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Abstract

Solid-state nuclear magnetic resonance (NMR) is a witdeplemented technique in
materials chemistrywhere itoffers invaluable insight. Many solids NMR experiments, however,
are challenged biow sensitivity andpoor resolution.The majority of NMRactive nuclei are
guadrupolar; species with spin numbers 1>1/2, for which the quadrupolar interaction is usually
dominant and greatly challenges the application of sihte NMR.Thework carried out during
my PhD focused on thealesignof novel NMR experimerst to improve the accessibility and
information available fronsolids NMRi foremost for thesanreceptiveguadrupolaand spirl/2
nucleti

As part of this goal, | designed a novel 2D static correlation experiment termed
Quadrupolar Isotope Correlation Sp®scopy (QUICSY,) applicable to stronglycoupled
guadrupolar nuclei, which are often inaccessibleettniques relying omagicanglespinning
(MAS). Analytical alculations showetoth the complexity and rich information contentluése
2D QUICSY expeiments, which correlate pairs of NM#&ttive isotopes for a given element in
the lattice Experimental results validatetthe ability of 2D QUICSY experiments taextract
information about the size and relative orientations oK interaction tensordhis project is
summarized in Gapter 2.

In a separate studiyexplorednew ways to enhance the sensitivity by testing the potential
of gealy-state free precession (SSFP3eguence known to provide optimal SNR peit timein
clinical MRI, butthat hasnot been utilizedin solids NMR. We explored SSFih the realm of
guadrupolar NMR on static and spinning samplés.found theelative meritand SNR increases
of SSFP vs optimize@arrPurcell MeiboomGill (CPMG) acquisitiors, both by simulations and
experiments on a variety gjuadrupolacentral transitions (CT)lrheseresults are summarized in
Chapter 3.

Additional workdemonstratethe possibility ofndirectly detecting theatellite-transitions
(ST)of unreceptive gadrupolar nucleat naturalabundance with Progressive Saturation of Proton
Reservoir (PROSPR#a novel method to enhance the sensitivity of dilute nuclei in sohder
static conditions We establishedST-PROSPR as a powerful approach to characterize motional
averaging, follow chares occurring during a phas@nsition and acquirdMHz-wide ST specia
at a single transmitter frequenayth much greater ease than was hitherto possibie resultof

this work,are summarized inl@pter 4.



Finally, triggered by the dipolanrderbasd principles on which PROSPR operates,
Chapter Sexploresdipolarorderunder MAS. Here | show that, unexpectedisgss polarization
(CP)can be implemented undetAS for sensitivty enhancement of diluiesensitivenuclei by
drawing from the residualipolar coupling remaining in the proton ensemble under MIAS
examine theexperimental results with a series arfalytical and numericahvestigations that
match the experimentand discuss thpotentialadvantages and disadvantagéshe ensuing
dipolar-orderbased methodsompared to common Hartm#&tahn (HH)CPMAS

The Thesis concludes witm ®utlookchapteywhere | discuss theerits of each of the new
experiments | developed during my PhD, as well as their overall placing in contemporary solids
NMR.



1 Introduction

Solid-state Nuclear Magnetic Resonance (NMR) provides unique quantitative insight into the
local chemical, structural and dynamic properties of materials, and as such is an invaluable
technique to study structufenction relations ina myriad of materials, pharmaceutical and
biological systemé3. This chaptewill initially present in short the classical description of NMR
spectroscopy, and later the quantum mechanical basis ossai@INMR pectroscopy. The main
interactions that govern solgtate spectrand are pertinent to this thesisl be described, as well
as thedensity matrixformalismand average Hamiltonian theory (AHT). We will conclude with
contemporary methods to increase tésolution and sensitivity of solids NMR experiments, and
which the work in this Dissertation relies upon.

1.1Classical Description of NMR Spectroscopy:
Many of the basic features of NM#Rd MRIof spin-1/2can be described withaclassical
non-quartum framework->. In the classical description of NMR, nuclear syre viewed as small

magnets and the equation of motion that describes their behavior uredeearal field 6 is:
— 7° 6 (1.2)
Where' is amagnetic momerdnd; is the gyromagnetic ratio.

It can also be written iterms ofthe bulkmagnetization :
— 10 6 (1.2)
In case of a statimagnetic fiéd 6 pointing in the z direction, we get the Bloch equations without
relaxation, with the solution:

0 MmAT100 0 mOEBI 6
o 0 mAiT10o 0 moOBTo (1.3)

0
Which describeprecessioraroundd with the Larmor frequendy (6 .0 mandd m
are thevalues at t=0, and is a constant.
The addition of phenomenologicadlaxation with the constanis and T, that describe

the longitudinal and transverse decay, respectivedd tadhe followingtime-dependence:

— t0 6 —0 D -0 ® D &GO



0 mMAT106 0 nmoOBI o AgPary
0P O 0 mMAT100 0 nOEBT o A@bory (1.4)
0 mMmA@BIrY 0 p A@DOry
This is a more realistic description of experiments, and we see that the equilibrium value of M at
large timess 0 for the transverse magnetization andfor the longitudnal magnetization.
A transition to a rotating fram@RoF) of referencethat rotatesround® (gtxis) with the
frequencyl of the applied RF fieldn the lab framgis extremely usefuin NMR. The Bloch

equationsn the RoRake the form

— [0 0O —0 0 o — 0 e 0 o

(1.5)

Where® is:

@ 6 — BB 6 cee (1.6)

In the transition to the Rowe have assumed thiite RF field0 appears constarin our case
alongthecee A @ & the secalled Blochsphere

When the RF freque&y matchethe Larmor frequency,e.,] 1 ,the irradiation issaid to be

onresonance. In that case, — T1and there is only precession aboutdhexis,at a nutation

(Rabi) frequencyt ' 0 . This describes a simple nutation experimevtiich for an RF of
durationt will impart aflip-angleto the sping— T 6 t. When the irradiation is offesonance,
m 1 , the effective field is larger but tmeaximumflip angle is smaller.
Typically, the RF pulses are short enough so that we can neglect relaxation during their application.
The free evolution after an RF pulse can be described by
0 mMAT® 0 nOEdp A@bory
0 o 0 mMAT®® 0 mOEdp AGbPory (1.7)
0 mMmA@bory 0 p A@Dory

Notice that when the irradiation is -@@sonance, a smooth exponential decay is expected upon
excitation whereas ofiresonance, an oscillatory decay occurs.

The Bloch equations were extended to include chemical exclaarige BlockMcConnel

equationsFor the transverse components of the classical magnetization,®his is:

— & 00D (18)
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Here W isadiagonal matrix containing the resonance frequeranesl; relaxationeffects,andK
is an exchange matrixgnoring relaxatiorand br a twasite exchangat a rate k between species
N n : n Q
: n - -
nop AV g g
Chapter3 of this thesis useBloch simulations to gain insiglboutthe steadystate free

A and B thesematricesare w

precession SFB sequencen solidstate NMR, andChapter 4 usethe BlochMcConnel

equationdo characterize dynamics.

1.2 Quantum Mechanical Descriptionof NMR Spectroscopy Interaction Hamiltonian s and
the Density Matrix

In many caes, especially in solistate NMRa c | assi cal descraption
guantum mechanicalescriptionis necessary to describe NMR experiments and their dynamics.
To do so we start from the fact thaetruclear spinl, is an intrinsic propertgf each isotopeand
is the total angular momentum of the ground $tat€he nuclear spin gives rise to a nuclear
magnetic dipole moment
P [0D 19

The fate of a spin ensemble will be given by a series of unitary evolution Hamiltonians and
nortunitary relaxation and exchange superoperatbrghe presence of a large static magnetic

L1
field, 6 Tt , theZeeman interactiowill be thelargestand most dominant of all effects. This
0

will apply to allcases considered hers Hamiltonian is give by:
O ‘pt 6 rew 1 O (1.10)
where the Zeemahlamiltoniant like all interactions here consideiet defined in freqency
units. The eigenbasief 'O is the Zeeman eigenbasand itis described byhe eigenstatesf the
"‘Ooperator In the braket notatiorthey are written as@ & where:
Sl 6 a sBy G (1.11)
Herel is the total spin of the nuclei, and theantum numbed , or the projection of the nuclear
spinangular momenturalongthe z quantizatin axis takes values from Qo ‘OThis leads to
¢'O pnondegeneratstatedn the Zeeman basis set

While the Zeeman interactioenables anddominatesNMR, the unique structural
information of NMR spectroscopy islerived from the otherpsn interactions: quadrupolar,

11



chemical shift, gbolar couplingand J-couplinginteractiors*®. Theseare alli but foremost the
first three of them, Wich are the ones that dominate solids NMdRisotropic interactionsThe
NMR spectra of solidgan thus be convenientlydescribed in terms afreducible spherical
tensors by a product of spatial and spin spherical tertf&ors
'O 6B B p Or Y (1.12)
0 is a constantlefiningthe strengthinteractionof the interaction = quadrupolar, shift, etq
are the elements af spherical tensor of raidescribing theHd a mi | t epatialdepehdence
and”Y are the Eements ofa spherical tensarperatorof rank ddescribingthtHa mi | t oni an 6
spin dynamicsBy writing the Hamiltoniarsin this form, the spatial and spin dynamics are dealt
with separatelyand the numerousiechanical and spispacerotations happeningn an NMR
experiment,can be visualized better Note that m the principal axis system (PASpf the
interaction each tensor can be diagonalized and is charaafebyeats three principal values:
6 hod ho

In high-field NMR, where the ZeemarAamiltoniandominates, the internal interactions are
treated aa pertubation to the Zeemaramiltonian This is known as Zeemdnt r u n orahei o n 0
A s e capproximation, andto first-orderresults in the retention afnly thosespin operators
which commute with"Q In the spherical tensor description, it means that only the opevatbrs
m=0 are retainedsnce they obey the commutation relationshifth ¥, a Y, . Hence, the
secular Hamiltonian follows the fofikt:
O 00 Y © Y (1.13)
In cases whe the Cartesian tensor is symmetric and traceless, such as for the quadrupolar and
dipolar interactions, only the secomank tensor contributes to the Hamiltonian. Additionally, the
antisymmetricfirst rank part can generally be neglected and thus wamadoded in equation
1.13%.  Note finally that thel = quadrupolar interaction typically requir@s seconebrder

correctionasdiscussed separatddglow. In the following, we discussachinteractionseparately

12



1.2.1The Quadrupolar Interaction

Quadrupolar nuclei, characterize™

TH] [ Half-integer quadrupoles [Hel
by nuclear spimumbersi>1/2, comprise e E'S";fn!{j'/;m” Sl T
Na|Mg| [ No spin All| Si | P [FSIFCH Ar

more than two thirds of the NMRctive

K [Ca|Sc|Ti| V |Cr|Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge|As|Se Br|Kr

nuclei (Figure l‘]_) Quadrupolar nuclides Rb|Sr| Y [Zr [Nb{Mo| Tc |Ru|Rh|Pd|Ag|CdfIn|Sn|Sb| Te | | | Xe
Cs|Ba|La|Hf|Ta| W (Re|Os| Ir | Pt|Au|Hg| Tl |Pb [Bi| Po| At |Rn

are prevalent in many crystalline ar [r|rajac

Ce [P [Nd|Pm[Sm|Eu|Gd| Tb [By[Ho| Er | Tm| Yb |Lu
disordered inorganic materi&f€including 7| Pa [l Np | PulAmicm| K | o [ Es [Fm|Ma[No] Lr

biominerals, glasses, ceramics, batteryrigure 1.1Periodic table of elements colored accordi

. . to their nudear spin number (adapted from ref)34
materids and solidelectrolytes, as well as P (aclap ?

e in most reactive groups in biochemical events.

3 - ""'_—“r’ . . .
_§> This makes their studyy solidstate NMR a
ST | e ST | @o+eq ST leading topic of development and a widely
1
‘E> v e used tool in material, chemical and
Mle biophysical studies.
] CT | &y cT
§> Y N Quadrupolar nucleare named after
ST | @ ST foo-ma ST their electricquadrupole moment @ second
3 __/__--""— ...... e — . . . .
E> - , rank tensothat interacts with thelectric field
Zeeman First-order Second-order
quadrupolar quadrupolar

gradient (EFG) arising fromasymmetries in
Figure 1.2 A depiction of theperturbation of the Zeemai
energy levels of a spin 1=3/2 by firsaind secondrder

quadl’up0|al’ interaction terms (taken fromlé)‘ enVIror]mer'i]t’-’h]-‘1 The quadrupola“nteractlon

the charge distributios of ther surrounding

can dominate theolid-stateNMR line shaps and cause significant broadeningtbé spectra
peaks extending up to several MHz, which in turn complicatedoth the acgisition and
interpretation of the solid NMR specti@n the othehand, the quadrupolar coupling parameters
canprovide a wealth of structuraformation'®. Quadrupolar species were a main target of the
present Thesis.

The quadrupolanteractionintroduces, via the action of its spin Hamiltonian, enstgits
in the spin eigenstates; unlike the Zeeman interactiesdtshifts will be orientatiedependent,
leading tobroadening in the corresponding NMR spectpowdered sample3 hese shifts can
be accurately described bgnsidering théirst- and seconarderperturbatios of the quadrupolar

interaction on the otherwise dominanZeemaneffect (seeFigure 1.2). Notably, for halfinteger

guadrupolar nuclei, the central transition (CT) ofP - is not affected to firsorder by

13



guadrupolar broadening, and is sharper than the ,ofweralled satellité transitions (ST).
However, the central transition is still broadened by secoddr quadrupolar effects, that cannot
be completelyaveraged by standard magaglespinning (MAS)i MAS being the procedure
conventionally used irolid-stateNMR, in orderto average firsbrder anisotropic interactions
Returninga few steps back Why would an electrostatic interaction manifest as a spin
interaction?To answer this we remind th#te classical interaction energy of a particle in an
electric potential i
O 71 wi Qi (1.149

where’ i i's the chawge aded reciptoyi edaddami ng t he nucl

€

to be ati o(an Obed)gx myghadedsiemi @sTabout tHE origi

0O Gn_ " QiB & 6" Qi-Bjh;. Go" G ( 15)

Where @ — h wy —— and (anfd stands for X, VY,

The first term is an electric monopole whichuses a uniform shift in energy of td@ a
manifold and thus may be neglect@dhe second tern is an electric dipole whiclmas allowed
due to parity considerationsut additionally,in equilibrium the average ¥is 0. The third term
is the dectric quadrupole momenwhich is the one that concerns us here

To arrive to the final expression of the quadrupolar Hamiltonian, we first repgiace t
classical operators witheir respectivguantum mechanical operatpaiad then apply the Wigner
Eckat theorem (WET), which dictates
that the matrix elements tie operators A
Y, , expressed in the basis ahgular
momentum(eigenktatesare proportional . = . + 6 )}
to each otherWET relatesthe nuclear V

monopole quadrupole
guadrupolemomentto the nuclearspin

Figure 1.3 Scheme of nosspherical charge leading to a
angular momentum operagrand thus electric quadrupole moment. Taken from ref 8.

the electostatic interaction of the

guadrupole momenwith the external fieldggiven in terms of positions X, y, zan be related to
NMR observablegdriven by the spin operators, lly, 1;). For a more detailed derivaticand

discussioron this topicseereferences,17.
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The EFG tensorwis traceless and therefore does not have an isotropic value; it is then
characterizedh its PAS? by only two quantities
0 Qrand- @ —— (1.16)
‘Q rjs the magnitude of the amisopic contributionand— is thet e n sasymidetry parameter
Throughout the rest of this work, we folldine conventiomligningthe three princigl components
assw s o Sw S
The magnitude of the quadrupolar interaction isegiwy the nuclear quadrupolar coupling

constant:

8 ( 17)

o]

whereeQ is themagnitude of thenuclear gadrupole moment=rom all this it follows thathe

guadrupolar interactiors describedin any framg according tathe spherical tensor formalism

by:

0O —B p 0:7Y ( 18)
wherég —— . In the definition above, the magnituelgof the EFG isncluded in  , such
that w p. In the PASthe0 ,f,‘ elementsare given by:

50 -0 Y (19

More generallythe0 j are described in terms of the Cartegimsor components &%

6p -0 YO @add, -6 & O (2P

The reason whyrreduciblespherical tensgrare convenient to es is that their transformations

between different frames are well defined. For example, to express the lab frame

=R

) BS O0p Ol HH ( 21

whereO ; are the Wigner rotation matrices anfl i are the Euler angles between the PAS

and the lab frameé\dditionally, the spirspherical tensaoperatos are given by:

“Y; = o0 00 p ; "Y; u = ‘00 "00; "Y; -0; (22
The quadrupolar Hamiltoniari®, can be treated as a pertation to the Zeeman

interaction usingeither Perturbation Theory dwerage Hamiltonian Theory (AHWNide infrg).

15



Both of them are equivalent, but AHT is better suited to the spherical tensor representation. As
stated previouslythe magnitudeof the quadupolar interactionds so large thattypically,
correctiors up to second order negéal be taken into accounthe first ordercontribution of thee

interactions will be
0 . 7 0000 —b;"Y; (23

andthe second order correctianill be:

0 —. Q3 0 of0 o

— 0505 Yy RY; -0 0 5 Yy NYj (2%
Due to the commutatoi@nd the contraction of the tensor prodtfct$ the second order

Hamiltonian®© becomes theum of @", 2"Yand 4" rankspatialtensorstimesthe corresponding

odd-rankspinterms?. In the case of a powdered ensemble thislaatl to bothabroadeningand
a shiftof thetransitionsdue to the isotropj®™ rankterm. Note that whereas thé%rank spatial

components of thi$O can beaveraged out by MASthe 4™ rank spatial tensorsannot

Additionally, note thatthe second order correction is proportional-te, such that itbecones

smaller at highemagnetidields.

It follows from all this thathefirst-orderquadrupolashift/transition frequencis **:
S ¢ a0 a a pO a p p cal e ( 25)
wherg amncludes the spatiadependencdt can be seen théor the central m=1/&ansition the
first-order quadrupolashift will be zero. In general, for any symmettransition the firsorder
quadrupolar shift will be zero, due to the dependence ofx O a .

The secondrder shift is negssaryto calculate theCT frequency of halinteger spins
which is3;
1 . —1t 00 -0y;0; to 1TOOp (25

This leadsd Equation 22 in Chapter 22,

~ z ~

1 — 00 p -to0|h AT 6| ATD 6|h (2y
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o h — —— Alc® --Aicd
6l — -— ¢ AT --Alcd
6| h- - — ——Ai¢c® --AicO . (23

1.2.2The Chemical Shift Interaction
The electrons in molecules or periodic solids cause the local fields experienced by nucle
to vary based on their localectronic environmeht?$ The local magnetic field at a nucleus is

then the sum ahe external and local magnetic fields

0 6 0 (29
The smalldifferencesn 6 , Which are enough to discern between different chemical sites
are key to the use of NMR in chemistr. is linearly dependent oi , with the chemical

shift tensor describing this proportionality:
0 13D (3D

The chemical shift tensor is described (in ppm) by the following three parattéters

| -1 | | i isotropic shift

1 1 1 T shielding anisotropy

- —— | asymmetnyparameter (B}
with g 1 8 ¢ 178 ) andm - p.

For the chemical shiffiirst-orderAHT theory suffices, leading the chemical shift frequenti?4

1 1 -1 0§ (B2

which is Equatior8.2in Chapter 2

1.2.3The Dipolar Interaction
The dipolar nteraction is a througbpaceinteraction between the magnetic moments of
the nuclear spindJnder static conditions, the secutaymonucleadipolar interactiorin the lab

frameis given by'*23

0 B 8pV B 1 icYY -UYYoYY ( B3)
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where| 0 L‘ is the spatial part in the lab frame, and it can be calculated by transfomation

o}

from the PAS, where® ! Vipd %)

The truncated heteronucl eBropdopbéamsintera

0 B —=q tov ( B4)

1.2.4The J-Coupling Interaction

J-couplingis an indirectmagnetic interactiobbetweemuclear spins, that is mediated by
bonding electrond’he mediation of the elecins generates an tsopic part, that is not susceptible
to motional averagingpn top of an orientatiedependent anisotropic p&ttThe typical values of
J-coupling constantsange froma few Hz to hundreds of KHasuch that compared to the other
significantly larger anisotropic interactions in solidsgouplings are commonlunresolved.
Additionally, it is challenging to distinguish the anisotropic part of tbeupling from the though
space dipolar coupling, and hence we will cadigiresshe isotropic toupling.The homonuclear
J-coupling (stronecouplingregime:
O ¢‘O I ¢‘0 Y'Y Y'Y Y'Y (B»
For het er s(hwed ke acd o ispli ine gattreadg cHreemi | t oni an 1 s:
O, ¢“0 O (35

1.25 The RF Hamiltonian
An RF Hamiltoniarof consant amplitude and phagethe Lab frame is given B

O 0 1 OAT100 % OOETO %o ( B7)
withd o 6 AT100 % ,where%o isthe RF pulse phasg, is the RF maximuramplitude,
1 1 -V i s the fAspin nutat i,and idoscdlajomfeequency of t
oftheRF (At he car r i weaonlfconsideredherconypongent rotatingrenesonance
and discarddthe one rotating in the opposite serfs& conveniencave set the phase to be equal
to0(%0 ):
O 0 1 Y1 00Y 10 ( B8)
By applying a transformation to tiioF

18



O 6 Y 100 O 0Y¥Y]0 MO-Y ]10Y10
Y 1 00 oY1 0 ] 1 01 O mO ( B9)
Wherem 1 . This isidentical to the classical description in equation 1.6.

On resonancearn mandO simplifies ta
o 1 0 (ap

1.26 Time Evolution: Density Operator Formalism

In NMR, experiments are performed on a very large ensemble ofvgiimisiitial random
phase Rather than dealing with wavefunctionse tlensity operatoformalism is applicablén
suchcases. e spin density operatdr 0
"oogs (21}
thenrepresents the entire ensemble st@telenables us to describieet evolution of spisduring
an NMR experiment-?%

In the high temperatur@pproximationthe density operator at equilibriura proportional

to the Hamiltonian. & a dominanZeeman interaction we have then that® p | "O , with

I, the Boltzmann factor, given Gy: 2 Sincethe unity operator and the Boltzmann factor
d o nafiect the s p i ewvslulion these are usually dropgd out ” ‘O is then used most
commonly.

Startingfrom the Schrodinger equatidincan be showithe spin density operator satisfie
the Liouvillei von Neumanrevolutionequation:
—7 o  QO0f o (29
which has the formal solution:
"0 YormYYo Yorn'l o. (23
Here "Y 0 is the evolubn operator orpropagator For atime-independentHamiltonian the
solutionof this propagatois known:
50 AgpE O O . (2%
For a time-dependent Hamiltoniawhich does not selfommute at different time pointglso

referred to as a homogeneddamiltonian the general formal solutias:

Yo 4ABDQ Qé e (25
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Where 4 is the Dyson time ordering operatbf’. Typically, it is not possible to obtain the

propagator malytically from Eq. 145. Thus, there are a few approacobfezbtaining the propagator

of a timedependent Hamiltoniamsing approximate solutiond’ he most commonly used method
in NMR isthe aforementioned average Hamiltonian TheART), which we willfocus orbelow.

1.2.7 Average Hamiltonian Theory

The timedependencies in NMR usually are or, by transformation into a suitable
representation, appear to be periodieco commontheoretical approaches make use oféhe
periodicityin the NMR Hamiltonia: Average Hamiltonian Theory (AHT) and Floquet thed@y.
contrast to AHT, Floquet theory allows a description of the evolution of the spin system at all times
using effective Hamiltonians, whereas AHT allows to probe the system stroboscéptéally
Although more limited than Floquet, AHd@oes not require the derivation of infinitely large
matrices, and is thus still widely uséu the framework of AHT we definaneffectiveor average
Hamiltonian over a timé€Y O 0 coinciding with the periodic modulatiorso that the
propagator now become8Y o o A @DWY; notice theanalogy to the case where the
Hamiltonian is timendependentThe effective HamiltoniariO may be expandeth a series
expansion, called the Magnus expan$fén
© O (O] O 8 ( 46)
where’O is the W-ordercontribution to theaverage Hamiltonian. The firsivo orders of the
Magnus &pansion are given by:

" P
(@) ~ Q0 ®

O — Q9 D 006hOO6 ( 47)
The cawvergence ofthe Magnus expansida assured whegO 0 £YL p, where£O 0 &is the
norm of the HamiltonianWhen the#O0 £YL pcondi t i on i s rcanvergéncel f i | | ¢
may befacilitated by a transformatiomto a suitablenteraction framein which the dominant
interaction is removedas is done, for instance, in the rotatingme transformation. e

propagator’Y 6 o in this framecan be expressed in terms of an effective interaction frame

HamiltonianO , that carthenbe aralyzed by the Magnus expansion:
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Yo AgPpm®'Y
©c O O ‘C 8 ( 48
AHT was employed in chaptertd solve the ADRFCP evolutioranalytically

1.28 Interaction Frame Hamiltonian

As just mentionedheNMR Hamiltonian can bé&equentlypresented as a sum of téane
more)terms, one which irgeand ongor the restwhich is(are)smallef®2®
0o 0o 0o (2p

Transforming the Hamiltonian into the interaction framé&»fo is described by:

00 Y O0O0OYO V=Y O YO YOOOYO 00 (5D
The second equation comes about from the fact that the propag@onois known and follows
the relation—"Y 0o oY 0.

The most commomand basic interaction framdamiltonian which wasin fact already
introducedjnvolves the transformation intthe rotating framéiamiltoniarf®:
0 50 (51}
When 1 orm 1 ] mthis is equivalent ftramiédde O6Zece
choice of the interaction frame depends on the particular Hamiltonian. Once the NMR Hamiltonian
is presented in the rotating frame, other interactions become suitable choices for further interaction
frame transformations. A common choice isttansform the Hamiltonian into the interaction
frameimposed bytheeffects of a train oRFpulses thisisc o mmonl y referred to
f r a tremgdormationAnother possible choice is the interaction frame of a dominant internal spin
interadion such aghat imposed by the chemical shift anisotro@SA) or the quadrupolar
coupling, someti mes r e fiseperhapshetterdor casty tasinfply usé t i n g

the term AintXeéraction frame of

1.29 ResolutionImprovement Methodsin NMR

Methods foimproving the spectralesolutionandthus aiding in thénterpretatiorof solid-
state NMR spectrdave been developed aagpliedextensivelyto bothquadrupolar and spin %2
nuclei This paragraph briefly discusses the most commomagrtitese resolution improvement

methods.

21



Magic-Angle-Spinning (MAS)

Magic angle sjpning is a common waysedin solid-state NMR to improve resolution and
average some of the anisotropic interactions that cause line broddehitg®3! This comes
about by exploiting the spatiabdendencarising when théNMR interactionHamiltonians are
expanded to first order in the Zeeman representation. As follows fror. E2}.these will be

modulated byseconerank anisotropy; upon rapid sample rotation it can be shown that these
anisotropis will all be scaled by a common factor AT-© - cAl & p, whered is a
secondorder Legendre polynomial ards the angle between the rotor and the external magnetic
field*3%31 Fort he  6amaggHec6A OAMATv & t°© 0 AT-O 1 and all the
secondrankanisotropic effects collapse to zéideading in effect to a liquitike, isotropic NMR

spectrum possessing sharp lines even though arising from a polycrystalline powder.

a b
wr/21=0
or/21=5 kHz ] J . or/2n=0 k
wr/2n=10 kHz )
w1/21=60 kHz B e @r/21=20 kHz J\
50 0 -50 20 10 0 -10 -20
3C frequency (kHz) 87Rb frequency (kHz)

Figure 1.4Numerical simulations illstrating the effect of MASa) A CSAbroadened spectrum of a sgif? with
parameters =10 kHz and- =0.5. When—=60 kHz, onlythe isotropic pealappearsn the spectrum. (byhe

centrattransition (CT)of 8Rb with paranetersé6 3 MHz and— =0. Fast spinning does not fully average the

secondorder quadrupolar broadening of the CT.

The effect of MASon achemical shift anisotrop{CSA) broadened spin % demonstrated
in Figurel.4a. During ssamplespnning, theorientation and thuthe frequency of each crystallite

in the powdelbecomes timelependent. At the end of each rotor peria crystallites resume
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their original orientation and associated frequertbys type of refocusing gives rise totor

echoesTheseperiodicrotor echoes in the timeglomain signalyesult in a manifold of spinning

sidebands in the frequendpmainspectrum separated byhwherg is the spinning frequency.

When the sample spinning significantly exceeds the extent of anisotropy, the MAS spectrum
results in the desired isotropiiquid-like resolution.Note that the secorarder quadrupolar
interaction asstated abovas not averaged by MAG-igure 1.4M.

For representigtherelevantHamiltoniars arisingunder MAS, we define a rotor frame R
for which the z axi$ies along the sample rotation axihe Euler anglebetween the roteframe

and the lab framay 0, arethentime-dependent, and are given by: 0 1 oh—Hhr.

As an example, & can now describ& of the homonuclear dipolar interaction (see equation

1.33) by a series of rotations between frame®st commaly usein this caseare a series of
transformatios that take the spatiallyependent terms of the Hamiltonidinst from ther PAS to

arotor-basedramevia a set of Euler anglgs) hand then from the rotor frame to the lab frame

via (m

.10

0 B 0 Orm O m
B 0 Ofr m AgB& oQ — B 1 Ag®Buo. (57
where] B o} Orm Q — 8

Notice that theMAS introduces a timgeriodicity in the spatial part of the Hamiltonjan
with terms that oscillate with] and ¢ . In the case othe homonaleardipolar interaction

the coefficients of these tirseependent terms will be
] Moo O m Q — (53

where as mentioned earlies)

Now, onecan take the average thfe H(t) arising fromEqg. (1.47) Since he average of
A @Bt 0 is zero except when m=@ll that remains is
0 Weo O m Q — Y Mo O m -AT & p Y Om(5H%
We can see that to firstrder, in the absence of other interactions, MAS averages out the

homonlear dipolar Hamiltonian. We will encounter this idea again in chapleitt®e same way,

MAS averages-o0uter@dt h et ed faicrt 9§ featangorddou ti nft aeirlasc tti o
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T foremost those arising from larg@adrupolacouplings Thus,moresophisticated methods for

improving theresolution of quadrupolarucleiare requires

High ResolutionNMR Spectroscopyof Quadrupolar Nuclei

Following the development of double rotation (DORF* and dynamic angle spinning
(DAS)32:353¢ experiments,which make thegm axis of sample spinning tirmdependentthe
multiple-quantum magi@nglespinning (MQMAS) experiment **was designed to remove first
as well as secondrder bradenings by manipulating the coherence state of the salihahile
remainingfixed at the MASaxis. MQMASiIs a twadimensional (2Dgxperimentwheremultiple
guantum coherences (MQC) are correlated with central transition (CT¥ingle quantum
coherere (SQC)to yield an isotropic indirect dimension and anisotropic direct dimension. The
MQMAS experiment transformethe field due to its simplicity and ease of implementation on
standard probes, and became widely used to studyintedfer quadrupolar mieit?4944, An
additional method developed for highsolution NMR of halfinteger quadrupolar nuclas
satellitetransition magieangle spinning (STMAS5#% STMAS relies on very similar concejats
MQMAS, except that itis ST SQ@Ghat are correlated witthe CT SQC While these experiments
are well suited for the solistate NMR of quadrupolar nuclei with a rakaly small coupling
constants g, they fail when tackling sites characterized by largev@luesi where residual
secondorder broadenings may exceed by much fdeMAS assumptioa underlying these
experiments Given the iltdefined line shapes arisimgthese cases upon sample spinningsé
species are best measured under static;rémelution conditiorf$'>°. Although suboptimal,
chemical insighsstill arises from these experiments; the ubiquitous nattigadrupolar sites
means thaprogress is still required to improve timformation dtainable fromstatic correlation

NMR experimers on half-integer quadrupolauclei
1.210Methods for Improving the Sensitivity and Information of Solids NMR

Routedo improve thesensitivityof solid-state NMRon dilute andunreceptive nuclehave

also been the focus ofuchresearch in this field.
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CPMG:
The CartPurcell Meiboom-Gill (CPMG)
/2
sequenc®, originally introduced for Tmeasurement <d‘_,n TE/2 & TE

. . relaxation
at the Weizmann Institutevas alsofound useful to  delay

increase the sensitivity of solids NMR spect

affected by significant inhomogeneousgicgh‘getirln'i fggeaisqggqnﬁfsixr gf Ct‘;';sﬁ%
broadening®'®’. The approach is commonly used forechoes.

enhancing the sensitivity of quadrupolar nuclei NMR spetffaparticularly in static cases where

the effective dephasing tinie" brought about by anisotropic effects, is much shorter than the
naturalT» dephasing time of the sping.he ensuing gadrupolar CPMG (QCPMG) experiment
applies a series of refocusipgp ul s es o n t Hransitons,ileadnd to mdtiplé echeods
that are acquired over the course of a single acquisition, resulting in a potentiatsigoiae

ratio (SNR) improvement compared to a standard acquisition or a-sicigbeexperimen The
actual SNR improvement per unit time will depend on the number of echoes that are collected per
scan, and is thus limited by thedecay of the signal. Thus i£g are short, as is often the case for
relatively abundant spins in n@pinning sample the SNR improvement brought about by
QCPMG can be limited. Hence, new routes for further improving the sensitivity achievable via

solid-state NMR experiments are very much sought after.

Cross-Polarization

Crosspolarization (CP) from an abundant nudeo an insensitive nucleus one of the
most common and useful methods of sensitivity enhancement inssal@lNMR as well as for
multidimensional correlation experimeff$® HartmanaHahn (HH)}CP involves the
simultaneous irradiation of both nuclsijth the following static matching conditiongFigure
1.6a).
T & 1 & (5%
Where] is the respective RF amplitedf theabundant S and the dilute | nuclender these
conditions, a matching of energy levels in the rotating frame is achieved and polarization transfer
can @cur(Figure 16b).

Multiple detailedthermodynamicat-*¢andquantum mechanica’-%8analyses of CP exist

in the literature.We will focus on the latterit can be shown using AHT, that the average
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Hamiltonian describing the CP, follongna transformation from the RoF to the RF interaction
frames, &
© 1 'TOY T0OY (55p
The resulting-sevoni ptaii ies BRlbeFse rtivboe d by
Y 1+ -Yp A0 6 -0p AT100 ‘oY 'OY OB o (BY
wherg is the heterouaclear dipolar couplingStarting from’Y, we camobservethat transverse
| spin magnetization is generatékhe oscillationin equation 1.54s a result of consideringn
isolatedspinpair. In a powder, typically an exponential build is observedat a rate which
depends on
Under MAS, the matching conditiobgcome modulated by the spinning frequency due to
the timedependence of the heteronuclear dipolar HamiltéARin
T ®1 # @ ,witha  phg (5B
The matching condition of-guhatemmmabtchespgo(d
and the differencquaotuems pa®is mabochhegzeonadit
The previous description is valid when S and | are both spin ¥2. When | isiatagHr
guadrupolar nucleus, the HH matching conditions of the CT under static conditions are well

defined in two regimes. Whegn | 7 the same matching conditions in 1.55 apply. However,

whenl L1 ,the matching conditions are describedB¥

T 5 O-1 § (5P
Under MAS, the spin lockig behavior and CP dynamics lodlf-integer quadrupolebecomes
exceedingly more complicated, and a more detailed description can be found el€&i#fere

CrossPolarization based onDipolar-Order

Another type of CRs basedn the generation of dipokarder on the abundant spaool
T typically proton$ and on the subsequent transfer of this dipolar order into heteronuclear Zeeman
magnetizationIn dipolarorder the spiralignment is determined by the local dipolar fields,
opposed to Zeemaorder, where the spialignment is determined by the external magnetic field.
In other words the density matrix in dipolaorder is proportional to thesecular dipolar

Hamiltoniarf®> ">
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There are two common ways generate dipolaorder: Adiabatic Demagnatization in the
Rotating Frame (ADRFS, and the JeendBroekaert (JB) sequen@e During ADRF, the RF
amplitude is adiabatically reduced, leaving the spinsdip@lar state. Initiallythe RFamplitude
is larger than the homonuclear dipolar fields,| 7 , so that the eigenvalues/eigenfunctions
will be by approximation those of the RF Hamiltonian. By the end of the adiabatic tiaenp
homonuclear dipolar fields are larger than the RF amplitude L 1 , so that the
eigerfunctions will be approximately those of ttigolar Hamiltoniad”?>

If, following the generation of dipolasrder,anRF on the dilute-bpin can be matched to
the local dpolar fields of the abundant spirgspolarization transfelbetween the two spin systems
can occuKFigure 16 c-d). We refer to the combination of ADRF and a CP pulse on-thahnel
as ADRFCP. This type of polarization transfer has only been dematestran static sampleto
the best of our knowledgén chapter Swe will examineADRF-CP under MAS.

a HH-CP b Lab Frame: w('H) >> w("°C) Doubly Rotating Frame: w ('H) = w,(**C)
/2 _O_
1H: d I CcP | DEC C: polarization )
o, (H)| I [o,(C)| |0, ('H)| I transfer I e, (C)|
—
X: cp \ﬂ/\h ( )
"
c ADRF-CP d Lab Frame: w,('H) >> w,(°C) Rotating Frame: <w,('H)> = w,(**C)
n/2
H: di ADRE DEC ) i ( : polarization
[, (H)] I o ey HADRF <mDD(‘H)>I transfer I |, (°C)|
SR =5 T - T

Figure 1.6 HH-CP and ADRFCPschematic energy level diagram for static matching conditions. afPildequence;

b) HH-CP energy level diagram in the l&fame (left) and in the rotating frame (right). c) ADRIP sequence; d)
ADRF-CP energy level diagram in the fdame (left) and in the rotating frame (right). This figure was adapted from
reference®.

Studies of Dynamics

Finally, uniqueinformationabout dynamics) a widerange of timescaless available from
guadrupolar nuclei, and specifically froimer STs, as is evidenced by the extensive application
of deuteron NMR to characterization of molecular mofi§Pas well as the sensitivity of satellite
transition magic angle spinning (STMAS) to dymias. However, typicallythe STs ofhalf-
integer quadrupolar nuclaeir e fAi nvi si bl ed due t o -toriviearatio,s hear
especially for unreceptive low gamma or dilute quadrupolar nudherefore, detection schemes
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which allow acess to static ST of dilute hatfteger spins couldontribute significantly to the
toolkit of dynamics studies by NMRVe addressew advents in thidirection in Chapter 4 of this

thesis.

1.3 Contents of this Thesis

In this Dissertation | will focus an methodologies which address the challenges mentioned
above sensitivity, resolution and interpretatiorfformation available from NMR of haihteger
guadrupolar spinand unreceptive spin ¥2 nucléiwill present astatic two-dimensional NMR
experimentthat correlates the SQC of different quadrupolar isotopes of the same element,
denominated Quadrupolar Isotope Correlation Spectroscopy (QUJ&8Yhproving resolution
and information content. | will explore the use of an experiment that is widelyiusd¢g| but
nearly unheard of in NMR, the steady state free precesS®IiR} sequence, to thetudy ofsolids
T comparing ito optimized existin@cquisition schemdsased on QCPMG will show new means
to indirectly detectthe STs of unreceptive quadrupo nuclei at natural abundanaed studyuse
this to studydynamicswith Progressive Saturation of Proton Reservoir (PROSRR]ly, | will
show how dipolaorder based cross polarization (CP) can be implemented under MAS for

sensitivity enhancement dflute insensitive nuclei.
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2 Static Quadrupolar Isotope Correlation Spectroscopy

2.1 Introduction

A common characteristic of the 2D MQMAS and STMAS mentiomethe Introduction for
resolving quadrupolar secomadder powder patterns, is a reliance on wemsecutive periods
where spins are subject to anisotropic evol ut
another for every crystallite in the sampl&anks to this proportionality, echoistrefocus the
residual quadrupolar broadening arisehe (t,t2) time-domain. In the MQMAS and STMAS
experiments the proportionality arises from Cleb&drdan coefficients, that make the evolution

of the anisotropies left over by the MAS, proportional to one another for every crystallite in the
powder. $nilarly, the present study was motivated by the realization that a certain
Aproportionalityo bet ween t he ani sotropic g L
correlations were performed among CTs of different isotopes of the same element: quadrupolar
secondorder shifts in such isotopes will be given by EFG properties that are virtually independent
from the nature of the isotope, modulated by orientatidependent scalar parametérs
gyromagnetic ratios, spin numbers and nuclear quadrupole mdntlesitscale the strength of the
interaction. In such case, the possibility could arise of yielding@moee correlations for the CT
frequencies of every crystallite in a powder, to arrive to “négolution 2D correlations even in

the absence of MAS. Moreer, quite a few elements in the Periodic Tglmesess two
quadrupolar isotopes in relatively high abundaridesiuding *>3'Cl, 5%7Ga, 98B, 635%Cu,
1351383 and 8®Rb; out of these the halogens are often present in gutimenaceutical
ingredents®8 while speies such as Ga are present in semiconductors and metal organic
framework§*8°

Based on such considerations, the present study explores static NMR versions of what we
denominate QUadrupolar Isotope Correlation SpectroscopY (QUICSY), a 2D experiment
correldaing the CTs of different quadrupolar isotopes of the same element. To this end we treat a
number oftheoretical scenarios pertaining static spectra acquired on nuclei broadened by second
order quadrupolar effecfidirst in the absence and then in the pree of the chemical shift
interaction. Following these considerations, we explore the static 2D QUICSY approach on the
isotope pair®Rb and®Rb for compounds bearing one and two chemically inequivalent
crystallographic sites. We observe that the presehboth magnetically and crystallographically

inequivalent sites gives rise to affagonal peaks. For each case, a unique pattern is achieved
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containing rich information regarding the interaction tensors and their relative orientation. These
experimenth results match well to analytica2D calculations based on existing literature
parameters, validating the use of theoretical arguments to estimate the benefits and insight arising
from this approach.

2.2 Materials and Methods
2.2.1Samples

Polycrystaline RbCIQ: and RBSOQr (StremChemicals, 99.9%) were used as recej\adter
groundng theminto fine ppwders and padkg in 4 mm zircona NMR rotorsfor measurement
under static conditionsn these sampleshé naturabbundance of°Rb is 72.17% and J¥Rb -
27.83%
2.2.2Solid-State NMR Spectroscopy

NMR experiments were performed using a Varian VNMRS console interfaced to an Oxford
14.1 T (vo(*H) = 600 MHz) widebore magnet. A Varian 4 mm triptesonance HXY probe was
used for this studywith the X and Y channels tuned to the higéind lowfrequency correlated
isotopes, respectivelZhemicatshift referencingvasperformed fo’Rb and®Rb using a dilute
RbNG; solution Pulsewidth calibrations were performed on solid RbBr: directly ¥&®b and
indirectly for8Rb, which was calibrated via its cross polarization (CPRb. All used sequences
relied on sucK°RbA &Rb CP (Figure 4,vide infrg), and included either 2D CP*%with Carr
Purcell MeibooreGill (CPMG) acquisitio'>2°88887 or 2D canstanitime®®® CP-CPMG with
whole echo acquisition for an absorptive linesfafe The phaseycling used for the 1D GP
CPMG was: % Gh & % & % doh ¢h ahuuh ¢h @ % ¢h ahah ahvh aoh @
% % % Gh ¢h afohuh ¢h «fta The phaseycling of the 2D constasitme CP-CPMG
was altered to select a single -@&tected evolution gthway in the indirect dimensioféo
oh ah @@ % 12 otz whz oz ©, % p@E WP E P E olpeE o,
%o @ % @ %o % (% %o.In all cases a converging doulftequency sweep (DFS)
pulse wa applied on th&°Rb channel prior to tHE€RbA 8’Rb CP for signal enhancemetit:®with
the following parameters: 1.9 ms duration; initial/final frequencies (from the CT center): 6600/200
kHz; number of steps: 27,000; RF amplitude: 20 kHz. The same B pters were used for
both RBSCQ: and RbCIQ. For processing the 2D GPPMG QUICSY data, CPMG echoes were
spliced and coadded in the direct dimension. Unless otherwise specified, a symmetreahibole
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was also collected in thedomain. As no dispersadvcomponent arises from such fuliftiechoed
acquisitions, all 2Ds are presented in magnitude mode. Nbilosdening was added, and a zero
filling of 2048 points in Eand 512 points inFfwas used. See below for more details.
2.2.3Simulations

All calculations/simulationfocused onthe CT of halfinteger quadrupolar nuclei.
Analytical calculations to descril&® correlation spectraf two isotopes affected by secoeartler
guadrupolarinteractionsand by isotropic/anisotropic chemical shift€$A) were coded in
MATLAB ; dl these 2D spectralcalculations assurdeideal correlations among thevolution
frequencies of the two isotopes for each crystadliientation i.e., equal efficienciesfor the
information transferred during the mixinghe orienétion-dependent SA effects werealculated
on powdered samples by fitsansformingtheir tensorgrom a CSA principal axis syste(PAS
to the PASof the EFGtensor, and then onto the laboratory fratmethe case of two or more
magnetically inequivalerdites per crystallographic unit, an additional transformation was added
to relate the PAS of one of the EFG tensors to the PAS of the other EFG Tdrmsqowder
average was performed usith@00linearly-spaced anglesft | “) and 256300 linearly
spaced angles (T | ¢“). All transformations and conventions used are describétein
introduction chapter and iAppendixAl.1 The full expressions of the orientatidependencies
were calculated with Mathematf&® and the accuracy of these Jabitten codes was verified by
comparisons agast 1D numericaéimulationsarising from theSimpsoi* programming software
(not shown) Throughout the text frequendased calculations were used; for camgons to the
experimental data, equivalent tirdemain calculations wer@erformed in order to obtain
comparable spectral resolutions upon processing. MATLAB and Mathematica scripts are
presentedn AppendixAl.2-A1.3.

2.3 Theoretical background and Andytical Calculations

The present study considevgotdifferent isotopesf the same element; each of these is a half
integer quadrupolar specidsscribed by distinctspinl, gyromagnetic ratig defining both the
Larmor frequency andchemical shiftues, and nuclear quadrupole momes. Disregarding
isotope effects, one can assume thaafoertain compoundhese two isotopes will b&ubject to
identical surroundings, and thieir EFG and shielding anisotropsfl 1 for a given magnetically
and chenically equivalent sitebe the sameln consequence, for a given crystallite orientation,
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the Hamiltonian®f the two isotopes will baffected by the same orientatidependent term$
Their difference will thus kb given byeQ andg-drivenscalings of thar quadrupolaandchemical

shift frequencies, respectivellfigure2.1presents a number of scenarios that will then arise when
considering 2D QUICSY correlations, taking @b and®’Rb isotopess prototypical examples.

In the® cases, the correlated frequencies will be given by the orientimendent frequency of

each isotopeds central transition:

1T IR T (2.1

where he second order quadrupofift is given by*:
1 — ——— O0p -td6|h ATO 6/ ATD 6| h (2.2

and the chemical shift1g2324

1 17 -1 0§ : (2.3
| andb in these Equationare Euler angles that define the ataion of the static magnetic field
in theprinciple axis systenPAS) of the EFG tensorTheCSA and quadrupolar interaction tensors
need not be coincident, and in general will have their respective PASs i®jakader angles
( h..h); see Apendk Al.1for more details).Forsites that are affected solely byaadrupolar
interaction( 1), the result of such intasotope correlation would bee narrow ridgeeven
for a powder pattern (see kg 2.1a). The proportionality constant betwetre secongrder
guadrupolar effects of the correlated CTs will dictatesibpeof the ensuing ridge; on the basis
of Eq. (2) it will be:

o o5

@ mig Q<R P
Here the subscripts 1,2 denote the two isotopes being correte®amed in Figur2.l to involve

cu o
@ P
cu o
e p

2.9

—1a |—1a

8Rb and®™Rb, respectivelyAdding an isotropic chemical shift does not affect the high resolution
of this correlations, only shifting the ridge in both dimensiéingure2.1b). Under these premises,
multiple sites with different isotropic cheécal shifts could in principle still be resolved. The
addition of a collinear, axiallgymmetric chemical shift anisotropy interaction alters the
proportionality between theifand k frequencies over the powder; yet as londnass close to
zero, the correlation remains a narrow parali@a contour Figures 2.1c). Upon considering

axially-asymmetric and noncoincident quadrupolar/CSA tensors, howteearatureof the 2D
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correlation is further altere@ind the narrow ridge bemes broadeirwith the exact shape of this
contourcontaining a wealth of information regarding the coupling parametignste2.1d depicts

such a line shape for a case based on RFEIO

a‘j\/_/L bM Figure 2.1 Calcdated 2D QUICSY
spectra of a singleite affected by eithel

_yo| Quadrupolar ol Quadrupolar+isatropic CS a seconebrder quadrupolar interactiol
T o) alone (a), or by both chemical shift ar
B0 o quadrupolar interactions {#). (a) 2D

85 87 . .
g’ g QUICSY for an Rb / Rb isotope pair
2o 4 EEG 2o 4 CSEFG subject solely to a quadrupolar intetian
Eel Qo . _ _ 87
g " ox g Yloox with C,=3.3 MHz and- =0.21 for Rb
85
5 omp 3 J— 5 ( p wiipcMHz).The%of Rb was
c il e d ISfuency ) scaled by the ratio of quadrupol
19
M M moments of the nuclel. (b) Idem, but
Quadrupolar +collinear CSA Quadrupolar +CSA upon intrOdUCing an iSOtrOpiC chemic:
q /] O shift] -13.7ppm. (c) Idem as (b), bt
= /1 S upon irtroducing CSA with| -
g g 13.8ppm. The CSA tensor is colline:
% . o ,% 5 with the quadrupolar tensor and is axially
= z = symmetric, i.e— =0. (d) ldem as (c) bui
£ v £ for a noncoincident CSA tensor with
. g - = : 5 - = — =0.61,] =%, ~=28, »=87 (e., the
“Rb Frequency (kHz) ¥Rb Frequency (kHz) literature parameters of RbGIO ).

When approachingystems with multiple chemical sites (Figu2e2a) the situation
becomesnore complex, as both saraite as well as intesite correlations are possible. Sasiie
correlations refer to situatisnvhere thecrosspeaks between the different isotopes, arise from a
single magneticallyand thereby chemicallyquivalensite in the unit cellWhile suchsamesite
correlations will still retain high resolution (Figu&2b), isotopological correlations among
inequivalent sitesvill not preserve the high resolution. They will, however, lead to distinctive
patterns containi potentially valuable information about theadrupolar and CSA components
of each site, as well as relating the tensors of the two sites (F&ydioe2.2c). The probaility of
all thesecorrelatiors is expected to scale according to thgolar interation strength among the

sites, scaled by thgolarization transfeefficiencybetween the two isotopes
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a Rb2SO0: unit-cell b Same-site correlation Figure 2.2 Calculated 2D QUICSY

spectra of two crystallographic site
inspired by RBSOs. (a) Orthorhombic

=0 el Quadrupolar+isotropic structure of RESQ, (spacegroup
I Pnant®d), with the Rb atoms displayed i
Z20 e ol brown and maeed Rb1 Rb2 to describe
g /;_,;/13!,2.%2 the two Rb sites, oxygen atoms in ligl
g o Vol pink, and S atoms in yellowdfawing
i / generated with the VESTA progra®).
& 20 / (b) 2D QUICSY for twd®™Rb /8"Rb pairs,
characterized by intraite correlation
o A terms: RbiRb1 and RbzaRb2. The two
Same-& inter-site correlazglf:quency el .Sites a.re affeCt.ed by. the qu.adrUpo.l
o d ' interaction and isotropic chemical shi
(®Rby): Co,1=2.72 MHz,
— 7=0.93] y=42.6 ppm; Co=5.29
o WS MHz,— =012 ;=155 ppmi(c) 2D
T ‘ b2-Rb2 ¥ ) &) QUICSY including intraand intersite
5;_20 f_zo - correlation terms between the two site
e 0% e 4) with equal probabilities. (d) Idem as (¢
g o Y i = 7 with the addition of the following CSA
E LE : parameters: 1 go2.7 ppm
ér 20 ‘f.ér 20 - R 026, [ :76, H..:17, < :110, «
20 10 0 -10 -20 20 10 0 -10 -20 1 i -25 ppm, — ;=0.54 | =9, .
8TRb Frequency (kHz) 87Rb Frequency (kHz) ...=37,,-=270. Ehe parameters are bast

on the literature values of RBO,>9:%

Even when dealingrith chemically identical sites, crystallographic symmetry operations
such as reflections or gliggdanes, may still lead to magielly inequivalent sites; this is
illustratedfor the RbCIQ unit-cell in Figure 2.3a.%5% Here all four Rb atom# the unitare
crystallographically equivalent, yare composed of twpairs of magnetically inequivalent Rb
atoms related by glidplanes perpendicular to tleandc crystallographic axe¥ It follows that
two different orientatiordependent frequencies are present per single crystallite orientation,
leading to singlesite QUICSY correlations like ehone in Figur®.3b. It should be noted that the
relative orientation of the CSA and quadrupolar tensors remain the same for the two magnetically
inequivalent sites, since both tensors are related by the same symmetry op&atiensnsuing
correlations will contain irthis case aredundancyregarding the relative orientation of the
quadrupolar tensors of tisemically identical yet magnetically inequivalent sitdghe typethat
typically arises insingle crystal NMRmeasuements’® Even further features will arise if
chemically as well as magnetically inequivalent sites are present in the unit cell, as illustrated in
Figure2.3c.
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a RbCIOas unit-cell

b One crystallographic site ¢ Two crystallographic sites

Two magnetically-inequivalent sites Four magnetically-inequivalent sites
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8Rb Frequency (kHz) 8Rb Frequency (kHz)

Figure 2.3. Calculated 2D QUICSY spectra for magnetically inequivalent sites inspired on RbGD
Orthorhombic structure of RbCldspacegroup Pnm&°), with the Rb atoms displayed in brown, oxygemadn

light pink, and Cl atoms in greemdr@wing generated with the VESTA progrdfh Pairs of crystallographically
equivalent yet maggtically inequivalent Rb atoms are related by gjidknes (shown in light blue); the NMR tensors
of these sites are related by a symmetry operation(cjbAnalytical calculations of 2D correlation experiments
betweerf*Rb and®’Rb with two magneticalljnequivalent sites for each crystallographic site. (b) 2D spectrum of a
crystallographic unit consisting of two magnetically inequivalent sites, with a relative orientafien1dP , k=103 -

, Z=24 based on the single crystal data of Rb&i0The other NMR parameters are identical to that of Figuie.

(c) 2D spectrum with two crystallographic sites, each of them consisting of two magnetically inequivalent sites with
relative orientationsof % YW p x & pridand% odl 1T & WY based on the single
crystal data of RSO, (see AppendiXAl.1 for details of the calculatiofd Other NMR parameters are as in Figure
2.2d.

2.4 Experimental Results

Figure2.4 presents putssequences written to test the 2D QUICSY correlation experiment. In
order to tune the experiment, a 1D-CPMG nutation sequence (Figtela) was utilized to find
the optimal DFS puls&1°112and good CP matching conditions linkindié CT of the two Rb
isotopes. Givetthe different spin numbers of the Rb isotopk&’Rb)=3/2 and f{®Rb)=5/211%3
and the selective L 7 irradiation conditions in which experiments were performed, optimal

CP was found whe2wi(®’Rb)  3wi(®*RD).
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a 1D DFS-CP-CPMG b 2D constant-time DFS- CP-CPMG

%Rb: b 8Rb: o
T I I1 ’ 9,
CP _MMJ]‘.‘ [CP_]
T+0/2 T-0/2 t
¢‘7 2
|C—|S|TE/2 [Cp T2
\L“W"“"N ] \ '
13—
plesRb) T —
_} \ i
3
+ /[ \
B
P(7Rb) _3 i A
-3 \ ]

Figure 2.4. Sequences used in this study. (a) 1DCAMG acquisition preceded by a doublequency sweep (DFS)
block on®Rb for signal enhancement. (b) 2D QUICSY sequence involving a coftataniCRCPMG with whole

echo acquisitions in &and ¢, preceded by a DFS block (seection 2.2Materials and Methods for the phasgcling
employed). (c) Coherence transfer pathways fostlmrience in (b): after the first excitation pulsé®b a constant

time acquisition enables the sampling of a full SQC echg imttich is then transferred by CP&&b. On®’Rb only

a single {1) SQC is then detected, throughout a CPMG train. Notetlibadstep phaseycling executed ing twill

also allows) o (marked in light grey) to evolve, but this contribution is likely negligible under static conditions.

After suitable tuningyarying he flip-angle of®°Rb clearly reflected othe phased QRG signal

of 8Rbi verifying the direct correlation of both isotopes (Fig@ra). Notice that complexies
associated with CPetweerhalf-integer quadrupoles undgingMAS 2 7413wl be absent under

QU I C Ssraficconditions, which are compatible with conventional CP transfer protocols. Still,
bandwidth andelaxationlimitations may ariséparticularly given tk short s and relatively low

Bis for lowg nuclei like ®Rb. As part of this study, evtested the effect dhese factors, by
monitoring the®*Rb CT line shaps andintensities arising after spinck for both RbCIQ and
RSQ; under static conditions (Figu&5b-c). During a spidocking pulseapplied on thé°Rb
channel at a single offset, the line shap&BbClQ, was slightly altered as a function of pulse
length, but its main features were preservEde rapid, anisotropic relaxation of tF&Rb (in
RbCIQ: T1(®*Rb)= 80 m$’) also meant that after 70 ms of sjiek, a reduction in intensity and
some distortions became visible. The limited CP bandwidth problem could be overcome by
frequencystepped acquisitions: a B8O pattern arising from the summat of CP traces
collected using three different offsets on #ieb channel, yielded a faithful preservation of the

overall line shape (Figuréssc).1%4197 By contrast, thanks to longer @and T1r (T1(8’Rb)= 210
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220 ms>1% thespinlock on thé’/Rbmaintainedhe line shapes for all the compounds examined
in this study. Reverting the direction of thenséer used i.e., going fronf’Rb to®Rbi resulted

in diminished efficiency; this is likely due to the shoitahd Tir of ®RI?3, which were on the

order of the contadimes used.
a RbCIO4: #Rb nutation detected via ’Rb signal

85Rb excitation pulse width:

1 us 6 us

—2 S 7 us

3pus 8 us

—4 us 9 ps

—5 s 9.5 us
8Rb Frequency (a.u.)
b RbCIO4 ¢ Rb2S04

0 ms SL
—10 ms SL
45 ms SL

—70 ms SL

20 10 0 -1‘0 20  -30 Gb 40 2‘0 O -2.0 -‘.10 -60
8Rb Frequency (kHz) 8Rb Frequency (kHz)

It is worth noting that other variants for establishing this kind of correlations were also

Figure 2.5. (a) 1D CRCPMG
nutation experiment on RbC|O

showing that the phased CPM
signal of “Rb followed the”Rb

nutation. (b,c)85Rb CT line shapes
and intensity as a function of spin
lock (SL) length given in ms for (b’
RbCIO, and (c) RBSO, using an

RF amplitude of ca. 26 kHz. The
Rb,SO, spectrum is a sum of sub

spectra collected at three differel
transmitter frequency offsets (18,
10 and-35 kHz), marked by the
yellow arrows. The RbCIQ

spectrum was collected at a sing
frequency offset marked by
yellow arrow.

testedincluding for protonated compounds, intermediansfer throughiHs. In addition to a

conventional CP, this studyso considered a variation of CP where the spin lock pulse étRite
channelwas replaed by WURST pulse(WCP), followed by a WURSICPMG (WCPMG)
acquisition block® (Figure2.6). The purpose of this variatiaves to ensure broadbapdlarization
transfer from thé°Rb channelThis sequences similar in naturéo BRAIN-CP-WCPMG, but
involves the reversal of the WURST pulse and spin .lddke results of a 1D GBPMG
experiment were almost identical in SNR and line shape to those of a 1DWGGBPRIG

experiment (Figur@.6¢c-d). For the constartime experiment at£0 (maximal signal) the SNR

dropped by a factor &3 for the WCRPWCPMG experiment, whereas it remairsechilar for the

CP experimenfdue to the lack of fligpack pulse)Due to this difference in signal, while WEP

WCPMG sequence could be of use for wider pattehesyeégular CP version described above,

appeared the most advantageous option in termgrdido-noise ratio (SNR) for the compounds

studiedhere
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a 1D WCP-WCPMG b 2D constant-time WCP-WCPMG Figure 2.6.Swept WURST CP
#Rb: #Rb: (WCP) sequences employed. (

’ I 2 a WCP block, followed by
URS I I l(/T/URs?\ WURST-CPMG acquisition

T+t/2 T2 (1D WCRWCPMG). (b) 2D
6 L
cp TElz(ﬂ 'ml
\ !

Rb: constantime WCRWCPMG

t2
¢ ¢‘ q)m»
CF‘, Texz(ﬂ m with an evolution period T, anc
\ N

¥Rb:

a flip-backp/2 pulse before the
swept contact pulse. c()

¢ CP-CPMG d WCP-WCPMG Comparison  between CP
—1D CP-CPMG —1D WCP-WCPMG CPMG (c) and WCRNCPMG
——constant-time ——constant-time (d) experiments on QBQ
T=150 s (t=0) T=150 s (t=0)

Both are plotted in the sam
scale in the yaxis.

60 40 20 0 -20 -40 60 40 20 0 -20 -40
8Rb Frequency (kHz) 8Rb Frequency (kHz)

With the optimization of the heteiisotopic correlation thus establishednstantime 2D
experiments incorporating the DFS, the CP arfdPMG acquisition blocto improve the SNR
(Figure 2.4b), were executedWhole-echot: acquisitiors were utilizedfor obtainingabsorptive
2D line shaps as they yieldedhighersensitivities than hypercomplex (or Stdfgscquisitions
All 2D spectrare thus presented magnitudanode. e phase cycling for tse2D correlation
experimerg included a fullfour-step nested phase cycle of the first three pdse%o (for atotal
64-step phaseycling), in order to select only a sing&QC pathwayn the®*Rb (Figure2.4b).

Figure 2.7 shows representative 2D QUICSY spectra of RaCi#dd RbSQu. The
experimental 2D spectra bear close resemblance to aadllyttalculated 2D correlations based
on the literature valuésiespite the fact that the calculated spectra disregard the inefficiencies and
heterogeneities of the DFS, CP or CPMG processes. As for the literature values employed:
different sources listsnewhat different chemical shift parameters, particularly with regards to the
relative diemical shift tensor orientatigh®>'%®1%® A good match was found between the
experimental 2D QUICSY spectrum of RbGland the literature set in R&%.1 with the exception
that] 60s sign had to be 1 evedil38gpdm,; & megativa calue g vi n g
1 was also reported in a previous study as ¥l It can be seen that the experimental
spectrum is slightly asymmetric compared to the ideal analytical calculation; this could heflect t
offsetdependent CP efficacy mentioned earlier. Differences between experimental and calculated
spectra may also arise due to the simplifying assumption of equal probability for all transfers

regardless of orientation; still, differences between exparisnand analytical expectations are too
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small to enable their refinement. Notice how the extensive -peeals structure in the RbCIO
spectrum clearly indicates more than one magnetically inequivalent site per single crystallographic
unit (Figure<2.3); this is a type of information that arises in homonuclear correlatfoisand in

singlecrystal NMR, but is notisually available from correlations among different NMR species.

a Experimental data b Analytical calculations Figure 2.7. Experimental and

RbCIO« calculated 2D QUICSY spectra ¢
RbCIO, (a,b) and of RS0, (c,d).

B (a) Experimental parameters: C

contacttime of 45 ms; CP RF

amplitude ~30 kHz on thé’Rb

channel and ~45 kHz on theRb

channel. (b) Analytical calculatior
with the same parameters as FigL
23b The calculation was
performed with 36 points in JF

0 ) -10 5 0 5 -10 (sw=100 kHz) and 12 points in F
87Rb Frequency (kHz) 87Rb Frequency (kHz) .
(sw;=50 kHz). (c) Experimental

c d
Rbﬁﬂ‘/\—\/\_ /\/\/\/\, QUICSY spectrum of RSO,

acquired at three different Rb
offsets -35 kHz,-10 kHz, 18 kHz
and subsequently summe
together. The 2D was acquire
with a CP contact time of 70 m
and the same matching conditior
as RDCIQ. (d) Analytical
calculation with literature
parameters of RO, identical to

20 87Rt1)0F g kf{ L 20 87R1t(:F 0 ;L -20 figure 2.3c. Simulations used 1
tequenay (khiz) requency (kkiz) points in F (sw=100 kHz) and 25

points in F (sw,=150 kHz).
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RSOy 2D QUICSY experiments acquired at three diffef8Rb offsets (Figur@.7c) also
show a clear fine structure. Literature sources differ somewhat with regards to the chefbical shi
parameters and orientation of the two different sites eSRIF**>112 yet again our data shows a
good matclwith the literature values iref. ° (Figure2.7d).
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2D Difference spectra
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Figure 2.8 Difference spectra arising between the experimental data and analytical calculations based on the
parameters depicted figure 2.7. Both subtracted 2D datasets were normalized to a maximum of 1 bédargtteeir
difference, and then subtracted over the same range. (a) Difference spectrum for thedRbECiOfigure2.7ab (c)
Difference spectrum for the RBO; data in figure2.7¢d.

2D Difference spectra from fitting
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Figure 2.9. Difference spectra arising from fitting the experinzmtata of RbCI@ Only a few parameters were

fitted at a time, all based on the analytical expressions for the NMR frequencies. A numerical optimization function
was used to minimize the residual norm based on an initial guess (literature resultsraged(aith upper and lower

bound) for each parameter. (a) Difference spectrum based on fiing C and— . The result of the best fit
was =3.25 MHz,— 1@ ¥ p @ ppm and- T® @ (b) Difference spectrum based on fitting,C
=] ,— , T,k andz. The result of théest fit was G=3.29 MHz,— T®&,] p @ ppm,f=-120, -

k=83.8 amndz=33.4. (c) Difference spectrum based on fittind.., and, . The result of the best fit was =164, -
.735, «=56. o

Figures2.8 and 2.9 further explore ths potential, by providing difference maps between
the theoretical and experimental data as well as a fitting procedure attempting to extract the
coupling parameters from the RbGl@ata, respectively. From these and other tests we conclude

that although QUCSY can be a useful tool for extracting this kind of tensorial information, dealing

40



with multiple correlated sites might demand the acquisition of higher quality experimental data
as well as more optimized fitting procedures than hereby asséyred rdiable extraction of the
parameters involved. Alternatively, however, QUICSY might provide a relatively straightforward
experimental confirmation of parameters estimated by other means (e.g., DFT calculattbiss).
regard, is shows some parallels wdtatic 2D nutation line shape experiments that have been

proposed in the literatufé.

2.5Conclusions and Outlook

This study discussed 2D QUICSY, an experiment with the potential to improve the
resolution and informaticoontent of static NMR spectrosgopn haltinteger quadrupole3his
type of correlations should thus find usefulness in cases characterized by largecsdeond
broadening, which render MAS less effective, and are best measured under static cont#ions. T
approach is aimed at exploigrthe proportionality between the anisotropic broadenings of two
isotopes belonging to the same element. The defining difference among these isotopes arise from
different nuclear quadrupole and magnetic moments, which will shift the overall center of the
patterns and scale their anisotropies. Calculations showed that 2D QUICSY spectra quickly gained
complexity when considering multiple magnetically inequivalent sites endowed with sizable
chemical shift anisotropies. The ensuing correlations led tdiaffinal patterns even for single
sites. Sequences based on CP transfers were utilized to test these experiments on compounds,
focusing on thé®’Rb-*Rb i sot ope pair as paradigm. Exper.i
ability to convey information about thezsi and relative orientations of the quadrupolar and
chemical shift interaction tensors. The experiments also demonstrated that straightforward
analytical2D calculations that assumed ideal polarization transfers, presented a good framework
to describe andnatch theexperimental datakrom all this, we conclude that the use of such
correlation experiments could also yield understanding on the structure of new compounds with
unknown parameter®dential developments on the basic experiments perfolmeelinclude
combiningthis experiment with hyperpolarization methadrder to increase the experimental
resolution. Additionallyyariations of the sequence that combine broadband polarization transfers

andsequences mediated by protaosildbe consideredhore in depth
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3 ThBtedtlpte Freé&xpeei dBodditant e NMR: How,
Wh 'y

3.1 Introduction
Solids NMR is often challenged by low sensitivity. As prefaced in the introduction, this has
stimulated the search for optimized data asijon approaches such as the CPMG sequence,

which can increase the sensitivil

@
_ —Steady-State CPMG EB80
of inhomogeneoushproadened Free Precession %
- 40
spectrai including the NMR of e ———————— oz)O
time time 40 20 0 -20 -40

guadrupolar nuclei. Steadyate 275\ frequency (kH2)

higher T2/T2'
N

free precession (SSFP) is anoth

sequence known to provids

optimal SNR per unit mtne; WHH

: iad i . time time 20 0 -20
widely applied in clinical MRI, 87Rb frequency (kHz)

but not in solids NMR.We Figure 3.1 a Scheme depicting the signal and enhancement of S
explorelSSFP 6 s i mp | Cé)rm%re'd] tf’ %PI}/IGI mbe Hlfferent regimes of low and high/T»

SNR/+/time

o

in the realm of quadrupolar NMR on static and spinning samples.

The present study explores if SSFP could potentially provide an improvement in the spectral
SNR pe unit of timeover CPMG patrticularlyin the case of quadrupolar central transition NMR.
This problem s initially describedwith the aid of simulations, which help to introduce the
experiment within the framework of solids NMR, ataddefinethe relative merits of SSFPvs
optimized(Q)CPMG sequence. Thereafter, thgsédelines are illustrated with experimentsaon
variety of prototypical solids under static and spigngonditions, where SNR per unit time
increases ranging from al to 4al00 times over

remaining to overcome are briefly discussed.

3.2 Materials and Methods
3.2.1Samples

This study investigatedamples of RbCI® (Strem Chemicals, 99.9%), B, RbBr
(Sigmal Aldrich), NaGO4 (Alfa Aesar), NaS® (Fluka Chemicals, >98%), boron carbide (Alfa
Aesar, >99%), N#840O7-10H0O (Merck, >99.5%) and ADs; all thesewere used as received
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without further purificationSamples vere ground into fine powders and packed in 1.6 onh
mm zirconium NMR rotors before measuremender static or spinning conditians
3.2.2Solid-State NMR Spectroscopy

NMR experiments were performed a Varian VNMRS console interfaced to an Oxford
14.1T o(*H) = 600 MHz) widebore magnet. Varian 1.6 mm triglesonance HXY and
Chemagnetics 4 mm triplesonancemagicangle spinning (MAS) probes were used for this
study MAS NMR spectra were acquired at spinning sgeed = 4-25 kHz. The SSFP pulse
sequence was written as a tpuolsea/-a looped acquisition (Fi§.2b); no further phaseycling
was used. For a continued steatigte acquisition a maximal number of echoes was acquired per

scan, as given by a maximum numbeb24k sampled points thaaeh FID could accommodate.

When having to collect more echoes than this could accommodate, multiple scans were collected.
The interscan del ay w5&ms) sritterrapton which was nedididk ( TRa

compared to the total acquisition tiraed had negligible influence in the steadgte SSFPdata
were acquired in all cases for at least 6hesi and in most cases substantidtpger times in
orderto retrieve a reliable valueflectingthe steadystaté® SNR.The resulting SSFP signahin
was spliced into individual FIDs; these wereamtded, zerdilled, subject to FT, phased wit{'0
and F'order phase corrections and, due to thertler phase correction, baseline corrected.

CPMG spectra were acquired with a recycle delay of 1 @vensamples with multiple
sites andrl'; values, the longe one was choseior setting the TR. A sixteescan phase cycling
was used in all acquisitionsh& number of echoas the CPMGwas optimized foachievingthe
optimal SNR per unit timeas tirther detailed below CPMG-derived spectra were obtained by
splicing thefull echotrain into individual echoes, eadding them, zerdlling the resulting signal,
and applying a FTthe ensuingspecta arepresented in magnitudeode Only in the casef the
RSOy MAS spectrum a Gaussian liseoadening (500 Hz) was applied prior to zélong and
FT1both for the SSFP and the CPMG data.

Static T. values were measured with saturatienovery sequenseusing a train of short
pulses (35L00 repetitony separated bydl.5 ms for saturation. ;Tvalues under MAS were
measured using phaseodulated saturation recovéty; with a saturatiomuration of 20 rotor
periods.T2 values were measured by Hahn echo experiments.

SNRwas in all cases calculated as the maximum of the signal divided by the standard

deviation of the noise. Thiatterwas assessed t hr owuanindependéntiyoi s e
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acquireddata set, collectedhd processed in manners identical to the SSFP or CPMG experiments
T except that all the pulssidths had been set to zero. This was dionerder to avoicpotential
biases associatetb baseline variationsparticularly giventhe different phase correction
proceduresequired for the CPMG an8SFPdata SNR per unit time was assessedhout
applying any weighting/linrdbroadening of the signals (including in the abaventioned RSO

case, where line broadening was only used for showing the spectra i8.Fg. using the

following terms: “YOY ——— and "YOY

= Since the CPMG spectrum was displayed in magnitude mode, the

finoise spectrum i n t hat case was also compared to in

3.2.3Simulations

SSFPand CPMGsequence were simulatedusing a MitlabbasedBloch simulatot'4,
focusing in particular on the eealtransition of a static halhteger quadrupole spin affected
by T1 and T relaxation but devoid of spinning or of other couplings/shFtx simplicity this

static seconarder centratransition (CT) lineshapewas assumedxially symmetri¢c andgiven

by an  evolution  frequenéy - — ——— 00p -1ip

AT O wAT O p, whered , w, andb are the quadrupolar coupling constant, the Larmor
frequency and the pal angle with respect to the static magnetic field, respecti@dmputer
simulations of ideal powder patterns weso performedusing theSimpsoi* progranming

software.

3.3Theoretical and Numerical Considerations
3.3.1SSFP: FromLiquids to Solids

As mentioned, the SSFP sequence is composed of a string of RF pulses of flip,angle
separated by periods of free precession lasting a constant repetiteod Rn(Figire3.2a). A
variation of the sequence involves imparting into this string of pulses a constant phase increment
iin its most common phasatiowmoaor ementdt vilhgaadi A& 0t
variantcommonly used in imagin(Figure 3.20)'*°. This phase incrementation/alternation leads

to a shift in the frequenesesponse of the sequeneghose consequences are further discussed
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below. For completion Fig3.2c shows the conventional CPMG pulse sequemdgth the
assumption that the first direekcitationsignal acquisition has been skipp&d®11°

a a b C

TR di TV2TE/2 TE
<«

relaxation
delay

Figure 3.2 Pulse sequences compared in this study. (a) SSFP with constant flimarglerepetition time (TR),
(b) SSFP wi t hphasdstinthe pulaes.i(chGPMG &qGuence with a constant echo time (TH)-anddu
acquisitions.

SSFPO0s key featur e i s -statéhwhereby, fodolwihgi as mitaée n t
transient period lasting approximately, the signal intensities following each pusdecome
identical® (Figure3.3a). As the initial transients can generate artifacts if their signals are included
in the data processing, MRI usually forgdkse acquisition of these signals; in fact, preparation
methods are commonly utilized in imaging to accelerate the convergence to assiaty*¢ A
second important feature of SSFP is ailitghio take its steadygtate signal to a high value, leading
to the rapid sampig of numerous FIDs with good sensitivity. For anr@sonance irradiation
case this steadstate will depenan TR, on the intrinsicT: and T values of the siteand onthe
choserflip anglea. S S F Bpiimalsensitivity arises fosimilar T: and > and TR << T, T2: the
steadystate transverse magnetization taenapproachb0% of the thermal magnetization for a
flip angle of9 0 e&ven ifthe ensuing signal will be boih and T weighted. Tabl&.1summarizes

this welkknown orresonance isotropic signal behavior for the two SSFP variants; notice that
y

whenTR>>E| © 1 AAT® ,whichis the Ernst andi¥.

Table 3.1 Transverse sigals 0 , optimal excitation angl@opt and ensuing maximum
signald , for onresonance constarand alternatingphase SSFP sequences.
Alternating phase @/-a) SSFP Constant phase ) SSFP
JJ4||V<-*'«#EL 5,120 0O p © OEIT O p O OE\T
p 00 (@) O wéli p OO0 O O wéli

). _ 121 Aixg QO iag QO
50 P 00 »p
dho® 0 p O 0 p O

p O p © p Op ©O

0 :Thermal equilibrium magnetizatio@;, Q #
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Of interest here are solids NMR experiments, in particular on quadrupolar nuclei. The
orientation dependence of the quadrupolar frequeaald lead to ofresonance effects and result
in acomplex nutation behavipggomethinghat is not captied by the description in Table These
nutation and offesonance effects will depend on all the parameters alagvi,(T2, TR), but
also on the RF amplitud® as well aonCoandona r y st al | i t'?'& sStillFigiree nt at i
3.3 arising from calculations ahe transverse steadyate signa{M+) for aquadrupolar CT of a
powdeed samplesubject toCo=7 MHz (h=0, Larmor frequencyn,=196.4 MHz) depicts a
behaviorthat is not unlike that expected from a regular@sonance cagencluding high steady
state magnetizations, and similar relaxatiomes dependencie€’Rb (an 1=3/2 species)
experiments on RbBr (wich has a single &0 sité®) show excellent agreement with this kind of
theoretical calculations. We note that the Bloch simulations might not capture fully accurately the
dynamics, especially if multiple quantunoherences are excited*When extending these
simulations to multiplesites with different Gs, however nutationirelated effects may arise;
optimal sensitivity SSFP flip angles in the laigmupling cases will then be scaled by the usual
(1+1/2) factord?2 Even when dealing with multiple sites possessing appreciable s@gdavery
different T and T values of coisting sites may lead to conflicting pulaagle demands, as well
as signal weighting by the;Bnd T of the different sites. These, however, are limitations that

will affect as well the acquisition parameter optimization of a CPMG/QCPMG experiment.
a b

1 0.3
0.8
O.Gi . 02t
— ‘ | -
< 04 . <
0.2 . 0.1
P~
0
-0.2 N . . . 0
0 100 200 300 400 (¢} 50 100 150
+a pulse number flip angle o
T2=T4/1000 T2=T4/100 T2=T4/10 T2=Tq/4 T2=T/2 T2=Tn

Figure 3.3. (a) SSFP Bloch simulations showing the transverse magnetizaticeakhing steady state, for a powder

average that incorporated the seconder quadrupolar line shape ofasBii 2 centr al transition
M at steadystate as &unction of the flip angle; the first point following the-pulse is plotted. Additional simulation
parameters: &7 MHz, Larmor frequencwo= 196.4 MHz (corresponding #Rb at 600 MHz), T=220 ms, TR=1.28
ms,ands ranging between 0.22 ms and 220 ms
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3.3.2SSFPEchoesand SSFPSpectra

As implied by Fig3.2SSFP is, like CPMG, an echo experiméht?> The echoes in SSFP,
however, differ from those in CPMG both in their timing and in their ori§iming-wise, on-
resonance SSF&ignals peak right after the conclusion of a pwasdimmediately before the
application of the subsequent pulse. The fildD-like part of this SSFP responsgell always
exist; the sFDoopOdr t i omdhe pubseqeahtdoulge will fail to form for if
TR is longer than 7 (e.g.~3TOTR<<Ty; seeFig. 3.4a), butwill form when TR<<T, T (Fig.
3.4p)12%127 This reversedFID segmenis acombination of spinand stimulategechoes, and hence
weighted by both Tand T; thetwo SSFP signal components will consequentiibenecessarily
symmetri¢ or mirror images of one anothdnterestingly, for the phasaternated version of
SSFP,an onresonancanagnetizationcan alsoundergo refocusing at TR/2 if theansverse
dephasing ismall over eaciR! 2 8 :; 58éh conventionapin-echelike behavior, howevemill
rarely be seerfor powder patterngs a result of the relaxation effects mentioned above, and of

offset effects

a b : : : :
. 3T2<TR<<T . TR<<T2,T1
= =
S L)
2 2
‘® ‘®
c C
2 3
£ £
0 02 04 06 08 1 0 02 04 06 08 1
Acquisition time/TR Acquisition time/TR
c d i
1} sum - 1} - sum
— —whole o i —whole
S5 0.8 ideal 5 0.8} ideal 1
L : 3 . “
> 06} > 06}
‘» ‘»
c 04} c 04f
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<02 | < o02f
1 - i A
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Figure 3.4 Bloch simulations showing SSFP signals and spectra for the paraagtamed in Figurg.3, and for

TR=1.28 ms and 1F220 ms. (a) Sum of the signals fa=0.22 ms (<TR). (b) Sum of the signals ferT4 ms (>TR.

Notice that in this case there is an echo occurring during the second half of the TR. (¢) Spectrum grooetised
6ideal 8 FI D in panel (b)), by summing t he-sthwd thalgwe 0fprt
data into a single echo (in blue); also show is the ideal CT line shape as simulated with Simpson (gray, dashed line).

(d) Idem agc) but upon processing a more realisignal simulated with a is pulse and adlins dead time. The two
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halves processed separately (in yellow) were subject to an adequatedinsphase correction before summing; this
could not be esdhndtdd dheadfim blue). The si mul ated
broadenings of 900 Hz (whole echo) and 1800 Hz (sum of halves).

It follows from these arguments that to obtspectrafrom data collected via SSFP, two
procedurescantaoptedl n one of -t hkese &h-8I| ihdvesDeseparated,
processedndependently, suitably phaseaind co-added up Alternatively, the echoes can be
cyclically fitime-s h i f untd théy resemble CPMdike echoes processed as in thiatter
experimentand the corresponding spectrthmspresented in magnituseode.These two options
led to the same speafrbutonly for an echo simulated under ideal conditions (Bidc). For an
echo simulated with finite pulsewidth and a reasobée dead timethe sumof-halvesspectrum
still accurately represents the ideal lislgapeafter being subject tadequate firsbrder phase
correctiors, whi ltreesthhd t 8do0 echo becomes distorted
during thepulse andhedead timgFig. 3.4d).

3.3.30ffset-Dependenceand SSFPPowder-Pattern Signals

A main feature limiting the applicability of the SSFP sequence rests in its high sensitivity
to the spinsdé offset. How s uc htremeecass offf Tovi ty
>> TR and an omesonance irradiation: each timeapulse acts an additional nutation will occur,
and therefore the resulting steastate signal will be on average zero. More generdilg, t
amplitude of the steadstate signahrising forthe SSFP sequences is periodiith respect tdahe
offset On andwill vanish wheneveDnTR = 2rnp . Alternatively,for the alternatingphaseSSFP

version, the signavanishes whenevefnTR ¢ ‘120126 The responseof the constantand
alternatingphaseSSFP variants are thus shiftegd— in the frequency domaiffig 3.5a).! The

ensuing intensityl d i ip all(SSFP variantare a major concerteading toso-calledfibanding
artifact® that, particularly in regions subject to high, Beld inhomogeneities, will significantly
distort MRI images. lnce despite its sensitivity advantag&SFRbased MRI scans are carried
out only if theTR< T2* condition can be set, and thDB.-derived bands bavoided'*®>. NMR
spectral acquisitics) howevernecessitatéhe data sampling to last for tim&R> T," in order to
prevent the truncation of thgignak, and thusntensily distortionsmay ensue irnthe SSFP

1In general, a phase incrementadfobetween adjacent pulses will lead to a shifthef frequency response in the
SSFP sguence of——, acting basically as a shift in the carrier frequency.

48



spectra'®13% This discourages these of SSFP within the framework of high resolution NMR.

On the other handt is apparentrom the central transitiosimulationspresented in Fig3.4 that

this is not a showvgtopper in powder pattern NMR acquisitions, and that suitable processing of

SSFP signals can produce williee spectra that aneery close to the ideal.

—a al-a e Pulse acquire
a TR<<T, T2 b 3T2<TR<<T1

s 0.15
a=20 ¢
7

Figure 3.5.Frequency response of SSFP f
two different regimes (a,b) and correspondi
spectra (c,d) simulated for TR=1.28 ms a
T,=220 ms at steady state. a) Frequer
response of the constant phase SS&Rience
(a, purple) and of the alternating phase SS
sequenced/-a, yellow) for T,=14 ms and an

optimal flip anglea= 2 0 e .

ns and the optimal fipange=6¢ . c¢c)
] processed from the FIDs corresponding

;\ panel a, compared to e acquire simulations
J

0.15
a=6
S~

0.1 0.1

0.05 005p T~

-0.5 0 0.5 -0.5 0 0.5
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o ‘\ (black, dashed). Spectra intensity were et

normalized to 1 to compare their line shaps
v however the maximal intensity was ca. 30
higher for constapRphase SSFP. d) Spect
processed from the FIDs corresponding
%0 panel b. In thiscase the relative intensity o
both SSFP experiments was the same.

0.6

0.4

0.2
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Norm. Intensity (a.u.)

0
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It is possible to rationalize the absenceftsetdependent banding artifagtsthese experiments
by considering the two aforementioned TR ysrdgimes. In the long repétin time, TRCBT,
regime,E2<<1 andthe transverse magnetization decays to zero at the end of e&é3¢Rhe
intensity and phase abnormalities related to offsependennutation effectswill thus not be

present forthese casetseeFigures3.5, 3.5d). In the opposite,TR<<T, T, case the spetral
resolutionwill be equal to the periodicity of the frequency response of the SSFP sequence (

The aforementioned dips will therefore show up @), yet h the absence of zefidling and/or
following apodization the line shapes dfoth constant and alternatingphaseSSFPas well as
their intensities, barelgiffer from one another ator from an ideal powder lineshafféigures
3.50). Thi s t hat PForhe
the SSFPoptimalT1=T> case, for instance, singigotropicspin simulations predict, as mentioned

does not mean, however,
earlier, a sigal proportional t&0% of the thermal equilibrium magnetizatidt powder pattern
simulations on the other hafig. 3.30), make thisteadystatesignalo n | 39% @&f the thermal

magnetizationlt follows that while not evidenin spectal distortionsthe excitatiordips affect
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the powder patterrbut they do sdn a relatively even manner, that influences sensitivity but not

line shape.

3.4Results
3.41 Experimental Corroboration of the Line Shapelntegrity Afforded by SSFP

While the previous considerations look promising in terms of collecting faithful line
shapes, we found it necessary to assess these theoretical predictions experimentally betpre deal
with sensitivity considerations. SSFP and CPMG line shapes were thus compared for two
compounds, sodium oxalateN&C>0s) and rubidium perchlorate RpCIQs), which are
characterized by singféNa and®’Rb sites, respectivelySince according to thénsulations both
constartand alternatingphase SSFP variants do not display significant difference in line shapes
or intensities, we focused the experiments on the alterrptiage SSFP sequenédso, as in the
case oRbCIQ there is a significant cheoal shift anisotropy (CSA) at the employed fi&|dve
considered it worth to assess the sirgite line shapes under both static and MAS conditions. In
the latter case the SSFP pulses werdieghpotor synchronized, one per several rotor periods, in
a similar fashion as is usually done in CPMG MAS NMR. The MAS rate applicable is limited by
the experimental requirements and the hardware available, and there are no limitations arising from
the e of SSFP.Notice as well that the choice of ¥&04 and RbClQrepresents the two distinct
cases presented in Figu8es: the®’Rb in RbCIQ fulfills the TR<<Ti, T2 condition both in its
static and MAS experiments, and it is hettoeoretically subjedio the aforementioned intensity
dips. By contrast the®*Na in NaC,0s fulfills, both under static and MAS conditions, 3T
<TR<<Ti,and hence should not present Indldcaspsthé i n
matching between the SSFP spectrathedsimulated ideal lineshapes expected from literature
values is excellerit,and comparable to the results afforded by CPM@&Hahn echo experiments
(Fig. 3.6). Evenwithout any apodization distortions are not obvious inffRé case, presumably
due to broadening caused by homonuclear dipolar interactions and/or magnetic field
inhomogeneitiesThe experimentabSFP echoes for both elai and under both conditiorsse

also in excellent agreement with the theoretical expieogintroduced in Fig3.4.
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Figure 3.6. Comparison between normalized SSFP and CPMG experimental sflaciven, blue) and ideal
simulated line shapes (black) for the indicated compounds. 2t NMR spectra of N&C>0,4 acquired under static
and MAS (5 kHz) conditions, respectivelyt, 54.1T. The parameters of ti@mpsonsimulationsare Co=2.5 MHz,
—=0.75, and line broadenings of 1000 and 100 Hz for the static and MAS simulations, respectively. The acquisition
times for the static and spinning SSFP data were 38 and 45 s respectively; for the CPMG data they were 150 and 173
s respectively. (c,d) Idetyut for8’Rb NMR spectra of RbCIQThe acquisition times for the static and spinning SSFP
data were 39 and 40 s and for the CPMG data 5.5 and 52 s, respectively. The simulation parameters for this case are
Cq=3.49 MHz— =0.17] =-9.3ppm- =0.63, relative orientation of CSA tensor and quadrupolar tens@, -
I =-275,[=86.5. kine broadening o400Hz and150Hz were usedor the static and MAS simulations, respectively.

Considering that the nutan and offresonanceeffects may also depend othe RF
amplitudes; and pulse angla for a given TR, we examined how both factors affect the line shapes
for the model RbCl@case. The resulting CT spectrum (R3g?) did not seem sensitive to either
the RF amplitude (betwed®-93 kHz) or the nutaticangle under MAS, but varied slightly under
static conditions for a high RF amplitude (93 kHz) and largereflipg | e-<80¢ 7 0eThi s i s
likely due to the onset of nutation effects, which homogeneously scale as |+1/batdhpowers
but no | onger do so at the higher powers, and
under MAS.
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Figure 3.7. Effect of flip angle &, in degreesand power on the SSFP spectral shapes of Rba@i@er static (a) and
5 kHz MAS (b) In the static spectra (a) TR=1.3 ms, whereas in the MAS spectra (b)&=4

3.4.2SSFP vs CPMG: SNRPer Unit Time.

With the line shapintegrity arguments validated, the next step in the anadysight to
establish theegimesunderwhich SSFRcould be advantageousensitivitywiseover CPMG, and
vice versaFor simplicityit is convenient taegled first off-resonance effects, as tlalows one
to gain a basicintuition onto which parametergnatter most irthe relative SNR per unit time

betweerthese two experimenté&ppendix A2.1 presents this analysis, which predicts thatratio
between the optimaBNRMO "Qa('™@0Y ; ) between singkspin onresonanceSSFPand
CPMG acquisitions will begiven by

z

8t

=

(3.1)

>5¢
o]
N
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WhereO; 'Q #. "Y dictates the decand the rise of each individual ectieeto anisotropic

spin interactions or field inhomogeneities, whereadictates the total coherence lifetime ttims
analysis we have set TR and TE as multipledYof'Y'Y &Y (SSFP) of'YO & "Y, asthis
makes it easier to deal with these experimental variables in terms of an intrinsiegenmdent
parameterFigure3.8 shows predictions arising from equat®, between the relative SSFP and
CPMG sengivities. Somewhat surprisingly, there is virtually no dependence of the relative
performances oniI both experiments benefit/suffer from it equally. On the other hand, smaller

"Y/I'Y ratios lead to conditions that are strongly advantageou§3$&tP. Mathematically, this

z

behavior arises fromth@  pfactorinequatio.16s numer at or; physicall
on the ratio between the homogeneous linewidths, givéw,and the inhomogeneous linewidths,
givenby’Y, reflects CPMG6s | i mi tQGTt mastnofthesignalmii anc e
then decay beyond the first echo. By contrast SSFP, will still maintain a-steesiel\signal that is

mostly T--weighted, even in the regime when TRz (and when TR istill <<T1). When TR <

T2, which is the case for largéY/"Y values, the transverse contribution to the signals detected by

both sequences becomes comparable, while the lackdafpEndence means that the contribution

of the lorgitudinal compaent isalsothe same in both cases. A similar treatment can be done with
respect to a simplpulseacquiresequencehere the opposite trend is observetth the higher

"YX'Y ratios biasing sensitivity in favor dBSFP(Appendix A2.1, Equatio.18).
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Figure 3.8. Singlespin simulations predicting the SNRI "QKBSFP relative to CPMGY describes the decay
of signal due to anisotropic spin interactions / field inhomogeneities and is equal 1®.250¢ “YO &Y. For
CPMG, the recycle delay between each scanswas talg@id¥svi t h a 90e excitation pul se.
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3.4.3SSFPi /Al NMR
27Al (I=5/2) is a common element in many inorganic materi#$3® While being a

generally receptive nucleus, there are occasions where its low concentration challenges the NMR
sensitivity. (Q)CPMG acqui siti esmss affrdWwégeld, a
relaxation times are typically shortSinceT2/T," domi nates SSFP6s, wSNR pe
assumedhat SSFP could be of aid in this caseleed static acquisitionsn Al,03 show a ca80-

fold enhancement in SNR per unit tinegavor of SSFP over CPM(Fig. 3.9). While this relative
enhancemeritthe higlest measured in this studgorrespondsvell with thesmall T/T." = 2.6

ratio of this compoundt turns out that thig2/T>* ratio was not thesmallest among those that

were measured @ble3.2). It is not clear whether this reflects experimentaerrar in theTo/T2*

ratios that were measured, or perhaps wrong assumptions in the model leading to &quation

(e.g., single exponential dephasings, decays and recoveries). This remains a matter of
investigation. Wider MAS(8 kHz), this relativeenhancemerdecreased toa.64 (Fig. 3.9); this

decrease is as expected, in view of thdehgthening T2/T2" = 3) happeninglue to the MAS

induced averaging of the homonuclear interactions.

—SSFP CPMG
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Figure 3.9.27Al spectra of A#Os acquired in static (a) and 8 kHz MA®)(conditions. (a) SSFP features an
enhancement of ca. 81 in SN/ "Qécénpared to CPMG in static conditigrsd an enhancement of Gdder MAS.
The parameters for the spectra in panel (a): SSIRZ0.52 ms| ¢ T7 &cquisition duration = 9.25 s (steady
state). CPMG TE=0.52 ms, acquisition duration = 26.7 s. In panel (b): SSHR=3.5 ms| L TT @cquisition
duration = 10.5 s (at steady state). CPM&=3.5 ms, acquisition duration =5 s.
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3.4.4SSFP of!'B compounds:The Importance of Decouping

Like aluminum,boronis also commornn inorganic material and central constituent in
many glasse¥* 137 Also like 2’Al, 1B (1=3/2) tends to havehort T, relaxation timesmaking it
another good candi dat e .BUndar staticasquisitiorgcor@i®oRSBo s per
NMR SSFP experiments diorax(NaB4O7-10H0) exhibitan enhancement of ca. 4 in SNR per
unit time compared to CPMGSomewhat unexpectedlynder MAS (25 kH2), this relative
enhancemergrew toca. 9 (Fig. 3.10a, 3.1M). One reasomhatcould explain this improvement
might be thathe static SSFP eepments were performed without decoupling, whereas the CPMG
static experiments were performed with decoupling. This esinita slightly broadened static
SSFPspectrum (Fig3.10a), meaning that effectively these experiments were characterized by
shorte Tos than the CPMG counterpaitand thereby their sensitivity was reduced. By contrast
both CPMG and SSFMAS experiments were performed without decoupling, since spirating
25 kHz averaggthe dipolar interactions (thgtrongestH-1'B coupling is ~2.&Hz) **8 Notice
that in this latter caseobaxd swo B sites could be clearly resolvéd; these sitedliffer
substantially in their quadrupolar constants yet that did not interferetivetetting of optimal
SSFPflip angles(which werein any casesmall due to the large differenbetweent: and Tp).
To further highlight the importance & decoupling Figure8.10c and3.10d present a similar
118 analysis on bron carbidea protonfree solid. In accordance the expectations derived from
t hi s c oTap0-23ratiéd(see Bble3.2), SSFP/CPM@nhancemenigere very high: 60
in thestatic measurements an80 at25 kHz MAS This60A 30 decrease ianhancement likely
mainly due to the shorter TR and TEbskn with respect to;T(Table3.2 and Fig3.8), but might
partly stem from the lengthening of Brought about bthe MAS (see Tabl&.2).
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Figure 3.10''B Spectra of borax, NB4O7-10H,0, (a,b) and boron carbide®, (c,d) &quired at static conditits

(a,c) and MAS of 25 kHz (b,d). For borax under static conditions SSFP (red) features an enhancement of ca. 4 in SNR
per1o "Qécdnpared to CPMG (light blue), whereas under MAS SSFP features an enhancement of ca. 9 in SNR per
Mo "Qd. Gpectral parameters: (a): SSFAR=1.3 ms,  ¢h acquisition duration = 43.3 min. (withodH
decoupling). CPMG TE=0.84 ms, acqgsition duration = 34.7 min. (wittH decoupling). (b): SSFPTR= 8 ms,

| @ Yacquisition duration = 27.3 min. CPMGTE= 8 ms, acquisition duration = 20.5 min. (both experiments
without *H decoupling). (c): SSFPTR=0.32 ms| ¢ facquisition duratiorr1.28 s (in steadgtate). CPMG

TE=0.22 ms, acquisition duration = 52 s. (d): SSHIR =0.56 ms] ¢ Qacquisition duration = 22.4 s (in steady

state). CPMG TE=0.56, acquisition duration = 75 s.

3.4.5SSFP of**Na and 8'Rb

2Na (1=3/2)and®Rb (I=3/2) are two additional isotopes that have played an important
role in solid state NMRTboth in terms of materialsesearchas well as in methodological
developments and te$t843 Hence we consider worth exploring further their SSFP behavior.
Z3Na generally has short;Ttimes leading torelatively small B/T2" ratios (Table 2)hence
potentially benefiting fronSSFP.When tested olNaC>04, SSFP gavan enhancement &.8
and 4.7in SNR per unit time compared to CPMG,MAS and staticexperimentgespectively

(Figs. 3.11a, 3.11b). For Na&SQs under static conditions, SS&Bnhancementver CPMG was
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ca. 8, whereas under MASis enhancemerincreased td7 (Figs. 3.11c, 3.11d). While NaeSOs
has 3 sodium sitesio T1 or T> weighting of theSSFPsignak were observed The higherSSFP

enhancemesbbserved foNaxSO; whencompared tiNaxC>O4 could beattributed td h e

f or mer 6

smaller B/T,'~2.54 values, compared to 2lT>'~5-30 for NaC,Os (Table 3.2). In both

compounds, the experimentab/T>* predicts a decrease in SNR per unit time in the MAS

experiments compared to the static experimértigs decrease was observed to some extent for

NaC204, but might have been more drardor a shorter TR and TE, whereas for,8@s it was

not observed.

Table 3.2. Summary of experimentally measureglT;” ratios, SSFP/CPMG SNR enhancements per unit time and

TRI/T," or TE/T," parameters used, for the various compounds analyzed istullig. In most cases mono

exponential behavior of;lwas observed, even in the presence of multiple sites. fexploinential behavior ofz]
the average T value is given. The error in the reported ,;— is experimentally estimated as ca. 10%.

Compound Condition TATS TR/ TS TE/ T P T
RbCIO4 static 324 16+2 16+2 1.7+0.2
MAS 130+£10 13.3+0.9 13.3+0.9 1+0.1
(5 kHz)
Rb2SO4 static 2142 10.1+0.7 10.1+0.7 1.802
MAS 123+6 15.4+0.6 15.4+0.6 1.2+0.1
(10 kHz)
NaxC>04 static 5+0.6 17 +2 7.3:0.6 4.7+0.4
MAS 30+3 472 38+1 3.8t0.4
(5 kHz)
Na,SO; static 25+0.2 20.5:0.8 9.9+0.4 8.0+0.8
MAS 3.8t0.2 9.5t0.5 11.9+0.6 17+2
(4 kHz)
Na:B407-10H,0 static w/o decoup: 4.0£0.4
3.3t0.4 30+3 -
w/ decoup: - 12.2+0.7
5.2+0.6
MAS 2.9t0.6 101 101 9.0£0.9
(25 kHz)
B.C static 2.1+0.4 13.3+0.6 9.2+0.4 60+6
MAS 3.2t0.7 5.1+0.1 5.1+0.1 27+3
(25 kHz)
Al;O3 static 2.6£0.2 10.0t0.8 10.0t0.8 81+8
MAS 3.0£0.1 10.4£0.2 10.4+0.2 64+6
(8 kHz)
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Figure 3.11 %Na enhancement of SNR pd "Q¢okNa,C,0, and NaSQ; acquired at static conditions (a,c) and
under MAS at 5 kHz (b) or 4 kHz (d). For ¥&0. (a,b), both static and under MAS, SSFP (red) features an
enhancement of ca. 4 in SNR a0 ‘Qccmpared to CPMG (light blue). For p&0; (c,d) static conditions SSFP
(red) features an enhancement of ca. 8 in SNRIpeQ ccénpared to CPMG (light blue), whereas under MAS SSFP
features an enhancemeritom. 17 in SNR peyld Q& The parameters for the spectra in panel (a): SSFR=1.5

ms, flip angle ¢ Oacquisition duration = 38 s. CPMGI'E= 0.66 ms, acquisition duration = 150 s. In panel (b):
SSFP- TR=15 ms| p ¢ acquisition duration 45 s.CPMG- TE= 12 ms, acquisition duration = 173 s. In panel
(c): SSFP- TR=2.75 ms] ¢ Oacquisition duration = 92 s. CPMITE=1.33 ms, acquisition duration = 55 s. In
panel (d): SSFPTR=20 ms| p ¢ acquisition duration = 54 €PMG- TE= 25 ms acquisition duration = 153

Finally, wecompared the relative SNR per unit timleSSFP and CPMG in two different
Rb compoundsRbCIQ: and RSOy (Fig. 3.12. Previously, both compoundsdheen used to
demonstrate the signal enhancement of QCPMQGiveldo an echo experiment due to their
favorable B values®5%11® For RbCIQ under static conditions, SSFPa{=25¢ shows an
enhancement 6f1.7 in SNRI0 "Qdacdnpared to CPMFor RbSQu, SSFP &op=256) displays a
similar enhancement of ca. 1.8. The relaxatiomes of RSOy are very similar tahose of

RbCIQy, which couldexplainther similar behavior, as well as same optimal-gipgles. Under
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MAS (5kHz) these advantagesatease, as expecte8SFP &.,=709 and CPMG of RbCl@are

equivalent in terms of SNR per unit timghile for RbSQs, SSFP éop=45¢) features a modest
enhancement of ca. 1.2 with respect to CPMG. Adain,i s d e c r eealmamrcenmeswitts SFP O s
MAS is & expecteddue tothe spinningnduced averaging of theé®’Rb (27.8% nat. ab)
homonuclear dipolar interactiongadingto a lengtheningn T2: for bothcompounds &2/T2" of

420-30 in the static experimeniscreases to 200underMAS (T1 values remainhte same within
error).Line shapewise however, there are no substantial differences betweefSk®and the

CPMGresults (spinning sidebands included)
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Figure 3.12 8Rb Spectra of RbClXa,b)and RbSO; (c,d) acquired at static conditions (aazjd MAS of 5 kHz

(b) and 10 kHz (d). Under static conditions SSFP (red) features an enhancement ofl@irl SNR pe1d Qa Q
compared to CPMG (light blue) for RbCi@nd RSO, respectively, whereas under MAS SSFP features an
enhancement of ca. 1.2 in SNR p& "QfdR RSOy and no enhancement for RbGl@Parameters for panel (a):
SSFP- TR=1.3 ms| ¢ U, acqusition duration 39 s. CPMG- TE=1.3 ms, acquisition duratioB.5 s. Panel (b):
SSFP- TR= 4 ms| X TT acquisition duration = 40 s. CPMGE=4 ms, acquisition duration = 52 s. Panel (c):
SSFP- TR=0.86 ms| ¢ u, acquisition duration = 36 s . CPMGE=0.86 ms, acquisition duration = 36 s. Panel
(d): SSFPTR=4 ms, flip angl¢ T v, acquisition duration = 36 s. CPMGE=4 ms, acquisition duration = 45 s.
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3.5Discussion and Conclusion

The present study explored th 4qg . ,
—simulation
I Al20:s static data

usefulness of SSFP, an approdbht is

widely used for maximizing sensitivity ir
MRI, towards the acquisition of widelin¢-S 60 | Bé'éf:::s

(0]
E
=
solids NMR spectra. The study beg: £
n 40
W

with sensitivity / unit_time consideration
» BaC MAS

8Rb MAS

that predicted improvements ove 20 l “Na
. \ BoraNE,Rb tat
commonly used CPMG variants for R

variety of casesijepending on the T’ 0 50 100

. . T, (T, " uni
ratios. Although admittedly 2 (5" units)
Figure 3.13. Comparing the experimentally observe

oversimplified, ~the ensuing model gnnancements iy Wid Qadlforded by SSFP ove

possessed sufficient predictive power t¢-PMG, with a simulation based on equation (1), perforn
for prototypical valles T*=0.34, TR=TE= 14‘5

be of usefulness upon considering thl%’ =220 ms. The data points include all compounds ur

kind of experiments. Figurg.13further both MAS and static acquisition, as labeled on the fig
demonstrates this, by comparing theIt sel.

experimerdal enhancement values obtained for the various compounds explored in this study (see
Table3.2 for parameters), with a simulation based on equ&ibthat uses an average*¥0.34

ms and m=14, where TR=TE=mfT Note how the resulting simulation reprodace¢he
experimental trends, despite obvious oversimplifications. According to these analyses SSFP is
especially advantageous over CPMG for cases of fastldxation and small 3T, ratios; this

was here demonstrated for a variety of Hatiéger quadruplar nuclei of common appearance in
many functional materials, but it is likely also applicable to other systems including
paramagneticalkgoped materials and certain sif2 species. Besides sensitivity enhancements,

an important aspect that was conssdeconcerned the faithfulness of the line shapes afforded by
SSFP acquisitions. These analyses showed that despite thkenawshh banding artifacts that
offsets are known to introduce on SSlFRR s ed | magi ng experi ment s,

overall sasitivity of the experiment but did not distort the line shapes.
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4 Il ndirectly Détaensetdi ohat @uadtepol ar N M]
Saturation of the Proton Reservoir

4.1 Introduction

The gatic satellitetransitions (ST) ofalf-integer quadruptar nuclej which are efficient
probes for molecular dynamics, are typically undetectable by regular NMR methods due to the
poor sensitivity.Indirect detection of dilute unreceptive X nuclei, usually via protons, is an
efficient means to enhance their siéimity in solids NMR“44148 yet the abundant proton reservoir
is usually underutilized ithese types of schemes due to the small percentage of protons coupled
to the Xnucleus. Comparatively, in the solutistate Chemical Exchange Saturation Transfer
(CEST}, a bigger portion of the abundant water reservoir contributes to the-sigmahcement
due to the exchange of the dilute labile sites with the abundant water protons. Inspired by CEST,
the Frydman lalhasrecently presented an attractive agale of CEST in solidgtate NMR, which
we have termed PRogressive Saturation of Proton Reservoir (PRBSRR)the PROSPR
experiment, the exchange of CEST is repthby protorproton spirdiffusion: Initially, dipolar
order is generated on the protons by Adiabatic Demagnetization in the Rotating Frame (ADRF).
Subsequently, an Adiabatic Remagnetization in the Rotating Frame (ARRF) contact pulse is
performed on the Xhannel, transferring magnetization frékhto X, followed by a delay folH-

'H spindiffusion. These last two stepARRF+delay are looped N times, allowing for relay of

'H polarizatidecoupbmddher 6 Kon s pidiffusiontbeweenh e X r
'Hs and then polarization transfer to the X nucleus during the ARRF pulse. Ultimately, the
depletionof the *H abundant reservoir is measured by a difference experiredtresults in

significant magnification of the signal of unreceptive atildite heteronucleiThe difference
experiment i s between an experiment where the
the CP pul s es -resonancedsp Adflitionallyrthisfexperiment rélies on low RF
amplitudes on the Xhannel ad allows for broadband acquisitions (>MHz) to be performed

without retuning of the proB#.

The present study explores the use of the signal enhancements atigrédRRIOSPR, to
measure the satellteansitions NMR of unreceptive, dilute hatiteger quadrupolar nuclei; it also
explores the potential benefits that may result from doing so. The approach was explored on static
ST NMR experiments oPCl, a 75% naturahbundance isotope; and-8aMIHz-wide signals in
glycine-HCI and in trigonellineHCI could be measured in this manner. PROSPR NMR was also
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used to measure the broad satellite transition patterd®Soénd'’O at natural abundance in
ammonium sulfate. Aexsitivity enhancemen(SNRMO "Qg @rger or equal to 20 was thus
estimatedor the ST*S signal at room temperature. As for the '9D signal, the enhancement
was even more significant but it could not be quantified due to the lack of signal in comparable
170-detected CP measments. The paraelectfPE) A ferroelectric(FE) phase transition of
ammonium sulfatet ca. Tc=223.5 R311%2was clearly showby *S ST PROSPR NMR of single
crystal samples. Motional narrowing of tH® ST PROSPR signal on this salt was also revealed
by variabletemperature experiments, likely due to rapid tetrahedral jumps of the g3@yp
coupled to fast relaxation of théO, which conspired against a successful use ob&fed

experiments.

Scheme4.1 (a) PROSPRand (b) ADRFCPNMR sequence

a 2 b 2

H: di IADRF [ 1:SD\ ARRFHAUAVAV.. 'H: dr m
X: \| CcP ) ! X: cp \Uﬂunv,\,

\ /N

4.2 Materials and Methods
4.2.1 Samples

Ammonium sulfate (Avantor/VWR), glycirBEICI (Signma Aldrich) and trigonellindHCl
(Sigma Aldrich) were used after grounding into fine powders, and packed into 4 mm outer
diameter glass tubes (sealed with Teflon tape) or 4 mm zirconia rotors for the measurements.
Ammonium sulfate singlerystals were growby slow evaporation of supsaturated solutions
in a crystallization room kept at 292 K. The singigstals were characterized byrXy diffraction
and NMR.
4.2.2 Solidstate NMR spectroscopy

NMR spectra were acquired using a Varian VNMRS console ated with an Oxford 14.1
T wide-bore magnet. A modified static Chemagnetics HXY triglgonance probe equipped with
a 4 mm solenoid coil (1 cm long, 7 turns) devoidtdbackground and oriented perpendicular to
the B field, was used to acquire all NMRexctra. All data were collected under static conditions
(i.e., no magieangle spinning), with the sample temperature regulated to 296 K unless stated

otherwise. Pulsaidth calibrations were carried out using: N8Qy), (solid) for H; dilute
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NH4(SQu)2 solutions or solid*NH4CI for S (after correcting for the differencedmetweenN
and ¥S); liquid H2O for Y’O; and dilute NaCl solutions fo’Cl. 'O chemical shifts were
referenced with respect to:8 (dis=0 ppm).33S chemical shifts were referenced with respect to
dilute NHi(SQy)2 (ag.,disc=0 ppm)*>® 3°ClI chemical shifts were referenced with respect to NaCl
(ag.,disc=0 ppm)*** Temperature was calibrated in the varet@imperature experiments via the
4 chemical shift differences in methartét. The sequences used heiédROSPR, Broadband
Adiabatic Inversion CrosRolarization / WURSTi CarrPurceltMeiboomGill (BRAIN-
CP/WCPMG)?1% and ADRF-based static crogsolarization (ADRFCP) are availablein
Appendix A3 MATLAB scripts were used to process the raw NMR data, utilizing functions from
matNMR 7 Further experimental parameters are summarized in the text below.
4.2.3 Motionalaveraging smulations

The Spinach software packagfewas used to simulate tHéO line shape of a powder
sample experiencing fodold tetrahedral jumps (Figure 5). A sindi®© site with G=7.4 MHz
andhg=0.04 was assumed. These values are based on an average value of DFT calculations for
t he saltds Rowdesavesaging®ftl@Owrydtalitesevas implemented, and a 20 kHz
Lorentzian broadening (FWHM) was appliedaccount for théH-related broadening arising in
PROSPR.These simulations assumed an ideal, direct acquisition of 256dtmain points,

Al
arising from solving the BloeMcConnell equations— @& 0 4 _HereWisad 0

diagoral matrix containing the resonance frequencies of é4hransition for each of the four
possible quadrupole tensor orientations in an®Sgdoup in a common molecular fram®,
QOGN 8 ,and Kis anl 0 exchange matrixin this case N corresponds to 20

distinct resonance frequencies, each aygen (S=5/2) gives rise to five distinct transition:
ST( - P -), ST( - P -), CT( -P - RST(-P - and ST-P - , and

four distinct geometries withetrahedral configuration are involved in the dynamicsWn
therefore] B h corresponded to the frequencies of the fifSf] 71  correspond to the
frequencies of the secohtD, and so on.

Using this formalism as starting point, two sets of simulations were then carried out, which
differed in their exchange matrices(&ee Eq. 4.1 belowPne set of simulation incorporated two
different exchange rates: tetrahedral jumps at a rgtand aTir-driven process at a rate, k

whereby resonances of transitions differing byshimterconverted within eacfO due to a short
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- P

-); ST(

-) would interconvert to ST( - P

In other words, ST( - P

Tir.

-) and so on. For these

- P

and ST(

-) interconvert to both CT( - P

simulations, Spinach was used to calculate ‘i@ frequencies, and the FID was calculated

0 matrix.

separately by propagating the 20x20
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where A=k2-3k; and B

4.2 .4 Staticsimulations:

1D numerical #nulations arising from the Simpsthprogramming software were used in
64
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4.3 Ultra-Wideline *Cl ST- PROSPR on HClSalts

Figure 4.1a presents a series of stafRCl NMR results for powdered glyciAdCl. As
mentioned,**Cl is an 1=3/2 isotope with a 75% n.a.. Even if tuned at a sifigleoffset, the
PROSPR NMR spectrum measured using the sequence in Sétliemgeelds a signal spanning
over 6 MHz, encompassing both a sharper CT and two wide C&mparable BRAIN
CP/WCPMG measurements are also shown; by contrast to the PROSPR trace, which was collected
while keeping the probe tuned at a singi€l frequencythese directlydetected experiments
required tuning the X channel at multiple different offsets. Still, thank¥d 6 s r el at i v el
natural abundance and good sensitivity, a weak ST signabeasbserved for both kind of
experiment§even i f the distinctive Ahorno features
the PROSPR tracelhe line shape achieved by PROSPR thus compares more favorably to
simulations expected from literature vald&ssStill, no significa enhancement is evidenced by
PROSPROGs ST gl yci n€PN\FOCPRG oourgerpart. Tthis caariduted to a
relatively shortH dipolar relaxation time at this temperatureg@ 2 6 0), wimish couples to a
relatively high®**Cl abundance, to deprive PROSPR from much amplification. A different situation
is encountered by PROSPR for powdered trigonel@# (Figure4.1b). Protons in this powder
are more abundant and possess sexfomdy Tips; the ST°CI PROSPR spectrum of this sample
thus shows a sensitivity enhancement of cais3a comparablBRAIN-CP/WCPMGacquisition.
This benefits in particularthe 8 MHz wi de PROSPR spectrum of tr
fihor ns 0 stocynidedtified ahd match the simulation based on literature Valuegen
though the probe was again solely tuned once at the center of the powdered pattern; i.e., at the CT
frequency. By contrast, tiBRAIN-CP/WCPMG experiment required 25 different offsets to track

the ST spectrum, even though it yielded significantly fewer features.

2n this respect the nominal time reported for the BRAIN / WCPMG6dés acqui sition is signi
actual time required to run all these experiments, whazhto include a retuning and rematching of the probe at each

offset. Thus, whereaCl PROSPR NMR on trigonelline could be left to run overnight, the BREINWCPMG

counterparts required assistance/tuning once every ca. 20 minutes.
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Figure 4.1 3°CI satellitetransition NMR of hydrochloride salts at roeemperature. (af°Cl PROSPR NMR
spectrum bglycine-HCI (center), showing the total trace in an inset highlighting the CT, and a vercalbd main
spectrum highlighting the STs as main panel. The trace on top shows the expectation based on literature data with
Co=6.42 MHz,ho=0.61 anddiso = 101 ppr#* while the spectrum on the bottom shows an optimized BRAIN
CP/WCPMG, processed with a Gaussian-timeadening of 20 kHz (FWHM). (b) Idem for a simulated spectrum with
Co=7.5 MHz,ho=0.05 anddiso = 70 pprf*'**PROSPR and BRAINCP/WCPMG?*CI NMR of a trigonellineHCI

powder. In both cases, the PROSPR NMR spectra were tuned and collected af2CSioffset, whereas the BRARN
CP/WCPMG was collected at 33 different offsets for glydit@ and 25 different offsets for trigonellistdCl. Due

to the low SNR of the ST erriments, the PROSPR data (S) were acquired interleaved with a reference measurement
(S0), so as to compensate for instrumental instabilities. Notice that both ght€ihand trigonellineHCI evidence
asymmetric ST patterns for both the BRAOY and PROBR experiments, something which we associate to an
asymmetry in the priPbnNoice astwelnthantlys agymmetrycisanboteipmorunced for the
BRAIN-CP/ WCPMG spectra. I n this as well as in all remai n
required to collect the data

The simplicityof the PROSPR experiment also facilitated the acquisition of vaiieblperature
measurements; in the case of trigoneli@l a dependence of the ST line shape with temperature

was observed, which was traced to slight changeg wvalties (Figuret.2).
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a Trigonelline HCI- ST b Trigonelline HCI- CT
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4000 3000 2000 1000 O 50 0 50 -100
35Cl Frequency / kHz 33Cl Frequency / kHz

Figure 4.2 35Cl variable temperature NMR spectra recorded for trigonetiGé at 341 K (black) and 224 K (blue).

The recycle delays were set to d1=68.9 s at 224 K, and to d1=79.3 s at 341 K (in both cases equpl (@)$GT

ST-PROSPR NMR data qaired using similar parameters as in Figdite in order to save time, only half of the ST

patterns were here collected. A step sizepaf =5 kHz was used between 1.74 MHz and 1.84 MHz for achieving a

hi gher resolution in the fAhor no temparitwe, indicdtingaminceedsedft ed b
~0.1 MHz in G,. Experiments took 4.4 and ca. 5 hours at 224 and 34&dectively. (b) Variable temperature
BRAIN-CP/WCPMG3C| NMR spectra of the CT, collected with similar parameters as in Figliréat only one

of fset). The position of tlinthiscEsg, it & bnoledinhe ocharigesases tuefohe d by
Co and/or a shieldingnisotropy temperatw@ependence.

4.4 335 PROSPR andAmmonium Su | f aParaefectricA Ferroelectric PhaseTransition

Figure 4.3 shows static>3S NMR patterns recorded at natural abundance fors)4Si.
Although the STof this sample as a powder span ca. 600 kHz, they can be acquired with PROSPR
within a 40 minutes wit ho i3 campares this PROSPR dpta o b e
against an optimized BRANCP/WCPMG experiment, which could not detect the ST efven i
retuned at 5 different offsets and although signals were averaged for much longer scanning times.
The signal enhancement for PROSPR in this case is thus significant; note that both experiments
were optimized based on the CT signalse robustness of RBSPR and its signal magnification
enables the detection of the ST, even if these should possess different nutation frequencies (and
thus different optimal matching conditions) and different relaxation properties, than the CT.
Figure4.3o presents an adainal set of results, comparing CTAPROSPR NMR spectra on an
ammonium sulfate singlerystal, against an optimized ADREP experiment on the same sample.
PROSPROs sensitivity enhancementoomotdmpetature, ST i
correspondig to a 406fold reduction in timeAs PROSPR enabled the location of the ST peaks,
this information could then be used to optimize the acquisition and observation of the ST in the

ADRF-CP X-detected experimeineven though their discovery would have beelikely without
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the help of PROSPR. Note that the resulting ABEF3S spectrum evidences a splitting in the
ST, associated to the presence of two magnetically inequivdatoms in the unitell of this
compound6s -phaser(spacé graupnant®®. This splitting is lost in the PROSPR
spectrum, which as mentioned elsewhere exhibits broader lines than eieteityed

counterparts$>
a Powder-pattern b Single-crystal
NH4+'O>S//O
07 o NHe
Simulation x4 Simulation

PROSPR time=40min  PROSPR || time=16 min
So-S So-S
BRAIN-CP/WCPMG ) ADRF-CP _ 340 260 280
echoes added time=10 hrs time=100 min
200 0 -200 200 0 -200
S Frequency / kHz S Frequency / kHz

Figure 4.3 33S NMR experiment®f natural abundanammonium sulfatsamplesat roomtemperature.d) S
PROSPRBRAIN-CP/WCPMG spectra of a powaer samplegcompared to a simulationof). The insets show
the full spectramaking the CT peak visibléh) **S PROSPR and ADREPspectra recordefr asingle-crystal
compared to aimulation (top) The inset of the ADRECP spectrum depicts a zoamof the ST peak splitting
around-260 kHz. All simulations are based on tlieeratureparameter$® Co=0.58 MHz, ho=0.75 and disc=0
ppm. For the singlecrystal simulation - —

Ammonium sulfate is a webBtudied ferroelectic (FE) material, that undergoes a phase
transition from its paraelectric (PE) to its FE phase at ca. Tc=223.5 K. This transition involves
a strucural transformation and a change in spgamp symmetry>152whose details have
beenstudiel by a variety of techniqueisncluding solidstate NMR studies based &, 2H,

N and 1°N631689%  glpbeit with contradictory resulté?’! Figure 4.4 illustrates **S ST
PROSPR data recorded on a single crystal, to follow thi8 FE phasdransition in

ammonium sulfate. These $Bsed experiments are consatdy more sensitive to changes
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in Co with temperature than Ghased NMR measurement$iey show that from 296 K down
to ca. 224 K there is a monotonic increase in*t8eCo, from 0.58 MHz to 0.67 MHz, that
goes unnoticed by CT NMRhen, in the neighborioal of Tc=223.5 K, thé®S ST PROSPR
spectrum shows both PE and FE phases coexisting (Figudays we attribute this to
temperature gradients within the sample, which was cooled from above by airfldwv

probably

in the resonance frequencies of ##® STs, indicative of a changethe local sulfate geometry
(Figure 4.4b). This change is alssupported by DFT calculationand is consistent with a
similar behavior observed when the ammonium group was measured bycsirsgée 1N
NMR.16°

| eadi ng Qnaoolmg tieOsaniple Gelow | 221 i Kenorhinal

temperaturgonly peaks arising from the FE phase are observed. There is a clear discontinuity

q FE Phase
d Jﬂo - b
FE Phase 221K |~ w4 400 5 CT 0ST1 08T2
. )-=0
PE+FE Phase 224 £ 1K . i 8 < °T ? o
) [}
i i P gzoo /
c 0
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Y |8
s e E L. .
PE Phase 296K o4 # K.
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Figure 4.4. Following anmoniumsulfated paraelectrid, ferroelectricphase transition by®S singlecrystal
PROSPR NMR. (a) Variablemperature singlerystal®*s PROSPR measuremts showing changes in the ST
that are lost in the CT spect(h) Temperatve-dependence shown by the ST and¥J resonance frequencies
in these experiments. The cartoon showbeétween (a) and (b) depidtse structurathanges presumed for the
ammonium and sulfate (red/yellow balls) groups of N8Oy, upongoing from the praelectric phase (PE, lower
inset) to the ferroelectic phase (FE, upper in$éfy?Structures were generated using the VESTarogram.

4.51’0 PROSPR inParaelectric Ammonium-Sulfate: Motional and ExchangeNarrowing

Figure4.5a present$’O naturalabundance patterns measuiweith PROSPR, on both single

crystalline and powdered (NMSQ; samples. Also shown atéO NMR results arising from an
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PROSPRdetected line shapes of the powdered and the somgitalline samples were nearly
identical, regardless of the orientations adopted by the single crystal. Furthermore, literature values
for the!’O quadruplar coupling in MgS@"3and DFT calculations for ammonium sulfate indicate
that this spin should have @ @alue in the rage of 78 MHz; the PROSPR line shapes observed,
however, indicate that the effective, Gas a significantly smaller actual valiuep to ~3 MHz .
Note that care was taken to ensure that a full line shape was captured in these spectra, by recording
170 PROSIR NMR with the probe tuned at differeri© offsets.

This substantial reduction in the effective strength of the anisotropic coupling points to the
presence of a dynamic process. To further explore this possibility, a series of vianabdeature
170 PROSPR measurements were performed on polycrystalline samples within the PE phase of
ammonium sulfate. These revealed that there was indeed a strong temyukspéuim@ence of the
resulting!’O PROSPR line shapes (Figur&b). These affected, foremost, thths displayed
by the wings of what otherwise appeared like a siypeentzian shape. These changes were both

reversible and monotonic in nature.

d —Polycrystalline b
H; 0 0 powder | | | 342K
S/ —Single-crystal
o” o NH:
4 309 K
PROSPR ‘ ‘ ‘ ‘ ‘
§&§S time=25 min
| - - - - 296 K
ADRF-CP time=26 min
WWMWWWWWWWV* 236 K
2000 1000 0 41000 -2000 2000 1000 0 1000 -2000

70 Frequency / kHz O Frequency / kHz
Figure 4.5. (a) 1’0 PROSPRf anmoniumsulfatepolycrystalline powder and singteystal (upper panel) cqrared
to ADRFCP of the polycrystalline powder (lower panel). (b) Variaiel@peraturé’O-PROSPR measurementé®
line shape in ammonium sulfgpelycrystalline powder

Given the local symmetry of the sulfate group, a possibility that could explasulis¢éantial
quadrupolar ST averaging detected'l PROSPR, could involve tetrahedral jumps of the’SO
groups. Dynamics have been measured in pibendetetrahedral sulfubased centers, including
methyl sulfoné’ (two-site jumps) and sulfonic acits (threesite jumps). If the dynamics are

sufficiently fast and tetrahedral, these couldrage out the secomrdnk quadrupolar broadening,
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leading to single sharp line shapes for either single crystals or powders. To explore this possibility,
the effects of tetrahedral dynamics were modeled asfédditetrahedral jumps, using a Bloch
McConrell equation model where interaction tensors were defined on a single, commof frame.
The’O line shapes were modeled assuming a siti@lesite with G=7.4 MHz anchq=0.04: the
average values arising frodFT calculations for this salThese powder patterns were convolved
with a 20 kHz Lorentzian broadening, to account for the ggpnéad function introduced by the

'H dipolar broadening.

a - Tetrahedral jumps b - Tetrahedral jumps + “T1p relaxation”
——simulations
. k=8-10° s —data
k,=8-10° s y 342 K k,=310* 5" 342K
k=5-10° 5"

k;=5-10° s

k,=3-10° s 309 K

k;=2.7510°

k=2.75-10° s 206 K k,=4~10° s 296 K

k;=9-10° s
k,=9-10° ™

k=910 s 236 K 236 K

2000 1000 0 -1000  -2000 2000 1000 0 -1000  -2000
O Frequency / kHz 70 Frequency / kHz

Figure 4.6. Variabletemperature!’0 PROSPR NMR spectra of polycrystalline ammonium sulfate (as shown in
Figure 4.5b, black tracgsverlaid by simulations (in red). (a) Simulations arising from tetrahedral jumps &he
atoms at a rate;k(b) Simulations which on top ofthe o vi si ons i n (a), include an
from adjacentransitions at a ratekrepresenting transitiordriven by Tir relaxation.

Figure4.6a shows results arising upon setting up such dynamic simulation based on tetrahedral
jumps,with the CT+ST PROSPR powder line shapes expected for a variety of exchande rates
(red traces). Also shown are tH® PROSPR experiméal line shapes observed over a range of
temperatures (in black). As can be seen, the agreement betweéhdbtected experimental
spectra and simulations based on an ideal direct detection of the reorfé@tipgwder line
shapes, is relatively poorMost remarkable among these differences is the inability of the
simulations to recapitulate the significant, temperatlependent broadening that the PROSPR
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line shapes as a whdlecluding the usually narrow GTexhibit at lower temperature3his
broadening amounts to hundreds kHz, and is significantly larger than the typk20 kBiz
broadening of PROSPR line shap&sinstead, at slow jump rates, simulations predict that line
shapes will be superpositions of a sharp, dominant CT, and of much weaker, broader STs. This is
at variance with lowtemperature PROSPR data that either siogystal or powdered sample
experiments, point towards a singi®-derived line with strongethanexpected intensities at the

ST positions, and a substantially broadened CT peak.

The mismatch between these siatall and experimental data sets could be due to several
reasons. For instance, it is possible that the tetrahedral reorientation model is too simplistic, and
that instead several types of motion coexist simultaned(fsty However, the aforementioned
observations concerning a broadleanexpected CT and strongdranexpected ST line shapes,
also raise the possibility that the effects evidenced by these experiments might be reflecting a rapid,
thermallydependent!’O Tir relaxation. Indeed, PROSPR is an indiréetection measurement
which relies on the effects that a repeated -&piking of the!’O spin at a given offset, will
introduce on théH reservoir. For the case of a strongly quadrugolgpled and dynamicO site,
the Tir associated to this splncking might be relatively shortoo short, for instance, to lead to
a significant!’O polarization buileup via conventional or ADRBased CP (e.g., Fig.5a). On
the other hand, even in suchr E<l/wp1+-170 Scenario, it is plausible that a significafi
depolarization will still occur as a result of the repeated looping of the depolarization process. In
such case, the PROSPR experiment would reflect an additional broadening' @ thettern,
arising due to aapid quadrupol@riven relaxation in the rotating fram&uch quadrupole
relaxation would effectively involve, in addition to pure decoherence, an interconversion of
transition frequencies differing bpm=+1, +2 for each crystallite orientation, thus causing an
apparent broadening of the CT and additional line shape changes of the STs. In and of itself, a
model based solely on such€TBT2? ST2 interconversions, failed to successfully reproduce the
experimental PROSPR line shapes, when starting from the aforemen@igr@4 MHz,hg=0.04
assumptions (data not showrblowever, a combination of both dynamical proceski®
tetrahedral jumpsandthecdlb ased fimi xi ngo of t he gaemdetoamal and
very good matching to the experimental results (Figusie). This combination of both processes
was acounted by the exchange matrix Khe rate kin Eq. 4.1 accounted for a stochastic

T - driven exchange among adjacent transitions (®+x1), while the ratd in this equation
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accounted for the aforementioned tetrahedral reorientation process involving’®@ur
Furthermore, very similar line shapes were in this case expected from a powdered sample, and for
most singlecrystallite ori@tations. While this agreement is not a proof of a specific mechanism
and a rigorous formalism accounting for the effects of relaxation in PROSPR remains to be
derived, the model highlights the rich spatial and spin dynamics interplays that come to bear on
PROSPR line shapes. In fact, somewhat analogous processes have been observediifoliquids
instance in cases wherecduplings between a quadrupolar nucleus and aldginvill broaden

the | atterds multipl et ifstalamelaxatiorotthedacandkind® s hor t
180The effects of such quadrupaleiven relaxation in PROSPR experiments are also reminiscent

of the complicated levatrossing dynamics arising when attempting to 4$pak quadrupolar

nuclei under magi@anglespinning’?” A full analysis of these matters will be the mdb of

further investigations

4.6 Conclusion

The signal ehancements afforded by the PROSPR sequence enable the detection of satellite
transitions even on low sensitivity isotopes at low natural abundances, and simplify the detection
of undistorted multMHz satellite transition line shapes also for more sems#ipecies. The latter
was confirmed with measurements ot8®1Hz wide ST patterns fof°Cl in a number of HCI
salts; the former with natural abundarié® and!’O ST measurements in ammonium sulfate. The
value of measuring these ST information for dynainfmurposes was then also confirmed, by
following the PB FE phasdransition via®*3S NMR, and by probing the motional narrowing
affecting the!’O ST as a function of temperature. These approaches, aided by further refinements
and a better understandingtb&é multiple factors intervening in these simple experiments, could

find applications in the study of a wide range of timescales, nuclides, and samples.
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5 Cross Polarization from Dipolar-Order under Magic Angle Spinning: The
ADRF-CPMAS NMR Experiment

5.1 Introduction

Nuclear magnetic resonance (NMR) of soligovides valuablenformation about local
structure and dynamics. For many of the Ndgl®ive nuclei, however, low sensitivity is a major
hurdle, which preventstherwise valuableneasuremest Low sensitivitycanresult froma low
gyromagnetic ratig, from low natural abundanc&pm unfavorable relaxation timggBomsevee
anisotropic broadening arising from chemical shift anisotropy (CSA) or quadr@gifdets, and
from a combination of all these fact8ts!®2 Thus, methods to sensitize unreceptive-tgamma
and dilute spins are a cornerstonenafthodologicasolid-state NMRresearch®46°:108.183187

One of the most widespread and established methods to enhance the NMR sensitivity of
unreceptive species is via crgsslarization (CP)starting from a spitocked, Zeemawlerived'H
magnetization, and fulfillinghe HartmanaHahn (HH) matcing conditions(Scheme 5.1}
While relying on dipolar couplings, CP can also operate under fast MAS under sspateng
speed dependemtatching condition§'88 An alternative CP approach that to the best of our
knowledge has only been explored under static conditions, is based on transfédirsy s pi n
alignment starting from dipoladrather than Zeemarorder®8% This experiment usually begins
with an adiabatic demagnetization in the rotating frame (ADRF) process transfaithiergall or
a portion of theH Zeeman magnetizatipimto dipolar orderThis is followedby aheteronuclear
remagnetization stagthat transfers thi¥H spinorder to the insensitivienucleug® i eithervia the
application of a shapeldchannelpulse whose RF nutation frequency spans the randid-4f
dipolar couplingspr a square pulsehose RF matches the average of the latrheme 5.1b).
This transfer generatea net, sphiocked I-magnetization, which can then be observed with
enhanced sensitivity.

The present study revisits the ensuing ARBRIF experiment, under conditions of MAS. As was
the case with the original HBP %8 the ADRFCP experiment may be considesdirst glance
incompatible withMAS: after all,the homonucleaH dipolar order is averaged to zero by MAS.
This, howeveris true only to first order; dipolarder involving multispin terms will be generated
by seconebrder effects, and survive under MAS® Herein, we explore the possibility of

exploiting this secondorderresidualdipolar order foperforming the heteronucleaolarization
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transfer It is seen that thefficiencies of optimized HFLPMAS and ADRFCPMAS experiments
on weakly dipolecoupled systemsare actually similarunder certain conditions th&DRF can
perform even better thanthe HH-based experimeniTo analyze the ensuingDRF-CPMAS
experimentwe begin withan analytical analysiof the static ADRFCP case,and deducethe
expected-channel RF matching conditianBhese expectations are very undemandiogsess a
number ofsimilarities with the HH match under stati€€P conditions,and agree well with
numerical simulations and thi ensuing experiments on powddrsample of adamantane,
ammonium sulfate (NH).SQy) and hexamethylbenzene (HMBY.1°! These conditions are
drastically affected upon sample spinning, leadinqutoisual ADRFCPMAS RF matching
profiles Still, experimental3C and'®N results orthe aforementionesystems, showery close
agreement with theoretical expectationBe potential and limitations dfis newADRF-CPMAS
experimentsare briefly discussed, including the effecf RF~inhomogeneity andhe effecs

arising whersubstantial CS8acton the dilutd-nucleus.

a 2 b /2
1H:  di i’CP' DEC 1H:  da m DEC
x _ [l x e 1y,
T LA

Scheme 5.1Schematic pulse sequences for (ainped HHCP and (b) ADRF-CP. Both sequences assume
heteronuclear decoupling during thehannelacquisition, and can be carried out static or under MAS.

5.2 Materials and Methods
5.2.1Samples

Adamantane, hexamethylbenzene (HMB), and ammonium sulfate were used as received
without further modification. Powder samples were ground into fine powders and packed into 2.5
mm zirconia rotorsAll rotors were fully pack d , except the rotors for
figure 5.10, where spacers were used to center the sample in the rotor.
5.2.2Solid-state NMR spectroscopy

NMR experiments were carried out on at ambient conditionsnol88T ( 800 MHz)
Bruker spectronter on a triple resonance 21im MAS probePulsewidth 'H calibrationswere
carried out on adamantane or ammonium sulfate. Ruiti# calibrations othe'3C and>N 9 0 e

pulseswere carried out using dH-CP-90e ( | ) seguencs, en adamantane and anmuomon
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sulfate, respectivelfl.he chemical shifts dH and'*C were referenced with respect to adamantane
(1.8 ppm for*H and 38.6 ppm fot3CH, group) The chemical shift of°N was notaccurately
referenced.

The sequences used in thtady, ADRF-CP and HH-CP, are presented in Scheme S’he
ADRF-CP experiment was implemented with a tstep phase cycling (x) on the poton
excitation pulse anceceiver. MATLAB scripts were used to process the raw NMR datather
experimental parameters are summarirethe text below
5.2.3Simulations

The Spinach software packagfewas used forall the numerical simulationsThe
simulationswere performed via NMRbd¥. Most of the simulationfocused on a relaxatieinee
5 spinsystemcomposed byour protons and onearbon at a proton frequency of 800 MHEhe
separatadipolar couplings and Euler angles were either set arbitrarily (Figua-®.8) or were
based on a calculated geometry (Figug.3-or simulatng the effect®f the RFinhomogeneity
an array ofidealized simulationswas computed, and suitably coadded usingexternaMatlab
scriptthatincluded the RF inhomogeneity modgall simulation ©desare givenin Appendix
A4.1

5.3 Comparing the ADRF-CPMAS and HH-CPMAS Performances

Figure 5.1compars the performancesf optimized ramped HHFCPMAS and ADRFCPMAS
sequencegScheme 5.1for adamantaneat different spinningfrequencies While the Tps of
adamantanbecome longer and closer to the static valtfggher spinning speetf§, the relative
performance of ADRFCPMAS is comparable with thadf ramped HHCPMAS also at lower
spinning rateslt does, howevenyorsen by a factor of ~1.7 at 25 kHz MAShis reflectsthe
longerbuild-up times that'*C ADRF-CPMAS requires foran optimal performanced35-50 ms
compared t&25 ms for HHCPMAS. On the other handhe RF amplitudes requirdty ADRF
CPMASon the'®C and'H channed are lower. Additionallyaramped ADRFCPMAS sequence
would have improved the CP efficiency comparedstyeare'3C-pulseADRFCPMAS scheme

used in these experimen&enwhenspinningspeedsarehigher than 12 kHz/de infra).
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—HH-CPMAS —— ADRF-CPMAS
v,=12 kHz b v.=16kHz

L

25 45 40 35 30 25

13C Frequency / ppm 3C Frequency / ppm
C y,=20 kHz d | =25kHz

45 40 35 30 25 45 40 35 30 25
3C Frequency / ppm 3C Frequency / ppm

Figure51.Compar i ng aaADRRCP signa td those arising frona ramped HHCP experiment
underMAS for 12 kHz (a), 16 kHz (b), 20 kHz) and 25 kHz (d¥pinning ratesAll experiments were acquired with
a recycle delay of 4 s, 16 scaand a 10.24 macquisition time withTPPM decoupling using an RF amplitude of ca.
33 kHz All the HH-CP experiments were acquired with a contact tiff25oms a3C RF amfitude of ca. 50 kHz
and a 90%100% rampon H with maximum RF amplitude of 588 kHz. For the ADRFCPMAS the'H ADRF
pulserangedbetween 2810 ms with a maximum*H RF amplitude of 0.8.8 kHz. The'*C pulses were 350 ms
long with an RF amplitude of ca. 224.4 kHz (withhigher RFs foincreasing spinning frequency).

Figure 52 presents similar resultsifthe >N of anmonium sulfateADRF-CPMAS surpassed
the efficiency ofamped HHCPMASboth at 12 kHzand 20 kHzan terms ofmeasured intensity

—HH-CPMAS — ADRF-CPMAS
a v =12 kHz \ b\ =20 kHz f‘

10 5 0 -5 -10 10 5 0 -5 -10
N Frequency / ppm N Frequency / ppm

Figure 5.2. >N ADRF-CP signabf ammonium sulfateompared to aampedHartman Hahn (HH) CRnder(a)
12 kHz and (b0 kHz MAS.Experiments were acquired with a recycle delay of 6 s, 128 scans and with an acquisition
time of 10.24 e (TPPM decoupling using an RF amplitude of ca. 66 kHz). TheCRHxperiments were acquired
with a contact time of 20 ms adtC RF amp of ca. 57 kHz and a 90¥00% rampon 'H. (a) For the HHCP: max
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H RF amplitude of ca. 43 kHz. For the ADRFPMAS: ADRF pulse duratiomf 10 ms, maXH RF amp 1.6 kHz,

5N CP pulse of 50 ms with an RF amplitude of ca. 10.2 kHz. (b) For th€PthHnaxtH RF amplitude of ca. 35 kHz.
For the ADRFCPMAS: ADRF pulse duratiomf 5 ms, maxH RF amp 1.6 kHZN CP pulse of 9@ns with an RF

amplitude of ca. 0.9 kHz.

Following thesedemonstratiosonthe feasibility of ADRFCPMAS,the following paragraphs
explorethe experimental dynamics and matching conditionBuither depth usinganalytical,

numerica) alongsideexperimetal analyses

5.4 Theoretical Background

While the concept of dipolar order and of dipeteder based CP is commonly explaired
the basis ofspin thermodynamic$®, it is enlighteningto analyze ADRFCP analyticallyand
numerically on the basis of a coherewblation picture. To this end we analytes experiment
for modelthreeandfour spin systems under static and Mé@hditions, respectively.
5.4.1 ADRF-CP under static conditions

We begin by considering theDRF-CP experiment(Scheme 5.) performedunder static
conditions The simplest scenario that can support this experiment fereespin system
composed bywo *H, denoted here by:S, and onenetermucleusdenoted here by INotice that
this isin contrasto the usual analysis performed to enstand CP under HH matching conditions
(Scheme 54), where a singléH-l spinpair suffices to describe the basipin physig*®’.
Following the generation of dipolar order the *H ADRF processand duringthe on-resonance
irradiation of thd-channel, the Hamiltonian that describes the system in the doathlyng frame
is:
0 O 0O 0 1 t¢YOo 1 tcgYTY YY YY 1 O (5.1)
where the homauclear dipolar andhe heteronuclear dipolar interactignss wel as the RF
irradiation onl, are included.For the sake of simplicitwe arehereassuming that only one of the
Sspins(Sy) is coupled tahel spin, andboth CSA andoff-resonance effecere ignored

TherotatingframeHamiltonianin Eq. (5.1)canberewritten on the basis dictitious spin

1/2 zerequantum (ZQ) and double quantum (DQ) operatass

0 q t°y Y 071 - - Y 1 ‘0 (5. 2)
where wehaveused the ZQ operators)t®*

Y -Y Y Y YUY YT Y YYY Y'Y, (5). 3
andthe DQ operatorst():
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Y - Y Y YUY Y Y Y YY Y'Y (5. 4

with all these operators fulfillinghe commutation rules:

Y RY W , Y RY W and YipAYgpp T (5.5
Additionally, , Where is the identityoperator.Notice that can also be
expressed as T°Y andsimilarly T°Y

Following the ADRF process, the initial ® S, + S;density matrix will have beconie &8
"Y .25Since the terms- - YO ] ‘Oin equation 5.2 commute with the rest

of the Hamiltonian and ith this” , they can be ignored in the rest of the analyJike sole

relevant rotatingrame Hamiltonian thus becomes

O g Y O1 Y ] ‘O ().
This Hamiltonian can beransforned into a tilted frame with the transformatiory

AGPQROABDPR Y
"0 YO Y g Y O71 Y ] 0 (9.

The evolution of in this interaction frame can be simplifibg defining threespin ZQ &DQ

subspaceswhose components are

Yo=Y 0;°Y Y 'O Y Oand’Y Y 'O Y O

and
Y o  -TY O;Y Y O Y 'OY Y O %Y O ( B).
Both of these subspaces fultiie usualcommutation rules:

"YRY O, YRY QY and “YippRYpp T (9).
With these operatoi@necan expres® as
O 1 tY Y 1 YooY ] YooY (ap
which canbereorganizd into:
0 1 1 Yo 1 YooYy T 1Y
1Y Y (89}

where] 1 1 and| 1 1
Since the &pin ZQ and DQ subpaces commutamong themselvesve can split the

Hamiltonianin Eq5.11once again into
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0 1Y 1Y
O 1YY 1Y (892
Notice thattheseHamiltoniars areakin toa Hamiltoniandefined byan offset oY 'Y and an
RF field on™Y T°Y . Moreover when cast in this form the problem becorcespletely analogous
to the HHCP Hamiltoniarcase except threespin ZQ/DQ operators replace the tain operators
used in HHCP®768:19°

The rotating framé © °Y can now be transformed intbe sametilted frame where it
becomes 6 7Y Y Y . The spin dynamicsof this term can then be calculatéx the
optimalmatching conditionswhichfor a full transferof the Sdipolar orderinto I magnetization
will demand an’Y © Y inversion. This complete transfer will lgrbe possible if
T ] T (33
This is the analog of the HH matchirgpndition and hence we refer v as the ADRFCP
matching conditionit demands thahe strength of the heteronuclear RF matches the homonuclear
dipolar field. As in HHCP, it isalsohere safe t@assume that 1 1 1 hsuch that
‘O x7 Y ,andthen it commutes with . Thereforg alsoin the same manner asHH-CP,
the DQ conditions do not contributie the polarization transfemder static conditioi5%

With this as background, tltpolarorderspin density matrix can be propagated as
Y Y ww "o Y Aii0oYy OgBI oYY
-y 0 K110 6- Y 0 0BT o Y 0 Y O
-Y p AT - ©Op AIG6 OBHT 6 Y O Y © (8%
Transfering back to the rotating framéhe result isan oscillatory term proportional t®, andan

overall evolutiorthat is analogous to whatfisundfor HH-CP*:

'Y 0 -%Y p ATi0Go - ©Op Ai10Go OBI 6 Y O Y ©
(35

AppendixA4.2 presents a different derivation thie same resylperformedoy transferring to
the RF and homonuclear dipolar interaction frames thed applying Average Hamiltonian

Theory (AHT)
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5.4.2 ADRF-CP under MAS

When the sample is spun at the maangle the heteronuclear and homonuclear dipolar
couplings become timdependerft!®1

1 0 B § 1 5 Q0o (156 1
where'Qandaare the indicesf the two different nucleiAs in the absence of shielding effects
MAS averages away the twapin dipolar static componentn€0 term),a minimum of three
protonswill be required to generate dipolar orderder MAS>1% For simplification, we will take
into account the timendependent secormfder average homonucledipolar Hamiltonian
emerging under these conditidn®%1%7i which will eventuallycommute with the secorarder
dipolar order thawill be generated under MASalongside theime-dependenteteronuclear

dipolar couplingThe staticsecondorder average homonuclear Hamiltonvail be given by:

0 —B Fd Y YY YY  —B iqg YUY, (5)17

where "YY Y'Y ¢ . And the timedependent heteronuclear dipolar Hamiltonian can
be expressed s

17 0 ®ih— AT100 % Qih— AT @ 0 ¢%. (5)18
where%ois ther o t mitiabphaseBased on these expressions and following the fictitious spin
1/2 operators introduced in the static ¢abe overall rotatingframe Hamiltonianunder MAS
conditions can bexpressed iterms ofS-spin ZQ and DQ operatoes

O q oty Y O ¢ YUY q YUY q YUY 1 O

(59 1

Notice that here it istdl assumd that the | spin is only coupled to one of the S spin} éhda

—— factorwas ircludedinside the] coefficients(Eg. 5.17.

While a full analytical solution for thevolution of dipolar order for thiour spin case under
MAS will be presented in a future studypeeliminaryanalysis of the energy levedsising from
the Hamiltonian in Eg. 5.19 indicates that the matching condigordbling a transfer of the

secondorder threespin dipolar order to thespin, will be of the form:

T £ — (5.20)
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where —— arethe (necessarily positivejgenvalues ofO in Eq. 517, a ph ¢ are rotor

imposed conditionsand¢  plt. Notice the similarity betwen thisexpressiopandthe ZQ and
DQ matching conditionarising inHH-CPMAS (Eq. 1.B):1 s 1  a]

55 ADRF-CPMAS: Numerical Simulations

To get further insight on how MAS will influence ADREP, a series ohumerical simulatins
were carried outAs mentionedabovetwo protons and a thirdnucleuscannot support residual
proton dipolar ordef® in effect, numerical simulations confirm thada ADRFCPMAS occursn
such casdFigure 53a). By contrast whenthreeor moreprotonsare presentADRFCPMAS
transfercanoccur (Figure 53b). Note that in order to observe dipolar ardeder MAS andto
obtain heteronuclear polarization BPDRF-CPMAS, the dipolar tensors of the protons cannot be
aligned, as otherwise the dipolar Hamiltonian averages to zero even at higher Giolethe
remainingsimulationsin this section andinles otherwise stated, a faspin system with four

protons ana singlet*C nucleus coupled tonly one of the protonsvas chosen.

b

Two f)rotong | | 1 ,. Three protons | %1 '

a

Intensity (a.u.)
o
Intensity (a.u.)

P

0 5 10 15 20 25 30 O 5 10 15 20 25 30
3C RF amplitude/ kHz 3C RF amplitude/ kHz

Figure 5.3. Numerical simulations of ADRIEEPMAS under MAS frequency of 12 kHz which include (a) two
protons (green and bluahd a**C nucleus (red) compared to (b) three protons ai@.aBoth plots have the same y
vertical scale. The scheme of the coupling of the protons artdthe pictorial; in all cases tHéC was coupled only
to proton 1 (in green) with a CH coupliing 200 Hz. A CP contact of 15 ms was assumed and 100 crystallites were

used. (a) ThéH-'H —  QE (,ldnd the Euler angle of their dipolar tensor was getto 1 6. (b) Couplings as in
case (a) plus— wE ( &hd— x® E (.Ohe Euler anglds 1 o f

Figures 5.3 and 5.4showthe matching caditions as can be appreciated, theg dependent
on the spinning spegdnd are characterized by negative and poséifencemen@roundd

We ascribe these negative and positive enhancements to fulfillment@Qtlaed ZQmatching
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conditionsdescribedn Eq. 5.20 Notice as well that, also as predicted by Eg. 5.20, the matching
patterns for then =1, 2 conditions are nearly identical, and @#sthe spinning rate increasexl

anaveraging of theesidualhomonuclear dipolar interactionsags,there is in turn a narrowing

of these ADRFCPMAS matching profils (Figure 54). These residual patterns end @agting

in ways akin tothoseexpected fronweak!H RFsin HH-CPMAS experimerst Their line shapes
resemble those associated to MA®raged secororder quadrupolar line shapes, even if of
course much smalleAlso in ageement with these theoretical consideratitmsader matching
conditionsare revealed by the simulatioas hese'H-H residual dipolar fieldincrease (Figure
5.5). StrongertH-'H dipolar couplings also enabiensfes tooccur athigherorder m=0,n O 3
MAS conditiors, even at high spinning frequencies (Figurg).5.In parallelto what happens in
HH-CP,the'*C-H coupling determines the rate of polarization tranisféinese experiments, with

larger®®C-H couplingssmoothing and speeding tige CPmatching profile datanot shown).

Q
(on

ve=12 kHz o ve=25 kHz

— 9} DO | —~ |

3 (2) 3
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= L’\ 2 t

=0 =0
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Q 9

£ £

0O 5 10 15 20 25 30 0O 10 20 30 40 50
3C RF amplitude/ kHz 3C RF amplitude/ kHz

Figure 54. ADRF-CPMAS numerical simulatiorst a MAS frequency of (a) 12 kHz and (b) 25 kHz. A different
vertical scale is used for panels (a) and (b). Five spin system (four protons) and a CH coupling of 200 Hz were
employed The simulation was averaged over 400 crystallite orientations with a CP contact time of 15 ms. The dipolar

tensor orientations and couplings do not correspond to a phggstem—  YE ( &hdf 10 — wE(U

and  pfi— pE(4&nd ¢fi— Xx®E(&hd [ ofi— UvE( &hd p ft—
X E ( &hd| i wf

83



Q
(o)

v.=25 kHz

\w\¢k

0 10 20 30 40 50 0 20 40 60 80 100
3C RF amplitude/ kHz 3C RF amplitude/ kHz

Figure 55. ADRF-CPMAS numerical simulations at MAfgequendesof (a) 12 kHz and (b) 25 kHifferent
vertical scalsareused for panels (a) and JbA five spin systemfour protons) and a Cldipolarcoupling of1500
Hz were usedn the simulaibns, which wereaveraged ovet00crystallite orientationsvith a CP contact time of 15
ms. The ADRF pulse was 10 ms long with a maximum RF amplitude of 1.7 kHz and 0.5 kHz in (a) and (b),

respectively.The proton dipolar tensas orientations andstrengtls were based on transplalire ge.omet r vy
¢ TE ( &hd| U XT p o'm— ¢ & ( &hd Ty’ | po'h— VE( &nd o p'ft

Vi — CBE( Bnd| o P wb— p8& E( &nd ¢ Wy v&— oE( &nd|
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When an isotropic-@oupling replaces the CH dipolar coupling, the polarization transfer occurs mainly
via the ZQ m=0 condiin (Fig. 56a). Similarly, an addition of adoupling of 4+=130 Hz on top of a CH
dipolar coupling of 200 Hz, significantly increases the polarization transfer at the Z@Q condition

compared to CH dipolar coupling of 200 Hz alone (Figuréls &nd 4a).

a S b -
Jo,=130 Hz J., =130 Hz
— —_ oy CH=2OO Hz
5 5 ‘ ’
S 8
= =
c C
Q 9
£ 0 0
O 5 10 15 20 25 30 0O 5 10 15 20 25 30
*C RF amplitude/ kHz *C RF amplitude/ kHz

Figure 5.6. ADRF-CPMAS numerical simulations at a MAS frequency of 12 lgipwing the effect of-J
coupling. The same spin system and parametefigase5.4 was used, with (a)cd=130 Hz and (b)sh=130 Hz as
well as aCH dipolarcouplingof 200Hz. (a) and (b) are presented in the same vertical scale.
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5.6 ADRF-CPMAS: Experimental Matching Profiles
Based on the aforementioned simulations,seught tassesfADRF-CPMAS experimentally

on’3C and™N at natural abundance for a number of compouaid to characterize the matching
conditions, buildup times, and the effect of RRhomogeneity andof the CSA on the

heteraucleus.
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Figure 5.7. Experimental ADRFCPMAS matching conditions of tHéC in adamantane. Integrated intensities
of the two'3Cs are showras a function of th&C RF amplituddor MAS frequencief (a) 12kHz, (b) 16 kHz, (c)
20 kHz and (d) 25 kHz. Th&C transmitter offset was set at 34.2 ppmbetween the twéC peaks. ThéC RF
amplitude was converted from atfsto kHz based on a calibed nutationcurve. For all experiments the recycle
delay was 4 ghe ADRF pulse duration was 28 nand the acquisition time was 5.12 ms (carried out with TPPM
decoupling using an RF amplitude of ca. 33 kH#)e'3C CP pulse duratiowas 25 ms for all except (d) whete i
was 15 ms. (a) and (b) were acquired with 8 scans, (c) was acquired with 34 scans and (d) with 48 scans. The maximal

H RF amplitudeof the ADRF pulsavas set between 0.8 kHz6 kHz.

Figure 5.7 showsexperimental ADRF-CPMAS matching condition profile for MAS
frequenciesn the 12-25 kHzrange, with plots ofhe integrated intensity of bofiC peaks of
adamantanagainst the RF amplitudgpplied on thé3C. It can be seen thtitese experimental

matching conditias are modulated by trpinning frequency, and beelosesimilarities to the
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numerical simulations performed ftire small spin systems. As opposed to itheal numerical
simulations, however, tlse experimental results show differences in the efficienaf the ZQ
and DQ matching conditions, especially for tme= 2 condition. These differences change
gradually when increasing the spinning frequency, and for a MAS frequency of 25 kHz only a
negati ve 0 DQmnorZQ ifigtnaasidetasted Theegaration of the ZQ and DQ peaks
for them= 1 matching conditions decreases upon increase in the MAS frequencga. 1.41.6

kHz at a MAS frequency of 12 kHz to 6078 at a MAS frequency of 25 kHz, as is expected due
to averaging of the homonucleapdiar interaction, as seen in numerical simulations (Figudes
5.6), and as expected from Eqg. 5.Z&em= 0 condition is weak and appearsi&iC RF amplitude

of ca.1 kHz for adamantane at a MAS frequency of 12 kHz (Biga), with a diminishing
efficiency at higher spinning frequencies (Bgb-d). Additionally,an m = 3 higher order
matching condition was detected as a MAS frequency of 12tk zvith limitedefficiency (data

not shown)
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Figure 5.8. Experimental ADRFCP matching conditionsf N in ammonium sulfate under MAS. Intensity of
the'>N ADRF-CPof ammonium sulfatsignal as a function of RF amplitude on tH¢ channel under MASequency
of (a) 12kHz, (b) 16 kHz and (c) 20 kHz. TH&N RF amplitude was converted from W to kHzsbd on a calibration
curve. For all experiments the maximil RF amplitude of the ADRF pulse was ca. 1.6 kHz and the recycle delay
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was 6 s. (a) The data was collected with a 10 ms ADRF pulse, a 35 ms CP pidléand 100 scangb) The data
was colleted with a 5 ms ADRF pulse, a 25 ms CP pulsé’Nrand 88 scans. (c) same as (b) except with 100 scans.

Figure 58 shows measured ADREPMAS matching profiles for th€N in natural abundance
ammonium sulfate. The matching profiles appear to be brohderfor adamantane and with a
strongem= 0 matching condition, reflecting a strongelr'H dipolar network. In parallel to what
was seen for thEC, asymmetries in the DQ/ZQ matching profiles were observed, particularly for

them= 2 matching conditionthese become more marked with increasing MAS frequency.

5.7 ADRF-CPMAS Build-Up Times

The asymmetries shown by the ADREPMAS matching profiles are not predicted by the
simulations of idealized systen@nepotential explanation for tiseasymmetriesincluding the
MAS rate dependence of the asymmetries, could arise from differences in thamtiittes: in
effect all of the aforementioned data were collected for a given contact time, which may bias the
intensity of one matching condition over the sthdhe ADRFCPMAS buildup times aren
generalslower than theirHH-CPMAS counterparts typically requirng tensof-ms to reach
maximal polarization transfersTo explore this furtherthe buildup and decay times for
adamantane and ammonium sulfate wekeasured, for different matching conditions and for
different spinning speeds. The following equationa classical twespin CP modelwas used to
fit the data®®

W OAPPb— A@Po— (5.21)

where’Y is the heteronuclear buildup rate aivd the spinlock decay time.
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Figure 5.9. Experimental ADRFCP buildup times Ee for (a) adamantane and (b) ammonium sulfatdeun
MAS for the different matching conditions. The DQ and ZQ conditions correspond to the negative and positive CP
signal, respectively.
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The CP buildup constantY varies based on the RF amplitude onltebannel. In particular,
it appears thdor them = 2 matching condition the buHdp times of the positive ZQ conditions
are always slower than for the negative DQ condition (Fi§®e This difference in the build
up times of the ZQ and DQ conditiooanpartly explain the asymmetry obsedviea the ADRF
CPMAS matching profiledndeed substitution of the experimentalderivedparameters of tlse
fits canbe used t@stimate the expected ratio of intensitiesweerthe ZQ and DQI(tzg/Intpbg)
matching conditions, starting from the idéatz/Intpg = -1 situation expected on the basis of the
idealized numerical simulationslt then follows from the fits(Table 5.1) that Intzo/Intpg is
expected to bed.76 and0.37 fora d a ma nrm=a2rcenditeors, at MASratesof 12 kHz and 16
kHz, respetively. Additionally, it is expected to be 0.87 for ammonium sulfate at 12 kHz MAS
all with a CP pulse of 35 ms. These results do not fully agree with the experimental results (Figures
5.7ab and 5.8a) but they do predict the trend between 12 kHz to A 81&$ andhelp to explain

the experimental asymmetry in the matching conditions.

Table 5.1. estimated ratio of ZQ and DQ intensity basedYnand”Y of the CP buileup fits.

‘06 T0é Adamantana,= 12 Adamantane=16 Ammonium Sulfaten=12
kHz kHz kHz
m=1 1 0.96 0.94
m=2 0.76 0.37 0.87

The calculation was dongsing equation 5.15, substituting25 ms for adamantane and t=35 for ammonium
sulfate, which are the experimental CP pulse lengthBignres5.7a-b and 5.8a, respectively. Additionallywe
assumed the samgMalue for both ZQ and DQ matching conditions

Another point to consider, is that the @@del inEquation5.21 is notcompletelysuitable for
the CP dynamics of ADREP. The"Y factor, whichin the original modetepresents the spin
lock decay time of the abundansgin'®® mightin factaccount for the effect of botly and the
“Y decayof thel nucleusin the ADRF-CPMAS curves The"Y of the protonsnay thenaffect
the polarization of the various ZQ/DQ andtransitions in a differential way. Aore involved
modelwhich takes into account a protoneesoir in addition to the spin pahas also been utilized
to fit HH-CPMAS build-up curvesof single crystals and powdé¥&2%, It is possible that this
model could be adjusted to fit the ADRFPMAS buildup curvesas well
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5.8 RF Inhomogereity and the ADRFCPMAS experiment

In looking for additionalnonideal effects, the possible consequencesR# inhomogeneiés
come to the forefrontRF inhomogeneity has been shown to reduce the efficiency of HH
CPMASY2:203 the same could arise in the ADREBsed cases.

In order to test the presence and tbasequencesf RF inhomogeneity on ADRIEPMAS
experimentallynutaton spectra of full adamantane rotaweremeasurec@ndcompared tahose
with the sample confinedo the center of the rotor. While confining the samiplehis manner
improved theRF homogeneity, there stidppeaedto be a significantlistribution(Figure 510a
b). Notice that thessmhomogeneiesl e a d tloi k6eGdS Ad sofBRi-fieldsiouanynaninal
given amplitude, something that has also been noted in the liteftete Using this as
backgroung the experimemal 3C nutation spectrdy’  containing the distribution oRF-

amplitudeswerefitted to the powefunction model®2

no 918
Y’ ’ ’ 7 with’ ' . (5.22
Here’ is the RF amplitude (kHz); and’ are the values of RF anifpide at the center and

at the edge of the rotor, respectively; p is the sample position {fréml) and is an exponent.
We observed that values between 2 to donvoluted with 2 kHz lindoroadeninggcapture the
features of the nutation spectrayadl as’ T of 0.50.75(Figure 510a-b); these values are
in line with other experiments that have been rep&itétf Interestingly while therewasaslight
improvement in thesharpness of theutation pectrawith confinementtherewere only minor
differencesin the ADRFCPMAS matching profileobtained with dull rotor andwith aconfined
sample (Figure 30c).
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Figure 5.1Q Effect of RFinhomogeneity on ADRFEPMAS. Experimental Cldetected nutatio spectra at 12
kHz MAS (black) compared to calculatedY ' convoluted with 2 kHz lindoroadeningred, purple) of (a) full
rotor and (b) confined sample. (c) Comparison of ABRFMAS matching profile (25 ms CP pulse) of a full rotor
and a corihed sample. The intensity of the measurements where normatizedling to th@eumber of scans.
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With this as background, a series of numerical simulations that incorporated the experimentally
measured RF inhomogeneity profilewere carried out. Thesealculations (Figure 511)
demonstrate that these and other tmifpd RF distributions can indeed cause a differential loss
of intensity in the ZQ/DQ matching efficiencies, broadening the AIDRIMAS matching curves
and breaking the ideal ZQ/DQ symmetHowever, vhile inhomogenelés can indeed explain
some of the asymméts observed in the experimental matching profilegres 57-5.8), they
donot explain the spinningased differencas the asymmetrym= 1 andm = 2 distortions look
similar in thesimulations, but not in the experimentBhe different buildup times noted above,

however, couldccount forthese differences.
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Figure 5.11 ADRFCPMAS numerical simulationscluding RFinhomogeneityat a MAS frequency ofa) 12
kHz and (b) 25 kHz wth the same spirsystem as in Figure 5.5
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5.9Ramped ADRFCPMAS

While all the aforementioned results relied arsquare 4dpulseto effect the polarization
transfef®1% it is also common to include an adiabatic ramginghel nucleusRF, leading to the
ARRF experimert?%> Ramping of théH pulse isalsousel routinely in HHCPMAS, to broaden
the CP matching conditions and reduce the sensitivity tonBdmogeneit}?3. Figure 5.12
presentghe effecs of ramping the"*C CP pulse on the ADREPMAS matching conditionfor
adamantane. Interestingly, when applying a 90% to 100% ramp compared to 100% to 90% ramp,
the direction of asymmetry diem =1 andm = 2 matching profiles alters (Figurel2a-b). The
matching profiles of a 50% ramp or a full ramp of 0% to 100% broaden considerably and manifest
a very similar profile with a different intensity/efficiency. Moreover, therearnsimproved
efficiency of the ramped ADREPMAS when compared tothe use of asquare'*C pulse
especially for the 90% to 100% ramp (or the oppasited transferred polarization then
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enhanced bga. 1.5x Also a50%t0-100% ramng of the pulse leads to an enhament(Figure
5.12d inset).
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Figure 5.12 Experimental ramped ADREP matching conditions éfC in adamantane und& kHzMAS. A
linear ramp was applied on th& RF with various exterst (a) 90% to 100% ramp (black) compared smaarepulse
(dashedgrey), (b) 100% to 90% ramp, (c) 50% to 100% ramp and (d) 0% to 100% ramp. All panels are plotted with
the same vertical scale and theaXis describethe maximumRF amplitudeDatawereacquired with aecycle delay
of 4 s the ADRF pulse duration w&® msfor the ramped ADRFECPMAS and 28 ms for thequareADRF-CPMAS
and the acquisition time was 5.12 ms (decoupling with TPPM using an RF amplitude of ca..3Bag) CP pulse
duration wasl5 ms for alland 14 scans were collected besides (d) whese22s were measured. In the inset of (d)
a comparison between the spectrasgfiarepulseand ramped ADREEPMAS is given with a CP pulse of 35 ms,
where an intensity increase of up to 1.5 is observethémamped ADRFCPMAS.

Interestingly simulationghatinclude a linear 90%60-100% ramp(eitherup or downon a 5
spin system like irFigure 5.4, possessin@ single'C coupled to onéH and considering only
dipolar interactionsdo not reproduce théigher efficiency and matchingsymmetrythat is
observed experimentall§Figure’5.13a-b). However, coupling thé3C to several protons instead

of only to one, casuccessfullyeproducehese feature@-igure 513c-d).
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Figure 5.13 Numerical simulations of ramped ADREPMAS under MAS frequency of 1Hg (black curves)
with the same parameters as in Figurg %ith linear ramps of a) 90% to 100% and b) 100% to 90%4) (were

simulated with a similar spin system asba except CH couplings to all four protons were added: p v THz,

— omnkz( pmY,— prAZ( pc'Mm,— ¢cmHZ( pfy T fr.

5.10ADRF-CPMAS and CSA

A significant drawback of ADRIEPMAS relates to the vicinity of tHéC matching conditions
to thoseof rotary resoance recoupling (], which arise wherthe RF field strength matches
multiples of the MAS frequenéSf. According to R, when] § & plt the CSA
interactionwill be recoupled, and causapid dephasin@f its associated spilocked site in a
powder sampf&%2°” Similar dephasings can origiieafrom dipolar anisotropies, but the case
of dilute nuclei such a$°N and *C homonuclear interactionsan be disregardedvhile
heteronuclear dipolazouplings will besmallerin magnitudethan the GA (especially at high
fields). These R effects waild then diphase the-spin spinlocked magnetization, being
transferred via CPMA&DRF.

To assess ® potentiallydeleterious effectdhe consequencesf a sizable CSAvere tested
on hexamethylbenzene (HMBAt room temperaturedMB has a methyl site wih smaltto-
negligible(dynamically averaged}SA, and an aromatic site with a reduced anisotfiopy (

) 1 of ~111 ppm®82% |n an 18.8 T magnédike the one used in this studfis corresponds
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to ~ 22 kHz.Upon usingspinning speesiof 16 kHzand settinghe transmitter irbetween thee
two sites,we could observe substantial builg of themethyl'3C peak but none fothe aromatic
peak (Figure5.14a). We attribute his to the substantial CSA of the aromatic carbamd its
ensuing R-driven dephasing.This is in contrast tthe HH-CPMAS results where the matching
conditions can be controlled and chosen not to overlap witR¥bendition. Everunder 30 kHz
MAS some intensity is observed for the aromatic pgadn ADRFCPMAS, but it is still weak
and only arises for the= 1 condition (kgure5.14b).
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Figure 5.14. ADRF-CPMAS matching profiles of HMB under (a) 16 kHz MAS and (b) 30 kHz MAS. The
intensity of both the aromatic peak (grey) and the aliphatic peak (black) are piatteadl experiments the recycle
delay was 4 ghe ADRF puse duration wa20 ms and the acquisition time was 5.12 ms (decoupling with TPPM
using an RF amplitude of ca. 33 kHZ)he'3C CP pulse duration wds ms for all. (a)wasacquired with48 scans,

(b) was acquired witif2 scans.

The presence of CSA dhe'*C nucleus was considered via numerical simulations as well. It
wasobserved that even small CSAs (04 KPMASP signi
(Figure 515). Solely then = 0 matching condition remained, understandably, free from tlastef
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Figure 5.15. ADRF-CPMAS numerical simulationsicluding CSA on3C at a MAS frequency ofa) 12 kHz
and (b) 25 kHz with the same sggistem as in figure 5at a magnetic field of 18.8 T. The dashed greysliepresent
1 T, the bludines] ¢ m n dca. 4 kHz) and the orange Isje p p R dca. 22 kHz) .
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As the R condition is relatively narrow, the possibility to avoid it while benefiting from both
DQ and ZQ enhancements was explored by adialigtiogerting sites with sizable CSA using
an amplitudemodulatedRF ramp?’ for the | pulse. With a CSA of ~1 kHit is then conceivable
to spinlock the | magnetization and inveits sign upon crossing from th®Q ivia the R
conditiori to the ZQ matching conditionpased on the direction of the ramp (Figurk6ab).
However, for larger CSAs , there was no siguaifit buildup of the*C signal even when
incorporating an adiabatic ramp under spinning of 40 kHz (Figutéchsl). Thus, further
optimization is required or alternatively a different approach. These aspects are currently under

study.

Figure 5.16. ADRF-CPMAS numerical simulationiscluding CSA on'*C at a MAS frequency ofa-b) 12 kHz
and (ed) 40 kHz. In (ab) an anisotropy d¢f v N €~1 kHz) was taken into account (black curve), with the
same spin system as figure5.4. A 15 ms**C CP ramp wasissumedin (b-c) p p iR §~22 kHz) was
taken into account (black curve) with the same spin systemFagtire5.5. The CP ramp of°C was 18.75 msThe
x-axis in all cases represents the maximum RF amplitude. The daslyezligre in all panels is a simulation without
CSA with a linear ramp. The insets in (a) and (c) show the transverse magnetization of §Gigpie following a
15 ms (90% to 100%) and 18.75 ms (67% to 100%) ramthrough then= 1 recoupling conditin, respectively, vs
1 in kHz.
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