrease with an increasing number of
hydrogen bonds, unless these bonds are arrangedan-spherically symmetric
environment around the chlorine. The higfvalue indicates that,, is the distinct
component of the EFG tensor (i.¥,, = V,3). The CS tensor parameters are also in the
range of those of HCI salts, and the Euler afigieclose to 90indicating that the

direction of the largest shielding is perpendictdaV,,.
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Figure 8.3. Partial crystal structures of a) RA, b) AM, c) Cdhd d) GA which focus on the chlorine atom possi
The short chlorine-hydrogen contacts are indicatedd, and longer contacts are marked with dakhes.
Hydrogens attached to carbon atoms and away (>3.00 the chlorine ion are deleted for clarity.
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Figure8.4. *Cl SSNMR spectra af) RA and b) AM. The top patterns are S|mulat|and bottom ones are experimental.
*. indicates spinning sidebands.
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Systemswith single ClI" siteswith multiple CI--HN and CI--HO contacts: Acebutolol
Hydrochloride (AC) and I soxsuprine Hydrochloride (IS). The chlorine anion in AC
is involved in three hydrogen contacts (one CI--&n@ two Cl---HN, Figure 8.5a). The
%CI SSNMR spectra of AC (Figure 8.6a) reveal a sirggllorine site in agreement with
the crystal structur€. Simulation of the NMR spectra reveals EFG ande&Sor
parameters similar to those of L-histidine HCI mioyarate (HM)2” which also has a
single chlorine site, three short hydrogen contémg Cl---HO and two CI---HN,
Figure 8.5b) and a local geometry similar to thadC % AM, AC and HM all have
similar local Ci environments; however, the significantly largeiues ofC, in AC and
HM compared to that of AM likely result from theggence of the single short CI---HO
contacts in the former two systems which lead to-sherically symmetric
environments around the chlorine sites. This rsatered further in the theoretical
section below.

The structure of IS has a single chlorine site im&d in four short hydrogen
contacts (Figure 8.5¢§. Simulations of thé°Cl NMR spectra (Figure 8.6b) reveal
parameters which are similar to those of threoki@é (TE),* indicating comparable
chlorine hydrogen environments: the Cl ion is alsmlved in four hydrogen bonds (two
Cl---HO and two CI---HN contacts, Figure 8?‘8d}henQ indicates an EFG tensor
approaching axial symmetry, with; as the distinct component. The laf@gin this
system may arise from the arrangement of hydrogax$to one side of the chlorine

anion, which produces a non spherically symmetdcteonic distribution and larger EFG
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Figure8.5. Partial crystal structures of a) AC, b) HM c)dfsd d) TE, which focus on the chlorine anion possgi The short
chlorine-hydrogen contacts are indicated in red,langer contacts are marked with dashed linedriétyens attached to
carbon atoms and greater than 3.0 A from the akédon are deleted for clarity.
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Figure 8.6. *Cl SSNMR spectra af) AC and b) IS The top patterns are simulatiowkslttom ones are experimental.
*: indicates spinning sidebands.
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Systemswith multiple ClI” sites: Dibucaine Hydrochloride (DI) and Mexiletine
Hydrochloride (ME). The crystal structure of DI has two chlorine sitesin the
asymmetric unit.*** Cl1 and CI2 are engaged in two and three hydrogen contacts,
respectively. All of the hydrogen positions were not determined in the crystal structure;
therefore, computational geometry optimization was utilized to predict their positions
(Figure 8.7a, b). While reasonably good simulations of the high-field MAS and low-field
static spectra could be obtained with consideration of only asingle chlorine site, the
high-field static spectrum clearly reveals the presence of two overlapping powder patterns
with very similar chemical shifts and n, values, but a noticeable differencein C,
(Figures 8.8aand F.8.2). Thisillustrates both the importance and advantage of obtaining
NMR spectra under different experimental conditions, and exemplifies the improvements
in resolution that high magnetic fields can offer when studying quadrupolar nuclei. The
pattern with alarger C, valueis assigned to CI1 (two H contacts) and that of asmaller C,
isassigned to Cl2 (three H contacts, vide infra). The NMR parameters of Cl1 are similar
to those of RA and LH,? in which the chlorine sites also make two short hydrogen
contacts. The C,value of Cl2iscloseto that of GA, in which the chlorineis also
involved in three short hydrogen contacts with asimilar local geometry (Figure 8.3d).
The Cl2 site has asmaller C, value in comparison to Cl1; this corresponds well to the
higher spherically symmetric local environment of the former.

The Cl1 and CI2 sitesin ME have two and four hydrogen bonds, respectively

(Figure 8.7c, d).*
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Figure8.7. Partial crystal structures of a) DI (chlorineesly), b) DI (chlorine site 2), c) ME (chlorine siteand d) ME
(chlorine site 2) monohydrate which focus on thieiche atom positions. The short chlorine-hydrogentacts are indicated
in red, and longer contacts are marked with dahed. Hydrogens attached to carbon atoms and &v8@ A ) from the

chlorine ion are deleted for clarity.
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Figure8.8. *ClI SSNMR spectra Qi) DI and b) ME. The top patterns are simulatiang bottom ones are experimental.
*. indicates spinning sidebands.
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In agreement with the structure, th€l NMR spectra reveal two overlapping chlorine
patterns (Figure 8.8b) with distinct NMR parametghsch are easily distinguished,
unlike in the case of DI. The largéy, value is assigned to the CI1 site which has two
hydrogen contacts, and the smallgris assigned to CI2 which has four hydrogen
contacts, and is in an environment of increasedrsgdd symmetry compared to CI1. The
C, for Cl1 is larger than those of RA in which thei@is are each also involved in two
hydrogen contacts; this is likely due to the shaateerage hydrogen contact for CI1.

In summary, in systems where the chlorine ionwelived in a single hydrogen
contact, theC, value seems to increase with decreasing the Glisteince. This trend
still applies for structures with multiple Cl---KHntacts, but the arrangement of the short
hydrogen contacts around the chlorine ions mustladstaken into account. In all cases,
increasingly spherically symmetric arrangementisyofrogen atoms result in reduced

values ofC,,

8.3.2 Theoretically calculated NMR interaction tensors.

Ab initio calculations of thé°Cl EFG and nuclear shielding (NS) tensors have
been performed to examine the relationships betwkkmine NMR tensors and the
solid-state structures of the pharmaceutical comgsu Understanding such
relationships will be crucial for making futurewsttural interpretations for the many HCI
salts for which crystal structures are unavailaolanobtainable. Previous work by our
group* and by Bryce et & demonstrated that RHF calculations provide comsist

agreement with experiment for EFG tensor paramesexs B3LYP calculations are better

235



for the NS tensor parameters. In all cases, tHecular coordinates were taken from
single-crystal structuré$*® Proton positions were geometry optimized, simoagn
positions obtained from X-ray crystal structures generally unreliable. This is crucial
for accurately calculating the NMR tensor parangetearticularly, this is important for
the EFG tensors, which are strongly dependent ogelerange electrostatic interactions.
Details on all of the clusters and datasets useihahe experimental section.

The calculated®Cl NMR parameters are generally in agreement vaigh t
experimental values (Table 8.3). There is goodetation R = 0.976) between the
calculated and experiment}, values (Figure 8.9a), with the exception of BRH0.983
when excluding BU). For BU, increasing the clusiee for the EFG calculation failed
to improve agreement. Thg values are also in reasonable agreement with iexgetal
values, though with a lower correlation than@y(R = 0.455 oiR = 0.808 when
excluding RA). This is likely due to the proportality of C, to onlyV;;, whilen,
depends on accurate calculation of all three tepammeters. The theoretical NS tensor
parameters are also in reasonable agreement whihiexperimental values and in most
cases are within experimental uncertainty (Fig&ré8a, 8.10b and 8.10c). The slight
discrepancies in certain cases could be due tltigerange interactions which are not
accounted for in the calculations (for EFG tensorghadequacies in basis sets (for the
CS tensors). Nonetheless, these calculations seprovide good enough EFG tensor
data for meaningful comparison with experiment, arglorations of the relations

between NMR interaction tensors and the local strecand symmetry.
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Table 8.3. Comparison of the experimental and theorefit@ll EFG and CS tensor paramet&?s.

Co/MHz° o S./DPM Q/ppm

AD EXp. 5.94(6) 0.18(3) 128(5) 155(20) 0.60(20)
AD Ccal.  -5.88 0.42 126 139 0.94

BU EXp. 5.67(13) 0.18(6) 75(10) 125(30) -0.60(20)
BU Cal.  -6.66 0.13 58 112 -0.39

TR EXp. 7.50(12) 0.05(3) 70(10) 120(30) 0.80(20)
TR ca. -7.01 0.24 71 173 0.44

RA EXp. 4.70(10) 0.92(3) 75(5) 70(15) 0.30(30)
RA Cal.  -4.43 0.35 58 81 0.11

AM EXp. 2.90(4) 0.68(3) 131(5) 50(5) 0.60(20)
AM Cal. 2.83 0.98 160 64 0.22

AC EXp. 4.57(5) 0.50(4) 95(5) 95(10) -0.30(30)
AC Cal.  -4.52 0.82 102 83 -0.015

IS EXp. 5.50(15) 0.25(5) 120(10) 50(20) 0.50(40)
1S Cal. 5.05 0.05 128 42 0.44

DI site 1 EXp. 4.65(20) 0.86(7) 105(15) 100(20) -0.26(60)
DI site2 EXp. 4.00(20) 0.93(7) 95(15) 80(20) -0.20(60)
DI site 1 Cal.  -4.69 0.61 102 105 -0.26

DI site2 Cal. 4.11 0.64 106 92 -0.19

ME site 1 EXp. 5.45(10) 0.40(8) 90(5) 80(20) -0.80(20)
ME site 2 EXp. 3.10(10) 0.55(10) 130(5) 75(20) 0.80(20)
ME site 1 Cal. -5.4 0.64 104 94 -0.47

ME site 2 Cal.  -3.95 0.75 143 78 0.96

& Definitions of parameters are given in Table 8.2.

b All theoretical EFG parameters are obtained fradFRalculations featuring cc-PVTZ on the Cl atomd &-31G* on all other atom®/alues ofCq
(C, = eQVayh) are calculated by converting from atomic unitsimby multiplyingV,, by €Q/h)(9.7177 x 18 Vm?) whereQ(**Cl) = -0.082 x 16° n?

Only the signs of the calculatéﬁb values are reported since the experimental signsot be determined.
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In examining all of the NMR tensor data summariredables 8.2 and 8.3, it is
clear that there is significantly more variatiortive EFG tensor parameters than the NS
tensor parameters. It seems that local variatidrydrogen bonding does not produce
much variance in the CS tensor parameters; furtitereal trends relating structure and
NS tensor parameters can be discerned. Thereferiycus upon examining the EFG
tensor orientations with respect to local atomierdmates, in order to better understand
the origins of thé°Cl quadrupolar parameters, and their dependentieediocal structure.

The chlorine anions in AD, BU and TR all have senghort Cl---H contacts. In all
of these case¥/;, is the distinct component of the EFG tensor aratiented close to the
direction of the hydrogen bond(/,,-CI-H) = 8.7, 2.6 and 3.9in AD and BU, TR,
respectively, Figures 8.11a, 8.11b, and 8.11c)k drlorine ions in RA and AM have two
and three short CI---HN contacts, respectivelye Jjwvalue for RA is in excellent
agreement with the experiment, howeverithealue is significantly underestimated,
which may arise from incomplete treatment of thegloange interactions (i.e., insufficient
cluster sizes). It is interesting to note that G&ASTEP DFT calculation on this system,
which takes into account the longer range eledtmsinteractions, was successful in
predictingn,, while overestimating the value 6§, (C, = 5.72 MHz andy, = 0.86). All
three components are oriented into different emwitents, withv,, approximately bisects
the angle formed by the two short hydrogen contgdé,,-CI-H1) = 125.58 and/(V,,-
Cl-H2) = 131.88, Figure 8.12a). The theoretidca), value for AM is also in excellent

agreement with the experiment; howevgyis overestimated in this case.
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V2 2

Figure8.11. *Cl EFG tensor orientationsin @) AD, b) BU and ¢) TR. The diagrams above are magnifications of
the chlorine sites pictured in Figure 8.1.
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Each of the three hydrogen atoms on each nitragan make short contacts with
different chlorine ions; thus, in order to ensurattthe proton positions are in energy
minimized positions, and that the EFG tensors aleutated according to the best model,
it was necessary to include multiple chlorine sitethe calculation input file. The EFG
tensors are oriented such that is aligned close to the shortest Cl---HN bof(/(-Cl-

H) = 5.6, Figure 8.12b), and,, approximately bisects the angle formed between the
chlorine and the other two nearby hydrogen atoms.

AC and IS both feature multiple CI---HN and CI---¢t@tacts. The calculated

EFG tensor parameters for both are in good agreewitnexperiment; however, their
parameters and tensor orientations are very diffefee to the distinct arrangements of
these short contacts. In AC, which has three shaxntacts, each of the EFG tensor
components are distinct (in agreement with expertinevithVV;; positioned near the
Cl---H1 bond4{(V,,-CI-H1) = 26.82) and nearly perpendicular to the CI---H2 bon(¥/(;-
Cl-H) = 92.49). V,, almost bisects the (H1-Cl-H2) angle angis oriented near both the
Cl---H2 and the CI---H3 bondg\{,,-Cl-H2) = 26.24and / (V,,-CI-H3) =33.38, Figure
8.12c¢). In IS, which has four short H contactg(ffe 8.12d),V,, andV,, point into
similar environmentsV,, is oriented very close to a Cl---HO contagv(,-CI-HO) =
14.13) and a CI---HN contact (V,,-CI-HN) = 12.58), andV,, is also close to two
different Cl---HO and CI---HN contactg\(;,-CI-HO) = 26.2 and/(V,,-CI-HN) = 28.8).

V,, is directed into a completely distinct environmentt oriented near any of the short H

bonds, which may account for the valueyginear zero.
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Figure8.12. *Cl EFG tensor orientationsin a) RA, b) AM ¢) AC and d) IS. The diagrams above are
magnifications of the chlorine sites pictured in Figures 8.3 and 8.5.
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Both DI and ME have two crystallographically distinct chlorine sites, both of
which have to be included in the input files for the calculation of the EFG tensors. The
calculated C, and n, values for both systems are in good agreement with experimental
values. For Cl1in DI, which isinvolved in two hydrogen bonds, V,, and V,, are oriented
close to the short hydrogen contacts, (/(V,5-Cl-H1) = 8.61° and /(V,,-Cl-H2) = 18.26°,
Figure 8.134a), similar to the CI- environment in RA. For Cl2, which is engaged in three
hydrogen contacts, V,, and V,, are oriented close to the short hydrogen bonds, with V,,
near the shortest contact (£ (V,,-Cl-H1) = 14.76° and /(V,;-Cl-H2) = 21.34, Figure 8.13b).
For the CI1 sitein ME, V,; is oriented such that it nearly bisects the angle formed between
the chlorineion and its closest hydrogen atoms, with V,, nearly perpendicular to this plane
(Figure 8.13c). Inthe case of Cl2, V,; is oriented near the direction of the two short
hydrogen contacts ((Z(Va,-Cl-H1) = 14.77° and (Vx,-Cl-H2) = 27.28°%) and V,; is

positioned near the longest hydrogen contact ((V,,-Cl-H3) = 32.82°, Figure 8.13d).
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Figure8.13. *Cl EFG tensor orientationsin a) DI (chlorine site 1), b) DI (chlorine site 2), ¢) ME (chlorine site 1)
and d) ME (chlorine site 2). The diagrams above are magnifications of the chlorine sites pictured in Figure 8.7.
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8.4 Conclusions

A series of HCI pharmaceuticals with a variety loiocine hydrogen-bonding
environments have been studied usi@ SSNMR spectroscopy. Extraction of the EFG
and CS tensor parameters from these spectra ailds glucidation of correlation between
the*Cl EFG tensor parameters to chlorine anion enviems For Cl environments with
single short CI---H contacts, the magnitud€ofs largely governed by the interatomic
distance. The EFG-structure relationships for@im®nments with multiple short Cl---H
contacts are somewhat more complex. Of coursersally asymmetric arrangements of
H atom positions with short Cl---H distances resulrgerC, values. Interestingly, the
orientations of principal components of the EFGsterare often constrained in directions
near to the short contacts; however, in this lichdata set, a general statement for all such
complexes cannot be made at this time. Continwe# w this area is necessary in order
to provide the means to make reliable predictidretrocture at the local chlorine sites;
nonetheless, each pattern acts as a unique NMRBrfingt for each solid pharmaceutical.

The use of ultra-high field NMR spectrometers wagial for the success of this
work, for both rapid collection of high S/N NMR spea and accurate determination of
anisotropic quadrupolar and chemical shift pararset&heoretically calculated chlorine
EFG and CS tensors are in good agreement with iexpetal values, and help in
analyzing and confirming the data obtained viadsstate®*Cl NMR experiments.
Consideration of the tensor orientations in theaoolar frames contributes a better
understanding of the relationship between NMR patams and chlorine-hydrogen

bonding environments in these pharmaceuticalshaitb strong promise for application
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to a wide array of HCI pharmaceuticals and relateems.
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Chapter 9

General Conclusions and Futur e Outlook

In this thesis, it has been demonstrated that-stéitt NMR (SSNMR) methods
such as the WURST-QCPMG pulse sequence and piezspistral acquisitions, along
with specialized hardware and ultra-high magnegic$, are extremely important for the
study of unreceptive nuclei in a myriad of differematerials. Many unreceptive nuclei
were once thought to be impossible or impracticatudy with SSNMR; however, we
have demonstrated that it is possible to acqugk buality spectra, and obtain NMR
interaction parameters which can shed light orcitre and dynamics at the molecular
level. The combination of SSNMR data with powdsre single-crystal X-ray
diffraction (XRD) techniques, and first principlealculations of NMR interaction
tensors, provides information about the electramd chemical environment of metal and
halogen nuclei, and will be useful in future stuwet characterizations of a variety of
systems for which crystallographic data are notlalvke and/or obtainable (i.e.,
amorphous/disordered solids, micro- and nanocsstanoparticles, etc.).

In Chapter 3, the development and applicatiof?®8i SSNMR were discussed,
and from this work, a number of future applicatitesome apparent. The sensitivity of
the?*Bi NMR parameters to the bismuth chemical environtnand the predictive power
of theoretically calculated NMR tensor parametstisngly imply that*Bi SSNMR may
be useful for the characterization of a varietydtontaining materials and compounds.

There is increasing interest in synthesizing aetarof bismuth-containing systems which
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have applications or potential applications as pla@euticals; catalysts, nanowires and
nanoparticles,and electronics and solar energy technolotji€mce our work is the first
of its kind involving®®Bi SSNMR reported in the literature, there is agiigiof **Bi
NMR data from which structural interpretations tenmade. It is of great importance to
conduct®Bi SSNMR experiments on a wide variety of bismutimplexes with known
crystal structures, in order to built a databas@’8f NMR tensor parameters. This
database can then be used to study bismuth-camgammaterials with unknown structures
such as bismuth subsalicyldtahich is the active ingredient of Peptobismol,3Bi
nanomaterial$®° which are important for thermoelectric devices) aismuth borate
glasse$,which are utilized in solar energy technologidany of these materials are not
amenable to study via single-crystal XRD, anddit known about their molecular-level
structures.?®Bi SSNMR can provide useful information regardihg humber of
bismuth sites, and their coordination environmeotsal geometries and symmetries.
Based on out*Bi NMR data and on previod$Bi NQR studies? the®*Bi
quadrupolar coupling constaiil,, can be very large leading to extremely broad NMR
patterns. In such cases, it is not practical taiobwhole ultra-wideline (UW) SSNMR
patterns, since such experiments will be very wm@suming, and only the key
discontinuities and shoulders are necessary taextne quadrupolar parameters;
therefore, NMR experiments will be performed atailiigh magnetic field strengths to
obtain the key features of the NMR spectra usieghstogram-style spikelet method
outlined by Kirkpatrick and co-worket$. These spectra can be simulated to obtain a

rough estimate of the quadrupolar tensor parametéiish can then be used to identify
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the range of NQR frequencies. Finally, NQR expenis can then be rapidly conducted
to refine the parameters (as we demonstrated $ondith acetate). This combination of
UW SSNMR and NQR experiments is the most efficigay to obtain the quadrupolar
parameters, since time-consuming scans of large MéfRencies ranges will be
rendered unnecessary.

The®Ba SSNMR study presented in Chapter 4 shows'tiga SSNMR spectra
can be efficiently acquired using UW NMR methods with the?*Bi SSNMR study,
this work is the first of its kind showing the fézikty of acquiring UW**'Ba NMR
spectra at moderate and ultra-high magnetic figkhgths in reasonable time frames.
This study will open up the application’dfBa SSNMR to study a wide variety of
barium-containing systems.

Barium titanate is one of the most prominent opalzoelectric and ferroelectric
materials, and has been extensively studied diie significance in the electroceramics
industry for its potential use in transducers amplacitors’>*® Barium titanate exhibits a
variety of different phases and forms (i.e, crystal microcrystalline, nano-powders and
films).'**> Doping barium titanate and other barium peroeskitith a variety of
different metals (i.e., indium, yttrium, strontiumyn etc.) has yielded improved
electronic properti¢&2° which will lead to a number of potential applicats, such as
pyroelectric sensors, gas detection sensors andwawve voltage tunable devicésaand
as such, there is an increasing interest in syizingsa wide variety of such systems. A
number of techniques have been used to characteragm titanate in its pure and doped

forms such as XRD, scanning electron microscopetramgmission electron
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microscopy-*1>#1® Several*’Ba SSNMR studies have been reported on bariunatitan
in its pure form$>3! In most of these studies, the barium sites éxiktghly spherically
symmetric environments, leading to sh&¥Ba NMR resonances. However, there are
very fewBa SSNMR studies involving doped barium perovskitésin which the
barium sites exist in a variety of different envineents. Our methodology should aid in
expanding the investigations of these systemsesnch techniques are not limited to
narrow™*’Ba lineshapes. The measurements of the NMR t@asameters will provide
information about the different barium environmentghese systems, including their
coordination environments and local geometries.

In Chapter 5, it was demonstrated thdh SSNMR spectroscopy is useful for
probing In(I) and In(lll) sites in solid-state commds, and is an excellent
complementary tool in combination with XRD techréguand*3n solution NMR
spectroscopy. Most of tH&In SSNMR studies reported in the literature havearily
focused on indium systems which are used (or Hav@dtential to be used) as semi-
conductors or conductors and in which the indiuomet are in the In(lll) oxidation
state®*®*? Solution-staté'®In NMR spectroscopy has been used to identify &wiafiety
of In(lll)-containing systems through measuremeaitthe isotropic chemical shiffs>?
However, the majority of Irsalts are insoluble in most common organic sos@&mwhich
limits their structural characterization by singlgstal XRD and solution NMR. Our
work represents the first systemafitn SSNMR study of low-oxidation state indium
complexes, and shows tH&in NMR parameters are very sensitive to the indium

coordination environment, symmetry and geometrye B the increasing interest in
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exploring new low-oxidation state indium compouftfthis work should be a great
help in further characterizing newly synthesizedium-containing systems, particularly
in case where XRD technique and solution NMR carbeapplied. The combination of
NMR experiments with first principles calculatiosisould be key in proposing structural
models for non-crystalline systems; such work isently underway in our research
group.

In Chapter 6, multinuclear (i.€%Ag, N, and**C ) SSNMR experiments were
utilized to characterize silver-containing layeredworks and their interactions with
primary amines, and provided valuable informatibowe and beyond that obtained by
powder XRD experiments, leading to the developrmoéthe correct structural and
chemical models for these systems. The structfrdse parent supramolecular networks
are known from single crystal data; however, tirggractions with primary amines lead
to the formation of new layered materials for whethgle-crystal X-ray structures cannot
be obtained. Solid-stat&Ag, **N and*C CP/MAS NMR experiments, in combination
with powder X-ray diffraction experiments and alliicncalculations, provide
comprehensive information regarding the structofdhese new materials, revealing that
they are not intercalation solids as originallygoged, but rather, silver coordination
complexes (silver diamine moleculesj?Ag CS tensor parameters aided in identifying
the different silver sites in these materials, ar@hsurements of indirect spin-spin
coupling constants3J(**°Ag, *N) and'J(**°Ag, **N), accurately distinguished the nature of
Ag-N bonding in each system. First principles akdtions of silver CS tensors and

1J(**°Ag, N) coupling constants in model complexes aidedimfilating the proposed
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structural models for the new materials, whichlargely comprised of layers of silver-
diamine cations. The methodology outlined in thesk should be applicable not only to
silver-containing layered materials, but also teesicontaining nanoparticles, nanowires,
etc.

There is great interest in nanoparticles, sincg éxéibit novel characteristics that
are different from their bulk material$.Nanoparticles have many current and potential
applications in a wide variety of areas such ambigicals engineering (i.e., bioimaging,
drug delivery, and transplanf8f?information storagé’ catalysis’* optical sensing
biosensor$>®®and surface enhanced Raman scattering (SERSSilver nanoparticles
are widely studied due to their biocompatibilitye(j their use as labeling agents for
imaging of cells and organisms) and antibacteriapprties>”’® Capping silver
nanoparticles with amine functional groups is a c@n synthetic approach, since
amines protect and stabilize the nanoparticlessingiuhem to be more uniform in size
and shapé-® Based on data from FTIR spectroscopy and thegnaaimetric analysis
(TGA), it is proposed that the silver ions are &dko the organic ligands through the
amine groups; however, the nature of the interastaf the amine with the silver atoms
is not fully understood.

A variety of techniques have been used to chaiaetaanoparticle&;® however,
19%Ag SSNMR spectroscopy has been sparingly appii€dSince the®Ag CS tensor
parameters are sensitive to the electronic and icla¢environments of the silver sites,
and the combination df°Ag and™N SSNMR experiments will be key in understanding

the type of interactions between the silver andiitregen atoms. It may be possible to
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use'®Ag SSNMR to differentiate core and surface sikitass as well as identifying
interactions between surface Ag sites and surrmgnigiands. In particulatH-1Ag
CP/MAS NMR experiments will be very useful for ted@rring polarization from
protonated surface ligands to surface sitésereby enhancing the signal at these sites,
identifying the bonding interactions, and helpindurther describe core and surface Ag
sites.

Polymorphism is a critical issue in the pharma@alindustry since (i) ca. 80%
of solid pharmaceutical drugs possess more thampolyenorphic fornf® and (ii)
different polymorphs can have distinct physicocheahproperties which can affect the
performance and characteristics of a ditfg. Identification and characterization of
different polymorphs is crucial for the isolatiohr@w polymorphs with improved
physicochemical properties such as solubility, alison rate, and/or hardne¥s? as
well as aiding in securing patents for differerivaec pharmaceutical ingredients.
Traditionally, single-crystal and powder X-ray d#ttion experiments have been the
primary methods for characterization of solid phaceuticals and their polymorphs.
However, in many cases, isolation of crystals slgtéor single-crystal XRD experiments
is very difficult. Further, powder XRD is limitad that (i) Rietveld refinements of
powder XRD data which provide detailed structunébrmation are usually not possible
(or, if they are possible, very time consuming)] & it fails to detect slight structural
changes among polymorpts®and (iii) it is not useful for amorphous solidgarlier

SSNMR studies on pharmaceuticals focused on nsetdi asH, H, 2°C, N, **P and

19F 99197 |In Chapters 7 and 8, we have shown @t SSNMR experiments can provide

258



spectra that act as accurate and rapid probedafrahion environments in a variety of
HCI pharmaceuticals, and can act as a fingerpgriol for identifying different
hydrochloride polymorphs. We believe that adaptatf these techniques is crucial for
the pharmaceutical industry, since HCI drugs ctutstimore than 50% of pharmaceutical
salts and chlorine is present in ca. 25% of knoharmaceutical&?%°

The sensitivity of thé>Cl quadrupolar NMR parameters to the local chlorine
environment allows for the prediction of the numbgshort CI---H contacts, which is
crucial for identifying the structural differenckstween the polymorphs. Due to the
large number of HCI pharmaceuticals, this work Wwélcontinued, in order to study a
wide range of HCI pharmaceuticals with differenfocime ion environments, and to build
a database of NMR tensor parameters from whichidie® trends between the NMR
parameters and chlorine environments can be estaldli In addition, to confirm our
predictions of the number of short Cl---H contautsyly developed high-resolutidH
SSNMR techniqué¥’ using the Combined Rotation and Multiple-PulsecBpscopy
(CRAMPS}**2pulse sequence, along with ultra-fast MAS (upQdRz) can be used to
identify the different hydrogen sites. Furthermdngh-resolution two-dimensional (2D)
heteronuclear correlation spectfavill be used to estimate the distances between the
chlorine atom and its nearby protons. Lastly, mewly developed'N SSNMR
methodolog¥****will be applied to these system8 UW SSNMR spectra may play a
similar role to**ClI SSNMR, providing accurate fingerprinting andustural
characterization of a wide range of pharmaceutica and*N NMR data, along with

pXRD patterns, will be used to build structural ralsdon which first principles
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calculations can be performed, in order to prettlietsolid-state structures for the
different polymorphs.

In conclusion, the studies reported in this thebmuld open up new opportunities
for NMR spectroscopists to examine and exploreraiheeceptive nuclei in the periodic
table (i.e>*Cr, *™Ru, *Ge,?’Sr, Mo etc.), as well as other nuclei that may be of
importance in the pharmaceutical industry suckia, **K, Mg and'®Pt. Libraries of
NMR tensor data for these nuclei will provide nesights into structure, reactivity and
dynamics that will enable chemists and materiabnsists to apply new levels of rational

design in the synthesis and preparation of new camgs and materials.

260



Bibliography

(1) Yang, N.; Sun, HCoord. Chem. Rev. 2007, 251, 2354-2366.

(2) Salvador, J. A. R.; Ppinto, R. M. A.; Silvest6. M.Mini-Rev. Org. Chem. 2009, 6,
241-274.

(3) Salvador, J. A. R.; Pinto, R. M. A.; Silvest& M.Curr. Org. Synth. 2009, 6, 426-
470.

(4) Hua, RCurr. Org. Synth. 2008, 5, 1-27.

(5) Kharissova, O. V.; Kharisov, B.3ynth. React. Inorg., Met.-Org., Nano-Met. Chem.
2008, 38, 491-502.

(6) Chen, Y.; Huang, Y.; Liu, YWater. ci. Found. 2008, 46-47, 119-148.

(7) Bierer, D. WRev Infect Dis 1990, 12, S3-S8.

(8) Cademartiri, L.; Scotognella, F.; O'Brien@; Lotsch, B. V.; Thomson, J.; Petrov,
S.; Kherani, N. P.; Ozin, G. ANano Lett. 2009, 9, 1482-1486.

(9) Zhu, Y.; Qian, Y. China, Ser. G: Phys., Mech. Astron. 2009, 52, 13-20.

(10) Chihara, H.; Nakamura, Nandolt-Bornstein Group I11: Condensed Matter;
Volume 39: Nuclear Quadrupole Resonance Spectroscopy Data. Supplement to Volumes
[11/20 and 111/31; Springer: Berlin, Germany, 1998.

(11) Bowers, G. M.; Kirkpatrick, R. J. Magn. Reson. 2007, 188, 311-321.

(12) Vijatovic, M. M.; Bobic, J. D.; Stojanovic,.B. Sci. Sntering 2008, 40, 235-244.
(13) Vijatovic, M. M.; Bobic, J. D.; Stojanovic,.B. Sci. Sntering 2008, 40, 155-165.
(24) Schlom, D. G.; Chen, L.-Q.; Eom, C.-B.; RakeM.; Streiffer, S. K.; Triscone, J.-
M. Annu. Rev. Mater. Res. 2007, 37, 589-626.

(15) Mitoseriu, L.; Buscaglia, V.; Buscaglia, M., Viviani, M.; Nanni, P New Dev.
Adv. Funct. Ceram. 2007, 119-143.

(16) Zhao, F.; Liu, Q.; Wang, S.; Brinkman, K.;e&2h F.Int. J. Hydrogen Energy 2010,
35, 4258-4263.

(17) Kishiki, T.; Higuchi, M.; Asaka, T.; Azuma,.Xey Eng. Mater. 2010, 421-422,
235-238.

261



(18) Efimov, K.; Halfer, T.; Kuhn, A.; Heitjans,;FCaro, J.; Feldhoff, AChem. Mater.
2010, 22, 1540-1544.

(19) Xing, Z. W.; Wu, N. J.; Ignatiev, Al. Appl. Phys. 2010, 107, 023706/023701-
023706/023703.

(20) Zegenhagen, J.; Haage, T.; Jiang, QAdpl. Phys. A: Mater. Sci. Process. 1998,

67, 711-722.

(21) Nayak, M.; Ezhilvalavan, S.; Tseng, T.Handb. Thin Film Mater. 2002, 3, 99-
167.

(22) Himanshu, A. K.; Choudhary, B. K.; Gupta,@; Bandyopadhayay, S. K.; Sinha,
T. P.Phys. B 2010, 405, 1608-1614.

(23) Bastow, T. 1. Phys.: Condens. Matter 1989, 1, 4985-4991.

(24) Bastow, T. J.; Whitfield, H. Folid Sate Commun. 2001, 117, 483-488.

(25) Dec, S. F.; Davis, M. F.; Maciel, G. E.; Bemann, C. E.; Fitzgerald, J. J.; Han, S.
S.Inorg. Chem. 1993, 32, 955-959.

(26) Fitzgerald, J. J.; Han, S. S.; Dec, S. Fyifa. F.; Bronnimann, C. E.; Maciel, G.
E. NIST Spec. Publ. 1991, 804, 173-178.

(27) Forbes, C. E.; Hammond, W. B.; Cipollini, &; Lynch, J. FJ. Chem. Soc., Chem.
Commun. 1987, 433-436.

(28) MacKenzie, K. J. D.; Meinhold, R. Beram. Int. 2000, 26, 87-92.

(29) Taye, A.; Klotzsche, G.; Michel, D.; Mulla-@an, S.; Bottcher, Rl Phys.:
Condens. Matter 1999, 11, 871-879.

(30) Sedykh, P.; Haase, J.; Michel, D.; Charn&ya/. Ferroelectrics 2008, 363, 215-
226.

(31) Sedykh, P.; Michel, DRhys. Rev. B: Condens. Matter Mater. Phys. 2009, 79,
134119/134111-134119/134118.

(32) Gervais, C.; Veautier, D.; Smith, M. E.; Babeau, F.; Belleville, P.; Sanchez, C.
Solid Sate Nucl. Magn. Reson. 2004, 26, 147-152.

(33) Yakubowskii, A.; Egorov, A.; Lutgemeier, Appl. Magn. Reson. 1992, 3, 665-676.
(34) Brinkmann, DAppl. Magn. Reson. 2004, 27, 207-213.

262



(35) Tomita, Y.; Yamada, K.; Ohki, H.; Okuda,Z..Naturforsch., A: Phys. Sci. 1998,
53, 466-472.

(36) Schmidt, E. V.; Ermakov, V. L.; Gnezdilov, Q.Matukhin, V. L.; Korzun, B. V.;
Fadeeva, A. A.; Khabibullina, 1. K. Appl. Spect. 2009, 76, 667-671.

(37) Jung, W.-S.; Han, O. H.; Chae, S.Mater. Lett. 2007, 61, 3413-3415.

(38) Yamada, K.; Kumano, K.; Okuda, Solid State lonics 2005, 176, 823-829.

(39) Yamada, K.; Kumano, K.; Okuda, Solid Sate lonics 2006, 177, 1691-1695.
(40) Han, O. H.; Timken, H. K. C.; Oldfield, E.Chem. Phys. 1988, 89, 6046-6052.
(41) Khabibullin, I. K.; Matukhin, V. L.; Ermakow. L.; Gnezdilov, O. I.; Korzun, B.
V.; Schmidt, E. V.Semiconductors 2009, 43, 1-3.

(42) Tomita, Y.; Yonekura, H.; Yamauchi, Y.; Yanaad.; Kobayashi, KZ.
Naturforsch., A: Phys. Sci. 2002, 57, 447-450.

(43) McGarvey, B. R.; Trudell, C. O.; Tuck, D. ¥ictoriano, L.Inorg. Chem. 1980,
19, 3432-3436.

(44) Colton, R.; Dakternieks, D.; Hauensteinjust. J. Chem. 1981, 34, 949-955.

(45) Malyarick, M. A.; llyuhin, A. B.; PetrosyantS. P.Polyhedron 1993, 12, 2403-
2409.

(46) Cheng, F.; Friend, S. I.; Hector, A. L.; Leva, W.; Reid, G.; Webster, M.; Zhang,
W. Inorg. Chem. 2008, 47, 9691-9700.

(47) Caravan, P.; Orvig, Morg. Chem. 1997, 36, 236-248.

(48) Kuznetsov, A. N.; Popovkin, B. A.; Henderstv,, Taylor, M. J.; Bengtsson-Kloo,
L. Dalton 2000, 1777-1781.

(49) Alcock, N. W.; Degnan, I. A.; Howarth, O. VWWallbridge, M. G. HJ. Chem. Soc.,
Dalton Trans. 1992, 2775-2780.

(50) Hinton, J. F.; Briggs, R. VINMR Period. Table 1978, 279-308.

(51) Malyarick, M. A.; Petrosyants, S.IRorg. Chem. 1993, 32, 2265-2268.

(52) Kodweiss, J.; Koehnlein, D.; Koessler, G.t4,1D.; Messner, W.; Mohn, K. R.;
Nolle, A.; Nothaft, G.; Ruppert, P.; et &l.. Naturforsch., A: Phys. Sci. 1986, 41A, 471-
477.

263



(53) Tuck, D. GChem. Soc. Rev. 1993, 22, 269-276.

(54) Aldridge, SAngew. Chem,, Int. Edit. 2006, 45, 8097-8099.

(55) Cooper, B. F. T.; Macdonald, C. L. BOrganomet. Chem. 2008, 693, 1707-1711.
(56) Baker, R. J.; Jones, Coord. Chem. Rev. 2005, 249, 1857-18609.

(57) Gemel, C.; Steinke, T.; Cokoja, M.; Kemptr, Fischer, R. AEur. J. Inorg.
Chem. 2004, 4161-4176.

(58) Pardoe, J. A. J.; Downs, A.Chem. Rev. 2007, 107, 2-45.

(59) Bhinder, S. S.; Dadra, Rsian J. Chem. 2009, 21, S167-S171.

(60) zZhang, J. ZJ. Phys. Chem. Lett. 2010, 1, 686-695.

(61) Chanana, M.; Mao, Z.; Wang, D Biomed. Nanotechnol. 2009, 5, 652-668.

(62) Pankhurst, Q. A.; Thanh, N. K. T.; JonesKSDobson, JJ. Phys. D: Appl. Phys.
2009, 42, 224001/224001-224001/224015.

(63) Osaka, T.; lida, H.; Tominaka, S.; Hachisulst. J. Chem. 2008, 48, 333-347.
(64) Moshfegh, A. ZJ. Phys. D: Appl. Phys. 2009, 42, 233001/233001-233001/233030.
(65) Murphy, C. JAnal. Chem. 2002, 74, 520A-526A.

(66) Kang, H.; Wang, L.; O'Donoghue, M.; Cao, Y; Tan, W.Opt. Biosens. (2nd Ed.)
2008, 583-621.

(67) Kneipp, K.; Kneipp, H.; Kneipp, Acc. Chem. Res. 2006, 39, 443-450.

(68) Rycenga, M.; Camargo, P. H. C.; Li, W.; Mar@n H.; Xia, Y.J. Phys. Chem. Lett.
2010, 1, 696-703.

(69) Krutyakov, Y. A.; Kudrinskiy, A. A.; Olenirm. Y.; Lisichkin, G. V.Russ. Chem.
Rev. 2008, 77, 233-257.

(70) Nair, L. S.; Laurencin, C. U. Biomed. Nanotechnol. 2007, 3, 301-316.

(71) Kim, K.; Lee, H. B.; Lee, J. W.; Shin, K. B.Colloid Interface Sci. 2010, 345, 103-
108.

(72) Kavitha, M.; Parida, M. R.; Prasad, E.; Vgay C.; Deshmukh, P. ®acromol.
Chem. Phys. 2009, 210, 1310-1318.

(73) Kim, K.; Lee, H. SCan. J. Anal. Sci. Spectrosc. 2007, 52, 121-129.

(74) Ramajo, L.; Parra, R.; Reboredo, M.; Cagdito). Chem. Sci. 2009, 121, 83-87.

264



(75) Mahapatra, S. S.; Karak, Mater. Chem. Phys. 2008, 112, 1114-1119.

(76) Tobita, M.; Yasuda, Yd. Phys. Chem. C 2008, 112, 13851-13855.

(77) Chen, M.; Feng, Y.-G.; Wang, X.; Li, T.-Chang, J.-Y.; Qian, D.-Langmuir
2007, 23, 5296-5304.

(78) Frattini, A.; Pellegri, N.; Nicastro, D.; @&anctis, OMater. Chem. Phys. 2005, 94,
148-152.

(79) Kumar, A.; Joshi, H.; Pasricha, R.; Mand&leB.; Sastry, M.J. Colloid Interface
ci. 2003, 264, 396-401.

(80) Nakamoto, M.; Yamamoto, M.; Kashiwagi, Met. Nanoclusters Catal. Mater. <ci.
2008, 367-372.

(81) Baer, D. R.; Gaspar, D. J.; Nachimuthu, lBghine, S. D.; Castner, D. @al.
Bioanal. Chem. 2010, 396, 983-1002.

(82) Chen, Z.; Wu, J.; Pathak, Brugs Pharm. Sci. 2009, 191, 252-269.

(83) Bercier, J. J.; Jirousek, M.; Graetzel, Man\der Klink, J. JJ. Phys.: Condens.
Matter 1993, 5, L571-L576.

(84) Zartilas, S.; Kourkoumelis, N.; Hadjikakou,kS; Hadjiliadis, N.; Zachariadis, P.;
Kubicki, M.; Denisov, A. Y.; Butler, I. SEur. J. Inorg. Chem. 2007, 1219-1224.

(85) Nozaki, K.; Itami, TJ. Phys.: Condens. Matter 2006, 18, 3617-3627.

(86) Kuwata, N.; Kawamura, J.; Nakamura, Y.; Okufla Tatsumisago, M.; Minami, T.
Solid Sate lonics 2000, 136-137, 1061-1066.

(87) Lo, A. Y. H.; Sudarsan, V.; Sivakumar, S.nweggel, F.; Schurko, R. W. Am.
Chem. Soc. 2007, 129, 4687-4700.

(88) Lohani, S.; Grant, D. J. WWolymorphism 2006, 21-42.

(89) Karpinski, P. HChem. Eng. Technol. 2006, 29, 233-238.

(90) Llinas, A.; Box, K. J.; Burley, J. C.; GleR, C.; Goodman, J. M. Appl.
Crystallogr. 2007, 40, 379-381.

(91) Brittain, H. G.; Grant, D. J. WPolymor phism in Pharmaceutical Solids; Marcel
Dekker: New York, 1999; Vol. 95 pp 279-330.

(92) Reutzel-Edens, S. Murr. Opin. Drug Discov. Devel. 2006, 9, 806-815.

265



(93) Threlfall, T. L.Analyst 1995, 120, 2435-2460.

(94) Miller, S. P. F.; Raw, A. S.; Yu, L. XRolymorphism 2006, 385-403.

(95) Singhal, D.; Curatolo, WAdv. Drug Delivery Rev. 2004, 56, 335-347.

(96) Hilfiker, R.; De Paul, S. M.; Szelagiewicz, Kblymorphism 2006, 287-308.

(97) Zell, M. T.; Padden, B. E.; Grant, D. J. \8chroeder, S. A.; Wachholder, K. L.;
Prakash, I.; Munson, E. Jetrahedron 2000, 56, 6603-6616.

(98) Padden, B. E.; Zell, M. T.; Dong, Z.; Schreed. A.; Grant, D. J. W.; Munson, E.
J.Anal. Chem. 1999, 71, 3325-3331.

(99) Wawer, INMR Spectrosc. Pharm. Anal. 2008, 201-231.

(100) Harris, R. KJ. Pharm. Pharmacol. 2007, 59, 225-2309.

(101) Vogt, F. G.; Brum, J.; Katrincic, L. M.; [Ella, A.; Socha, J. M.; Goodman, R. M;
Haltiwanger, R. CCryst. Growth Des. 2006, 6, 2333-2354.

(102) Li, Z. J.; Abramov, Y.; Bordner, J.; Leonaidd Medek, A.; Trask, A. \d. Am.
Chem. Soc. 2006, 128, 8199-8210.

(103) Wawer, |.; Pisklak, M.; Chilmonczyk, Z.Pharm. Biomed. Anal. 2005, 38, 865-
870.

(104) Chupin, V.; De Kroon, A. I. P. M.; De KrdijB. J. Am. Chem. Soc. 2004, 126,
13816-13821.

(105) Smith, E. D. L.; Hammond, R. B.; Jones, NIRbberts, K. J.; Mitchell, J. B. O,;
Price, S. L.; Harris, R. K.; Apperley, D. C.; Cheman, J. C.; Docherty, R. Phys.
Chem. B 2001, 105, 5818-5826.

(106) Wenslow, R. MDrug Dev. Ind. Pharm. 2002, 28, 555-561.

(107) Giriffin, J. M.; Dave, M. R.; Steven, B. Mgew. Chem., Int. Ed. Engl. 2007, 46,
8036-8038.

(108) Council, C. C. "The Benefits of Chlorine @tistry in Pharmaceuticals,” Global
Insights, 2006.

(109) Bighley, L. D. B., S. M.; Monkhouse, D. @.HEncyclopedia of Pharmaceutical
Technology; Swarbrick, J. B., J. C., Ed.; Marcel Dekker, 1996l. 13, pp 453-499.
(110) Mafra, L.; Siegel, R.; Fernandez, C.; ScteeiD.; Aussenac, F.; RochaJJ.

266



Magn. Reson. 2009, 199, 111-114.

(111) Ryan, L. M.; Taylor, R. E.; Paff, A. J.; Gtin, B. CJ. Chem. Phys. 1980, 72,
508-515.

(112) Taylor, R. E.; Pembleton, R. G.; Ryan, L; Merstein, B. CJ. Chem. Phys. 1979,
71, 4541-4545.

(113) Siegel, R.; Rocha, J.; Mafra,@Chem. Phys. Lett. 2009, 470, 337-341.

(114) O'Dell, L. A.; Schurko, R. W. Am. Chem. Soc. 2009, 131, 6658-6659.

(115) O'Dell, L. A.; Schurko, R. WRhys. Chem. Chem. Phys. 2009, 11, 7069-7077.

267



Appendices

1. Appendix A: Supplementary Information for Chapter 3

15 20 0 55

Figure A.3.1. Experimental (top) and simulated (bottomywder XRD patterns of
nonaaquabismuth triflate. *: indicates a small imigitfrom the anhydrous bismuth
triflate sample.Experimental pattern was collected using a D8 DISER X-ray
diffractometer equipped with an Oxford Cryosystef@® Cryostream Plus Cooler.
This diffractometer uses a Cuzk)\ = 1.54056 A) radiation source with a Bruker AXS
HI-STAR area detector running under the GeneradAdetector Diffraction System
(GADDS).
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Table A.3.1. ?Bi NMR Experimental Parameters at 9.4 T

MG -1, Recycle  Offset Scans per Total
pw90 {s) Loops (1s) Delay Frequency Piece Nur_nber of
(s) (kHz) Pieces
Echo
BiOI 0.75 - 30-20 0.025 150 87568 15
BiOBr 0.75 -- 30-20 0.025 125 106144 19
BiOCI 0.75 -- 30-20 0.025 115 35984 30
Bi(NO,),-5H,0 0.75 -- 30-20 0.025 100 16656 33
Bi(OTf); -9H,0 0.75 -- 30-20 0.025 100 12048 14
QCPMG
Bi(CH,CO,), 0.75 40 20 0.025 100 10368 143
WURST
QCPMG
Bi(NO,),-5H,0 50 20 -- 0.1 150 7316 34

Table A.3.2. ?Bi NMR Experimental Parameters at 21.1T

LT, Recycle Offset Scans per Total
pw90 {s) Delay Frequency . Number of
(Hs) (s) (kHz) Piece Pieces
Echo
BiOlI 1 30-10 0.2 500 10240 2
BiOBr 1 30-10 0.2 500 20480 3
BiOCI 1 30-10 0.2 500 20480 5
Bi(NO,);-5H,0 1 30-10 0.2 500 40960 3
Bi(OTf), -9HO 1 30-10 0.2 500 20480 2
Bi(CH,CO,), 1 30-10 0.2 500 20480 13

Table A.3.3. Comparison of the CASTE®Bi NMR parameters of the optimized and
non-optimized structure of BiOCI

| Co(*”Bi) |/MHz No 8./PPM Q/ppm K
BiOCI (not optimized) 128.7 0 6066 1100 1
BiOCI (optimized) 133 0 5989 1051 1

For BiOCI, maximum forces observed in the CASTERWations were 0.6 eV/A before and less than

0.02 eV/A after the geometry optimization. At #ame time, all calculatéé’Bi NMR parameters were
found to be within ca. 5% of one another.
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Simulation without CSA

Simulation with CSA

Experimental

1200 1000 800 600 400 200 O 200  -400 kHz

Figure A.3.2. Effects of theé®Bi CSA on the powder pattern of BiOl.
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Simulation without CSA

Simulation with CSA

Experimental

1500 1000 500 0 -500 KHz

Figure A.3.3. Effects of thé*Bi CSA on the powder pattern of BiOBt.
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Simulation without CSA L

Simulation with CSA /

Experimental

2500 2000 1500 1000 500 O  -500  -1000  -1500 kHz

Figure A.3.4. Effects of the”Bi CSA on the powder pattern of BiOCI.
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Figure A.3.5. Plots of*®Bi transverse relaxatiof{) behaviour in a) BiOl, b)BiOBr and
c) BiOCI.
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Figure A.3.6. a) 2Bi transverse relaxatioT§) behaviour irBi(NO,),-5H,0. b) train of
echoes used in thig calculations.
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c)

Figure A.3.7. The clusters which were input in tHéB8i EFG calculations of bismuth
acetate. The reported EFG parameters are thdke oéntral bismuth atoms.

References For Appendix A

(2) Frank, W.; Reiss, G. J.; SchneiderAdgew. Chem,, Int. Ed. Engl. 1995, 34,
2416-2417.
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2. Appendix B: Supplementary Information for Chapter 4

5 10 15 20 25 30 35 40 45
20/degrees

FigureB.4.1. Simulated (top)and experimental (bottom) powder XRD patterns of
barium nitrate
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5 10 15 20 25 30 35 40 45
20/degrees

FigureB.4.2. Simulated (tog)and experimental (bottom) powder XRD patterns of
barium carbonate
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-

5 10 15 20 25 30 35 40 45
20/degrees

FigureB.4.3. Simulated (top)and experimental (bottom) powder XRD patterns of
barium chlorate monohydrate.
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JUU

5 10 15 20 25 30 35 40 45
20/degrees

FigureB.4.4. Simulated (tod)and experimental (bottom) powder XRD patterns of
barium chloride dihydrate.
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15 20 25 30 35
20/degrees

FigureB.4.5. Simulated (top)and experimental (bottom) powder XRD patterns of
anhydrous barium chloride.
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o

5 10 15 20 25 30 35 40 45
20/degrees

FigureB.4.6. Simulated (tog)and experimental (bottom) powder XRD patterns of
barium hydrogen phosphate.
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TableB.4.1. **Ba NMR Experimental Parameters at 9.4 T

rf power # of echoes Recycle  Frequency Scans per Total
Echo size : Delay step size . Number of
(kHz) acquired (s) (kHz) Piece Pieces
Ba(NQO,), 25.8 400 50 01 - 6776 1
BaCQ, 29.5 200 80 0.1 100 16404 15
Ba(ClO),H,0 27.8 100 40 0.1 200 52352 15
BaCl,:2H,0 29.5 50 90 0.1 200 12440 46
BaCl, 27.8 100 160 0.1 200 16072 25
TableB.4.2. **Ba NMR Experimental Parameters at 21.1T
Recycle  Frequency Total
rf(Eava)er Echo delay Delay step size Sch)iigieper Number of
(Hs) ) (kH2) Pieces
Ba(NQ,), 31 50 05 - 4096 1
BaCQ, 31 50 0.2 100 6144 7
Ba(ClO,),H,0O 31 50 0.2 100 6144 17
BaCl,:2H,0 31 50 0.2 100 12288 22
BaCl, 31 50 0.2 100 12288 21

282



Sim. Without CSA

Sim. With CSA _J kk_

Experimental k

60 40 20 0 -20 -40 -60 -80 kHz

FigureB.4.7. The NMR spectrum of barium nitrate at 21.1 T asdimulations with
and without CSA.
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150 100 50 0 -50 -100 ppm

Figure B.4.8. 'H MAS SSNMR spectrum of barium carbonate.
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b)

600 400 200 0 -200 -400 -600 -800 -1000 kHz

Figure B.4.9. **Ba NMR spectra of BaC{before and after drying: a) dried in the oven
at 200 C, b) dried under vacuum while heated to @0and ¢) commercial sample.
Drying the sample helps in getting rid of mostuf tvater but the shape of tHidBa
spectrum basically remains the same; neverthdles@owder XRD pattern

(Figure B.4.2) confirms that our sample has theesarystal structure as the one reported
by Antao? A range of‘H decoupling powers were utilized; the edges ofptttern did

not sharpen even at higher decoupling powers.
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S\

1 o5 0 05 1 -5 2 M
Simulated *ClI
I

Simulated *'Ba

Sum of simulated **'Cl and *"Ba
Experimental *'Ba
0

10 5

-5 -10 -15 -20 MHz

Figure B.4.10. *Cl and®**Cl NMR spectra of barium chlorate monohydrate areiated based on the EFG parameters
obtained from NQR, these simulated spectra aredtdad to thé*’Ba simulated spectrum and the sum is comparedtiéth
experimental pattern to show the overlap of*tfi satellite transitions and tR¥CI central transitions with thé’Ba spectrum.
These simulations are rough estimate to the paositd the chlorine signals with respect to theumarspectrum and clearly
prove the possible overlap between the chlorinetl@dbarium signals.
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Table B.4.3. Comparison of the experimental and CASTEP-calcdfstBa CS tensor parameters.

o,,/ppm 0,J/ppm 0:/ppm 0. /ppnt S, /ppnf Q/ppnt K
Ba(NQ), Exp. - e e e -42(8) 25(20) 0.8(2)
Ba(NQ,), Cal. 5484.30 5484.30 5534.38 5501.00 40 50.08 1.0
Ba(CO), Exp. - e e e 50(200) 150(150) 0.5(5)
Ba(CQ), Cal. 5369.02 5370.48 5502.40 5413.96 127 133.38 98 0.
Ba(ClO),-H,O Exp. ---- - e e 0(200) 200(100) -0.8(2)
Ba(ClO,),-H,O Cal. 5524.12 5531.21 5547.55 5534.29 7 23.43 0.4
BaCl-:2H,0 Exp.  --- - e e 150(100) 150(150) -0.5(5)
BaCl,-2H,0 Cal. 5388.47 5360.98 5302.62 5350.70 190 85 -0.36
BaCLExp. - e e e 200(200) 400(300) 0.5(5)
BaCl, Cal. 5220.00 5271.16 5389.17 5293.44 248 169.16 0.4
BaHPQ Exp. sitel - - e e -120(60) - -
BaHPQ Exp. site2 - - e e 02000 - —
BaHPQ Cal. sitel 5460.08 5449.53 5392.90 5434.17 107 867.1 -0.68
BaHPQ Cal. site 2 5443.18 5496.17 5558.26 5499.20 42 815.0 0.07

30, = (04 +0, +039/3;° The chemical shifts were calculated usihgsample) 5, (ref) = o, (ref) - o (sample) wheré(ref) ando(ref) are
the'*Ba experimental chemical shift (279 pgrahd the calculated chemical shielding (5262.28)pfrBaZrQ, respectively® Span:Q =g, - 0,5
4 Skew: K = 3(0,,70,,)/Q
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Table B.4.4. Comparison of the CASTEPBa EFG tensor parameters for the three publishedarstructures of barium
nitrate

Reference Basis set accuracy Co Mo k space Basis set cut off energy  Average Ba-O
(MHz) (MP grid size) (eV) distance (A)
8 Fine -14.4 0 Ax4%x4 550 2917
9 Fine -11.2 0 4Ax4x4 550 291
10 Fine -5.3 0 Ax4%x4 550 2.905
Exp. 7 0
9 Coarse -11.1 0 2%x2%2 450 291
9 Medium -11.9 0 2x2x2 500 291
9 Fine -11.2 0 Ax4%x4 550 291
9 Ulrafine -11.3 0 4Ax4x4 610 2.91
9 Fine, geom opt -11.9 0 Ax4x4 550 2.91

References For Appendix B

(1) Trounov, V. A.; Tserkovnaya, E. A.; Gurin, M.; Korsukova, M. M.; Derkachenko, L. I.; Nikanordy. P.Tech. Phys.
Lett. 2002, 28, 351.

(2) Antao, S. M.; Hassan,Phys. Chem. Miner. 2007, 34, 573.
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3. Appendix C: Supplementary Information for Chapter 5

Table C.5.1. *n Static NMR Experimental Parameters at 9.4 T
Recycle Spectral

Offset Number of

rf(Ea\;v)er Delay Width NuPr:Lk::e;rSof frequency Scans per
(s) (kHz) (kHz) Piece
[In*][GaCl,] 67 0.1 1000 1 8544
In(INCl, 45 0.1 2000 5 35 1584
[In([15]Crown-5),][OTH] 77 0.1 1000 1 579152
[In([18]crown-6)]GaC} 111 0.1 1000 3 150 18848
[In([18]crown-6)]AICI, 111 0.1 1000 3 150 66288
Inl 67 0.1 2000 6 100 17824
InBr 67 0.1 2000 8 125 8544
WURST-Echo
In[OTH] 17 0.1 2000 5 250 15736

Table C.5.2. *3n Static NMR Experimental Parameters at 21.1T
Recycle Spectral Offset Number of

rf(Ea\;v)er Delay Width Ngilbczrspf Frequency Scans per
(s) (kHz) (kHz) Piece
[In*][GaCl,] 50 1 200 1 1024
In(INCl, 50 1 1000 3 110 1024
[In([15]Crown-5),][OTf] 50 1 200 1 2976
[In([18]crown-6)]GaC} 50 1 500 3 60 2048
[In([18]crown-6)]AICI, 50 1 500 3 60 16384
In[OTTf] 50 1 1000 3 120 2048
Inl 50 1 500 1 1782
InBr 50 1 1000 1 5557

Table C.5.3. ™n MAS NMR Experimental Parameters at 21.1T
Vot (KHZ) rf power (kHz) Recycle DelaySpectral Width Number

(s) (kHz) of Scans

[In*][GaCl,] 18 50 1 200 2200
In(INCl, 18 50 1 500 5836
[In([15]Crown-5)][OTf] 12.5 50 0.5 200 4096
[In([18]crown-6)]GaC} 50 100 0.5 1000 20480
[In([18]crown-6)]AICI, 50 100 0.5 1000 136000
In[OTf] 62.5 100 0.5 1000 16000
Inl 62.5 100 0.5 1000 10240
InBr 62.5 100 0.5 1000 16400
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Simulation without CSA

Simulation with CSA

Experimental

-180 -200 -220 -240 -260 kHz

Figure C.5.1. The contribution of*In CSA on the NMR pattern of In[Gag|
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Simulation without CSA

Simulation with CSA

Experimental

-180 -200 -220 -240 -260 -280 kHz

Figure C.5.2. The contribution of*In CSA on the NMR pattern of
[In([15]crown-5),][OTHf].
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Simulation without CSA

Simulation with CSA

Experimental

-50 -100 -150 -200 -250 -300 -350 -400 kHz

Figure C.5.3. The contribution of*In CSA on the NMR pattern of
[In([18]crown-6)]GaC}
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246(4) ppm

[In([18]crown-6)]GaCl,

500 400 300 200 100 0 ppm
99(4) ppm

INAICI,

[In([18]crown-6)]AICI,

300 200 100 0 -100 ppm

Figure C.5.4. Static"Ga SSNMR spectrum of [In([18]crown-6)]Ga@nd?’Al SSNMR
spectra of AIC)and [In([18]crown- 6)]JAIC] at9.4 T
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Simulation without CSA

Simulation with CSA

Experimental

L S e L s e o e S B s s e e s e o L e p
50 0 -50 -100 -150 -200 kHz

Figure C.5.5. The contribution of*in CSA on the NMR pattern of Inl

294



Simulation without CSA

Simulation with CSA

Experimental

100 0 -100 -200 -300 kHz

Figure C.5.6. The contribution of*In CSA on the NMR pattern of InBr
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Site 1 Site 2
Co 79.0 80.5MHz
1 005 0.05
iso -1045 -1045 ppm
Q260 260ppm
K 03 03

400 2000 0 200  -400  -600  kHz

Figure C.5.7. Simulation of**In NMR pattern of [In][OTf] at 9.4 T with parameteof
two indium sites
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Simulation without CSA

Simulation with CSA

Experimental “.J\,_ a e

100 0 -100 -200 -300 -400 -500 KHz

Figure C.5.8. The contribution of*®In CSA on the NMR pattern of [In][OTf]
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4. Appendix D: Supplementary Information for Chapter 6

TableD.6.1. 'Ag NMR Experimental Parameters

Compound Spectral Spinning pw90H CP Power Contact Recycle Spectral Number of
Frequency Speed (us) (kHz) Time Delay Width Scans
(MH2) (kHz) (ms) (s) (kHz)
la 18.607141 2.0/2.9 55 16.8 35 10 40 2000/1292
1b 18.607141 2.9 5.0 18.6 30 6 40 27732
1c 18.607141 2.9 5.5 16.8 35 10 40 5932
1d 18.609046 2.0/3.1 55 16.8 30 10 100 6628/8512
le 18.609046 2.0/2.9/8.0 5.0 18.6/27.8 35 10 100 4692/15660
le(MAS)?® 18.609369 8.0 W - eeem e 300 40 796
2a 18.602978 2.0 3.75 16.8 30 20 50 2288
2b 18.607661 2.0/3.5 5.0 16.8 35 6 100 13468/25824
3 18.612367 2.0/2.7 5.0 18.6 30 8 100 10644/11468

2this spectrum was acquired with 1-pulse sequesiteg @ 8 ps pulse on thEAg channel.

Table D.6.2. *®N NMR Experimental Parameters

Compound  Spectral Spinning pw90H Decoupling ContactRecycle Spectral Number
Frequency  Speed (us) Power Time Delay Width of Scans
(MH2z) (kHz) (kHz) (ms) (s) (kHz)

1b 40.506222 5.0 3.75 60 2 4 15 672

le 40.506222 5.0 3.75 60 2 4 15 744

1b 91.221550 10.0 2.50 100 2 20 30 1024

le 91.221550 10.0 2.50 100 2 20 30 1024

2b 40.506222 6.0 3.80 70 2 4 100 1872

Table D.6.3. **C NMR Experimental Parameters

Compound  Spectral Spinning pw90H Decoupling ContactRecycle Spectral Number
Frequency  Speed (us) Power Time Delay Width  of Scans
(MH2z) (kHz) (kHz) (ms) (s) (kHz)

la 100.52683 5.0/7.0 4.6 40 15 10 50 500/5480

1b 100.52353 5.0/7.0 25 42 12 6 50 244132

1c 100.52683 5.0/7.0 2.5 42 12 10 50 168/156

1d 100.52683 5.0/7.0 25 42 12 10 50 144/144

le 100.52683 5.0/7.0 25 42 12 10 50 148/160

2a 100.52683 5.0/7.0 25 42 12 10 50 184/128

2b 100.51982 5.0/7.0 25 34 12 10 50 44/108

3 100.52683 5.0/7.0 4.0 34 5 12 50 192/176
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@ M

(b)

200 150 10 5  ppm

FigureD.6.1. Solid-statéH- *C CP/MAS NMR spectra afa at two different spinning
speeds.(a) v,,,= 7.0 kHz. (b) v,,,= 5.0 kHz. There are four isotropic peaks in'tHe>C
CP/MAS NMR spectrum at 120.5, 123.9, 152.6 and85pm which have an intensity
ratio of 1:1:1:2 (for different contact times). 84e resonances are assigned to carbon
nuclei which are meta, meta, para and ortho tamiinegen atom, respectively.

< isotropic peaks.
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200 150 100 5  ppm

FigureD.6.2. Solid-state*C CP/MAS NMR spectra ofa) 1a, (b) 1b, (c) 1c, (d) 1d
and(e) leatv,,,= 7.0 kHz. *<: isotropic peaks. There are five peaks corresiporto
the carbon atoms of the dodecylamine which ar&&, 83.6, 30.6, 25.2 and 15.1,
respectively. These peaks correspond to C1, C2-C9, C10, C1T48@dn the chain.
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(@)

"\
(b) N

0/

160 155 150 145 140 135 130 125 120  ppm

Figure D.6.3. Expanded pyridine region of thC CP/MAS NMR spectra ofa) 1a, (b)

1c, and(c) 1e atv,, = 7.0 kHz. Close examination of the region from 115 to 160 ppm
reveals subtle differences in carbon chemical shiétween the parent materidh) and
the new layered solidlé). The carbon chemical shifts e are similar to those for
4-pyridine sulfonic acid;notably, there are only three distinct high-fregmeresonances
and one low-frequency resonance. This data supfitetcleavage of the silver-nitrogen
bond and the presence of the pyridinesulfonatenaniinterestingly, th€C NMR
spectrum of the 1:1 sampli;, has resonances present in both the specfiraarfidle,
confirming thatlc is comprised of a mixture of materials.
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J('™®Ag-"*N) = 70(5) Hz

TRV

b

15 14.5 14 135 KkHz

1000

500

o 50  ppm

Figure D.6.4. 'H-'Ag CP/MAS NMR spectrum ofN-labeled2b atv,,, = 2.9 kHz.
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Table D.6.4. Theoretical®Ag chemical shift parameters atif*Ag, **N) coupling
values as a function of Ag-N bond length in [Ag(}H,),]".

Ag-N Giso Biso Q (ppm) K 1J(*°Ag, “N) SCF Energies

(A) (ppm)  (ppm) (Hz) (10" kd/mole)

1.95 3414 786 1806 0.91 45 -14553961.0800000
2.00 3528 671 1646 0.92 44 -14554007.7853353
2.05 3633 566 1500 0.92 43 -14554043.5010371
2.10 3729 470 1366 0.93 42 -14554070.3998895
2.15 3817 382 1245 0.94 40 -14554090.2246470
2.20 3897 302 1134 0.94 38 -14554104.3539070
2.25 3970 228 1034 0.94 36 -14554113.9689872
2.30 4038 161 943 0.95 34 -14554119.9091549
2.35 4100 100 860 0.95 32 -14554122.9175055
2.40 4156 43 785 0.95 30 -14554123.5781863
2.45 4207 -8 717 0.95 28 -14554122.3660454
2.50 4254 -55 655 0.95 26 -14554119.6697356
2.55 4297 -98 598 0.95 24 -14554115.8089114
2.60 4336 -137 546 0.94 22 -14554111.0475145
2.65 4372 -173 497 0.94 21 -14554105.6034088
2.70 4405 -206 453 0.94 19 -14554099.6559947
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Table D.6.5. Theoretical®Ag chemical shift parameters atif*Ag, **N) coupling
values of4 using different basis sets.

BaSiS Sét Giso 6iso (ppm) Q (ppm) K 1‘J(109Ag! 14N)
(ppm) (Hz)

6-311G** / STO-3G 3747 452 1705 0.67 26
6-311G**/ Ahlrichs 865 3334 1081 0.15 0.1
Coulomb Fitting
6-311G**/ DeMon 3759 440 795 0.90 76
Coulomb Fitting
6-311G**/ DGauss A1 3617 582 251 0.42 26
DFT Exchange Fitting
6-311G**/ WTBS 3810 389 1244 0.87 32
6-311G**/ Stuttgart 213 3986 154 0.58 0.06
RSC 1997 ECP
6-311G**/ cc-pvVDZ-PP 209 3990 160 0.60 0.06
6-311G** DZVP 3546 653 1652 0.84 41
6-311G** DZVF 3206 993 1978 0.74 33

@ The first basis set was used on all the atomsptxthe silver on which the second basis set wad.use
® This calculation was done using the DZVP basi®sdioth the silver and nitrogen atoms.
¢ Calculation was done using the B3LYP method wall®f the other ones were done with RHF.

TableD.6.6. CS tensor parameters ahdoupling a span as a function a¥-Ag-N in
[Ag(NH,C;H )]

/IN-AG-N  AgN(A)  o,(ppm)  de(pPmf  Q (ppm) K "J(*Ag, N)
(Hz)

160° 2.15 3817 382 1223 0.92 39.2

165° 2.15 3817 382 1245 0.94 40

175° 2.15 3817 382 1268 0.95 40.6

180° 2.15 3817 382 1274 0.96 40.6

TableD.6.7. CS tensor parameters aigdoupling a span as a function 6E-N-N-C in
[Ag(NH,C:H,)I"

LC-N-N-C  Ag-N(A)  og,(Ppm)  8e(Ppmi  Q (ppm K 1J(**Ag, ¥N)
62° 2.15 3817 382 1244 0.94 39.9
-180° 2.15 3831 368 1295 0.82 38.4
0° 2.15 3837 362 1260 0.78 38.3
-62° 2.15 3846 353 1265 0.85 38.4
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Table D.6.8. Atomic coordinates of the structural unit usedatrulate theé®Ag CS
tensor parameters of Ag(1) in 1a.

X y z
0.002715  -0.199543 0.000445
-2.678406  1.098652 0.368297
-4.051086  1.230409 0.578582
-4.871953  0.199546 0.165421
-2.956061  -0.975488 -0.612982
-4.336514  -0.903115 -0.467958
2.680873  1.100008 -0.383903
2.963255  -0.960866 0.623617
4.343545  -0.887182 0.477674
4.876465  0.208571 -0.169669
4.053243  1.232225 -0.595859
-2.071708  1.824824  0.62323
-4.437856 2.02522 1.001767
-5.837651  0.248122 0.325012
-2.547999  -1.76141 -1.032757
-4.904095 -1.622524 -0.815381
1.779214  1.457328 -0.524372
2.556983  -1.742324 1.053346
4.912066  -1.605867 0.825059
5.843252  0.262048 -0.320872
4.405433  2.030299 -1.042445
-2.140445  0.011113 -0.184971
2.145385  0.018352 0.183141

«
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Table D.6.9. Atomic coordinates of the structural unit usedatrulate theé®Ag CS
tensor parameters of Ag(2) la.

X y z
-0.134211  -0.000001 -0.000003
2.818352  3.836477 -0.554325
-2.591248  3.836482 -0.554317
-2.591254  -3.83647 0.554318
2.818346  -3.836473  0.55432
2.04755 4.316113 -0.274478
3.497927  4.307355 -0.086402
3.188887  3.816049 -1.428846
-3.36205 4.316116 -0.274469
-1.911673  4.307358 -0.086392
-2.220713  3.816059 -1.428838
-3.362056  -4.316103 0.274468
-1.911679  -4.307347 0.086394
-2.22072  -3.816046 1.428839
2.047544  -4.316107 0.274471

3.497921 -4.30735 0.086396
3.18888 -3.816049 1.428842
3.478861 1.351925 -0.867848
1.30799 1.864211 0.104508
3.31982 2.215955  1.39967

-1.930739 1.351929 -0.86785
-1.930742  -1.351927 0.867853
1.307988 -1.864225 -0.104511
-4.10161 1.864214 0.104506
-2.08978 2.215959 1.399668
-4.101612  -1.864219 -0.104504
-2.089782  -2.215947 -1.399667
3.478858 -1.351932 0.867845
3.319818 -2.215951 -1.399665
2.725901 2.159873 0.080561
-2.683699 2.159877 0.080558
-2.683702  -2.159874 -0.080557
2.725898 -2.159877 -0.080554

(/)(/)U)U)OOOOOOOOOOOOIIIIIIIIIIIIOOOOE
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Table D.6.10. Atomic coordinates of [Ag(NEC;H-),]* unit used in the calculation
X y z

-0.01204 -1.12846  -0.09423

-2.76663 0.079637 -0.07365

2.744011 0.141647 0.314711

-2.13403 1.418427 0.244625

2.105261 1.391937  -0.20992

-2.83508 2.6009 -0.40699
2.760513 2.680991 0.256815
-2.79719 -0.03917 -1.03593
-3.67811 0.069535 0.258609
2.68435 0.130204 1.282853

3.682913 0.133357 0.07124
-2.13719 1.542986 1.205959
-1.21001 1.402864 -0.04782
-3.76332 2.611174 -0.12146
-2.82484 2480116 -1.36961
2.12557 1.36731 -1.17903
1.174001 1.401646 0.063075
3.703837 2.658057  0.03467
2.68155 2.748181 1.221467
2.415037 3.419254  -0.26903
-2.50097 3.422125 -0.01347

ZZIIIIIIIIIIIIIIIIIIOOOOOO&;>

-2.45549 -1.89975 0.294608
-2.02299 -0.93139 1.530588
2.33099 -1.13861 -1.20292
2.451496 -1.86309  0.23803
-2.01405 -1.03055 0.532148
2.082125 -1.05849 -0.23418
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5. Appendix E: Supplementary Information for Chapter 7

TableE.7.1. *Cl MAS NMR Experimental Parameters at 21.1 T.

Vyot pw90 Decoupling Recycle Delay Spectral  # of
(kHz) (us) Power (s) Width Scans
(kHz) (kHz)
PH 22.1 2.3 58.1 1.0 166.67 4400
TH 22.2 2.3 58.1 1.0 166.67 12000
LH 22.1 2.3 58.1 2.0 166.67 5120
LH1 22.1 3.3 62.0 1.0 166.67 10240
BH 15.0 3.6 0.0 1.0 300.00 512
BH1 22.1 2.3 58.1 1.0 166.67 51200
BH2 22.1 3.3 62.0 1.0 166.67 6400
Table E.7.2. **Cl Static NMR Experimental Parameters at 21.1 T.
pw90 Decoupling  Recycle Delay Spectral Width  # of
(us) Power (kHz) (s) (kHz) Scans
PH 2.1 60.0 1.0 166.67 5200
TH 2.1 60.0 1.0 166.67 3600
LH 2.1 60.0 3.0 166.67 5120
LH1 2.0 62.0 1.0 166.67 9200
BH 6.0 100 1.0 300.00 2696
BH1 2.1 60.0 1.0 166.67 3200
BH2 2.0 62.0 1.0 166.67 3048

Table E.7.3. **Cl Static NMR Experimental Parameters at 9.4 T.

pw90 Decoupling Recycle Spectral

Offset

#of  # of pieces

(us) Power Delay Width  Frequency Scans acquired
(kHz) (s) (kHz) (kHz)
PH 2.3 58.8 0.5 800.00 31 36352 2
TH 15 42 0.5 800.00 70 59248 3
LH 2.3 58.8 0.5 800.00 57 137072 2
LH1 2.3 58.8 0.5 800.00  ---—-- 90704 1
BH 1.0 27.4 0.5 800.00  --—---- 111952 1
BH1 2.3 58.8 0.5 800.00 40 51760 6
BH2 2.3 58.8 0.5 800 36 144352 4
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3 10 20 30 40 50
2-Theta

FigureE.7.1. Simulated and experimental powder XRD patternsrotaine HCI (PH).
a) Calculated XRD pattern obtained from the rembamystal structuré b) Calculated
XRD pattern obtained from the crystal structureuaegl in our laboratory. ¢) Powder
XRD pattern of the commercial PH.
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FigureE.7.2. Simulated and experimental powder XRD patterngthcaine HCI (TH)
samples. a) Calculated XRD pattern obtained fromréported crystal structufe.

b) Calculated XRD pattern obtained from the crystaicture acquired in our laboratory
after recrystallization from isopropanol. c) Powd&D pattern of the commercial TH
recrystallized from isopropanol. d) Powder XRDteat of the commercial TH.
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Figure E.7.3. Simulated and experimental powder XRD patterrnth@icommercial
monohydrated lidocaine HCI (LH) and its polymorpd). Calculated XRD pattern
obtained from the reported crystal structtine) Calculated XRD pattern obtained
from the crystal structure acquired in our labonatdter recrystallization from acetone.
c) Powder XRD pattern of the commercial LH recrijstad from acetone.d) Powder
XRD pattern of the commercial LH2) Powder XRD pattern of the LH polymorph.
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3 10 20 30 40 50 60
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Figure E.7.4. Simulated and experimental powder XRD patterrnsupivacaine HCI
(BH) samples. a) Calculated XRD pattern obtaimethfthe reported crystal structure
of anhydrous BH. b) Experimental pattern of the commercial BH.Egperimental
pattern of the commerci8H heated to 120C. d) Experimental pattern of the
commercial BH heated to 170.
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FigureE.7.5. TGA curves of monohydrated lidocaine hydrochloridd) and its
polymorph (LH1) (top), and simultaneous MS analydisvolved gases between
15-100 m/z (bottom). Shown are the ion intengityves at m/z = 18 (D).
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Simulation, Site 2

Simulation, Site 1

Simulation, Convolution

Experimental

éO ‘ ‘ ‘ 4‘0 ‘ ‘ ‘ 20 ‘ ‘ ‘ 6 ‘ ‘ ‘ -2‘0 ‘ ‘ ‘ -4‘0 ‘ ‘ ‘ k‘HZ

Figure E.7.6. Deconvolution of the twé’Cl NMR patterns in LH1.
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Simulation, Site 2

Simulation, Site 1

Simulation, Convolution

Experimental

Figure E.7.7. Deconvolution of the twé’Cl NMR patterns in BH1 (heated at I'ZT).
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Table E.7.4. Summary of theoreticdlCl EFG tensors (different basis sets).

Basis Set?

V33(au) CoMHZ MNoe
PH Experimental  ~ ----- 4.87(7) 0.28(4)
cc-pVvVTZ/ 6-31G* -0.281945 -5.409 0.286
cc-pVTZ [cc-pvDZ -0.275383 -5.283 0.338
6-311+G* -0.238951 -4.584 0.461
TH Experimental @ ----- 6.0(1) 0.27(4)
cc-pVvVTZ/ 6-31G* -0.318306 -6.107 0.197
cc-pVTZ [cc-pvDZ -0.303549 -5.824 0.199
6-311+G* -0.305163 -5.855 0.218
LH Experimental @ ----- 4.67(7) 0.77(3)
cc-pVvVTZ/ 6-31G* -0.213556 -4.097 0.437
cc-pVTZ [cc-pvVDZ -0.213080 -4.088 0.425
6-311+G* -0.206542 -3.962 0.557
BH Experimental - 3.66(10) 0.72(8)
cc-pVvVTZ/ 6-31G* 0.203813 3.91 0.84
cc-pVTZ lcc-pvDZ 0.200183 3.84 0.82
6-311+G* 0.183848 3.53 0.71

2The first basis set was used on the chlorine atbitevihe second was used for all the other atoms;
®Theoretical values dE, are calculated by converting from atomic unitsitoby multiplyingVa, by

(eQ/h)(9.7177 x 18 Vm?), whereQ(*Cl) = -0.082 x 16° n?; “ng = (Vy; - Vo) Vas.
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Figure E.7.8. **Cl EFG and CS tensor orientations in a) PH, b) @H,H and d) BH.
The diagrams above are magnifications of the amdosites pictured in Figure 7.1.
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6. Appendix F: Supplementary Information for Chapter 8

TableF.8.1. *ClI MAS NMR Experimental Parameters at 21.1 T.

Vot (KHZ) pw9O0 (us) Decoupling Recycle Delay Spectral Width# of Scans
Power (s) (kHz)
(kHz)
TR 23.33 2.1 90 1.0 250 6144
AD 22.31 2.1 90 1.0 250 6144
BU 22.35 2.1 90 15 250 5120
DI 21.00 2.2 90 3.0 125 19008
RA 22.20 2.0 90 1.0 167 10240
ME 22.46 2.0 90 1.0 167 10240
AM 20.06 2.2 90 1.0 125 3200
AC 21.72 2.2 90 2.0 125 6144
IS 21.11 2.2 90 1.0 125 6144

Table F.8.2. *Cl Static NMR Experimental Parameters at 21.1 T.

pw9oO0 (us) Decoupling Recycle Delay (s) Spectral Width  # of Scans
Power (kHz) (kHz)
TR 25 62 15 250 2048
AD 25 62 15 250 2048
BU 25 62 15 250 2048
DI 25 62 15 250 2048
RA 25 62 1.0 167 20480
ME 25 62 1.0 167 10240
AM 25 62 1.0 250 1600
AC 25 62 15 250 2048
IS 2.5 62 1.0 250 1600

TableF.8.3. *Cl Static NMR Experimental Parameters at 9.4 T.

pw90 # of echoes Decouplindgrecycle Delay (s) Spectral Width# of Scans
(us) Power (kH2)
(kHz)
Echo
ME 2.2 1 50 0.5 800 63424
AM 15 1 50 0.5 250 20000
AC 2.0 1 0 0.5 500 23872
DI 15 1 50 0.5 400 139120
WURST-QCPMG

RA 50 1 0 0.5 500 115064
TR 50 120 42 0.5 800 2142
BU 50 35 42 0.5 500 7483
AD 50 35 42 0.5 500 114624
IS 50 35 42 0.5 500 8409

318



Figure F.8.1. Experimentaltop) and simulated (bottom) powder XRD patterns of
ranitidine hydrochloride
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a) J\

b)

c)

d)

' 20 0 -20 -40 -60 kHz

60 40

Figure F.8.2. Deconvolution of the NMR patterns of the two diffiet chlorine sites in
DI. a) simulated spectrum of site 1, b) simulateelcsrum of site 2, c¢) convolution of the
two patterns and d) experimental spectrum.
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