Understanding and Optimizing Dynamics in Hyperpolarized Magnetic Resonance
by
Jacob R. Lindale

Department of Chemistry
Duke University

Date:

Approved:

Warren S. WarreAdvisor

HashimM. Al-Hashimi

Thomas Theis

Kevin D. Welsher

Weitao Yang

Thesis submitted in partial fulfilment of
therequirements for the degree of Doctor
of Philosophy in the Department of
Chemistryn the Graduate School

of Duke University

2021



ABSTRACT
Understanding and Optimizing Dynamics in Hyperpolarized Magnetic Resonance
by
Jacob R. Lindale

Department of Chemist
Duke University

Date:

Approved:

Warren S. WarreAdvisor

Hashim M. AlHashimi

Thomas Theis

Kevin D. Welsher

Weitao Yang

An abstract of a dissertatsubmitted in partial
fulfillment ofthe requirements for the degree
of Doctor of Philosophy in the Department of

Chemistry in the GradeaBchoobf
Duke University

2021



Copyrightoy
Jacob R. Lindale
2021



Abstract

Magnetic resonance techniques are among the most poeéthds for characterization
However, theynherently suffer fronan intrinsically low sign#d-noisedue to the weak
interaction of the nuclear spin with external magnetic. fi§fgerpolarization methods
circumvent this limitation by derivingrrequilibrium spin polarization from an external
source of spinorder, dramatically increasing the magnetic resonance signals. Signal
Amplification By Reversible Exchange, or SABREglatavely new amatomising method
that derives spin hyperpolarization from parahydrogen, the singlet spin idiyeéroafen
allowing it to operatat a fraction of the costf other hyperpolarization methodstarget
moleculeand parahydrogen transiently bind an organometatidex during which time
polarization is transferred from the parahydroganget nucleil he reversible nature of this
interaction makes the hyperpolarization methadily scalablgiving SABRE thpotential

to supplanblder, more expensive techniques taimy hyperpolarization technology to a

broader audience.

However, tl current demonstrations of SABgierate polarizations thet about
an order of magnitude away frtma uppertheoretical limits of the technigaad variants
of this experiment have been limited in target scope by the underlyingThgsidsess
these limitations, this dissertation returns to exémaitigeoreticalnderpinningef SABRE,
and in doing see-interrogates thenification of chemical exchange quantumdynamics
We deriveexact formulations of the chemical exchange interactiathirthe magnetic

resonance limitgrhich is used to construct a physically exhaustive computational model for



SABRE. This model then facilitatesilicexploration of the system and permits asltivess
experimental limitations of the method. In paldicthis dissertation utilizesnulations to
develop and expand the capabilities of SABRE performed at arbitrarily high magnetic fields
Weshowthat the limitations thescope of SABRHErposed by the spin physics under these
conditions may be removedulminating in the first demonstration of simultaneous
hyperpolarization of multiple componeniisis expansion & key step towardisanslating

SABRE into areas of conventional magnetic resonance such as biomolecular NMR and
metabonomicslhetheoretical framewogkesented hegrovides access to new routes for
optimizingSABREhyperpolarizatigrand we demonstrate that sequences may be developed
to generate up to a field increasen performanceFinally, we extenthe theoretical
treatmat of chemical exchangethin the Lindblad formalism to obtain exact master

equations that are valid in any physical limit.
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Chapter 1 Introduction

Nuclear nagnetic resonant@as been considerathong the mostersatile and ubiquitous
techniques in the natural and physical sciéncelecadées. Broadly,thesetechniques
interrogatehe quantummechanicgbroperty ofnuclearspinandits magnetic interactions
Until the advent of the laseragnetic resonanaas the height of esoteric physicsade
possible by highly developed hardware coupled vathust theoretical formaliSnAs a
spectroscopyiucleamagnetic resonan@MR)is second to none in its ability to coherently
control the dynamicsof quantum systerhs$' ° It is the only known technique that
simultaneously boasttomic resolutioand the ability tononitormoleculadynamics&cross
nearlyfifteenorders of magnitude time *° Furthermore, magnetic resonance imaging (MRI)
is among thenost powerful medical imaging mdiaiwhich beyondits ability tonon
invasively acquire high resolutionivimagescan do such things likee thoughffunctional
MRI**% andcharacterize regionsoafrebrailschemia (diffusion weighted imatjiy critical

in the treatment of vascular occlus{@ig. 1).

Despite itsbroad applications virtually everyield of sciencejuclearmagnetic
resonance is fundamentally limitetblysignal¢hat arisérom weak interactions of nuclear
spins with external magnetic fieldwe observed signal in magnetic resonance is proportional

to the spin polarizatiahn, wtich for a nucleusuch agH in a magnetic fieldl is,

5 OAT 4;Q—£‘° S o
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Figurel: Nuclear magnetic resonance technigue&. NMR spectroscopy is a powerful tool
materials characterization, as spectra are readily interpretable and can be correla
molecular structure. Here, we show a spectrum of four diffeféNtlabelled compounds, ea
having a uniguesignature in the spectrunB. Magnetic resonance imaging (MRI) allows 4
invasivein vivoimaging, and is an essential diagnostic clinical modality. Here, we show
of an asystolic mouse collected in a flaical 1T imager.

wheré is the gyromagnetic ratio of the nuc{gssensitivity to the magnetic figld)is the
Boltzmann constant, aids the temperature of the systBquationl.1will be derived later
from the Boltzmann distributipbut it is interestintp put the expression into context. To
generatd) p bon 'H, which has the secohibhest sensitivity to the magnetic field
(tritium, *H, has the highest sensitivity but is onKfalundant requiresa magnetic field of
& o mtYat room temperatur@vhere the thermal energyGsY ¢ mo@ ). For
referencethe largest commercially available NMR spectroatetsr 2028 uses a

¢ & "Ymagnetwherg & Tm@tt® and thus) 18t . Detecting signals of nuclei
like™N isevermore difficulf as they only have 1/10 thegromagnetic ratas'™H, thus having
a fraction the spin polarizati@nd areadditionally-1/200 as aburaht.For conventional
magnetic resonandecade®f engineering kabeen devoted inprovingthe sensitivity of
the detection coilsuch as the usearfogenically coolegils to reducthermahoise Even

with stateof-the-art hardwargonventional techniques are still ord&rsagnitude removed



from the upper limit of the signals that would be posEi&lery spin contributed to the

observable signal

At the frontier of magnetic resonance are hyperpolarization tecfitfiquesch

circumvent teinherenly low signal strengtly artificially inducinglarge non-equilibrium

spin polarizatioron nuclear target§-ig 2A). Typically, thisis done byderiving the

hyperpolarized signfalr om a s o ur c,evhiahis prepasedn arhightypoldrieed 6

state bya separate procetbdercertainconditions, theource of spin order can be put into

A C -
;0000  ,__08
P~0.001% — P~10% pH:
« 90000 - 9900000
\_/
B |w _( )

‘I )

Thermal
E Y |

e G
Thermal Hyperpolarized
232 229 232 229
d N (ppm)

Figure 2: Hyperpolarized magnetic resonance. AVhen thermally polarizedat standart
temperature(blue) spins nearly equally occupy the ground &nd excitedr () spin states as tt
energy splitting between these states is much smaller than thermal enei@yYy.
Hyperpolarization aggravates this difference by deriving polarizéBidnom an ecternal sourc
of spin orderB. At room temperature signals arising from rare nuclei lik&l are not detecte
with a singlescan even in a superconducting magnet. However, the hyperpolarized si
clearly visiblén a single scamwhich was generated here using irradiation of a SABRE san
8.45T C.SABRE generates hyperpolarization through transient interactions of parahydroc
a substrate with an iridium catalysburing this interaction,polarization flows to the targ:
nuclei, after which the substrate dissociates to form hyperpolarized species in solution.
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magnetic contact with the target nuclei ammbigsization may be transferredhtose spins
generating a hyperpolarized stdigerpolarized nuclei genersignificantly larger NMR
signals thamareavailable under thermal conditi¢ig. 2B). The conditions under which
hyperpolarization can beated are largely dependent on the source of spirtledenirce

complexity and its lifetime

Dynamic Nuclear Polarization (DNPp&hapshe most commdy encounteredf
the hyperpolarization methodsthe techniquevasfirst experimentally reai in the early
1950%*%, This techniquean be coupled with MRI to directly observe metabolidrraigs
giving clinicians a powerful tool in the detection of malignant lesions that would be difficult
to demarcate in conventional MRI im&g&S. It has &0 been shown to couple with solid
state NMR for the characterization of insensitive nuclei in matEraléP derivesuclear
hypepolarization fronan electron spin, which can be prepared with near unity polarization
at low (.5K) temperatures and mode&sE)(magnetic field®olarizatiortan be drivefrom
the electron spin touclear sping the presence aftense microwave irradiatiovhich is
necessary as DNRtive transitions are nearly quantuechanically forbiddenhis results
in polarization beg transferred to the target nusleivly,on the timescale of h@ianda
large financial cost for the instrumentatiequired to manipulate the electron spin at
cryogenic temperatur@lse commercigl availabl&pinLakDNP is $2.5N1 For this reason,

there arédewerthan 50SpinLab instrumenis the world

An alternativesource of spin order is parahydrogen, the s{iig)espinisomer of
dihydrogen, as it can be prepavisd modest cooling (40K) ltiye ton and is stable fpears.
The singlet statef H, has no angular momentwand no magnetic momemthereas the

triplet (Y AYRY ) statesf H, have botrangular momentum and magraiin These states



are separated in energy by the large rotatomsahnt of K which makes it possible to enrich
the parahydrogen staRerhaps its most straightforward use RairmHydrogen Induced
Polarization(PHIP) hyperpolarization experimestisch aParahydrogen And Synthesis
Allow Dramatically Enhanced Neat Alignment (PASADENA?" 2 ™0 \where
parahydrogen isatalyticallyadded across unsaturated bondsrganic moleculeés a
hyperpolarization techniqUBASADENA is Imitedas itoften requiesspecialized reaction
conditions and catalysts for different substrékessubstrate scope is additiomedirictive

as the experiment requirtmt the targethasan unsaturated bond across which the
parahydrogen may be addea.overcome the chemical restrictions of PiHE Duckett
group introduced Signal Amplification By Reversible EXch@®RRE) a non
hydrogenative PHIfariantthat transiently permits magoeontact between parahydrogen
and a target ligand mediated by an iridium c#fady&C)* 8 In this method, parahydrogen
(H2) binds the hyperpolarization catalyst and forms an Hdétyride ‘O10) complex.
During these transient interactiadhe,magnetic asymmetry induced by binding to the iridium
complex alles the parahydrogelerived hydridesinglet stateto be unlockedand
hyperpolariation is transferretb target nucleiThis allows anore diverse target scope

without chemical alteration.

SABRE hagained much attention over the last decade, as it has potential to overcome
DNP as the preeminent hyperpolarization technique. In additimvitgyless stringent
experimentatonditions to generate parahydrogen, SABRE has been shown to generate
polarizabns exceeding 209 less than a minutarders of magnitude faster than DNP
Furthermorethe initial setup cost for SABRE can be as low as a few hundred dollars, which
isa small fraction of the cost for a coner@rDNP. While the original implementation of
SABRE targed’H, work from Warremandcoworkerextenéd SABRE to heteronuclén

5



2014, they introduced thew Irradiation Generates Hyperpolarization Transfer for SABRE
(LIGHT -SABRB pulse sequertéewhichgenerates hyperpolarizatiirectly in the NMR
spectrometer using microwatt radiofrequency pulses to transfer the spin order from the
parahydrogesinglet state into a magnetized s&tiertly thereafter, they also introduced the
SABRESHEATH (SABRE in Bield Enables Alignment Transfey Heteronucl@i
experimentwhich generasenuch largeinyperpolarizatiotihan LIGHT-SABREusing static
microTesla magnetic fieldish everfewer experimental restrictidndundreds of substrates

have been hyperpolarizetlowing these advancementsth typical polarization levels on

the order o2-5% for>N nuclet* 4> %51 828 Together, thesexperiments belong to the class

of extended SABRE, o-rSABRE, experiments.

The original XSABRE experimentsere motivated from spaynamicghat hae
been understood for decades it isbeneficial to briefly introdutieese concepts frame
the work presented here. We uglthe LIGHT-SABRE experiment as an exarghe will
discuss how population flows bdi coherent (quantum) interactions andétshange
(chemical) interactiots generate hyperpolarizatibig(3A). At the start of the experiment,
the parahydrogen overpopulates a state proportional to the singlet state on the two hydrides,
which is dened as eithedY| dorsY! G which are populategarlyequallyThel and
I part of these statesfer to thealigned (uppin| ) orantraligned (dowrgpin{ ) states
of the hyperpolarizatiotarget ligandand he populatiordifferencebetween these states
determines the polarization of the sysWhen in the NMR spectrometer, the populations
are essentially locked in these states, which means thhevidugyet dissociates, there is still
essentially equal populatioivothg Gand$ &and thus no hyperpolarization. However, a

radiofrequency pulsdth a magnitude approximately equal tdyiceidehydride coupling



A4
__/F>
U <06
| N gs
C o 504
bound free I
%0.2
Without pulse o
OFF 00 v
IT28,) 18,) —@ 0 20 40 6ot(r:g) 100 120 140
ON | OFF
|513aL>_._ la,) —@)—
=06
With pulse < T
ON S04
(1]
|TIEBL)_._ |BL)_._ EOQ
o
o
0.0
|Shay) la,) —@— 0 20 40 60 80 100 120 140

t (ms)

Figure 3: Coherent dynamics in the LIGFHABRE experimentA. As hyperpolarization

generated on the iridiurbound species (red), it reversibly exchanges with free target (bl
solution. In the absence of the pulse, population is locked in the original states. Howev
pulse permits population transfer to a magnetized state, in this ¢age that, when exchanc
occurs, generates hyperpolarized target in solutiBr(Top) Thespin polarization oscillates a
result of quantum mechanical evolution in the system while exchange generat
accumulation of hyperpolarization. When continuously driving the matching conditiol
resultant polarization is highly dependent on thesidence time on the iridium complex as

destruction of polarization is allowed (decreasing polarization). However, by pumping tF
crossing condition (bottom, darker lines), one can arrest the coherent dynamics and sign
improve the resultahhyperpolarization.

( wpowers)and a frequency slightly offset from the resonance frequency of the target
nucleuscanselectively transfeopulation fromgY| GO sYf & as shown ifrig.3A, or
can transfer population frog¥T 6° SY| adepending on thearrierfrequency ofhe

pulse.If the Y| a© SYf @ transition is excitedjpon exchange there will be more



population in theg dstate than there was in thedstate, generating hyperpolarizaion

the free specie$he condition where populatios allowed to flow between the initial and
final states is referred to asatchingconditionor resonance conditiolmportantly,the

sY| a0 gYf aandsY! aO Y| atransitions have different matching conditions,
which is what permits hyperpolarizat&nholding the systemthe matchingcondition,or

in terms of the LIGHTSABRE experiment continually irradiating the saomgleatalytically
generates hyperpokaiion while the targets reversibly bind the hyperpolarization,catalyst
allowing for the bulk generation of hyperpolarized target in solusioig. this as the
motivation LIGHT -SABRE was shown to genesagmalapproximatelp v mtthethermal

"N -pyridnesignalThis spin physiagill be formally treated @hapter 2

While the initialflow of populationat resonancéransfes population into the
magnetizedtate the coherendynamicswill eventually reverse the flow of population and
begin to destroy the target magnetizgkan 3B), which we will refer to as bamkmping
This oscillatory structure is the hallmark of coherent quantum dyWeaméeshange is
occurring continuousithroughout theSABRE processthe final polarization istrongly
dictated by the residence tim¢heftarget on the iridium compl&wr instancef the target
exchanges off the complex priortbe maximum in the coherent dynamics, then the
polarizationof the free species will be additive and the hyperpolarization will increase.
However, if the lifetime of the target is much longer than the period of the coherent dynamics,

thenthe resulting hyperpolarization will be largely attenuated by tpeinack).

As thematching conditioms only metwhen the heteronuclear targeirnsdiaed
simply turninghe pulse off after a fixed amount of time will effectively turn affatehing

conditionand prevent the destruction of polarization. Then, waiting fortisoaie permit



exchangeff the catalyst can dramatically increase the resulting polarization, even though the
time spent driving the transitiodiminished Kig. 3B). This idea was expmentally
demonstrated by comparing the resulting polarizations from the continuousSABRE

and the pumped LIGHBABRE pulse sequencEw}(4)®°. An approximate® increase

in the resulting hyperpolarizatien observed when thgYf G°© SY| @ transitionis
coherently pumpedimply by preventing bagkumping of the systerAdditionally,the

coherent spin dynamics of the SABRE systeraobservedor the first timeby scanning

time that the system is at resonance, which is accomplished by tieapgise length

and monitoring the resulting hyperpolarized signal pidugked access to the underling

A

(@]

0.10
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0.00

Pumped
LIGHT-SABRE

)

o

P (%

0 20 40 60 80 100 120 140
tp (ms)
Figure 4. Pumping the matching condition in SABRE. The YT © "Y| transition i
SaaSydAl t fodtheleritind expeimett2nyh@continuous LIGBABRE pulsequence
which is only periodically interrupted to store the magnetization generated along the irrac
field () alongthe leading magnetic fieldddB. Only turning this transition on for a time to
generate magnetization and then turning iffdor a periodd to permit exchange mol
efficiently pumps magnetization, which is called the pumped LIEGABRE sequendg.Scannin
0 for a fixed value 0b 1 Tt dni and repeating this sequence for 60 s creates signific
more polarization(blue) than the continuous LIGHSRBRE sequence (gray). In this case
transition is driven slightly offesonance to directly generate magnetization along the lec
field @UThe blue line is the simulation result from the theoretical matsieloped in this wor
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dynamics of the systemmd was the firsgtep towards decoupling the interplay between

coherent and exchange effects in SABRE.

The punped LIGHT-SABRE and analogous SABBHEATH experimest
developed by Shannon Eriksson in the Warréhstadwed thatlrivingthe system foas
little as 5%of thetotalexperiment timeould actuallgenerate a larger hyperpolarizatian t
continuously driving thteansition Thisstood in contrast to whatas motivatetly framing
SABRE in the context ebnventionaiagnetic resonandes such, it became evident that a
new approach to optimizing SABRE would be requirednalyticatheoretical framework
from whichmost conventional NM&e motivated?® “assumethat the system itself is static
i.e. molecular parameters do not change with time. HoW®ABRE requires chemical
exchange to catalytically generate hyperpadew;izetiich introduces timvarying molecular
parameterand drives interpretation of the system away froentdgticalreatments used
in conventional NMRThe theoreticaldescription ofcoherent dynamics in systems
undergoing chemical exchawgs originally described by Binsch in®186&n extensida
Redfield laxation theo¥y However, the statistical assumptions required for relaxation are
very different than those required for chemical exch@hgerealization has guided a
significant amount of thheoreticalvork presented here, whigsulted inhecomplete re

interrogatia of the chemical exchange interaction.

This work introduces a more robust approach to the development and optimization
of SABRE experiments. Conventicauadlyticatheory is used to guitlee constructiorof
new techniquebat focus on expanding thege@nd capabilities of XABRE experiments
but is subject to computational optimization of the system to ensure that the effects of

exchange are fairly incorporatéle pairing ofanalytical and computational theoretical

10



methods is validated by experitaton To that endChapter 2 will summarize theoretical
basisnecessary téacilitatesubsequent discussioas well as to introduce notation and
conventions to be used throughout tHissertation Chapter 3will then addresshe
advancements in tkigeory ofunifying spin dynamics and chemical exchange in SIX\BRE

will introduce the exhaustive SAB&tecific computational moslaipon which the
remainder of thevork is basedChapter 4letai$ efforts toexperimentallynveil coherent
hyperpolarization dynamics in SABREhigh magnetic fieldnd builds off of these
advancements with demonstrations of the ataliharness coherently dnvBABRE in
experimental regimes that were previoustgessibl€hapter 5 explores new direasido

expand the capabilities of ultralow fiel8ABREIn an effort to develop means to control

the dynamics under these conditions and thus optimize hyperpolarization performance.
Finally, Chapter 6 will return to the treatments of exchange presemiggihfetic resonance

in Chapter 3 and introduce the exact form of the exchange interaction that is valid in any
physical limit, which will be explored in both for the cases of magnetic resonance as well as

the coherent ultrafast spectroscopies.
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Chapter2: Theoretical Basis

Spin angular momentunpresents an interestirtgeoreticalpredicamentin quantum
mechanicsas its dynamics and properties are well understood and i@ spinonvenient
interpretation as a parallel to classical mechamgdarmomentumn classical mechanics

is a combination d@herotational momentum of a system about an origin (a planet orbiting a
sun) called orbital angular momentum, as well etdtienof a system about its center of
mass (theevolution of glane} called the spin angular momentum. While it is enticing to
project these concepts onto quanfo@nticlesany angular momentum arising from the
motion of such particles correspondsémrbital angular momentuAdditionally guantum
particles ha anintrinsicangular momentum that is called spin angular momeskuch

was first inferred fronhigh resolution atomiflydrogenspecte®® and experimentally
confirmed inthe SterrGerlachexperimerit. Howeverit was n ot relativistic | Di r
treatmentof quantum mechanfghat this spin angular momentum was adedpon a
theoretical basislere, thenecessary spin physics will be summarized so to facilitate the

coming discussioasidconventios will be introduced

2.1 Interactionsof spin-1/2 nuclei

We will predominantly treat nuclei with Spinpi¢, as they are the most commonly used
nuclei in magnetic resonance as they have sharp spectral features and are readily found in many

target compounds. Commonly encounteredlgpinuclei aréH, =*C,*N, *F, and’P. When

12



discussing multiple differemtis1/2 nuclei, we will usé 4|, and4 for various spiri/2

particls. Nuclear spin is a convenient system to study quantum medm s spin
Hamiltonian may be written down exa&#sfore examining this case, let us review the general
caseAs dements of thélamiltonianarechanged, the resulting eigenstates will be comprised
of different | inear combinations of basis
indicates which states are coupled to one anB#fere examining thefférent types of
couplings that may arise, we will examine a more geneCdmditiens where statescome

mixed are called resonance or matching conditions. Matching conditions indicate the states of
a system between which population is allowed to flow and are critical in understanding
spectroscopy. To exemplifysthive can analyze a model-iewel system consisting of a
ground g, and excitedpd state with an energy differeaand a couplintatew (Fig. 5.
Throughout this discussion, we will use Dirac notation to delineate states from other vector

guantitiesThe matrix form of this Hamiltoniasthen:

_ T
- (b & Cfp
4 V=0
2
S | Ejo
s 0
—
4 E)
-4 -2 0 2 4
A (a.u) A (a.u)

Figure5: Energy eigenvalues of a twigvel system.In the absence of a coupling( ), the
eigenstates of the system asadiand 6 and the states do not mix even when mwhen the
states are degenerate. This condition is called a level crossing. However, with a cabplimg
the giand pdstates mix, leading to the generation of an avoided crossing, or levetmssing
(LAC). At an avoided crossing, population is altbteeflow between thegiand astates.
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The energy eigenvalues of this Hamiltoniamsarelfitco 3 ¢, which may be solved

by diagonalizing the Hamiltonian. Plotting these eigenvalues as a function of the energy
separationg-, yields an important analysis of coupled energy states. In the absence of a
coupling, the two states do not mix and population®cked in these two states. This
condition is called a level crossing, as the eigenvalues (the energy) cross without mixing the
states. A noaero coupling permits mixing of the basis states and generatesdad
crossingr, as it is often referreditothe hyperpolarization community, a levelcangising

(LAC). Atan avoided crossingopulation is allowed to flow between the basis states, and as
such, the analysis ofiatching conditions is often employed in the construction of

spectroscopy expesmts. The mixing of tremdiandpdstates is maximized wteen Ttfor

any norzero coupling, indicated when the diagonal elementsasé degenerate. This

condition defines thresonanceondition for a given transition.

We may now progress to spiysicsas it pertains to nuclear magnetism. In particular,
we will treat nuclear spin within a moleantk will restrict discussion to the case where the
moleculdas in a closed shellectroniacconfiguratiorwhere all electrons are pai®pinis a

vedor quantiy, and as such may éxpanded to have the components:

L ¢0 0 ¢0

c¥

P "Q Tt

Pp
O —
A cTop n
Each of thespin operators used to decompbseybe expressed in terms of the Pauli matrix
according t60 , 7¢. These are written in the basip mhm p , which will gain
physical meaning momentariifie most fundamentahteraction for nuclear spiissthe

interaction with an external magnetic figdtled the Zeeman interactidhe nuclear spik

14



hasa magnetic dipolaomentHthat is collinear with and proportionatiexpressed &bs
' kwherg is the gyromagnetic ratio of the nucl@hs.interaction energy ogthipole with

the field(||) is well known from classical physics as

0 HO| k| rsks|sAT 6 )
For positivé , we see that the energy is minimized when the magnetisgipoddieio the
magnetic fieldnd maximized when aptrallel the magnetic fiekk suchit is convenient
to describe the system in terms of an alignistate and an asdtligned$ G state These
states define the basis used above and have the corresporgdémceé
p mhm p .Using the conventidior the leading magnetic fidld & »reduces the

energy tahe simpler form:

O 1601 O ¢
We havedefinedthe Larmor frequency k [ 6 , and will continue with this sign
convention through this wqrkoting that a positive Larmor frequency corresponds to a

negatiemergy.

We may usthe operatorslefined ireq. 22 to represent theomponents of the spin
angular momentum when constructimg systentHamiltonian The Zeeman Hamiltonian

can then bevrittenfor an N-spin systeras:

= 1 ®O @

This Hamiltonianis diagonain the secalledZeeman basiswhich is constructed of
permutations of theg 0§ G basis sefn conventional NMR spectrometers, the Zeeman

interaction has a magnitude on the ord€ $f2 10500MHz, depending on the nucleus
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and field.The Zeeman interaction is often thmest interaction for sgli? nuclei, and
dictates which nuclei are observed in a magnetic resonance expgrsepatating the

frequencies of various nuclei to be separated by many MHz at conventional spectrometer
fields of6  p”Y When constructinthis Hamiltoniarfor an Nspin sgem the basis set

must span all of the permutations of the different spin states, which t®estsigted by

taking the tensor produét § with appropriatefpositioned identity matricé3 (& denotes

the dimensiaality). For instance, the operdiin a two spifil/2 system i®O 05 0O,

andO 0Os O

In addition to interacting with the magnetic field, spins can interact with each other
through couplings. The first of these couplings is the dipalaling, whiclarises between
two spinskandy, anchasa typicainagnitude 6® 7Q 1-10 kHz The full dipolar coupling
Hamiltonian may be derived from the classical dipolar interaction, making the substitution for

the magnetic momentasiployed previouslgiving

110 ole{o> K

- T i i &
The vectomconnectthe two spins
i OEA T %
» 1O0EOBh N &
iAT-O

—describes the polar angle, distended dédamd%o.describes the azimuthal angtehigh
magnetidield, tis Hamiltonian can be reduced to its secular componghgse terms

whichcommute with the Zeeman Hamiltonian, (flees not change the Zeeman energy).

Using the notatioi® O ", thisgives
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This is one of the few instances wlkeeping the factor af is usefylnoting that is in

units of rad $T* by conventionThe constants have been collected into the secular dipolar

coupling’Q , which we have defined as:

ITro

i

Q QGV

As an exampléhe dipolar coupling of twl nuclei separated by 2.58is  x& ¢ R0a

The termOY "O°Y only commutes with the Zeeman Hamiltonian if both spins are the
same (homonuclear), whertgs termwill not commute with the Zeeman Hamiltorf@n
heteronuclear spins this casgthe dipolar Hamiltonian reduce$x0CY. In the case of a
spherical sample of asotropic liquid diffusional motiororientationally averagéss
interactiorto zerofor nearby spinand is therefore unobservable in the specHomever,

the isotropic averaging is not present in thd stdteand thus the dipolar coupling is
observable in a solidate spectruniNotably, the dipolar interaction will disappear when
oAT & p mwhichisatanangle uv®& Xalled the ©o6émagic ang
sample about this angle at a rate fastarthe dipolar coupling essentially induces isotropic
averagingyhich is the motivation behind magic angle spinning (NMR)experimentdt

is important to note that some use the notat@iy “CDY7¢ for the form of the coupling,

whichis theHermitian form of the coupling (does not G ).

All terms of the dipolar coupling are presémn the condition L = is not
satisfied as it is at high magnetic fiehich is more efficiently written as
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= Q

P m
Q @ort» O IJY Q ‘GMIY
Note that identitfD may be placed anywher¢he expression, such@y "COJY This
permits us talefine thaensor(denoted by an umlaut)
0OEAT &% p O0OEOE%WAT % oAl OOE+LAT %
m oOEHOE®RAT® oOEHOEM p oAT-O0EF+OE% <P p
oAl OO0E+LAT % oAT ©OOEFOE% oAl 6~ »p
A tensor is a convenient mathematical tool that describes linear relations between two objects

that span the same space. Here, the tendetermines the rotational dependence of the

bilinear interaction between the two spWesmay now directly calcalétie tensor product:

‘amJY ‘OYm

‘OYm OYm  OYm B C
‘OYm  OYm ‘OYm
‘OYm OYm OYm
The first relation greatly simplifies this process, and the natatioeduces clutter when
rearranging this equatidiote thatmis asymmetrianatrix, meaning thay andm will
have the same rotational dependence. Typcay12nay becast in a nofermitian form
as was used to show the secular dipolar coupling, dlbveertain analysis are more
convenient by retainitige Hermitian form of the couplings. Togettier above terms form

the untruncated dipolar interaction.

The nuclear spin does not only have to interact directly with other nuclear spins but

can also have substantial magnetic interaatithredectronsn the moleculevhich are also
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spinl/2 partices To approach an understanding of how these interactions arise,use shall
the Pauli description afmassive particighichcan be derived as the a@hativistic limit of
the Dirac equatiome may write the entire expression in natural units, avbdgfined by
2 a p. Thegeneric form of thBauliHamiltoniarfor a particle witmassx and

charge) is given by

P . L o
= Y -— — o
Cdoo A A %o P

where=is thevector potential of thigeld, %.is the scalar potentiahdd are the Pauli spin
operatorscorresponding to the spin of the partiéle a brief review of vector calculus,
vector field may be generated by the(cioculationpf avector potentiah =, or may be
generated by the gradient of a scalar potesédpecificalljthe magnetivector potential

can be related to a magnetic dipfdes:

>
- 52 7 1
Themagnetivector potentidk related td| by:
o= SoRv
For reference, thaurl of a vector potential can be calculated as
H HQ
n = T— T— T— 0O O © T_ T_ T_
T o o « T o O a
0o 0 0O
P o
0 0 0 0 0 o .
T g ! , I—UT , T . HU T— T— Q
Tw T a Ta !l w () W

To make progress, we may expaond2.1&according to thBauli vector identity
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ask aof  +of ‘@0t 4k

giving:
. P S
= C('X A0 mm n N %o
—9 — r']= Q0 -m r']= — r']= r,]%o
ca

Expanding th€l-dependentermand using the definitiga  "Q:

= C% -— r’]= ':) -— r']= -— r']= r’] %o
p , " ,
@ = " 000m = = = %

P . _ -
C_d = = r]GOrl = = N n %0

Whenthe G-dependenterm is applied to a wavefunctionwe can write:

r’](]:)rl = = Nnj r’](]:)rl = = ny

We may use the vector calculus identity

TS o= =

to simplifythis expression as:

= Q% - = naon = = n N %o
P . , N — o
q_d - )= naod = N %o

Finally, eq. 2.15 permits usmiate the Pauli Hamiltonian as:

= C%_r']= nag| N %

¢P X

P Y

P w

& T

&g p

C& ¢

& o

The termd J|| is theZeeman interaction of the particle with the magnetic field.

20



To explore electrenucleus interactions within this framework, nwest define
specificmagnetic vector potentidbr the molecular systemhich follows the derivation
performed by AbraganTo do this, it is often advantageousettast the problem so that
extraneous degrees of freedom are minimized. In electrodynamisscalesl a gauge

transformationWeshall use th€oulomb gauge

n3= D T g 1

This gaugpermits us to write theector potentigbr thefield produced by thelectronQas

Pl »h c& v
C
where || is an externally applied fieldd » is the vector to the electron from the gauge

origin Wemust also consideragnetic vector potentfak the electrorQgenerated by the

nucleusas:

Q0

Notice that this constructioltames the problem in terms of the eleatrategrees of

freedom.Furthermore, we can write the magnetic fieltsrms of these vector potentials

accordingtdf n = Then, the Pauli Hamiltonidor a molecule dj electrms and)

nuclei is given by:
Q
E =I 3 n = n = C& X

==, Q4 are theangulamomentum charge, anspin of the electrgmespectivelynoting

that in natural units p. We have chosen to drtpe electrostatic terms proportional to
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the scalar potenti&o becausespinl/2 nuclei have no magnetic interactions with the

electrostatic field at the position of the nutleus

At this juncture, we canpandthe abovesquation and retaeffectscorresponding
to pertinentinteractions in magnetic resonance. The first of thebe chemical shift
interaction, whichrises from the expansion of the first term in the Hamiltonian

= 3=

Q
< H » O » & w

0 0
C i

Note, there are two identical tewhshe form abovéhat arisén the expansiobut afactor

of pf¢ arises when definigg in the Coulomb gaugdeq. 2.2 Using theelation

+ pod ®  fob 4R 4 dohi carm

we may rewriteq. 2.2%s:

i} Q P
= < —H » 0 | »
‘Q 0
< i_HOH'O' Ho» | o
C&®& p
Q I " "
< — co» » J co» » J
Q F ‘OO0
C i ’Q’é)
We havealefinedan orientational tens®r as:
¥ > O» > O» C® C
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Unlike the tensamdefinedfor the dipolar coupling; survives spherical averaging and is

thus observable in conventional liquid state NN that this interaction is dependent on

the coupling to the magnetic field induced on the electron in an external magnetic field, which
is distinct from coupling tthé¢ magnetic dipole moment of the elecffgpicallywe may

rewrite=  and integrate over tledectronic degrees of freedngive
- r k3 9 @ o

» 1S the chemicahift tensor As the chemical shift is dependent on the &ealronic
environment, it is a powerful indicator of chemical structure and is key in the analysis of NMR
spectra of unknown compoundsurthermore,, always actso oppose the Larmor
frequencyand thus we adopt tinegativesignin accordancwith the convention used to

define the Zeeman Hamiltonidime chemical shitiensor hathe components:

” n ” ” C &- T

It is oftenconvenient taotate the reference fraifiy a unitary transformatioy) of ,, into

theprincipalaxis of the tensor, which then diagonalizato:

1 T T
Y,Y T Tt Co L
T T
By convention, 1 1 . As the chemical shift is a tensor quaritigy,observed

chemical shift is dependent on the orientation of the tensor relative to the external magnetic

field (assumingl 6 ), which expressedsphericatoordinates 95
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Figure 6: Chemical shift anisotropy in solid state NMRhe blue spectrum is the powde
averaged NMR spectrum of two uncoupled spins. Eachesgperiences a different electrot
environment and thus has a different chemical shift tensor. The components of the chemic
tensor can be read directly from the solid state spectrum. The red spectrum shows the is
chemical shift of each of &se spins, which is what would be observed in the liquid state.

-
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Here, we have defined the anisotropic chemical]shifthe chemical shifaymmetry

parameter), and the isotropic chemical shift ():

C&® X

Ql©
J—

1

In the solidstate(powder) samplehere the orientatiaafixed for individual moleculbst
the molecules are randomly oriented to the externathfeeNMR spectrum is an average
over all of the molecular orientations and results in broadDewste this, the NMR

spectrunhas a characteristic shape dependent oheh@cal shift tensd¥ify.6) that reflects

the different componentsiof In the case of ligustate NMR, where the orientation of each
molecule rapidly changgs timescale)he observed chemical shsftnply reduces tihe

isotropic chemical shifthe form of the Hamiltonian in this limit may be reduced to:
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To this point, we have examined the magn&tiaction®f a spinl/2 nucleusvith
an external magnetic field (Zeeman interaction), the field produced by anctti2r spin
nucleus (the dipolar interaction), and the field induced by the electron orbit (the chemical
shift). We will now examine thetlpsrtinent spin interactipwhich alsarises from electren
nucleus interactions in sfif?2 nucleiandcan be found by expanditigge spirdependent

part of thePauliHamiltonian:

Q Q
= 4 on = = 4 on n i ¥ w
S S [

This term is referred to as the orbital couplesgribes a coupling between the electron spin
and the nuclear spiBxpanding théerm under summation using the curl of a curl identity

and rearranging

= 9 4 Oon n i
G i
? £J:)rlrl:)—lI Hn
8 m
Q
< lﬂémum H 3 n
9 4 n
C

The divergence of a vector figldp , generates a scdlaldand is calculated as:
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Now, we may integrate over the electronic degrees of freedom and rewrite the orbital coupling

Hamiltonian as

1
—
oy

8 ¢
where we have defined

nd 1 dn

6 @ s : g G 8o

as the fielggroduceddy the electroat the position of the nucletdote that this expression

is formally the first order correction to the enenyy integrates over the grotstate

electronic wavefunctiag, & While this tem directly results from the Pauli Hamiltortiae,

orbital coupling isegligibly smaih diamagnetisystems as it is dependent only onr one

electron integrals. Howewiéhas a secorgrdercorrection to the enertjyat is observable:
rror E® oa a BB og

- 8 1
0O ©

In this notation,& indexes over excited electronic stafés. scalar coupling is best
understood as the perturbation by the nu&ushe magnetic field generated by the electron
¢ E3 ) influencingthe field at the position of the nucléus =3 ). In short, the
electronic spin inforntke spindof the state o This interaction scales with the product of

the gyromagnetic ratiofhus,changing of one of the nuclei but retaining electronic

structure will (to first order) change Hoeupling as the ratio of the two gyromagnatics
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i.e.0 [ A 0 This interaction is bilinear in the orbital coupling interaction for two nuclei

"and’Cand is referred to as theoupling couplingteraction. In tensor form, it is:

= Q) Ok c8 v
TheJcoupling is often extremely small (Hz) andighasstly restricted to liquid state NMR
where it is not eclipsed by larger magnitude interactions such as the dipolar coupling or
chemical shift anisotropyhe orientational averaging of the tensoraritiuid statallows
for the substitution of the isotropic scalar couglimgtant) for the L tensorallowing us

to write(changing indices)

8 o

The factor ok“ arises a8 is reported in HertEor a dcouplingbetween two nucléiand

0 is separated lybondsijt is convention to call this thé couplingHowever, it is often
convenient when the resonance frequency difference is much larger ¢oaplitig to
reduce the-doupling Hamiltonian to its secular terms which commute with the Zeeman and
chemical shift Hamiltonianghis is always the case for heteronuclear spin pairs at high

magnetic field and is oftegferred to as theeak coupling limigiven by:

= ¢ 000 8 x

The Hamiltonian of an isotropic liquid state sample will take the general form:

= = = = T 5 1 O ¢ o kot g Y

Having established the fundamental spin interactions, wpraocagd to examintne
dynamics of spin systems.
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2.2 Quantumdynamicsand the density matrix

To this pointwe have focused on the endeygl structure of quantum mechanical systems.
Howeverwewill require a timeéependendescription of these systems, which is the focus of
guantundynamicdt is often advantageawasformulate timevolution from the perspective

of how the dynamics of the systemangesvith time, which leads tbe useof differential
equationsAs a speific example, 0 is difficult to construct directfgr a system with an
arbitrary set of parametéxs is relatively easy to constfugflt dor such a casand then

solve for the timevolution.
Beforeexploringevolution in quantum systemg examinthe differential equation

w . .
TTC‘) ‘Qad h & w

whereQis a scalahat describes the ratevhichd o , a timedependent scalar quantit|
changeFor instance, th 0 wasa timedependenposition therfQwould be theate at which

the position is changing over time, or in other words, the vélleciyically, this equation

is only parameterized on one variable, which means that it could be written with a total
derivativeQrQ pbutwe will retaintte partial derivative fgeneralityTo solve this equation,

we will rearrangé such that terms witfd 0 are isolated and all other variables are on the

other side of the equality, like:

Qo C® T
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This is generally referred to as separation of variables and is one of the most common
techniques to solve differential equations. N@vare attempting to solve foro . To

accomplish thifoth sidesnay be integrated give:

1 @ o ¢

— )

Wo

® p
oo .
— Qo
I Tl
Exponentiating both sides of the equation isalates

w0 Qw ¢® ¢

Note that®d 0O T11.When QN a (realshndQ 1 & 0 decays exponentialiyhen
O\l (imaginariesyy 0 evolves sinusoidallgnd wheriN e, @ 0 both oscillates and
decaydn addition to solving a single differential equation, we may also simultaneously solve

systems of differential equationg the example abowg? =|=(a vectorand'QC U (areal,

symmetric matrix, for exampléhen onenay use the same procedure to find the solution of

Tj“; 00 @ o
to be:
+0 AgBo+ @ T

If U is dagonalthen each basis stateHevoIveSndependently of one another and has the

solution
o Q ®ih ¢® v

and it is often convenient to change the basis%&bdn‘ethe eigenbasis 0f
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In direct correspondence to the case described afeegplution ofa quantum

mechanical systamgoverned by the Sédmgerequation

T o
— “ ®
T g a Qg th Co @

which is integrable to give the solution
$ 00 PAGPQ M= 060 § & A@Peos a ¢® X

The exponential is the-salled propagat@ty) of the systentPis the Dyson timerdering
operator and the second equality holds when the Hamiltonian-isdispendentt states

that the evolution of the system will be dictated by the system Hamilidnianthe
Schodingerequations perhaps the mogtolific equatiorof quantum mechanics, it is rarely
advantageous toterrogatespectroscopwithin this formalismExperimentsarelyprobe a
purely quantum mechanical system, but ratatisticansemblef particles that evolve
quantum mechanigalWithing § it is not obvious how one handles statistical averaging over

an ensemblas each wavefunction corresponds to a pure quantum state.

To address this, we may introduce the density rhatmikich is a statistical tool
developed to describsingle particle @n ensemble of particles. It is defined as
vr o rh ® y

whereb are weightand[  are the pure states of the sysfeaing so allows us terite
a statisticainixedstate as a linear combination of pure states, permiatitay perform
ensemble averagesdoing soany interaction between particles in the ensemble are omitted,

which will cause problems to be addressed in future chépgedensity matrix is poséi
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semidefinite (when diagonalit " | "R and idempotent” "). Furthermorethe

elements of the density matrix are more interpretable than those in a wavefunction. For
instance, the element 5o and directly gives the probability efrlg in the statg &

As such, the trace of the density matrix is alwaysWihaw. the density matrix is written in

the Hamiltonian eigenbasisditigonal elements G5 representoherences between
statesWhile the idea of coherencequge abstract, it is easiest to think of a coherence as
population ironeeiges t at e 0 t populatiomigahothearigastate Inthe case of an
ensemble, this otalkingd6 is happpdedefinesg si mu
macroscojgi coherence, which in the case of magnetic resonance manifests as a bulk

magnetizatioperpendicular to the leading fididis will bemomentarilyelaborated on in

greater detail.

The evolution of a density matrix can be found by first takidgfthigion of” and
inserting the solution of thet86dingeequation (which will be done in the timdependent

Hamiltonian case for legibi)ity
) VAZPQOT [  Ad®mo C®
Realizingthd® 0 [ 5 [ k" ,the initial density matrix, the evolution becomes:

"o Agpeo” Agmo CH T

To find the equation of motion, we ntake the timelerivative of the solution:

;—(ﬁ)’b RAGPQO” Agmo AgPo” Agmo - C#®Hp

Using the definition df 0 and the commutator, this expression is immediately simplified as
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which is known more generally as the LiowaleNeumann equatiolt.is a central result
of statisticauantumdynamicsandwill be the foundation of the discussions to follow on

coherent dynamicBhus it is importanthat manipulations of this equation are understood.

We begin by identifying the equilibrium density matrixpr a spin systerithe
various states of the density matrix will be populated according to Boltzmann statistics,
that:

A @B~ A DB
. QY By
\ N < 0 @ o

Importantly,the density matrix thermalizes according téd#miltonian eigenbasidore

specifically, thentropy of a density matrix is given by the Von Neumann entropy:

Y 4017 CHT

In the case where® O, the identity matriXis maximized. In accordangih this, the
hypothesis of random phases states thdt anym at equilibrium in an effort to maximize

the entropy of the systee will use the case of NMR as an exaApl¢he Zeeman
interaction isonventionallprders of magnitude larger than any of the sgheilinteractions

for spinl/2 nuclei in an isotropic liquid, we can assume that only this interaction affects the
initial density matriXdnly the population differenca polarizatiorhetween different states

is importantas radiation can only intgyate differences in populations in an enseRtle

instance, the thermal polarization of a-$f#mucleus is then:
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For the case of &1 at 1T,/ 6 Mt @ (a convenient unit for these calculations)
whereadd”Y ¢ mg®  at room temperature, so the polarization is on the ordef.of 10
Naturally, this is a factor of 10 smaller for rare nucleNjkehich have a gyromagnetic ratio

that is~1/10 that of the'H. Thissmalkspin polarization is the motivation of hyperpolarization
methods. However, it is clearer why the common hyperpolarization methods that are available
do not often approach polarizatiom t he Obr ut e cboing theesystemeot h o d
cryogenic temperatures and relying orBtiizmannpolarization given bgq. 2.65To

achieve a 1% spin polarizationa'H by thermal methodene would need a magnetic field

of 293 kT (the world record is 2.8 kT generated by exploxiuction at VNIIEP) or one

can cool the sample 1&0 mK in a clinical 1.5T magnetic field, buhe goal is to use

hyperpolarization methods with clinical reseeitbler methodacks biocompatibility.

In either the hyperpolarized limit or for thermally polarized condit@nitial

density matrigan be writtefor a single spin systémterms of the spin operat@as:

Vall o)

0 OAl C%—Y 0 @ o

For a multispin system, one can take the tensor product of thesgimgiaitial density
matrix, but realizing that tpelarizatiod L p, only retain terms linear in the poladzati

This is known as the high temperature approximation in NMR and is valid under most
experimental conditiondowever,adding a single field gradient to simple pulse sequences
recovers nonlinederms 00O E) and is the basis for intermolecular Multiple Quantum

Coherences (iMQ®)® The thermal density matrix can be written for-apiN system as:
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However, it is important to note that the Liowwitla Neumann equation is linear in the spin
density, so the numerical prefactor only contributes a scalanreféeidition, the term
proportional to identity will never evolve, so for brevityftea only consider the reduced

density matrix:

" 0O CH Y

The formalisms of NMR are a convenient method of describing spectroscopy in
general, and thus the discussion herein will focus onsh&tRic examples. Optical
examples will be introduced in Chapt@&@eBorewe may proceed to examine the dynamics
of a spn systemwe must first introduce the experimental geonkeyy Lenz 6 -1 aw,
varying mgnetic fieldmdues a voltagiato anearby coilln NMR, our sample generates a
timevaryingmagnetizatioas the transverse components of the nuclear sgineréd the
leading fiele&tvolves under the Zeeman Hamiltonidrns evolutions called precession and
will be derived explicitly in a moméi#dwever, nuclear spin populationspaiarizedalong
the external field anldaveonly a small component of tihheagnetization vector in the
transverse plane as a result of the statistical noise of a macroscopitosystemwvemay
greatly enhance the observed signal rotating the nuclear spin into the transvarge plane

measure thevolvingoulk magnetization.

Resonant excitation in any spectroscopy involves the use of an electromagnetic field
with a carrier frequency that is the s@onaearly the samedergy as the energy difference

between the ground and excited states. When the field is resonantnaitbkitios, there is

34



efficient power transfer from the field to thestem causing excitatiotn magnetic
resonance, this pulse is at radiofrequeapigfed along an axis in #ygplane, which causes
the spin to rotate into the transverse péantebe available for observatienthe inductive
coil. If the field is then pulsed quighkall transitionwithin the bandwidth of the pulse will be

resonantly excited. This is the basis for nearly all pulsed NMR expédfignéhts (

We will begin with the simplest of mldtiel spin systems: two coupled -4f2n
particles that have the same resonanceri@que the conventional NMRoplenotation,
thisis an A spin system. The letter descritbesresonance frequency of the spin and the
subscript indicates the number of spins in that system at that frequency. More intricate
examples of Popleotation will be described lat€he full Hamiltonian during the pulse,

which inFig.7i s s h o wphase fot tlne As§sxei is:

=0 1] O O ¢0 kO r6A7I006 O © CH W
The quantity6 1 , which isthe nutation frequenandis indicative of the pulse power.
In the most common case, | 0 , and if we are interested in the evolution for tinueh

shorter thari/0 we can write

I\ Resonant
..... | Observed transverse

_»,' Il excitation e
~ | | magnetization

N\ 1H v

4nA\ dM
E=— —
c dt
Figure7: Detection in anNMR experiment.The oscillatingnagnetization of the sample induc
a voltage in a coil proportional to tH® GFQ O0A resonant pulse is applied to the system, allo

for excitation of the bulk magnetization into the transverse plane of the sample.
magnetization oscillates and is detected by a nearby coil through magnetic induction.
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ThisHamiltonanis time dependent, which complicates interpretation of the dyriisics.
convenient t@xpresshe Hamiltoniann a framewhere it appears to be tineependent

called the rotating frame transformatihich idefinedoy a rotation about theaxs as

[ 0090 [0 X P

If we substitutehis irto the Schidinger equation, we get:

1 00 Q = 00Q [0 C& ¢

Thus, the rotating frame Hamiltonian is given by:

= 0 1 0 Q = 00Q ¢ o

Writing therotating frame Hamiltonian for just one of the spins:

= 0 1 0 Q © 0 Q Q Q C& T

Here, we have expand@k O O (for norm1/2 "O) and used the Euler expansion of
AT &. At this juncture, it is important to introduce a particularlylusathematical tool
that pertains to cyclically commuting operators, likesgimel/2 matrices. For any three

operators that cyclically commlike

ohd N dh ¢ UL
wherg is the LewviCivita symbothese operators have tieéation
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The Zeeman term commutes with the rotating frame transformation and thus can be removed

from theterms rotating the Hamiltonian:

: . . o~ s Q Q
=0 1 01 Q O 00 c C& X

It can be found that using the commutation relations above that:

Q  0Q ‘o nQ  0Q ‘0Q C& W

This permits us to write:

C& w
0 0 "0Q ‘0Q
q q

1 1 0 7

Here, we can make the approximation thatfoL p that the counterotating termsre
insignificant and can be ignored, which is calledttdiang wave approximation. Thus, the
Hamiltonian is given by:

= 3§ 0 0O —"0 ©° ¢ T

The definitiongy 1 is the resonance offset from the pulse carrier frequency

Often, the nutation frequency is simply redefined such that the faotdiri®fabsorbed
Notably, this removes the thdependence of the Hamiltonian, which makes evaluation of
the dynamics significantly easier. Given fully resonant excitation, thentdanwould

reducdurtherto:

=1 0 ° & p
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Now we are ready to perform the propagation of the initial density matrix first under
the pulse and then under the full Hamiltonian. This can be done by simply substituting the
initial density @rix (eq. 2.68and theHamiltonianof the pulsdeq. 2.8)into the Liouville

von Neumann equatidike:

o0 Q O 0 0Q & q
Operators that act on spin 1 will not affect spin 2 unless it is a product opef&@dd like

For exampléD will commute witfO . This allows us t@arrangéhis into:

0 Q 0Q Q 0Q o

Wemay simplify the argument of the exponential by defining a pulge anglé:

"1 Q 0Q Q 0Q o
Using the commutation relation

"7 ATt o o OEI O © TR
Wherr -, only the transverse components of the spin remain, thus maximizing the signal
collected by the coil in placed in the transverse plane of theTldMd§&tnusoidal response
with respecto the pulsdlip angleis called nutatioand is als referred to Rahiycling
Experimentally, this must be calibrated for a certain pulse power, and is often on the order of
microsecondfort y pi c al powers of whAt ohaeddaplbkded
amplitude, so that the Hamiltonian nieey approximated as only evolving under the
radi ofrequency excitation. This implies th
work here although there is no official delineation between these Byndenventiona

pulse of  w T(dr“ 7¢) andx-phase is called apilse.
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In addition to excitation, as described abbigealso of interest to perfoinversion
of the spins. For instance, sefting “ drives the system from the initial conditiof©of
Oto ‘O O .Inaherwords, it takes the populatimm $ dand interchanges it with
the $ GpopulationAs? 71 ¢, this is often accomplished by simply doubling the pulse
length.However, note that if the pulse length is again dosbtddthat ¢" thatthe
systemd returned to itiitial state whichis a characteristic property of quantum dynamics

The ideas that pulses can allow for the interchange of populations will become paramount in

the following discussions.

At the point ofeq.284for7  “ ¢, we have rotated the nuclear spin to be in the
transverse plane, and thus the macroscopic magnetization of the sample may be detected by
inductively coupling it to a nearby doiis pertinent to discuss how the NMR signal is
collected at this point. NRifrequencies are on the order @00 MHz which is a cycle time
of 10 ns.Often, the analog NMR signal detected by the coil is first-stowpled and
amplified using a quadrature tockmplifier referencedito . This signal is themtegrated
overa dwell time (which gives the spectral width) and digitized to ghrséheed time
domainsignal. Thus, it is essentially as if detection is performed in the rotatinbhiname
we may continue to utilize the rotating frame to deswabgtion in hesystemas it will be
indicative of the signal thamgasuredth an NMR spectrometerh&Jcoupling term in the
Hamiltoniancommutes with the Zeeman ternthie A, systemit does not matter in what

order interaction the system is evol#dlutionunder the Zeeman Hamiltonigines

"0 Q © 0 1Q ¢ v

Using the same commutation properties of the operators, this can be again propagated to give:
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From here, we note that thealipling interactiok Ok commutes witlhoth'® "0 and
‘O O inegq. 2.86and thus does not appear in the detected.ditpvedver, it does not

necessarily mean that the coupling does not exist. For inst@ftemoleculehas a -J

coupling between the tid but this value cannot be extracted from an NMR spectrum of
this specieslowever, thed couplingis observablas'H?D is no longer an Asystem but

an AX system. It is measured to be 1 @ Hz, and by eg2.44 0 may be

approximated to first order as — 0 ¢ P'oa

While the approach for analytically solving described above works well in the
case where all terms in the Hamiltonian commute at all thnesk$t down in the case where

the Hamiltonian does not commute with itself at all times. This does not necessarily mean that
= is timedependent, although that will be a case that we will examine momeéhéarily
simplest of these cases is off resonaciateon with a sofpulse, where- L pis no longer

valid. Under these conditions, the rotating frame Hamilfoniarsingle spin is

= 330710 c& X

There are a few approaches to solviogunder this Hamiltoniamvhich is giveaxactly as:

0 A@DP 01 00 0Ag®ms 0O 1 00 e Y
The predicament is that tiie ‘Ocommutes with the initial reduced density m@rbut as

soon ag acts to rotate the initial density matrix away Topthis term will become active.
As such, one cannot evolve each component of the Hamiltonian sequentially, as they do not

commute. For this case, it is often common to undergo a basis set traosftratahakes
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the Hamiltonian appear to rotate about an effdaideso to reduce the Hamiltonian to a
single termWhile that approach is useful hereexplore a more general approach that will
be a key tool to be used in later chaptersn&@ydirst perfornthe series expansion solution

of the density matrix

0 ———" 0h & w

whichis simply the formal definition of the Maclauripagmsion Each of the higher order
time derivativeare given bigeratively substituting théuvillevon Neumann equatianto

itself as:

T T

. O—" oh 80
o 0 QT 5 0 CBoTI
We will introduce the notation
T_n C) \ T ” ‘0 F]: &p
o %43 <

for brevity. Substituting this into the series expansion yields

3 .0
"o " QR o "QTT—Sbh: < E "o & p

The notation” 0 indicates theé-th term in the series expansibar the moment, we
have assumed thatis timeindependeniThe sequence of terdnem the Hamiltoniarthat

must act to generate a desfredl is then known as the spin operator pathway, coherence
pathway, or most generally as the Liouville pathwayempldy this, we wiiteratively

expand 0O for the case of offesonant excitation:
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Naturally, the solutiorare only valid for short times unless a large number of terms are
calculated. However, this provides analytical insight into the evolution of the system, which

can pemit the developmeiaind interpretatioaf experiments

To this point, we have assumed that the Hamilteniaas been timmdependent
for simplicityWhen= 0 changes with time, calculating is no longer a simple task

the propagator is no longer sSimBl@ B'Q 6 and is instead given by the tongered
exponentialPA @D Q O = 6. However,if we think about= 0 generating a

trajectory between an initial statand a final state over somgeriod”Y thenwe should
be able to constructbamiltonian= thatmaps’ © ” in a timeindependent fashidrig.
8). This is called Average Hamiltonian THegrwhere the first three terms of the average

Hamiltonian are given:by
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Figure8: Average Hamiltonian description of system interactian&hen= 0 varies with time
the trajectory between any point and” can be described by a complex pathway. Howe
there exists an average trajectory between these points given by the average Hamiltor
Successively higher approximations=ofimprove the average trajectory and bring the sys
closer to the final point .

There is an inherent tiroedering of the Hamiltonians such that 6 o E that is
enforced by®. Thezeroth order average Hamiltonian is simply the average=of 0,

and= Is proportional to the autocorrelation of the Hamiltoiandeal case to examine
is when the pulse is amplitude modulated, such as by a Gaussianwitimetipalse width

., . Forthe case when I L p, we can simplify the rotating frame Htamian to:

. 0 o .
=0 —A@B— O CoT

0 is the pulse araa units of rad $and as this pulse is only amplitude modulated, it
commutes with itself at all tim@nly the=  will be norzero, as all higher order terms are

proportional to commutators of 0 with itself.This gives:

p T .0 o ., 060
Y . ek, Y

CBT
Experimentally, the pulse may only be applied to the system for a finite atmoerdod
is thus only an approximation to a Gaussianpé&hed”Y @, for this to be a relatively

robust Gaussian pulse, otherwise truncation of the Gaussian will generate large distortions in

the responsef the systerrHere, we see that the dynamidsamily be dependent on the
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pulse area, which is equivalently the pulse flip angle. As such, any shape that retains the area

will have an identical

Until this point, we have assumed that evolution in the system was only quantum
mechanical, which generally referred to as coherent evolutioere the state at a time
" 0 T isrelated to the state at a timé by a unitary transformatio@oherent evolution
can take place both microscopically as well as at the ensemble level. In constructing the
ensemble averaged density matrix, we ultin@tetyany interactions between particles,
whichleads to solutions of the Liouviden Neumann equation that do not reflect reality.
Exciting the system into a coherence drives it away from its equsiaeuand sothe
density matrix mustso be allowed tbhermalize, or relax, back to its initial stat@agnetic
resonance, relaxationnduced byherotational diffusion of each molecule in the ensemble
which happens on the femtosecond to picosetmadcale. While these scales are much
faster than the nanosecond timescale of the Zeeman interaction in most superconducting
magnetic fields, it is still dominant enougleaase timeependent fluctuations of spin
interactions that are orientatidepenlent, such as the dipolar coupling and chemical shift
interactionAs the motion is random, this effect is often referred to as a stochastic interaction.
This treatment was first introduced by Redfield 57190 include relaxation, we may
expand the Hamiltonian to have a finteependent component, wheidéthe coherent
dynamics take place, and a tii®gendent component whidescribes thstochastically

modulated spin interactions

= = = 0 Cdv

Substituting this Hamiltonian irttee Liouvillevon Neumann equati@ives:
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As is common in these derivatiofi€® we shall boost the reference frame to the interaction
representation, using the stationary component of the Hamjkoniaa the reference. This
process is mathematically identical to boosting the frame into the rotating frame of the pulse

but insteadusing=  to define the referendame For simplicityof notation,hats will be

dropped from operators to denote interaction frédteesucheq 296 becomes:

—7 0 x oh o 8o X
Thispartial differential equatiomay be formally integrated with a Dyson time order operator

P, whichenforce® 0, to give the solution

o " @ ™= oho 8 CBo Y
Equation2.98is then iteratively substituted into the figinid side oéqg 297 to achieve
successively higharder perturbative approximations to the solutubinch generates the so
calledDyson seriesn the limit where= 0 L = , which is well within the limit of

magnetic resonance, the series canreated to second ordes higher ordéerms become

negligible under this limithe equation of motion is then

—. 0 P M= o6h= O0RH o CBo w

where all terms proportional to the initial density are dropped, as a thermalized spin density
commutes with all relaxation mechanisms (it is a fully relaxed state). léeig taken to

be HermitianWe will additionallgssuméhat thesystem has no mery of its prior state,

whichmakes the process Markovian pewnits us to make the substitution © " 0:
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To make further progress, we must introduce the operator expaasiod pfvhich
is going to be kept as general as possible to begin. This Hamiltonian describdémthe spin

interaction via an operator describing the random motional dynamics of timeliswgyspins
"0 0, which induce fluctuating local magnetic fields, and thbaspicouplingpperator
termsd O . The subscrip@indexes ovedill the stochastically modulated spin interactions
As 0 0 are formally qguantum mechanical interacttbespperators have weéfined

forms Furthermore) are eigenfunctions of and thusan be written

0 0 Q° o00Q° 0 Q ¢pmp
"O 0 is not a conventionally guantum mechanical interaction, and thus does not have a well
defined operator formrowever, it acts at the ensemrblel and thus commutes witirhe

Hamiltonian is then:

I
O-

“O(‘)O (‘) ,‘O(‘)O'Q C&nc

Substituting this equation back ief.2.10Q using the commutation @ 0 , and ensemble

averagingivegdropping formal timdependence 6f):
— » ™ O 0hd 0 000 &e P To

Note that only the stochastic componeadgiire the ensemble aver&ge will nonassume
that the ensemblevel dynamics are stationary, i.e. the rate of orientational dyrtan@cs is
independent and has no drift. Doingreakes the only important tinnetric the difference

time betweenandod . As such, we make the change of variablés 1, which gives:
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Note that®is no longer requiretVe may use the eigenvalue expansiontofmove the
time dependence out of the double commugator

TT—6 6 F16 ﬁ, Q T’O T 0Q c{ﬁ) TTU

The quantity 'O T "O is the molecular correlation functiéh 1 , which describes the
tumbling of molecules in solutidh we assume that the molecules in solution tumble
isotropically with uniform and constant intermolecular forces, we can model the trajectory in

1D as a Einstein randomwalk, giving the functional form of the correlation function as:

Qo QI CPpmE
The parameter is the correlation time of the molecular tumbling and dictates the rate of
relaxation of molecule®/e have also imposed , meaning that each orientationally

modulated interaction is setfirelated. For most liquids at room temperaturis,on the
order ofa fewpicosecondsand giverall coherent spin interactions atemost on the

nanosecondve may extengpperlimit of integratiorin equation 2.05to infinity:
— " OHO H’ 'QT‘Q T'Q C$)T[X

If we neglect the odcbmponent of the integral, which in NMR is negligitderealize that

"Q T is evenwe may extend the lower limin&gative infinity

L g 6 ho it Qfa tQ ® Ty
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Note that the factor gbf¢ arises when extending the lower limit of the inté&greal, the
integral is theinglepoint Fourier transform ofQ t , which is often called the spectral

density functiomand is given the notation

P afto ' @ T

This gives eelativelysimple form fowhat is often referred to as the relaxation dissipator.

L. 6 ho o c@pm

This derivation is somewhat limited in the definition of what the equilibrium state is, as this
dissipator will drive the system to unity, which is only achieved in thetemipéeature

limit. For a finite temperature, one oftenpiricallymakes the substitutién® ” to
drive the system toward a realistic thermal equilibfiben.transform#on from the

interaction frame back to the lab frahen gives
— 7 @ o ho i K "] h P PP

where” is the equilibrium density matiixhi s i s known as the 0ma
Redfield relaxation the&tywhich is the most widely used theory for relaxation processes in
magnetic resonandaterestingly, &  Ofor hyperpolarization experiments, i.e. when

largely deviates from, theempiricathermal correction may be dropped

While the Redfield dissipator formally introduces the method by which relaxation is
included in magnetic resonance, it is important to understand the phgsicatation of
this equation The orientational tumbling of molecules in solutias certairfrequency

components dependent on the correlation time of tumipheg by thespectral density
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function' 71 .If theseinteractions are modulated at a frequency that looks like an NMR
transition frequencthe system can undergo that transifiberesulting transition ratdsat
are allowed by each of the stochastically modulated interactions will then drive the system

towards the equilibrium state.

2.3 Hyperpolarization methodsind parahydrogen

At this juncture, it is pertinentitdroduce the concepts of hyperpolarization methddsh

aim to overcome the small thermal polarizatiddMR by deriving polarization from an
external source of spin ordear instancethe electron spin can beermally polarizkto

nearly 100%which has a gyromagnetic ratio ~660x of the proton, at temperatures of a few
Kelvin and modest (3T) magnetic fieldsen,the electron spin will interact with nearby
protons via the dipolar coupling, however the secular component of dipolarsfoupiog

unlike spins'@QY) cannot transfer polarization. Even though they are small at high field, the
nonsecular terms of the dipolar coupling, suct®as, which flips spins in opposite
directions, 0iO"Y , which flips spins in the same dioggare still active. Wheime electron

spin is irradiated efésonance bs 1 , these transitions becorpartiallyallowed
and polarization flowsdm the electron to the protqrsut only on the timescale of hours
This is known as the DNP sbéffect. In fact, it only works because the electron re
equilibrates with a tinmdnstant of a few microsecondbus regenerating its unity
polarizationwhereas the relaxation timespinl/2 in a solid at these temperatures is far
longer, on the ord@f tens of minutes tbours®’. For the reasor@reviouslyelaborated, we

aim to overcome the limitations of DNP for a faster and cheaper alternative.
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In search of an alternate source of spin order,ait this point that we examine
parahydrogerthe singletspin isomeof dihydrogenLet us examine the spin wavefunctions

for a pair of sp#i/2 nuclei (A system). In fact, it is easiest done by inspection of the A

Hamiltonian, which takes the form

. $ |a g 1a ¢ |0 $ 10

. 0 N
A0S — 1 & LIS T T o
v C A
~, T 0 “ &
_ 2 s T 0 “ T ~,
= N q i = PpC
~; - A
A T v e T
) 0 1] )
(,yd( IS Tt 1 Tt ra [ Ne

The stateg |Gand$ TGare disconnected states in this Hamiltoagthere is no coupling
element between these states and any otheasthtge thus eigenstatdewever, this is
not true br theg TGand$ |Gstates, whichre coupledy offdiagonal matrix elements
According to the addition of angulmaomentafor two spinl/2 particles, the only two
possible total angular moment(iGhstates ar®©® p (spinl)and™O 711 (spir0). As both
theg |Gand$ fastates belong to th® p manifold, linear combinati®af theg faand

$ |Gstates must produce’@h p andan™O TstateThe states which do this are the-spin
1states G ¢ |GV andspinO stateg TG § |G TVC. The spirl stats are together

the triplet states, which are delineated from one another by their magnetic, moments
$ 1Y ¢ 10 ¢ |6, andY $ 10 and arénvarianto permutationThe spin

0 state is the singlet stad¢ ¢ 16 $ |GV, and is antisymmetric witespect to

interchangé/Ne may write the Hamiltonian in this basis as:
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As this basis diagonalizes the Hamiltomizals@neigenbasi§Vhile the triplet states are
magnetized and produce observables in the NMR experiment, the singlet state is NMR silent.
The singlet stamommutes with theeculadipolar HamiltoniadlOY  "O°Y "O°Y 7Tt,

andspinl/2 pairs that exist in this statelargely immune to relaxation processes, which are

dominated by the dipolar interactions.

In the case where the gystem is dihydrogdHhl,), the Pauli exclusion principle
requires that the total molecular wavefunction is permutation antisymmeéittiés as
fermion.The total wavefunction is represented by the product of the wavefunctions of the

various degrees of freedom, such that thientateefunctiony is given by:

w rr r r r CPppT
The individual degrees of freedom are given by the translatignalectronid :
vibrational  , rotationa] , and nuclear = wavefunctions. However, the only two

degrees of freedom of these that will be affected by nuclear permutation are the rotational and

nuclear wavefunctignshich then must obey the relation

~ ~

Ow O T rr h ¢Ppu
where) permutes the nucldio satisfy the Pauli exclusion principle, this requires that only

one of the two degrees of freedom can be in an antisymmetric wavefunction. For instance, if
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dihydrogen is in thgY dstate, it must occupy a symmetric (exaational statavhich is
called parahydrogémH.,). Conversely, if dihydrogen occupies any of the triplet states, it must

occupy an odd rotational staténich is called orthohydrogeti).

To calculate the equilibrium fraction of parahydrogen, we must first remind ourselves

of the energy levels of a rigid rotor, which are given fdrribkational state as:

O 600 ph Pp¢
whered is the equilibrium rotational constant, inWgrpeoportional to thenoment of
inertia of the moleculémportantly, each rotational energy levEisl)-fold degenerate.

For hydrogend ¢ ®pcalt . This means that the energy separation between the ground
0 Tmand first excited p state i®O ¢d pCc#®G |, which is notably far larger
than the Zeeman splitting of a proton at a conventional NMRs@Id ( T8t g&x ) and

is on the ordr of Q"Y ¢ m¢@ . From the Boltzmann distribution, we may calculate the

population in any rotational state relative tat, 0 70 , as:

, 6ov p

‘|

Using the fractional population in each of the rotatistadéés, we may calculate the

parahydrogen enrichméat) as

. 0 o , Ao 600 p 2
W 5 5 (I) N L p B T'Q"Y Cfﬁ) P l.I,
wherel is therotationalpartition function given by:
y , 000 p
@ O pAGB—T— @®pa
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Note that there isfactor of 3 scaling the odd rotational states to account for the degeneracy
of the three triplet stateshich are assumed to be approximately degenerate on the scale of

therotational energy.

Using the equations above, it sinple to calculate the parahydrogen and
orthohydrogen enrichment as a function of the temperaigu®.(Given the large rotational
energy of dihydrogen,ettmal coolingan be usetb enrich the ground rotational state
even modest temperatures, like at liquid nitrogen, (@é) flowing the sample over a
paramagnetic species like-fidin-oxide (rust) to relax the spin selection rules and allow for
more efficient conversionhis setup is inexpensiv€(0USD) easy to usend produces
approximately 50% enricheéli.. More elaborate instrumentation can be used, such as the
commerciaBruker parahydrogegenerator, which operates under the sanmapbeis but at

a temperature of 40i§enerating 90%H.-.

The following chapters will examine how hyperpolarization is extracted front this non

equilibrium spin order. In particular, SABRE utilizes an organometallic iridium tomplex

Bruker (40K)

orthohydrogen

parahydrogen

0 100 200 300 400 500
T(K)

Figure9: Enrichment of parahydrogen by coolingiquid nitrogen (77K) can be used to gene
an enrichment of ~50% parahydrogen, whereas the commercial Bptiksgenerator operates i
coldertemperatures (40K) and is able to generate ~90% parahydrogen.
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break the symmetry thfe A spin system of dihydrogen by asymmetrically coupling the two

'H to (at least) one other s{if2 nucleusUnder these conditionsy Giis no longer an
eigenstate of the system, and evolution out of this eigenstate permits hyperpolarization of
target nuclei. But first, we must examine the theoretical underpinnings of SABR#E and

coherent evolution with chemical exchange.

54



Chapter 3:Unifying spin dynamics and
chemical exchange in SABRE

A hallmark ofjuantundynamics is thale stateof the systemat any timean be related to
the state of the system atyather timeby aunitary transformatiohe dynamicsare
efficiently represented by use of the density matriwhich evolves according to the

Liouvillevon NeumanrfLvN) equation
_n "Q (‘) Hi O-Ep{p

"o PAODPQ W= 6 " A W= 6 DR

This resultpresents an interesting probléhe solution suggests thhta coherence is
established in the system, thatould persist indefinitely. In terms of spectrosdbpsy,

would result in signals theatist for all time aftenitiating the coherence, whialtuitively

makes no sensEhe discrepandiesin that the LvN equation has tk@meform for both

single particlémicroscopicandensemblémacroscopiystemsas a result of tracing over

the individual particlés an ensembl& reduce the density matioxa tenable sizBoing so

omits any interactions between particles that may be present in the systemisiicall real
macroscopisystemshe ensemble dynamics induce dissipation of coherences and relax the
state of the system back to equilibrium conditsuch, much effort has been spent
developing theoretical frameworks for thermalization in quantum sy$tenpsevailing

theoretical treatment of Redfield relax&tiwassummarized i€hapter 2.
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Another interestingnstance of ensemble dynamics is chemical exchéege,
multiplechemicaspecies in solution that aaupled bynoleculaor spatiatearrangement.
Molecular parameters in the Hamiltonian chssigeolecules undergo rearrangeniéms
changas reflected in the spectruwhere it appears that transitiomange as a function of
the exchange rateig. D). Manyexchange processeExu on the' i i time scale, which
is ideal for detection by NMmRurthermore, exchangan also induce dissipation of
coherences in the ensembiekingt particularly difficult to model the coherent dynamics of

such systems in the presence of exchange.

Describingcoherent evolution with chemical exchange was first pre$gnted

Kaplani® %and Alexandé&f 'as an additional term to the Liouwilben Neumann equation.

k=15s"1

k=18s"1 / \

-15 -10 -5 0 5 10 15 20
Aw (Hz)

FigurelO: Example spectra with chemical exchandgghemicakxchange initially appears in NI
spectra as a broadening of the peaks caused by the interruptions to the cohevenhitior
(purple) However, as the exchangates increase, the individual resonances become extre
broad and subsequently begin to coalegbkie to green)As the exchange rate becomes lai
than the individual coherent interactions in the Hamiltonian, the coalesced peaks will nat
the fast exchange limit (orangepimulation: ABsX systemparameterizedwith ) P0Oq
0 m'oqo L& "Og andv ¢ pOa
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The form of the exchange interaction mvasvated by analysis of the transformations of the
density matrix required for a taite exchage BinscHlateru ni f i ed Kapl an and
t heory f or excha nfgelaxationnbtivalrg that exenandednas stimplyg o r y
extension of the relaxati@guations derived by Redfidddi nschds t heory co
recovered in the limit where the coupling between the coherent and exchange degrees of
freedomis assumed to be line@ue to the maturity of NMR in relation to other
spectroscopic techniques, andvide experimental validatiortloé theoretical predictions,
Binschds theory has been widel yTharestlamit ed i
expression was ofglsame form of the exchange terms developed by McEbiuddb3

and Sack for classical descriptions of magnetic resonance, and the result was simply

confirmed by the community.

By mothat i ng t hat Kapl an and Al exander 0s ¢
Binsch assumetlat theensemble motion faxchange was the same asftir relaxatian
The ensemble motion that induces relaxatiomagnetic resonance timecontinuous;
molecular tumbling in solution generates the necessary dynamics to induce thermalization. In
contrast to this, chemical exchange is discontinuous, as the residence time in any particular
configuration is different than the time requiceperformmolecularearrangementhese
discreparniesled to the realization that the theory unifying coherent evolution with chemical
exchange was founded on incorrect or incomplete assumptions of the system and-required re
interrogationin SABRE, acurately describing the interplay between the spin dynamics and
chemical exchangell be crucial to understanding next steps towards optimizing the scope
and performance of hyperpolarization. As shetiumndamentatesultwe derivas directly
applied ¢ this problem andulminates in theobust model for SABRE that will be used
throughout theest of this work.
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3.1 Quantum Monte Carlo Approach to Chemical Exchange

We will begin in the limit where the molecular rearrangemerg much faster than all other
coherent evolutio(Fig. 1). In this limit, molecules appear to instantaneously jump between
configurationswWhilemost dissipative interactions arise from-tiomtinuougerturbatios

to the systenthemical exchange involves discrete jumps between molecular configurations
Thus, the mogphysicallyigorous approach for chemical exchag® undo the ensemble
averaging dof and simulate the dynamics of an ensemble of molecules indandieligage

the resulting solutionEBhis is called a quantum Monte CEIIMC)simulation methodror

the periods between each exchange dliemholecule will evolve according to the LvN
equatiorgiven ineq. 3.1.2Then, at randomly sampled intervals praputito the average
lifetime in that configuration, an exchange event is inifiatedcomplish this, thdensity

A

(A t
(V] !

60 — t

7 A
ARG t

w
Figure11: Time-continuous and timediscontinuous ensemble dynamics. Ahe rotation of .
molecule in solution is a timeontinuous process where the trajexy indicates how th
molecular orientation is changing over time. This mechanism the basis for relaxation in liqu
NMR where tumbling happens on afisescale B.Exchange between two configurations, wh
populations are indicated on eachsite®2 f 2 NE® ¢ KS (NI 2S00 2 NE

these configurations that are instantaneous, which is an acceptable approximation in NM¥
reconfiguration time is assumed to be on the order démtoseconds
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matrix (for examplé, ) must be projectezhto the vector space corresponding to a different
configuration”( ). This can arise in ord a few wayg§Fig. P). In the simplest casé,’i

and” have the same dimemslity and each of tepinsin oneconfiguratiordirectly map

to a spinin the other configuratiofand no other spins are addédgn the density matrix

only requires a basis sahsformation to rearrange the order of the sphis is oftercalled

a pseudorotation and can be describea ttgnsformation like Y ” Y, whereY are
unitaryor ot ati ondé matri ces . Hokeser,” padrmaudn® at he
configuration where a subset of the sgihgdissociated frorthe molecle, in which case

one must trace over the indices corresponding to each of the dissociat€éd spins

4 O ” ). Similarly, a subset of spins mayassociatéo the molecule, which can be
accomplished by takitige tensor produdbetween the associatisgins andhe density

matrix { 8T ).

Figure 12: Methods for numerically inducing exchangeA. Exchangethat rearranges th
molecular geometry but does not change the number of spins can be induced by a b
transformation, or otherwise called a pseudorotation. In this case, the density matrix
reduced” subsystems are shown for the two capdrations.B. Dissociation of a molect
essentially projects that system down onto a different density matrix, and association
smaller fragment can be accomplished by taking the tensor produof the subsystems.
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Often, multiple of these mechanisms cansimeultaneouslypresent in systems
undergoing chemical exchgragein the case of SABRES an illustrative example, we will
examine a relatively simple case wtherehyperpolarization target and parahydrogen
exchange with the iridium catalfgy. B). In this caseone can numerically implement
exchangef the ligandvith the QMC samplingnd fractionally replenish the parahydrogen
during each exchange evéiisassumes that there are some numbeotg#culeshat all
undergo a ligand exchange event at the same time, but that only some fraction of them undergo
a parahydrogen exchargeing so is possible because the ligand and parahydrogen exchange

events are coupleBractionally replenishing the parahydroge s senti al ly o0gr o

o—J08—o
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Figurel3: Exanple QMC simulation of SABREHEATH=or all simulationghe ligand exchang
ratewasQ T T ,the parahydrogen association rate was pi ,and6 T M.
The QMC solution of a single SABRE molecule (blue) is shown overlaid withytlggiantur
mechanical solutioifgray) The discontinuities observed are when exchange events are sal
which are demarcated by the vertical liné®. Averaged QMC simulation using p fit 1t
molecules. As the SABRE complexes exchange, the evolig@mngbase coherence and lead
a decay of the oscillatory structure.
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of molecules that undergo ligand exchaimgeltaneously, and then only permits a fraction
of those molecules to undergo parahydrogen exchiisgs.only permissible in simulations
as there are a macroscapicnber of SABRE complexes in the solutidn.this example,

when exchange is sampled, the density matrix undergoes the transformation

" 0 %450 250 o’
P4 Qr

For simplicity, we wild angumpeasWaenhexcharfge ni t e
is initiated, the polarization on the tagegd JY is recorded and used to offset the

subsequent polarizations.

While physically rigorous, QMC methods iaherently limited by their slow
convergence. For a randomly sampled dikenexchangéhat has a timéndependent
probability density function (the exchange rate does not change withetilGsampled
variableessentiallgeneratesoisein the saltion. As suchthesolution convergence requires

averagingverthe noise created by the exchange ewehish will disappear at a rate of

pT . The convergence of the QMC simulation performé&iginB is shown irFig 14.

100
50

Error (%)
o

10° 10" 10* 10° 10* 10°
N molecules

Flgurel4 Convergence of QMC simulatiothe QMC solution converges very slowly, requ

v fit T molecules to achieve a solution convergence of less than 1%. As smaller er
required, an exponentially larger number of iterations are required, making QMC a
expensive computationdgkchnique. The dashed lines are shown to highlight the 10% (re«
(purple) and 1% uncertainty pointg.A Y dzf | (BEyRtgh(SABREAEATH) &t ™"
0 P"Og ando ¢ TOd
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While thisconvergences not an issue for the small88BRE systems, which only require
simulation of a few spiti2 nuclei,it makes the simulation lafgermore realistic systems
intractable. For instance, it would require ove(c8d@puter yearyof simuléion timeto
converge a 150 ms simulation of¢hronicalN-pyridineSABRE systeyrwhich has 14
coupled sphi/2 nuclei With this realization, it became apparent that a different approach to
simulating chemical exchange would be reqartddht realic SABRE simulations would

become tractable.

3.2 Exact Dissipative Master Equation for Magnetic Resonance

While physically robust, QMC models for exchange are rarelysiead of performing the
ensemble average on the solution, it is common ptacpeeform the averaging on the
equation of motion itself.o accomplish thighe differential equatiorare perturbatively
expandeda provide insighand make progress aotually implementing the interactions
This is themotivationbehind quantum master equations, which include the enkasmble
statistical effects in the dynami®$. key importance is thByson expansion of the
interactioAframe propagat8f, whichcastghe Hamiltoniarin areferencérame that isolates
the timedependent interaction$his follows similarly to the derivation performed for

relaxation inChapter 2. We begin bypartitioningthe Hamiltonian inta static £ )

componentscorresponding to the coherent interactiand dynamic=( 0 ) components

comresponding to the exchange interaction:
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Importantly, chemical exchange is observable in experiments and thus must correspond to a

Hermitian operator, even though it does not result in unitary dyfdmicgeraction frame,

which isolates the exchange interaatimm be fountbr an operatod as(without hats)

0o Q° 0Q° o8

Wemay write equatia®3 as:

"0 " Q™= oHO o

0= off Q= 0 ff QW= o fE o%

Each of these terms amounts to a perturbative correction to the evolving densityenatrix.
can write thefirst four Dyson terms individually ,asollecting terms by their power

dependence on :

— Q oh o oqp
T 0

T, - e

= » ™ = oh= o R o ofR8
TT_S ‘® W = oh= o h: o R o ORI
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Low P ™ = oh= o6 h= o6 h= o HRH O of]

The symbol® is the Dyson timerdering operator, which enforces that 0, andthe

integral notatign

M
)
S
S
g
s
&

» D
is used for legibility.

To continue, we will introduce a general form oD as a expansiobetween the
operator0 , whichis the physical implementationcbiemical exchange on tregluced
density matrixand a stochastically modulated operda®io , whichdescriles the time

evolution of thanolecular dynamider each exchange procéasitten in the interaction

frame)
= 0 0 000 o T

The index corresponds to each exchange process in the system. To make furtheng@rogress, t
equation of motion will be ensemaleeragedThe averaging isstricted to the ensemble
motion operator¥) 0, as all othesperatorsictonlyon the reduced density matAx this

point, we impose thahemical exchange is a stationary processngnget the exchange

rate is timéndependendnd that the onlyme metrigchat matters is the difference 0

t. We mayalso use this assumptiordédine "O 0 T, as there is no drift to the ensemble
motion i.e. the system is at equilibriurhis forces albddorder terms in the Dyson
expansion to zero and makes the leading order term the secommcterai#ion given in

equatior8.8.2, which becomes:
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Here, we have imposed that the exchange dynamics are Markovian, and thus have no memory

component. This permits us to writed 0 in the PDE, where the formal time

dependence was dropped for legiblliig.correlation functionO T "O , describes thiame
dependence agxchange. Wwill impose the assumption that each processlyiself
correlated, permitting the usé of. Furthermore, itenagnitudes proportional to theate
pXt (wheret is the characteristic lifetime in a configuratimmortantly, the time required
for the molecule to rearrangesignificantly faster than the evolution of the cohdegntes
of freedom in the NMR limis well as the lifetime in any one configaréig.11B), and
thus the ensemble dynamics can be assumédd tomivelated in tim&his allows the lingt

of integration to be extended téb, distributing the resultifgctor of 1/2 into the operators

asd O o W for brevity giving:

—a
alhe
<

To makeprogress, we may introduce the commutation superogieratarh . As such, we

mayrewrite the double commutator as:

N AN Y p" ”
(O0) -

o
—+|
—=
o
Q
®
a
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The second equality is permitted ds Hermitian. Now, the squared superoperaiorcan

be identifiedby inspectioras the exchange superoperatowhich returns theaditional

master equation for chemical exchange
— "Q, F]: - 0 O—Ep T

It i s i mportant to note that this equation
theory as done by Binsdbut undemlternate statistical assumptions specific to ex@rahge

in the lowesbrder of perturbation theoiyn the NMR limit, thexchange raft can often

be on the order of or exceeding dominant couplings and resonance frequency differences. As
such, it is nad valid assumptidhatexchangeveakly affecthe dynamics and thus can only

be included as the lowester interaction in perturbation theory.

Corrections to the dynamics can be made by incorporating higher order terms in the
perturbative Dyson expansion.shswn previouslgll oddorder terms idappear under the
assumption that exchange is a stationary process, the rexionenm is the fourtbrder

Dyson term:

"' @ o o5 o0Rd oo 6RO o H

od v
"0O0™0 60 00 O o
This equation uses the definition of the interaction frame Hamiljorearineqg 3.10 We

canexpand the fogpoint correlation functiomto factors of twepoint correlatorby use of

| sserl i:sd® theorem
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As previously, the termvgthin each twgpoint correlatomust correspond to the same
exchange proce¢s impose quadratic action of any operator However,we shall
additionallyassume that any naero foufpoint correlator correspondsaaingle exchange
process (), or in other words, each exchange procesdyiselfcorrelatedThis m&es
intuitive senseof two uncoupled exchange proceg¥@sand "O act independently)
Furthermore,”O and "O must be distinguishable, not related by a similarity transform.
However, in the case of coupled exchange prodtss@ssumption is only valid if we
redefine the procedbwe usethe example th&D can onlyoccurif "Ohas happenedie can
rewrite’O as’O ('O occurs withO) and rewriteOas™O (‘O occurs withoutO). This
effectively uncouples the processes and permits use of the above assumption. Thinking about
thisfrom a mathematical point of vidhe matrix containing allOmust be diagonalized.
Under this assumptionll the terms in eq. 3.16 are identical, and in general there will be
€ pD o identical terms that arider the ” term of the Dyson expansion
Furthermore, it will be beneficial to decouple the-dmiered integrals, which is
accomplished Wjividing tle expression by the p Adegenerate time orderitlgat arise.

Thus, wecan write:

— » W W ™M 6 ohd 0 hd o0 hd o R

‘0000 06 00
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Now, we can use the stationary assumption to make the change of variable$ and

0 0 Tt tofurther reduce the expression as:

L © o6 theh of 6t Rt 7t

T O
cp
ot ey
e Y
oho hoho K —
¢t

Note that we raised the limits of the integrals that act on the commutatérand change
the upper integration limit in the final integréktbmportantly, the factor of ¥ that results
from extending the lower limits to infinity is again distributed into efactsimilarity teeq.
312 However, the remaining factor of % that igdn 3.8 results from accounting for

degenerate tirmrderirgs. Transforming e@®.18 into superoperator forgields:

” A Y
T_ \ 0 CT O'Ep W

The numerical coefficient of this tetascribes thate oftwo exchange processegppening
during the period@lY Usingallthe assumptions established hergpossible to completely re

index theDyson expansion for chemical exchange as:
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Typically, the largest inhibitor to higbeter perturbation theory is thalculation of the

powers of the exchange superoperato® , particularly as these must be done

numerically and are highly computationally expensive. Hathweexchange superoperator
projects the density matrix onto the same vector space (after removing and adding a ligand)

and performing multiple exchange eveeturns the sanuensity matrix as performing a

single exchange evéit  0). This holdsvhen the exchange superoperator is written as a
linearcombination okexchange pathways, such as when there are multiple indistinguishable
binding sites as in tlvase of SABRE. As suthere is avelldefinedrelation between all

higher order exchange superoperatorghanthear exchange superoperator, which is

0 ” o 0" L"h o8 p
where thdirst equality is given by the definition of the exchange superoperdtmyhand

operator superoperators return a term proportiomal to fact, the second equatitiggests

that the higher order superoperator® are eigenfunctions aof ”. For traceunity

exchange superoperatovs,findthat_  p, which permits us torite the relation:

o) P o) o 0 p U o8 ¢

Using this ireq 320gives:
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The ¢ -summation is then the Maclaurin expansion of the exponential, which permits us to

write the closed form solution of tihéinite-orderexchange interaction as:

Lo 2age o T

t ¢t
The only difference between theditional equation of motion for chemical exchage (
3.14) and the exact equation of motion giveedy3.2 is the scalar exponential factor that
relates the action of all higloeder exchange events to the lowest orderaemmadditional
computational costVe will refer to this as the exchange generating fuhoimmtantly, as
the integration peric?© 'Q gthe traditional equation of motion is recovesith is to be
expected as only the lowesder terms would be present over short tihesn though this
result is derived through tirdependent perturbation theory, the closed form solution is not
a perturbative result bistthe exact result obtainedusing a series solution to contract the
higher order interactionshich we call the exact Dissipative Master Equation (EBREX)
summary of the nomenclature used for exchange master equatiofgt each equation

includes is shown in Table 1.

Table 1: Nomenclature andsummary of exchange master equationsThe model, exchan
dissipator, andnethod of derivation are summarized for each of the master equations disc
in this section.

Model Dissipator Derivation method
p . . .
Traditional L Analys_ls of transformatior]
T requiredfor exchange
DMEx Py i @ B;Y Closed form solution of
T ¢t Dyson series expansion
p . "Y .
DMEXFR2 LA N 1 ~ SABREpecific DMEXx
T ¢t model for exchange
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3.3Error analysis of the DMEx andhsulating the SABRE system

The master equation treatment of chemical exchange fundamentally differs from the QMC
modelin that it assumebat exchange provides a continuous perturbation systesmat

the level of the ensembitowever, it also differs from the treatments peddrny Kaplai®®

109 Alexandét® ! and BinscHasit considers both the lifetime of any one species but also
incorporates the instantaneous jump between exchandea diteiss where the exchange

rate is on the order of the coupliag it is in SABREhe QMC modelpermits large
excursiondrom the average&lensity matrix than is encapsulated imaster egtian
treatmentTo assess the accuracy of this assumpti@awealculate the eriorthe DMEXx
simulation relative to the QM@While the DMEX is an exact equation of motion, it can rarely

be analytically integrated. Instead, the DMEXx can be numsoivaitywith the firstrder

solution:

) ) B o . O‘Q = ” !Q: uY
Y QT Qf Y T A@BJ o0& U

This can be found by using the fosdler Taylor expansion ef|. 3.2 and replacing the
coherent terf? b= "Ywith the exact solutioAssessing this intrinsic errequires highly
converged QMGolutions where the convergence is significantly less tharrdhén the
master equationwhich can be accomplished usilyg p t'ti The DMEx model
accumulates statisticallyignificant error when compared to the QMC solian b),

where the black line indicates the convergence error of the QMC sglutionsged as the
reference simulations. However, the error is QRly o A5 o & T CTEip P

larger than the convergence error of the QMC miduetime required to generate the QMC

solution is significantly longer than the time required to integrate the DMEXx Sidiuson.
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Figurel5: Performance of the DMEx model relative to the QMThe error in the DMEx (
blue) is shown relative to the convergence error of the QMC solutions used as a grour
(black). This indicates a small, but significant, error in the DMEx meldélve to the QMC. C

average, the error is,, . ™ T ¢ 18t p B. For all simulations, a step size
Y p 1 tiwas used on a minimal SABRE system.

the assumption that exchange provides a continuous perturbation to the sygteraratdy

a negligibly small error in the solution.

The primary application of exchange simulations in this work is as a model for SABRE
hyperpolarization dynamioshich waswork was done in collaboration with Shannon
Eriksson, another graduate studerthenWarren labAs such, much effort went toward
constructing a rigorous modbkhat could encapsulate pdirtinentinteractionghat affect
hyperpolarizationthis is referred to as the DMExXFR2 model, wimncludes freégand
effects(F), rebindingdR), and relaxatio(R). In general, wdescribéhe SABRE system as a
combination of ensembles correspondireatd type of species in the systaém ). By
convention,we express the concentrations of each of the ensemlblidge to the
concentration of the activated iridium comglbr associatioof atargetigandd from the
freeligandensemblé& onto the iridium cataly8tst requires the dissociationtloé target

For this pathwayhe exchange superoperatan be written as:
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Figure1l6: Exchange pathways in SABR#ydrogen () and ligand (L) can reversibly exche
with the iridium catalyst. While there is always a fixed concentration of ligand in the syste
hydrogen is either present at a fixetncentration or is continually replenished. The rever:
binding of a molecule that previously interacted with the catalyst is a critical effect limitir
production of hyperpolarization. Each of these species is thought of as a separate ensetim
system and each can be present in different concentrations.

o R 40" §7 o @
4 O " isthe partial trace over the ligand basis,stetiesing a density matrix containing
only those nuclei still bound to the compléxs conjugate superoperator thdts the

dissociating target into the ftagget ensembig given by:

c-

- o
"R T4 o 7 o8 X

The factor 6 70 scales theound ensemble to ligand ensemble 4a6d traces
over the basis states not corresponding tdisseciating liganth conjunction with ligand
exchange is the exchange of parahydfogarthe hydrogen ensemble, which happens

only after a ligand has dissociated from the comfihexexchange superoperator for this

pathway is:

L') ” H! Fii - & 4 O ” é ” ” é ” é 4 O ” 0—& l.IJ

By convention, the parahydrogkamived hydrides are always the first two spins lod timel
ensemble-or the case with only one ligand that is boundtivaam$ydride, then only one

term ineq. 3.Z is presenfThe conjugate exchange superoperator is:
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In the case where parahydrogen is continually replenished by bubbling during the experiment,
we can assume that L "O, which #ectively means each parahydrogen that associates

with the bound ensemble is a parahydrtiggtnhas not yet bound to an iridium catalyst

When setting the initial state”of to be the parahydrogen singlet, this effectively prevents
depletion of thé by exchangélowever, this is not a necessary assumption, and analogous
exchange superoperators may be derived as above for the case where parahydrogen can
reversibly bind from a fixed reserv8pecificchemicabystems may be constructsthg
combinations of treesuperoperators and aaren include multipsnsembles corresponding

to different ligand types.

In addition toexchangespin relaxation must be includesdhyperpolarizatiors a
nonrequilibrium statef the systenin the DMExXFR2 modelspin relaxation is treatad a
boundary value problem whéne system is driven towards equilibrium athates either
empirically derived or derived from thedhere are twdominant thermalizatigprocesses
thatmustbeincluded which are dephag (loss of phase coherene@)h a ratef”Y, and
decoherence (loss of populattmherence), with a rga@& Y. Dephasingand decoherence

may bencluded in the dynamics by phenomenologically adding the terms

T_‘ 2y, "y oD TT

to the differential equatiohhe summation here indexes over the different nuclei. The first
term eliminates coherences from the system and the second term drives the system back to its
equilibrium conditionsNote that these processes are not related to inhomogeneous
broadening ofgaks, which is caused by-moiform magnetic fields.
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With all the relevamtffects included ithe DMEXFR2 model, it is possible to assess
the performance of the exact master equation relative to the traditional master equation for
exchangéFig. 17). While the solutions converge as the simulation stepYSiz& pas is
expected froneq.3.23, the DMEXx model exhibits a fasseiution convergendban the
traditional equation of motiday approximately a factor of foigain, it is pertinent to note
that ths is achieved at no additional computationabeesthe traditional implementation.

In addition to the superior congence of the DMEX, it is important for the solution te self

A 20
Traditional

1 5| DMEXFR2 i
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0.5|=-mrsneanass Rt emenenn s .
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Figurel7: Performance of the SABRIpecific DMExFR2 model. Ahe solution convergence
the traditional (black) and DMEx (red) modelTar ¢ 11 as a function of simulation step s
("Y. The gray line indicates the error threshold@ b , where the DMEx model does not exc
this threshold even fofY v & i, which corresponds toY pp 0. B. Selfconsistency of th
DMExFR2 model (red) relative to the traditional implementation (black) and DMEx mode
for SABRE without all criic effects. All simulations usé€Y pd& i. The seklconsistenc
parameter,, , is the error in the exchange rate predicted by the simulation, using ap 11
simulation as a reference.
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consistently predict known exchange rates, as these models are often used in combination with
experiment. Here, we hawassessed the setinsistency of the DMEXFR2 model by
introducing the parar®, , which is the relative error in the exchange rate predicted by the
model(Fig.17B). The DMEx models both exhibit superior-selfisistency of the solution

over the traditional model, whichit p & i has no regime in which the solution is stabl
Surprisinglythe solution setfonsistency is improved when including all relevant SABRE
interactionsRelative to the traditional implementation, the DMEx model exhibits superior

performancén both convergence and accuracy.

Given the superior computational performance of the BIRExwe can now
determinghe importance of using a rigorous model foBHBRE systertirig. 18 We will
first examine the case of coherently pumped SABRATH on a N-**C)acetonitrile
ligand Evenwith a spin system containiogly has5 spinl/2 nuclei on the target, the
coherent dynamics are highly structured, provatingleal test case for examining the
requisite level of theory required to model a SABRE sistaidition to the standard set of
exchange pathways included in the generic DMExFR2, one must additionally account for the
fact that dayperpolarizatiemactive coligand is used to enhance exchange. This occupies one
of the iridium binding sitesi@ thus, there are two isomers of the SAB&ke complex.
Therefore, one must account for ligand exchange onto both of these conformaéhas as
isomerization between the conformatidvisen fitwith a DMExFR2simulatiorwith every
interaction explicitly included, teeperimental coherent hyperpolarization dynamics of this
systenarewellreproduced. Furthermotbg extractedxchange tesof the system are self
consistent betweaxperiments at different magnetic fiekdg. {8C). Importantly, simply
removing one of these interactions, such as the coligand exchange pathways, breaks the self

consistency between these data sets. Asnaushke that it is critical to include all relevant
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exchange pathways for the system when attempting to extract meaningful information from

experimental data.
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Figure 18: Coherently pumped SABREHEATH ofN,*C)acetonitrile. A. Acetonitrile i
hyperpolarized by SABRE in the presence of a pyridine coligand (C), and hyperpolari
monitored either on'>N or3C.B. Coherentlydriven XSABRE hyperpolarization is accompli
by interleaving periods where the magnetic fieldrésonant with the XSABRE transition w
periods where it is not resonanc® (I 6 ) to permit exchange. This pulse sequenc
repeated for 60s to permit accumulation of hyperpolarizatiGhExperimental (dots) cohere
5N-SABRE hyperpolarization @fN,**C)acetonitrile fit with the DMExXFR2 simulation (line).
o) PHU YQ p® p&i andQ @8tm T Ui . At S P YQ
pad o®i andQ T® T Y .Importantly, the fits produce selfonsistent resuli
between the two data sets, as would be expected. Removing even one of the interactior
as the coligand exchange pathways, breaks thiscegifistency and the simulation accrues
error of up t092% with respect to the full DMEXFR2 simulation.
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An equally important application of the applications in addition to fitting experimental
data is predicting and optimizing the performance of hyperpolarization teamsioest
short times, on the order of the complex, the coherent dyrmamiedtvely emphasized.
Under these conditions, it is interesting to examine the performanoeaifng the model
of the canonical XSABRE systentN-pyridine(Fig. 19. Due to the large number ‘f
nuclei on each ligand, it has been assumed that truncating all or most-bf thesgdbe
representative of the explicit system. For the first time, the DMEXFR2 has the computational
efficiencyto simulate the full 3€pin iridiumbound system along with the@nfree ligand.
For brevity, we refer to SABRE systems often with the notétiord 'Y, whered are the
number of spirl/2 nuclei on the iridium complex amdare the number of spii2 nuclei

in the free ligan & and indicates the binding geometry with onelrgdride target
A C

o Q. 7
| 3.0 35
X 2.5
L 30
012 " 2.0
£0.10 e 25
c ©
S$0.08 =
©
£ 0.06 v 1.0 20
So.
- At = 5 ms; (14+6) 0.5
2 0'00 At = 2 ms; (6+2) ; L
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t (ms) kg (87" 10

Figurel9: Truncation errors on the order of the average complex lifetime.lAthe *®N-pyridine
SABRE system, which has been used to benchmark nearly é8lABRE performance, the la
number of'H nuclei on the ligand are often omitted from the theoretical mbdehe large:
approximation in literature utilizes a singtel, whereas there are fiviH Jdcoupled to the'N,
indicated by the red markers on the molecular structueThe hyperpolarization dynamics
times on the order of the complex vary drastically between the explicit model, which is a (
system, and the approximate (6+2)X model. Even increasing the step sizé to & i in the
DMExFR2 will still reprodudbe actual dynamicsC. Fitting the (6+2)X solution to the (14+
solution reveals significant artifacts introduced by truncating the spin system, meaning
silico optimization cannot be judged with any confidence without the full system.
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() or two transhydride targetsdj As such, the full pyridisgstem is a (14-56)%pin system,

where the largest approximate system reported in literature utilizes'biriydnea (6+%)

truncated model. We see that such an approximation dramatically alters the coherent dynamics
of the SABRE systerwhereas even using a steptBateis30  pft'Q in the DMEXFR2

whereQ is the ligarnslexchange rateproduces the actual hyperpolarization dynamics well.

This highlights that the superior computational performance of the DMEx models can be
used to offset thadditional time regred to model the full system, as doing so is the only

wayin which reliable simulation results may be obtained.

It is also illustrative to examine the performaneesefies dfruncated model®
predict the hyperpolarization dynamics in SABRE. Wenill use a SABRE system with a
singleé™N-pyridine, reflective of a partiaty-labelled pyridine sample, and compare solutions
where'H are systematically truncatéidthe ligand. Furthermqgrere will examine both the
actuahyperpolarized signal predicted by each model as well as the deviation in the predicted
dynamics, accessible by scaling the truncated model to the actual result. In the case of SABRE

SHEATH, the Hamiltonian of the system is simply:

ré o L “000 o p

Note that all of the spins in this case are strongly cotipgednly regime when the truncated

model predicts a hyperpolarization that is well representative of the actual system is with the
(7+5)Y truncation, which still exhibas p & Pdeviation from the (8+8)systen(Fig.

20). This systenexhibitshyperpolariation dynamics that deviate from the realistic system,
despite there only being a sifglenot included in the model that is not even directly J

coupled to theé®N. For every additional truncation of the system, the hyperpolarization
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Figure 20: Truncation errors in coherentidriven SABRISHEATH experiments. /Aeries
truncated °N-pyridine models as well as the exact (8+6)Y mo&elComparison of th
hyperpolarization generated in a coherentlyiven SABRE | 9! ¢ 1 @ NBEA Yy 3 ol
The solid lines in color are the simulation output, and the dashed lines are the result of fitt
amplitude of the truncated model to the (8+6)Y model. p ax i for these simulations.

dynamics deteriorate and the predicted hyperpolarized signal deviates from the values
predicted from the actusfstemBy the point where only ti#\ is included in the (3+Y)

the magnitude and structure of the hyperpolarization dynamics differ significantly from the
actual system. However, the (3#tuncation highlights an interesting aspect of these
simulatns, as there are no anciltahyn this system and the frggecies is represented by a

single spii/2 nucleus. In comparison to the other truncated models, the additional structure
of the hyperpolarization dynamics that persists forrtiongslonger than the average lifetime

of the ligand on the complex actually arises from the coherent dynamics of the free ligand.
This highlights the critical nature of including all relevant effects when modeling the SABRE
system, as negeneration SABR&xperiments should be optimized understanding that the

evolution of the free speciedl significantly affect the resultant performance.

80



X20

(4+2)
(8+6)

R20

305 (5+3) (7+5)
o (8+6) (8+6)
0 20 40 60 80 100 120 140 O 20 40 60 80 100 120 140
tp (s) tp (8)

Figure 21. Truncation errors in coherenthdriven LIGHISABRE experiments. ASeries ¢
truncated *N-pyridine models as well as the exact (8+6)Y mo&elComparison of th
hyperpolarization generated in a coherentlyiven LIGHT ! . w9 @I NEBAyYy 3 a.
The solid lines in color are the simulation output, and the dashed lines are the result of fitt
amplitude of the truncated model to thg+6)Y modelf p a i for these simulations.

While all ancillary nuclei are strongly coupled in the SSBRETH limit,
examining the case of LIGFKHABRE providg an interesting comparison to this I{fig.
21). As the LIGHTFSABRE experiment is performed at high magnetic field, only the secular

components of the heteronucleaouplings survive. As such, the Hamiltonian is given by:
= 3 Y 1 5Y 1 0 ¢ 0 '0J0 " 0 0Y o C

In this case, all homonuclear couplings are strongly coupled ‘&hdimes are rotated at

the frequency of the parahydrogenved hydrides. Thus, the first sum only indexes over the
ancillaryH nuclei. Where the SABREHEATH truncated models immediately deteriorate in
performance from the explicit (8¥&pin system, the LIGHSABRE case is more robust

to truncation of the ancillary nuclei. In fact, even the Y&#x®)cated model predicts the
hyperpolarizatiodynamics of the realistic systeith only minor deviation. In this case,
when the ancillary olei are weakly coupled to the tatienhucleushusforbidding direct

flow of polarization to these nuclei, the impact of truncation is much less ttieicase

81



where the nosecular-gdgoupling terms can directly convét polarization into spin oed

on the ancillariH.

3.4 Conclusions

The final result that Binséderived unifying quantum evolution and chemical exchange was
correctto lowest ordefor magnetic resonanadespite havingrrived athe result under
assumptionsghat were not reflective of the underlying physicavever, correcting the
statistical assumptions upon which the model iptmyities access to higloeder exchange
interactions that, under many conditions, may be rearranged to give a scalar cawection fac
to the equation of motion. This has led to the developmemt edfact master equation
treatment for chemical exchange in the superoperator formatied the DMEX. In

doing so, a robusind exhaustive theoretical model for SABRE can be constiougtrdie

the development and optimization of this techriglied the DMExFR2Ve will utilize the
theoreticaframework for SABRE developedhis chapter as the fundamental basis for the

development and optimization of novel experimental techniques
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Chapter4: Expanding thecope of
heteronuclear SABRE at high field

Extended SABRE (X-SABRB experimentstarget the hyperpolarization of spi@d
heteronuclei likEC* 46 11813\ 44. 47, 49, 51, 52, 87, 188 qnf 1984, 127 These experimeritglongto

one of two modalities:hyperpolarizationat arbitrarily high magnetic fieldsd
hyperpolarizatioat ultralow magnetic fiel@espite the original demonstraid X-SABRE
being at high magnefield, shownin the LIGHT-SABRE? and RFSABRE#® experimers;

the ultralowfield variantSABRESHEATH" 8" *has become thgreemineniX-SABRE
hyperpolarization methothiscan be attributed to thadt that SABRESHEATH routinely
generates the largest observed hyperpolaripatitbe XSABRE methodsnd that the
ultralowfield matching condition is nearly completely invariant to changes in molecular
structure and target heteronucleus. Furthermore, ASBRESHEATH generage
hyperpolarization in bo#ingleandmultipleligand environments, wheré#SHT -SABRE

and its variants generhyperpolariation insystems with a single ligantiichconstitute the
vast minority of SABRE systerislike SABRESHEATH, directhyperpolariation atthe
detection fieldloes not require specializgpiipmenbutside of the basic NMR setup and
parahydrogen suppbnd can be used immediately in conjunctioncerthientionaNMR
experimentsFurthermore,highfield methods naturally permit hyperpolarization in the
presence of quadrupolar (spip#¢) nuclei, which act to quench hyperpolarization through

the rapid relaxation mechanishsltralow magnetic fiettls
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Herein, we will discuss efforts to optimize the hyperpolarizdtimghfield X-
SABRE methodandexpand theargetscoge of theseexperimentdmportantly,the total
hyperpolarization achieved by SABREEATH is unlikely to be rivaled by higbld
techniquesrhis is because SABRIHEATH hasthe advantage of exposing the entire sample
to a homogeneous magnetic ftelat can be easily varied in any dirggbemmitting greater
flexibility and finer control of the experiméd highlighted ifable 1an enormous body
of work has beepreviaislydeveloped in the community to pursue high fiebREBRE In
this work,we expand on and improve higgid X-SABRE variants witthe DARTH-
SABRE?®, 'H-decoupled LIGHTSABRE?, and broadband-8ABRE*’experimentsvhich
were developed mrcumvent the limitations of tpeevious experimerasid put higHield
and ultralowfield X-SABRE on a similar experimental footifigis progression of
experiments provide an avenue to expleBABREhyperpolarizatiomat arbitrarily high
Table 2: Development of higHfield X-SABRE experimentRelative to SABREHEATH, tl
originalLIGHTSABRENnd RFSABREXperimenshave considerablexperimentakestrictionsthat
limit scope and performance of the techniguBlany experiments were developed by t
community to augmenthe original experiments and expand the scope of high fieRABRE he
DARTESABRE!H dLIGHBABRE (d = decoupled), and broadbaf8ABRE experimel

(highlighted)were all developed in this work to match the experimental scope of the coh
SHEATH experiment.

environments environments polarization
SABRE-SHEATH : v v x v v v
Ultralow Field T
Coherent SHEATH ! v v v v v v
LIGHT-SABRE : v x x v x x
RF-SABRE : v x x v x x
INEPT-SABRE | v x v x v x
L
Re-INEPT-SABRE : v x v v X x
1
High Field ADAPT.SABRE | v x x v x x
1
SLIC-SABRE i v x x v x x
DARTH-SABRE i v x v v x x
'H dLIGHT-SABRE i v v v v S 4 x
Broadband X-SABRE E \/ \/ \/ \/ \/ \/
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magnetic fields with the same flexibility as SARREAH. All of the following results are
rigorously grounded in the DMEXFR2 theoretical framealismldssenh Chapter 3andwere

theused tanform optimization.

4.1 Optimizing the LIGHBABRE experiment

The LIGHT -SABRE? experimentvas the first XSSABRE demonstration in whigreak
radiofrequency irradiation was used to convert the parahydrogen singlet order into observable
magnetization onaN-nucleusThis experimenvasmotivated in the case where the ligand

and parahydrogen bind t hXspinsystahalthoogh weowiip | e x
di scuss a slightly slHemepweavil cagt hé Bxamikopiantingha f o r
rotating frame of the pulsedahave chosen a rotating frame for'@eins such that the

Zeeman terms for the hydrides disappear ( 1). Then, theHamiltonian while being

irradiated by a radiofrequency pulse offthehannel is:

= 3% Y1 Y ¢“0 030 v O g
If written in a singldriplet basis for the hydrides and the Zeeman basis on the heteronucleus

for 3 11, the pertinent subspace of this Hamiltonian is

Y| & <Y & SY| & sY[ &

S, , s g U ~
2’de| s ¢V 1% . m g
f:\" —| F' “ “0 r:v
- e e 8
2, v h &
gd‘Y| $ T T TTh ~
. “ —| F|
c’deT ) 1 c c ]! o
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Under this condition, it is mom®nvenient to recast the basis in terms of magnetization

guantized along the radiofrequency field direction by defining the states:

$ $ar]gl‘)& $a ga
g g

W a T®
This basis set diagonalizesYheperator and gives the hyperpolarizaitive subspac

SY® @ SY® & SY® G SY® O

. 0 ~

(o4, o “woe o oy

r,vo‘(Yoo s ¢“0 1Ty — I LS

~a L :

= ~AY O S Tt Tt m &
T A G _— 18

f?\" ”n T ~

r’Yde S i T ¢ v &

.~ . “ 0
&dYoo S i T . 16 o
The matching condition for this subspace is given by

T h G0 8

Hyperpolarization may be generated if, for instance, we can excite the transition from the
SY® a0 gY@ astates while suppressing$hed GO gY@ atransition. Conveniently,

one of these transitions is automatically selected for depertti@gloase of the pulse, such

that a pulse with phaseand with phasejgenerate oppositedijgned magnetizatioRor

instance, thgY & G° SY atransitionis optimally excitedhen ¢“0 ,giving

dY® = sY® 0 YD = SYQ @ &
For this same condition, the energy separation betwegh dhe&rands'Y ® G statess

w

> ¢'v 1 . To gain an understanding of the relative excitation of these subspaces, it

is beneficial to examine the quantiymamics of an arbitraxwyo-level systemwhich may be

solved exactly, as
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"o A@D"Qg ‘;’bfﬁ gf/i\@mg ‘;’c &
Equation 4.fnay be solved by hand or with the aid of a numerical programming language,
such as Mathematicarom the solution of this equatiomve find that the maximum
population transfer allowed between the states of a two leve] aystdmve will callj, is

given bythe magnitude of the ahiagonal terms ih 0 andis:

g e Ty

TW 3

Fora 1, population can be fully inverted between the two.dfates call the subspace
containing thesY@® GO SY dtransitionsubspace 1y  p when] c¢“0
However, the other subspaadich we will call subspacésZimultaneouséxcited byhe

pulse at a diminishetagnitudef (0 ca&n o8N & 0 )

h ) X G T80

O O0h K O p : TP T

0 is the initial parahydrogen fractibhis resultant magnetization could then be stored using
wpulseghat are selective for thaliumbound species and améerleaved in the sequence.
Experimentally, this approach had been shown to generate signal enhancements on the order

of- p v for *N-pyridiné2

Exchange is occurrirgpntinuouslythrouglout the experiment anahny ligands to

exchange off the bound species before the selepiiNge is appliereunobservedAs only
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the"Y spin order is detected at the end of the experith&tnore beneficial to directly
generate-magnetizatigrsuch that the hyperpditeation is stored alorgivhenexchange
occursDirectly generatinty spin order essentially increases the efficiency of detecting the
hyperpolarization that is generated during the sequence but does not necessarily affect the net

magnetization thas igenerated’his can be accessed for-re$onant excitatmoandthe

Hamiltonian then becomes:

Yl & ¢Yr & gyl @ €Yr a

TqY] s ¢o — —— o
r‘;’v’r —| F' “w “l:) ’:":’
_ ;deYT S S 3 ¢“ U T 7 % p
" ul') - =
go‘(‘Y| @ m T 1% ~
. “0 T &
FOYl s m c ~ % o

The matching conditidor this transitiortan be foundrom the Hamiltoniaand is:

3 T 5 g0 P C
For either the omesonant case or the-oéisonant case, it is beneficial to examine the spin
operatorpathwayshat connect the initial parahydrogen singlet state, which in operator
notation is proportional t®J0, to"Y magnetization on the target nucl&ssntroduced in

Chapter 2the spin operator pathway may be found by performing the T@gosiex of

the density matrix,
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H = AwyS, + wl,N-g'x + Junh - I + IvehhsS,

®

—p

Figure22: Spin operator pathways for LIGHFABRETogenerate magnetizatioriY or "Y) from
the parahydrogen singlet@J0), the initial density matrix must sequentially interact with
different terms of the HamiltonianThe shortest pathways to the magnetized states are shov
each of the arrowswhere each arrow corresponds to the density matrix commuting witl
representative term of the Hamiltonian.

we maycalculatehe terms in the expansion until every transition that is accessible by the
Hamiltonian is mappeéfor efficiency, we have developed a computational formulation of
this expansion that performs the expansion for the user, which is deséyipeshdix B

While writing out the algebraic expressions would be entirely possible, the complexity of the
termsand the accrued power dependehbfescates any use of the technique to interpret the
dynamics. Howevdhe states that are accessed byl#mailtonian may be represented as
vertices on a graph and the transitions between these vertices may beddpresetted

edges to the graph, where the edge is given a color code based on the term in the Hamiltonian
used to generate that transition. This leads to graphs like the one Bitp@22) which maps

allthe possible transitions by the Hamiltonian giveq.id.with an initial starting state of
‘O30through the leading order terms™arimportantly, théO “O term commutes with the

= given ineq. 4.1at all times, so all meaningful hypemzation dynamics arise from the

‘OO0 OO0 term of the singleEor thesj Tt case, there are two pathways that lead

to Y that are each lineartiependent on j , hence why changing the sign gf changes

the sign ofY. The offresonant case cgeneratéY spin orderand has a quadratic power

dependence an ; , meaning that there is no phdspendence on the pulse (when it is a
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constant phase) but acquires a linear dependence on the redtswriccem the pulse. Each
of the steps in the spin operapathway is optimized at'd¢ phase rotation under the
respective term of the Hamiltoni&imr a constardmplitudeirradiation like in LIGHT

SABRE, the pulssequence parameters are optimized to balance tiarsous phase
evolution under each of therms. However, this makes the LIGEABRE pulse more

sensitive to inhomogeneities i, andsj

In practical limits, the goal is to produce the largest total magnetization. In this case,
the pulse amplitude is particularly difficult to conttbleasample level, as the sarofikn
extends beyond the active region of the probe coil. A3 syckaries spatially over the
sample.Techniquedo compensat for inhomogeneities are well known in conventional
magnetic resonance, but wérst applied to accedbe singletmanifold for pairs of
magnetically inequivalent sgigsVarren and coworkers in 261Zhey examined the case
of adiabatically powesimped pulses, which demonstrated robust performance for storing
(and accessing) the singlet stedebatic pulses are generally defined under the condition
that the pulse changes slowly witheetsio the spin dynamics and can be used to remove
various artifacts that are generated by rectangular pulses. For the case, &S hdERE
exchanges with a rate on the order of the dominant coupleagsng that adiabatic pulses
can only act on arngrget spin for its lifetime on the complex. Even after a particular ligand
di ssociates from the complex, the parahydr
the projection of the system priorthet o exc
coherent dynamics. Thusyen simple alterations to the pulse sequence, sliodady
ramping] j over hundreds of millisecondsere shown tocompensate for

inhomogeneitiea LIGHT-SABRE experimentsif. 23). As the active region of md$VIR
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Figure23: Shaping the LIGHSABRE pulséA. The original LIGHFABRE experiment utilize

constantamplitude (rectangular) radiofrequency pulse to generate hyperpolarization. St

the pulse with a ramped waveform can be used to compensate for experimental inhomoge

B. Dependence of the SABRE hyperpolarization on the pulse amplitugle For the rectanguli
pulse, the polarization in optimized at approximately; ¢“0 and then rapidly decreas

with increasing powers. Ramping the pulse down frorg for the same pulse length makes
experiment less sensitive tb inhomogeneities.

coils only covers a fractionaftandard 1 ‘Tt SABRE samp)e¢he pulse power will vary
anywhere betweeny  1Tup to the power used in the active regida.will refer to this
limit as the qua§tW limit, where the pulse is essentially ancoos wavaradiation of the
system.After the pulse, a delay is used to permit exchange and allow further
hyperpolarization to be generaf€dis pulse sequence may be looped multiple times to
accumulate hyperpolarization on the target spétiese simulations assume a ligand

exchange rate ®y v 1@ , corresponding to an average lifetinte of p dx i, and a

hydride replenishment rate'®f;, ¢i on a model (4+1)X systeat an iridiursto-
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substrate ratio ofOI7 Y pf¢ mWhile the LIGHTSABRE condition is maxineid at
approximately ;  'Oqg which is approximately the value of the used in the
simulation, the performance of the consaamplitude pulse rapidly degrades with increasing

1 & . The linearly ramped pulse is predicted to have a much imase performance in
comparison and generates nearly double the polarizatiop at 1O& For regions

outside the active region of the coll, this means that hyperpolarization can still be generated
more efficiently than if using a constamplitude plse, which we will refer to as the adiabatic
LIGHT -SABRE experimerA similar experiment was reportedPbgvdivtseet alin 2015

that utilized offesonant excitation to directly genefdtenagnetizatn and employed a
ramped™N-pulsé?® However, theonly applied the pulses a single time teytstem, which

does not take advantage of the catagticenof SABRE hyperpolarization.

We demonstrateidradiating offresonance and rampitige LIGHT -SABREpulse
experimentan increaghe robustness of the pulse sequamegors in j relative to the
constariamplitudepulse at the same resonandsetffig. 24). For these experiments, we
utilizedusingd  x mdri ramped pulses ard v Ttdti delays between the pulses
While hyperpolarization is generated when the pulseesomancey ) in the original
LIGHT -SABRE experimenoff- resonant excitation can directly generatagnetizatign
which greatly improves performance. Due to the large number of coupled spifisl+in the
pyridine SABRE system, e@mpardhe data t@imulations usingtauncated8+3)X model
usinga ligand excinge rate ofQ; v T andhydride exchange rate™@f, ¢i
which are known from experimelmportantly, the only parameter thafitibetween the

experimental data and simulations is the absolute amplitude, indicating excellent agreement
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Figure24: Adiabatic LIGHBABRE experimenf. An adiabatically ramped pulse was applied
resonance the iridiurbound**N-pyridine resonance at 8.45B. The powerdependence of th
ramped pulse was measured @t ¢ UO&(experimentaldata), and compared to simulatio
using a (8+3)X truncateéPN-pyridine model (black) and compared to the LIGBABR
performance at this offset (grayd.Resonance pfiles for the adiabatic LIGFHABRE experime
using 5 L'OQtop)ornl o TIOAbottom).

between model and experim&ngnal enhancements up to p 1t 1T Twere observed using

a parahydrogen enrichmentigb 1 o b

All the original XSSABRE experiments, those developed by the Warren lab as well as
others in the fiebd 52 12 33yere motivated by analyzingrr@chingcondition to generate
SABRE hyperpolarization, akin to the discussion in this section. While identifying this
condition is a fundamenfal any resonant manipulation of coherent dynathesnalysis
of the quantum mechanics is only partiallyeseptative of the underlying spin physics. A
complete picture requires incorporating an understanding of the quantum dynamics in tandem
with the energy level structure of the systamd asChapter 3introduced, accurately
incorporating the chemical exdaannteraction in these dynamicsssentialDoing so

highlights new avenues to develop more robGRBRE experiments.
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4.2 Unveiling coherenly drivenhyperpolarization dynamicsn SABRE

In the Introduction we introduced the idea that spurred most of the work ireslearch:
pumping thenatchingcondition provides accdesand control over the underlying coherent
dynamics in SABREhe coherent component of the SABRE dynamics had remained elusive
to thispoint, as observable phase coherence ts lsthangeithin approximatelyt of

the experiment being initiated, a timescale ¢énsto hundred of millisecondsHowever,

if the matchingcondition is turned on for a timeand then turned ofbr atimed | 0 to

permit exchangehe coherent dynamics under the pulseeaceded in the resulting
hyperpolarizatioafter repeating this sequeilar approximately one minuRerforminghe

same experimenfior different values o then provides access tthe coherent

hyperpolarization dynami€sg( 25). The delay is intended to rnitialize the system after

each subsequent pulse and thus should be optmiepermit sufficient ligand and hydride
exchangalhile thecoherent hyperpolarization dynamics are encoded in the polafition
asingle pulsdahe resulting signals are too low to quantify with any degree of accuracy. As
suchthis pulse sequence is applied many times so to acclargdate/perpolarized signals

and as such, the observed dynamics do not necessarily match the initial Elyeamibe

case where the delays between pulses are much larger than the lifetime of ththeomplex,
resulting signals from the pulse trains deviate from thecwiitgakbnt dynamicgi¢. 258,

top). These deviations are aggravated in the limit when @segpalen the order of the ligand
lifetime of the complexas multiple pulses are allowed to act on the same complex leading to

additional structure to the hyperpolarization dyndfge25B, botton). This highlights the
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Figure25: Coherentlydriven SABRE hyperpolarization experimeit The matching condition
turned on for a timed and is followed by a delay permitting exchange of the liganoff the
complex. This sequence is repeated times for approximately 60s to accumul
hyperpolarization on the free species. Depending on the valae, @he effects of multiple puls
will either be largely circumveed © | T ) or generate additional effects from t
accumulating action of multiple pulsed ( 1 ). B. The coherent dynamics are encoded in
resulting signal, which may be directly accessed by scamninghe initial coherent dynami
(gray)can deviate largely from the ultimate signal that is encoded at the end of the puls:
and can be further aggravated in the strong inperise coupling limit.

importance of being able to siatalthe entirEABREexperimeninstead oimply the initial
coherent dynami@nd emphasizes the benefit of using the DMExFR2 stmslaver the

more computationally expensive QMC simulations.

Thecoherent hyperpolarization dynamics in SABRE at higbdielte immediately

observedisingthe pumped LIGHTSABRE variantwhich was performed o -pyridine
sample(Fig. 26A). Usinga pulse power of ; ¢ ¢Oaqyields hyhly visible coherent
oscillations in the hyperpolarization as a function obd thength.This isfar from the
matching conditior(s 1 5 U ) but is usefuin testing the robustness of the

DMEXFR2 simulations against experimemhich yields a mingr v& b (RMSD)
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Figure26: Pumped LIGHBABRE and DARTBABREA. Coherently pumping the LIGFEABR
matching conditioroff-resonance directly generates hyperpolariZ&dspin order and increas

the efficiency over the original LIGISRBRE experiment by more thaifiod. Furthermore, th
experimental results are in egllent agreement with the DMEXFR2 simulatidBsShaping th
LIGHTSABRE pulse improves the experimental performance while retaining excellent agr
between experiment and simulation. For both cases, ¢ mdri and the pulse sequence w
looped for a total experimental duration 6% ¢ 1. The DMEXFR2 simulations use exche
ratesofQ vt andQ ¢i , and Jouplings were measured from tHel spectrum ¢

the iridium hydrides to b& UBo'0Oq L ¢ @"Odand (to orthe'H)0 p TiOQ
deviation between simulation and experimfentdemonstrated in the previcsection
hyperpolarization may be boostedabiyabaticallyamping the pulsewards the matching
conditionthus compensating for loss to inhomogeneits is called the Delayed Adiabatic
Ramps Transfer Hyperpolarization for SABRE, or DABABRE, experimenicanning
the length of tashaped pulsaso provides access to the coherent dynandies that pulse
shape. Furthermore, thescan can identify experimental optig 26B). There is excellent
agreement between experiment and the DMEXFR2 simulation for the case of shaped pulses,
yielding a deviation pf o® P In both cases, the lserentdynamicsre dampedt a rate

commensurate with the exchange rate ofth@yridine on the complex, which from

simulation wasxtracted to bk i¢ ¥Q p ai i. In other experimental regimes, such as
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SABRESHEATH, where thenatchingcondition simultaneously permits coherent evolution
on both the bound and free spedileedecay of the coherent dynamics willsubelybe

affectedbythe ligand exchanggte.

The first maximum in the hyperpolarizatiofrig. 26 corresponds to inverting the
populations between the initial singlet sta@d) and the final magnetized sia¥@, which
may be thought of @' -pulsefor the hyperpolarization dynamicsterms of conventional
magnetic resonance, scannings analogous ta Rabtycling experimenvhere the
hyperpolarization fararious flipangle pulses measuredhe ability to control the fliangle

A _ . . B
H = A&JNSZ + wl,NSx

+unh - I + InuhizS;

- —> N 75
ta =
| | sqo
Y n N
Pa @
4 N o° LIGHT-SABRE
P2 0 Composite
t
|~ Ps ¢ 1 o 2 4 6 8 10
o “n t(s)

Figure27: Optimizing the hyperpolarization transfer pulséA. The spin operator pathway fol
LIGHTSABRE pulse may be used to guide optimization of a composite pulse to be used to «
hyperpolarization more efficiently. This method yielded a pulse shape shown in blue,
selects for the highlighted spin ogor pathway, whereas the conventional LIGEABRE pul
simultaneously optimizes all of the Hamiltonian interactioBsWhile the composite pulse ¢
generate approximately the same polarization as the LISRBRE pulse over the same time
risetime of the hyperpolarization is approximately instead ofo . Even though each step
the spinoperator pathway is optifized, the composite pulse is still outperformed by the LK
SABRE pulse as exchange permits more hyperpolarization to be accumulated over t
duration. Simulations use® p ¢ andQ @i . The pulse parameters for the peric
of the composie pulse are (parameters are zero unless noted) o} pXi,
A 1 s GQUOM pmi, f 1 5 0O pgodd puwi, an
n 1 5 T UOd LA i . Pulses were albphase.
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of the hyperpolarization dynamics immediatedgests that therepstential toconstruct
composite pshaped pulsdbat act onthe timescale of the exchange dyna(Rigs27).
Howeverthe pumped LIGHTSABRE and DARTFSABRE dataHig. 26) indicatethat the
coherent dynamics camlybe efficiently controlled through the firgtulse due to exchange.
While it would be possibledoectlyoptimize a composite pulse shajikin the DMExXFR2
model,a general structure for the pudae be motivated from the spin operator patifovay
LIGHT-SABRE(Fig.27A). There are four necoommuting sets of interactighat excite the
highlighted pathways, and we may optimize individualfpulsasptimize each component
of the pathway that join to form the composite phtsesimplicity, we wilise a (6+4)Y type
system at a magnetic field where the hydrides are chemically equivalemgsudhtas
simplify the analysiBhe conventional optimization of the LIGFSRABRE pulse essentiall
looks to simultaneously optimize phasation undeeach of the terms in the Hamiltonian
to generate hyperpolarization. However, each of the individual terms optimizes under
different conditions. For instance, the first derivative is proportio8alacy ‘O 0°Y
spin order, which imaximzed wherthe radiofrequency pulse is off. All subseog@nt
orders will be scaled by the efficiency of pumping the first derivative, wbiarased by
phaseotation unded "O"Y. Selecting the highlighted spin operator pathvag. Y and
sequentiallpptimizing each of the nesommuting steps in the sequence permits one to
generate a composite pditsecoherently exciting-BABRE hyperpolarizatiddespite every
step of the spin operator pathwaing individually optimized, the periance of the derived
composite pulseias worse than the LIGHFABRE pulse because tatterwill generate

polarization proportional t0 , leading toY hyperpolarizatiothat will accumulate upon

exchange foro o 1 i. The composite pulse appimately generaté€¥ spin order

98



proportional tad due to the discontinuous nature of the excitafibis highlightghat it
will be critical for hyperpolarization to be rapidly genesatéd minimize the loss to

exchange.

Despite generating lower hyperpolarization, dbmposite pulse generates
hyperpolarization over a significantly larger bandwidth the LIGHFSABRE pulse
sequenc@-ig.28). The modulations in this resonance profile, which would sometimes prevent
hypermplarization from being generated, may be removed by shifting the phasg of the
component of the composite pulse frd® 3y which precompensates for evolution under
3] duringn . Then, hyperpolarization will be generatedt least one of the tvepectra
acquired with the composite pulBkis is the main idea behind phase cycling techniques,
which in combination withxpanding the hyperpolarization bandwidth willtrbated
explicitly irnthe followingsectionimportantly, the composite pulse derived here is specific to
the molecular parameters that were ussshiiruct the simulation, aithe various powers
and times optimizederewill change with differemtolecular parameters like the values of
thev andv couplingsWhile this can be overcome with further optimization, there are
larger intrinsic issues with the general approach that is employed when deriving

hyperpolarization from the LIGHSABREmatchingcondition that must be considered.
20 20
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Figure28: Field profiles for LIGHBABRE and composite pulsdhe composite pulse can exc
a larger bandwidth than the conventional LIGEABRE pulse, although the profile is modul:
This can be compensated for by shifting thephase to aopulse.
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While scanning informs on the coherent dynamics of the system, scanning
informs on the optimal pumping rate of the system over the course of the expdriment.
will depend on a confluence of many factors, sucheffictency of each individymulse in
generating magnetizatitdre hydride exchange rdite ligando catalyst concentration ratio
and ligand relaxation rateBhe dependence on the hydride exchange rate is particularly
interestingasd should optimize to shorter values wiigris high and should optimize to
longer values whé@ is slow In the slow exchange case, the longer deldagigsmore time
for the system teeplenistthe spin sourgeahus creating more magnetizatidns trend is

not observed in the simulatidifsg. 29A), which shows that the dynamics scandiraye
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Figure29: Dependence onw for different hydride exchange ratesA. One would expecthe
optimal value o® would decreasas™Q is increased, which should hold for@ll ot when
95% of the ligands have been replenished. However, the predicted dependencemrigiearl
completely superimposable even if the average lifetime is iterated ftom ¢ v dti to T

p T Tori. Simulations performed a2 o 1@ . B. Expe@imentally scanning using ao

¢ wx i DARTH pulse shows significant deviation of the simulation from experiment, ir
contrast to the data collected varyiry in the same sample.
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nearly invariartb altering théQ . The experimental degaanning grossly deviates from
the theoretical predictiofi¢. 29B), which stands in contrast to the excellent agreement

shown in the same system whienplyvaryingthe parameter in Fig.26. While scanning
0 vyielded results that were entirely expetiieddependence of hyperpolarizationbon
spurred two important questions: why the simulations not reprodtieed dependence

and why are the dynamics dutingqivariant to the hydride exchange?ate

The firstof these questions is perhaps the most critical, as the development of next
generation >SABRE experiments is predicated orbDiiEXFR2 modebeing a robust and
exhaustive implementation of the SABRE dynaBiitsit is puzzling why there is such
excellent agreement betwerperimental data and simulation when scanning one parameter
but not the other. This may beraveledf one considers the actual sample geometry in the

highfield magnet probeFig. 30). These experiments were performed in a 5mm high

A B
iﬁ o (_kkf k‘[: )(Kiﬂ.) 0.40 . Experiment
at Fo TR /NP 50235 — With flow
“E' — Without flow
} Inactive .S .30
A N
|Iplll' a 025
Active H } n—?
\ 0.20
V/
},nactive 100 200 300 400 500 600 700
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Figure30: Sample geometry at higfield and flow effects in XSABRE dynamicé. The SABF
sample is bubbled within a 5mm higlsolutionH/2H/**C{*N} probe whereby only a fraction
the sample sits in the active region of the coil. Therefore,iGhéeld (green) only irradiates tl
fraction of the sample in this region and the sample outside of this volume are ess
hyperpolarization inacte. Bubbling causes population to flow between the active and in¢
regions of the sample, which may be included as a-$i® pseudeexchangeB. Including flov
effects within the DMEXFR2 model as a secondary set of exchange pathways and using
6 7O pft (the relative concentration between the regions) and a flow rat&of 1@ i
recovers the experimental trend. Flow effects weredrporated by Shannon Eriksson.

101



resolution*H/ 2H/ *C{*N} probe where the SABRE sampmgtends beyond the active
volume of the coil. In this case, only the sample in the active volume is irradiated and the
sample outside of this region seesially hyperpolarization inactive. However, parahydrogen

is bubbled continuously through the sample during the experiment which leads to a mixing of
the populations in these two coil regidihgre can be different concentratiohsample in

the two rgions depending on the sample geometry, which can be represented by the ratio of
these concentrations ¥ "0 Then, this mathematically looks like aditmpseudexchange

between the active and inactive coil regwimsh may be included in the DMEXZ-Rs

additional exchange pathways that obey the same conventions estaGlspdridor

chemical exchange. Including these effects in the DMEXFR2 simulations using the parameters

6 T'O pXt and a flow rate ofQ T™®i recovers the trend obsedvén the

experimental dat@f course, thé field varies continuously between the active and inactive
regions of the system but the assumption that we make to model this as an abrupt transition
is sufficient to largely recover the fibependent effecElow effects are not present in

SABRESHEATH, as itis trivial to build a solenoidal magnet that extends far past the sample.

While flow effects explain the disparity between simulation and experiment when
scanning , they do not explain why theseatyics are seemingly invariaf®tother than
uniformly generating more or less hyperpolarizatis suggests that there is a secondary
processhat counterbalanctee additiorof parahydrogen such thia¢ optimum value @f
does not depend on the amount of singlet order in the sigi@mining the spioperator
pat hway f or AAOG Xrowdes ilsighbinoxXtldis peolylestit(. 8LA)sWhen
starting from singlet ordé®(00), the transverse terms of the sin@et§ O O ) evolve

under tha) coupling to generate the thegggnO 'O "Y O "0 Y spin order. This order
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Figure31: Recovery of |, -dependent dynamics in the exchange delay. Spin operatopathway
F2NI ! Q- ALY &aeéailSyau Acguplingdrénsformsite gigist sgnbor
into three-spin'O "0 "Y O "0 Y spin order, which we denote ds . This spin order the
coherently averages to zero under both the and0 coupling, consuming the parahydrocg
spin order.Asv | O | "Q under typical conditions, this leads to tf@ independento
optimization. Irradiating the!H channel with a power | 0 decouplest , effectivel
locking the’OJ0spin order.B. Continuous wave decoupling the during the exchange del
recovers the expected dependencemfon the exchange rate, as the singlet order is prese
Note that the optimal delay decreases as the hydride exchange rate is increase@frorp i
(blue) toQ T

evolves under both the and0 couplingswhich in the presence of chemical exchange
generates naaveragaleplasing of this spin oed AsO | 0 | Q under typical
conditionsthis spin order dephasing is much faster than the singlet order replenishment and
thus leads to an optimumthat is invariant t&@ in this limit. However, decoupling the
couplingby irradiating théH channel with a power ; | 0 effectively locks the spin

order in"'OJ0, which in turn permits to be affected by the hydride exchange rate as one
may intuitively expectt should be noted thaf¥O'OR) "O°Y T preserving the

longitudinal term of the singlet at high field.
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4.3 Expanding the target scope of high fieldSABRE

The development and benchmarking of-figjti X-SABRE has beatoneexclusivelysing
"N-pyridine While itregularly generatésge, hyperpolarizesignals pyridineis a poor
representative of the larger SABRE target stoparticularmost SABREtargetsequire

the use ohhyperpolarizatiemactive coligan facilitate exchange with the iridium catalyst
which changes the available exchange pathways taege¢hexperiences that are absent in
the pyridine systerAdditionally, he parahydrogesterived hydrides experience different
magnetic environments whigvo different ligands are bound in the equatorial plane of the

complex(Fig. 32) . Thisdifference isggravated at high magnetic frebén the individual

Symmetric N

Asymmetric L

-20.0 -20.5 -21.0 -21.5 -22.0 -22.5 -23.0
TH (ppm)

Figure32: Hydride spectra in symmetric and asymmetric ligand environmeriibe hydrides il
an [Ir(HY*N-pyridine}]* complex (symmetric) are chemically equivalent ( 1 ) bul
inequivalently couple the trangidium N spins. This permits visualization of thle: and 24+
couplings in the spectrum. The hydrides in the [u{N-acetonitrile(**N-pyridine)]* comple;
(asymmetric) show a large splitting between the resonantes (1 ) and the same set
couplings is visible in this case.
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hydride chemical shifts are no longer identical. Under this cortigioHamiltonian

becomes:

= — ™0 O # Y 1 FY ¢“0 000 v OY TPT

We have defined 1 »n 1 r as the frequency difference between the
parahydrogen derived hydridekis is generally referred to as an ABX system in Pople

notation.Thehyperpolarization active subspace of the Hamiltonian then takes the form:

- i i Yt
& . T 3 ‘0 ey
Y “o — T N
A | ? < < 5 <o A
. h v A
_ ~ Y] —_— 3 “u T A
) f,\’ c "o c c ~ T© U
fY"Y 3 v 1 & &
& | C m n C oS
3 ‘U 1 &
& Y1 T c _C 3 o
For references T @ ™dat 8.45Wwhiled ¢ & "Odfor the'™N-acetonitrile?N-

pyridine XSABRE systemJnder these conditions, the singlet and triplet mandoéds
strongly mixed and tf@ 'O O 'O terms of the singleapidly accumulate a phasth

evolutionunder thesy term Thisrapid phaseaccumulation of theansverssinglet terms

prevems hyperpolarization from being generated in ABX spin systems. For this reason, high
field X-SABRE had only ever been pursued on systems that bind the complex in symmetric
ligand environments, which do not indace , of which there are only anfé&nown
examplesReliance on ligands that bind in symmetric environdramtsitically reduces the

potential applications of hifjeld X-SABRE and is thus an interesérgerimental limitation

to explore
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As the ternpreventing translation of hijfeld SABRE methods tasymmetric ligand
environments isj , anapproach this problem is to simpynove or reduche effects

of this termThis may be accomplished byaurrently irradiatg the‘Gand™¥spins giving

= 3 c O O 150 O FH/ Y

0
1 Y ¢ 0 030 v O

If17 7 1 31 ¢, we may approximate the Hamiltonian as being simply proportional to
the'H-irradiation terms. Under this conditittvg Hamiltonian commutes with t&Ospin

order, thus preserving the singlet as it binds a catalyst with an asymmetric ligand environment.
Howevercontinuously irradiating 6H at] | 31  Z¢ will decouple the hydrides and

the targeth  coupling, whichmeans that no polarization may be extracted from the singlet
order Therefore, we must useiatermediate ; that permitdocking the singlet amhile

not preventingvolution under thé  coupling.

Forl1 j T, every state in th&BX systemHamiltonian is connected in a single
manifold As such, this case is far from the limit of a twéewlevel system from which
experimental parameters may be immediately derived. Instead, a computational optimization
of this Hamiltonian immud moreaccessiblesingthe DMExFR2 models with the other
X-SABRE experiments demonstrated lieeenatching conditiomay bedrivencoherently
for a timeo followed by a delay to permit for exchange of the ligand into solufag
33A). However, théH-irradiationis applied to the system for the entire duration of the
experimento preservany singlet order that exchanges onto the catalyst during the exchange
delay(0 ). Hyperpolarizatiofor this pulse sequence is optimizeder the condition where

T 5 3 (Fig.33B), but decreaseslas;; is further increased. This is becauséthe
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Figure33: *H decoupled LIGHSABREA. Simultaneous irradiation of th#H andN permits the
generation of hyperpolarization in ABX spin systeBnslyperpolarization is efficiently generat
usingl 5 | @ 7¢ (dashed red). As j continues to increase, the polarization begin
decrease as théH-irradiation is decouplinghe 0 interaction. For this simulatiomy o @ i,
O Tmdi,] 5 pPUOGQ p¢ ,Q <c¢ci wereused.C.For] ; @ , the
matching condition is similar to the case of symmetric ligand environments.

irradiationwill act to decouple the interaction thus preventing spin order from being
transferred to the heteronucle@snveniently, the matching conditions'fdrirradiation
are similar to theonventionaLIGHT -SABREmatching condition$-ig. 33C). We refer to

this as théH decoupled LIGHTSABRE(*H dLIGHT) experiment.

Here, we demonstrated the Highhd X-SABRE hyperpolarization in an asymmetric
ligand environment for the first tirog usingH decoupling during the entire experimenta
duration (Fig. 34). Varying]  shows that hyperpolarization is maximized when the
decoupling power is sefito;,  p& ‘QOcdwhich disagrees with the theoretical prediction.
However, this experiment was performed by continuously bubbling paehydrough
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Figure 34: *H decoupled LIGHFSABRE performance as function of decouplidg.While the
polarization is larger at ; T ‘Q'Qathe resonance profile for generating polarizatio
narrower and has negative features. Increasing the power broadens the profile and minim
negative polarizationsB. Experimentally, hyperpolarization is recovered for ABX spin syste
the presence of'H decoupling. The observed power dependence deviates from the theo
simulation without inhomogeneous broadening (gray). Including Gaussian inhomogeneiti
a standard deviation of p T '@dmproves agreement.

the sample, which at 8.45T introduces inhomogeneities due to the large susceptibility
difference between parahydrogen gas and methanol. Including Gaussian inhomogeneities in

the simulatiorsignificantly improves the agreement betwleerexpementaldata and

theoretical prediction.

Experimentally, we firttat it is beneficial to introduce a recoupling périauthe
'H dLIGHT experiment that interchanges tWe® Y populations as well as invert the
“Y P Y populations with‘a pulse Fig.35A), and find an optimal recoupling time of
¢ v Tti This corresponds to only approximgi#tyof the time required to fully interchange
theY P Y states, usirg T @ T™agat 8.45T, but is likely optimized largely due to the
broad inhomogeaities arising from the large susceptibility difference between the
parahydrogen gas and the solvent. The experimental trend could very likely be fit using a
simulation that engineered specific inhomogeneities in the simulation, but this would result in
overfitting the data. Stillneancements of up to p T were observed dfN-acetonitrile

usingthis approacl{Fig. 35C). Additionally, we showed th&N-magnetization could be
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Figure 35. *H decoupledLIGHTSABRE resultsA. The *H decoupled/recoupled LIGFSABR
variant uses a recoupling tinte and“ pulse to interchange thé¥ P "Y and”Y P "Y states
B. The recoupling tim@& was optimized ta@d 1@ W iusingd p yxiandd p TIdri.
C. Optimization of the bubbling yields p 1 pn *N-acetontirile. This was extended to t
isotopolog °N,1-*C)acetonitrile, where magnetization may be pumped when irradiating
resonance and twepin,0 0 spin order may be generated when pumpingmsonance. Faall
these experiments, hyperpolarization was performed using the decoupled/recoupled -
SABRE variant using the parametérs p i i,0 p Tdri,0 T& W i.

generated on th&N,1-"*C)acetonitrile isotopolog under the same expeaimmntditions.
AntiphaséY0D spin ordeon the'™N/ *C paircan also be accessed in this system by irradiating
onresonance with the irididnound **N-nucleus offering opportunities tcaccess
hyperpolarizedon-Zeeman spin ordeas high fieldWe showed that enhancements of up to

- p T gould be obtaineoh (*°N,1-**C)-acetonitrile

Prior to thedevelopment of thtH-decoupled LIGHTSABRE variani®nly a few

targets could be hyperpolarized directly atfigighand **N-pyridine was the only target
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reported in the literatufe!!’ 12 132 ¥V hile these experiments broadened the scope of high
field X-SABRE to span the same substrate scope as SSBIEBTH, this class of
experiments still fundamentallyffered from lack of flexibility when changihgtween
hyperpolarization target$ie matching conditiosy 1 5 U fundamentalljncurs
anarrow XSABRE excitation bandwidiimited to match the small value oftithecoupling.
Furthermore, thee experiments required;, p® ' QOdt a magnetic field of 8.45T,
meaning that even stronger decoupling power weuddibired at higher magnetic fields like
those used in biomolecular NMR and metabon8fii€#\s such, it became evident that an
entirely new approach to-SABRE hyperpolarization at high magniid would be

required ithesetechniques were to compete with SAEREATH.

Perhaps the most fundamental problem withfleghX-SABRE is accessibilitydo
source of spin order that is not depleladng the exchangedeleyor b ot h AA38 X an
spin systems, hyperpolarization is extracted fromQff@ OO terms of the
parahydrogen singlet stdtbe issue arises in that neither of these terms are an eigenstate of
the Hamiltoniamuring the exchange delayeamg that they are constantly being converted
into other spirorders that do not facilitate hyperpolarization. HoweveQ Betermis an
eigenstate of the Hamiltonian even in the presence of phiseseans that no additional
measures need to taiken toisolate this spin order during thesXBRE process. The only
issue arises in that spin order cannot be extracted from thesvégrnm the presence of
conventional LIGHTSABRE type experiments. Thus, it would be beneficial for a new

excitation sategyto target extracting hyperpolarization from this source of spin order.

Before designing a suitable experimentitiaes’® “O spin orderthe interactions

required toexcite this transition should be identifigdsearching for the relevaspin
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operator pathway$o search the spin operator pathways that lead to this transition, we start

with the ABX Hamiltoniam the absence of any pulses as

= —ch O O 3{ Y ¢“0 000 v 0OV P X

The AAOX Hamiltoni a3 i st Aserevoousky noed) Oispin t h e

ordercommutes witleq. 417at all timesTo make progres®tlus examine the evolution of
" 0 under an arbitrary sequence of pul®¢EYHE with delaysA@D '@ 6 h

A@DPQ o IE interleaved between the pul§es.two pulses and delays, thisks like:

6O Q7 YQ*: VY YQ YQf P Y
If we place

YY O YYYY © 9 W
and their conjugates within geguence, we may write:

o e ~ ~ ~

"o YYYYQ: YYYQ*: Y E 8 T
Contractinghe terms to the rigitand sidendrearranginthe parentheses gives

"o YYTIYYQ: YY YYQ: Yr E 8 p
Conventionally, we choo€Y 'O, which is the case when fhdse flip angles for these

pulses sum tqQ" to simplify interpretation of the sequef¢e may then ugke relation

YQ: vy Q ° T8 ¢
to show that evolution through the end diie first perioddo evolves as if under the

Hamiltonian
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= Y=Y 80

Similarly for the Hamiltonian during the second dglalytion is dictated by

= YY=7YYh 8T
where the timerdering of the pulses acting-oris reversed from the tiroedering that the
pulses are applied to the syst&€his is called the togghfrgme Hamiltonignwhich was
derived in the development of Average Hamiltonian Thadfgcilitats interpretation of
complexpulse sequencd$ius.evolution may happen under terms in the Hamiltonian as well

as roations generated by pul$as.instance, if % w 1 pulsewasapplied to the system, the

toggling frame Hamiltonian during the subsequent delay@enmad be

_ﬂc O O )
_ ; Y Yy
= Q@ <o 00 2
& ¢‘0 0O 3F YO T8 U
T O © ¢‘v 030 ¢‘v OY { Y

Note that we have formally used tieesal to cast the rotation in the conventional form.

We see that the form of the toggliragme Hamiltonian now contains a term'G@kér, which

is not a conventional term in theoupling. Thus, we may search for the spin operator
pathways that lead to magnetization using not only the terms of the Hamiltonian but also
terms that are generated by evolution under p@sts), multiple toggling frame
Hamiltonians can be generatedlead to an average Hamiltonian that has the desired

propertiesvithout any extraneous terms, which is the method we will employ here.

There are multipleidentical spin operator pathwakgat excite théO™0 © Y

transition andill do soin threeinteractions with various toggling frame Hamiltonians. For
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simplicity we will choose one of e pathwayand work out the Taylor series expansion
explicitly The firstterm in the expansiartilizes the&) coupling to generate a coherence

betweentte hydrides and target nucleus,isgd/en by
"0 TOO0R‘0D OYO OOYUL 0 & @
"0"Y is one 6the nonsecular-doupling terms and can be genenaséy simultaneodid

and™N pulses. The next term utilizes the couplingto removeOfrom the coherence

- “0 0 0
0 MWO0Yh“L "OJ0 “v o oY — 8 X

A phaseshifted form of th& is all that is required to genefatenagnetization:

"o TOYRED O 0 oy “0 0 0 & Y
¢ PC

The termO Y is not a naturalgccurring form of the-douplingso we must introduce this
term in the togglinffame HamiltoniarmThe powerdependence of thimherence pathway is
completely independent of any pulse parameters, meanihgptrablarizatiomay be

generatedf the Hamiltonian takes on the form dictated by this patWlasgus other phases

of thed coupling may be used to obtain the same.result

Here, we have assumed that no phase is accumulated Ibgrms inthe spin
operator pathwayf 3  were permitted to aefter the seconuhteraction, then the third

term in the expansion woudd:

D . m, LD 0O "3 0 0o
o "MQOoYhm Y —m8 oY & W
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This term would then commute with theO Y term that was originally usecen 428

thus not giving hyperpolarization. Howeiféne same sequence was applied but the form of
the second coupling was shiftad "O "Y, as it was ithe first step, then hyperpolarization
could be generated in the fourth term of the expansion as

“3 0 0 O
0

0 QO "Yhg“v "O°Y

T T
“3 0 0 O
pC

In cycling the excitation phasetween these two combinations) of couplingswe may
compensate fdahe resonance offsettbie heteronucleu& smilar treatment may be used to
compensate for phaaecumulation on thi@spins which leads to a festep phase cydleat

removesiependencencthe chemical shifts of all spins.

The coherence pathway described above can be excitegphigbeof the)
couplingcan be selectively generated, which is accomplished by the pulse sequence shown in
Fig.36. Only the solietolor pulses iRig.36 are required to generate the desiredoupling,
and the remaining daskhaudtline pulses may be included to refocusestinant evolution.
For this pulse sequence, the relevant togdimg terms are listedidn@. To make it clear
which pulses to which we are referring, we will always refer to them in the *hidtaon
Let us examine the pulse sequence to generateaupling of the fornO'Y. Thefirst set
of w T¢fw Tt dictate the phase of the gliggframey  couplingaccording to the phase of
the pulse used on each nuclblme specifically, the toggling frame Hamiltonian during the

¢t period after théirst pulses is given by:
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Figure36: Excitation block for broadband - $ABREThe phase of the noseculard  coupling:
required to generate X2SABRE hyperpolarization from tl'O term is essentially determined
the first w :and w Tt pulses in this block, but this converts the resonance offset term intc
proportional to"Y. The centrap Y Tandp Y Tpulses are used to invert the phase of teerm,
which is then removed from the average Hamiltonian. The final pulse haitst®n under the
non-secularv  coupling. The dashed pulses may be added to compensate for the
evolution under the resonance offset terms durigity and are employed in practice.

3 © ©

_ . iy S Y
= Q- 0 000 Q
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¢‘0 030 ¢“v QO 0 O YQ

—ﬂc © 0 % Y ¢“0 030 ¢“v 0%

We have called this togghngme Hamiltoniar . Again, theOJ0 is unaffected by
rotations as it is a zerank tensor (dot product), and thus invariant to rotatieors.
simplicity, we will consider the case where the ogtiapadp ( Tpulses are not used,tas
makes the result more followable and genénatsame resulivhile the Hamiltonian ieq.
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431 contains terms proportional @ “O Y, it converts the resonance offsets of the spins
into unwanted terms that look like pul§esuppress these terms, we must generate a second
togglingframe Hamiltonian such that the average Hamiltasho@s not evolve under these

interactions. This is accomplished by using a paipdfp Y Tpulses, whicfor the period

¢ T after these pulses gives a togdtarge Hamiltonian:

= —Q Q O 00Q Q-

3 QO Q YQ Q ¢‘v 030
T® ¢
¢‘o QO Q nQ QO QO Q YQ Q
3
C

© 0 F Y ¢“0 '0J0 ¢‘v O
In using thep Y Ap Y mpulses, the singdpin terms have changed signi&anes the sign

of thed coupling intacfThe finako Tfw Tt pulseseturn the conventional form of the

coupling and stop evolution under the -seaular formAt this point, may calculate the

zeroth order average Hamiltonian of thgguence as:

= "BY'Q‘)=<‘3 T%G‘rc:’r
&0
¢ v 'OJO v 0O
This Hamiltonian no longer comtsiany dependence gn or 3 , meaning thahis

form of the interactions will be present anywhere within the bandwidth of the pulses.

The desired coherence pathway is excited by joining twoeslpfiadeexcitation
blocksseparated by a defiay that permits evolution under the coupling Fig.37A). A

pulsesequencthat generaté® Y O Y in= is calleda w w tsequencalVe have
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Figure37: Broadband XSABRE hyperpolarization at high field étN-acetonitrile. A. Utilizing
two phasecoherent excitation blocks separated by a detay generates broadband-RABR
hyperpolarization at an arbitrarily high magnetic fiell. Usingt ¢pmiandt oai,
hyperpolarization may be generated over a 6 kHz bandwidth with  ¢® "QOdw 1) anc
5 L' QO Y1 pulses. Phase cycling betweenw  cand o & w cexcitation block
phaseshifts the resonance offset profiles by¢ such that hypepolarization is always generatt
C.The four steps of the phase cycle significantly reduce the sensitivity toThis circumven
the need to finely optimize theg delay. Data were fit to DMEXFR2 simulations using
parametersQ p ¢ ,Q c¢i , and 'OIF"Y pXc mfor the *N-acetontirile systen
Sample wa¥N-acetonitrile (191 mM)¥N-pyridine (25 mM), and [Ir(IMes)(COD)]CI (3.7 mM

demonstrated that this approach can generate hyperpolarization f@i@ thgin order in
ABX systemsisingthe!™N-acetontrile}N-pyridineX-SABRE systelffrig.37B). Cycling the
excitatiorphasdo w w w cand ceadding the resulting speatanpensates forf¢ phase
shifts induced byhe resonance offset and permitSABRE hyperpolarization to be
generatedontinuouslyver a 6 kHz bandwidtRhase shifts df induced by the resonance
offset can be dtihyperpolarized by the w ® asequencéut generate negativslgned

hyperpolarized signaiote that the actual structure of the resonafiset profile is much
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more structured than the data showrign37B, and thenodulation observed is a difference
frequency from a multiple of the actmaldulation frequencyhis pulse sequence excites a

coherence in the first excitation block that evolves under the Zeeman interaction$for both
and™N spins during . As such, hyperpolarization is strongly dependent on the exact value
of T . Similar to how shifting the excitation pHem® w 0 0 ® w w W ompensates

for the ™N-phase accumulation in tiie profile a four step phassclewherethe first
excitation block is cycled through the phastas ¥ ¢iandc dawhile keeping the phase of

the second excitation fixediyutompensates for Zeeman evolution duringFig.37C).

Much of conventional magnetic resonance is predicated on the idea that coherences
can be established such that population is transferred between coupled nuclei, which is the
basis for much ahultidimensional spectroscopy as well as polariratisifer experiments
like the INEPT (Insensitive Nuclei Enabled by Polarization Transfer) pulse $&dglieace
broadband XSABREexperimentakes a similar approach, even though it usesenalar

0 couplings that are generated in the toggling frame. Evalfitlom initialO "O state

undera coupling of the forfi® Y is.

o Q ‘00Q
& T
"0 OO0AT@® 0 ™OOYOEI o
Maximizing the&onversion t60 "O Y spin order requirés) 0 “ ¥¢ over the course of
the first excitation block whete tt. Therefore, we predict that the signal would be
maximized at  pFyw L & i for this systemi( ¢ UOQ. However, th&®© '0"Y

spin order is a thrempin coherencthat is not preserved during exchaage thus in the

limit whereQ 0 , the optimum value dfis difficult to predict from firgprinciples
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Figure38: Evolution time underl 5 couplings The evolution timef determines the degree !
which the nonrsecular0 couplings can generate evolution in the system. If & phase
accumulation is desired under this term, thén p¥ L & i. However, exchange lee
to a loss 6 phase coherence and means that the optimum valud &f found at shorter time
than expected. In this case, the optimum value was found tofbec & i (data) in rigorou
accordance with the DMEXFR2 simulation (black). Under these conditions, we hlerdc
achieve a maximum enhancement-of p @, gorresponding to a) b WT 0. Data wer
acquired with at adb & w tsequence on &N-acetonitrile (191 mM)¥*N-pyridine (25 mM), an
[Ir(IMes)(COD)]CI (3.7 mM) sample using ¢ @ i

However, thdMEXFR2 simulations can readily predict wheseogdimized as a function

of the various sequence paramekgs38). We find thahyperpolarization is optimized at

t odi for ¥N-acetontrile, which has @xchange rate o2 p ¢ at room
temperature. Under the optimal conditions, we were able to observe signal enhancements up
to - p @.yrhere are many important effects that are not dependent on the signal
enhancement but on the magnetization of the sample, such as dipolar field effects and
radiation damping. As such, it is importargl$o report the absolute signal intensitg. T

largest signals here correspond to a concentration of 100% pd&ldraeetontrileof

0 b WT U, which is also referred to as a molar polariz&mmeference, the signal

of neat®N-acetonitrilat8.45T has a molar polarizationlof , v U 0, corresponding
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to a hyperpolarized signal nearly twice that of the neat sdlistipit. should be emphasized
that themolarfractionof parahydrogen used in this experimentwas 1 ¢ Pmeaning

thatthe hyperpolarization could topledif w w Tt Rvere used.

The phaseoherent excitation methdcussed here recovers the ability to generate
X-SABRE hyperpolarization in ABX spin syst&hike greatly reducing power dissipation of
the pulse segucerelative tdH decoupled LIGHTSABREand does so over a large, 6 kHz
bandwidth. However, tHarge excitation bandwidth and the ability to phade permits
further progress towards the terminal Hfigld X-SABRE applications like hyperpolarized
biomolecular NMR and metabonomitswards this, we have shown that the broadband X
SABRE experiment caimultaneously hyperpolarize multiple targets with no additional
modification to the pulse sequerfag.@9A). In a twecomponentN-acetonitrile antN-
pyridine systerye chose an excitation frequdretyveen the fregpecies resonancé®ach
of the targets and ustt fourstep phase cyde compensate for the resonance offset of
each target. The hyperpolarized multicompapestrum is obtained bglculating the root
meansquare (RMS) of the spectram the steps of the phase cycle, which show large
enhancement on both targedsanning thé delay ananeasuring the RMS enhancement
between the fotsteps of the phase cyabeicates that both targets hyperpolarize nearly
equallyFig.39B). Expanding the systemaanixture of*N-pyridine®N-nicotinamide’™N-
benzylamine, antNimidazolepermitsinvestigation of cpolarization in a regime where
the chemical shift dispersion is significantly larger than'fl theetonitrile’N-pyridine
system. At the cost afightlyincreased power dissipation, pladse bandwidth could be
increased to excitke entire”N-spectrum more equally. Howessveeping the excitation

frequency over a 7 kHz bandwidth with 1 kHz spacings between each step and acquiring the
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broadband XSABRE spectrum at each frequency rapidly provides acctbesetdire
hyperpolarized spectrufid.39C). Coeadding the resulting spectra yields highspie&tra
with SNR ranging from20-850,that are readily interpretatiey.39D). This spectrum is

a composite of 28 individuatSABRE spectra, meaning thamparison of the reported
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Figure39: Simultaneous hyperpolarization of multiple targets at high fieldA. Choosing a
excitation frequency central to thé®N-acetontrile (191 mM) and®*N-pyridine (50 mM
resonances and phase cycling the broadbandABRE sequence permits simultane
hyperpolarization of multiple targets, which are delineated by the respective molecular strt
B. Scanning demonstrates that both targets hyperpolae nearly equallyC.Forsystems with
larger chemical shift dispersion, the broadbar@XBRE experiment may be iterated by scar
the excitation frequency. Here, we show a scan over 7 kHz in 1 kHz increments in
component sample with°N-pyridine, *N-nicotinamide,*N-benzylamine and®N,-imidazole.D.
Coadding these spectra generates high SfNRspectra of multiple targets. For all specttal-
decoupling was used during acquisition to narrow lines and simplify visual analysiggiidtes
noise of the individual components a#\,-imidazole (184 mM): 856:N-benzylamine (125 mNV
146,**N-nicotinamide (59 mM): 24, andN-pyridine (53 mM): 20.
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SNRs must be scaled downpdyill.  pfu® to be compared to the SNR of sirgliet
spectra, as is conventionally reported in hyperpolarization litekgaine.no additional
changes to the broadbanéSRBRE pulse sequence were required to generate simultaneous
hyperpolarization of multiple tatgat high fieldCollecting these 28 hyperpolarized spectra

to generate the spectruntig.39D requires 14 minutes of acquisition tiwigch is orders

of magnitude faster than collecting a comparable spectrum using thermal polarization.

It is worth nding that phaseoherent pulse sequences may also be designed to extract
spin order from th®©® 'O O O terms of the singléhat is preserved in symmetric ligand
environmentgFig. 40). Under these conditions, the required form ofithecouplings are
‘0O"Y andO"Y, whicharepseudosecular couplings where one of the two spins is quantized

along the leading field and the other is quantized in an orthogonal difeesiertouplings

will excite the coherence pathway according to:

" 0O Qo000 100 Fc“ 0 OYo
&L
DOY 0O0Y c¢‘v o

Note that the O "0 term may be neglected as it commutes with these pseudasecular

couplings. The second derivative is accessed by evolving undecdhgling:

cu l') ‘O

6 ‘000 "0O0"Yh*0v 030

18 Q
oY 0% “0v v o
Finally, this spin order is converted into magnetization by evolution undershiftedse

form of the pseudosecular coupling used to initiate excitation
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For simplicity, we have treated the AADX
similarly in the AAOXXd case. Notcauplilghat t h

was chosen to be negative in this case, which may be changed by choice of pulse phase.
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Figure40: Broadband hyperpolarization in symmetric ligand environmenta. Pseudosecul:
0 couplings may be generated in the togglingme average Hamiltonian to extr:
hyperpolarization from th€0 'O O "O terms of the singletB. Hyperpolarization is observ
on *N-pyridine over a 3.65 kHz region when using ¢®7v 'QOgulses. The pulse sequer
parameters weret uv®daiandt TG i, ando T Tdui delays were used betwe:
application of the sequence. The maximum enhancement observed in this case wagp at
8.45T. Sample composition w&bl-pyridine (75 mM) andiriMes(COD)]CI (3.3 mM).
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We have demonstrated the ability to expand the scope -diekigkSABRE
experiments to include both asymmasiwell as the original symmdityend envonments.
Furthermore, we showed that efficient pséspience desigrermitsbroadband, phase
coherent hyperpolarization of single targets as well as multicomponent systems. By extracting
hyperpolarization from th® 'O term of the singlet, we astoneeding to spilock the

parahydrogen in the initial state during the exchange delay and reduce power dissipation.

4.4 Optimizing XSABRE hyperpolarization at high field

The previous sections of this chapter introduced new methdaeddening the spe of
X-SABRE at high magnetic fialdd demonstrated robust agreement between simulation and
theory Due to exchange and related efféxtsearly impossiblerport a certain set of pulse
sequence parameters that will generate large hyperpolatzassrthe substrate scope.
While this space would be impossible to seaparimentallyt is entirelfeasibldo explore

the X-SABRE parameter spamenputationallyHerein, we wilpresent illustrative examples

on optimizing higlield X-SABRE expementsthat could be useds a more general

optimization strategy.

There are a few characteristics #natcritical to understanehen simulating X
SABRE systemss they will vastly alter how optimization should be pufsuegemplify
these charactaics, we have simulated the hyperpolarization dynamics of a model (4+1)X
systemunder the coherently pumped LIGISRBRE experimenEig. 41A). Perhaps the
mostcritical point to notés thatthe hyperpolarization dynamics under a single pulse do not

predict thesequencéevelbehavior of thexperimentRKig.41B). Smply changing the ligand
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exchange rate dratically affects thperformance of the experiment. Far p ¢

multiple applications of the pulse sequisamkto an accumulation of hyperpolarization on
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Figure41: Optimizing highkfield X-SABRE hyperpolarizatiod. Calculations were performed
a model (4+1)X system using the pumped LISHBRE pulse sequence, and all simulations
the parametersd ¢ w i, 0 @ madi,] 5 0cO4GW ¢ TiOgand OIT Y pig 1
B. Hyperpolarization generated during the same pumped LISABRE experiment for t
different exchange rates using an initial state proportional®JO. In the case of slow
exchange, hyperpolarization may be catalytically generated under the pulserssgjueading t
an accumulation of hyperpolarization in solution. For the fast exchange rate, only the firs
effectively generates hyperpolarization and each subsequent pulse simply maintail
polarization, although a small loss is observeédlhe final hyperpolarization that is measure:
the end of an experiment is invariant to the initial condition used, so long as all other para
remain constant. For instance, changing the initial state filo@O(blue) to'O 'O (purple) lead
to a dramatic change in the time evolution but results in the same polarization. Similarly, u
initial state that would result after a separate LIGEABRE experiment that used p mns stil
leads to the same final polarization.
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the free speciegenerating he char act er i sutpioc ceux pren eanstsioacli
SABRE experimentgncreasing the exchange rat€do v 1 dramatically alters the

pulse sequence efficierasthis correspond® an average lifetime thaapproximately half

thed ¢ ux i pulse used to excite the hyperpolarizadibthis exchange rate, only the first

pulse effectively generates hyperpolarization, andubisequent train of pulses simply
maintaisthis hyperpolarizatiomith a small losEven though the resulting hypagization

isOx p bfor this case, the sequetees| dynamics highlight that the efficiency of this pulse

sequence is dramatically wéosenore rapidly exchanging ligand

The other important characteristic to note when optimizB8BRE experimenis
that the final polarization is completely invariant to the initial conditions of the experiment,
so long as thpulse train is applied for long enough as to pernastmeptoticonvergence
of hyperpolarizationF{g. 41C). Starting the system from tparahydrogen singlet state,
proportional toOJ0 (noting this isdentical to the simulation shownrFig. 41B) permits
large generation of hyperpolarization under the firstyaitisa small loss of polarization
during therest of the pulse train. Alsscussed previouslyRig. 31, thisinefficiency during
the rest of the pulse sequeiscen artifact of the initial singlet state not commuting with the
Hamiltonian leading to @ ultimateloss of phase coherence of the transverse terms of the
singlet OO0 O 0). Starting the system from the tiawveragedhitial state, which is
simply proportional toO"O spin order, generates vastly different sederae

hyperpolariation dynamics but converges to the samehfypalrpolarizationlesting the

invariance to the initial conditioray be exacerbated by starting the simulation with an initial
conditionthat has some hyperpolarization on thespeeies)( "Y), such sif two different

hyperpolarization experiments were carried out sequentialyishow the initial state was
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set in this example. Evetien there is a hyperpolarized target that binds the complex at the
beginning of the experimethte final hyperpalization converges to the same as if the system
had been initializedth purely singlet spin ord€he invariance of the final hyperpolarization

to the initial condition is a result of a finite memory that the system retains over the course of
the expament and highlights an importéntitationto optimizationAs such, this should be
considered when developing optimization schem#mt optimize sequentzvel

hyperpolarization.

The most robust method by which aparametephasespace may be optimized is
to index the space on a-dimensional griend calculate the hyperpolarization obtained for
each of the positions on the grid. This is showa 8r [ sliceof the phase spairethe
case of the coherenplymped LIGHFSABRE experiment{g.42A). Importantly, the grid
optimizatiormust be calculated at the specific exchange rates that are used in the simulations,
as the parametspace will optimize at different conditions as a function of the exeltasge
A pulse sagence such as the cohesemumpedLIGHT -SABRE experimendepends
parametrically od b b ; handsi  for any one set of exchange parameters, of which
there aréQ hQ hand "Oif "Y. As such, this parameter space is x dimensional for any
given systenT.he "OIT Y is set experimentaiynd the exchange rates are intrinsic to the
system at a given temperature, so it is afteantageous to optimize fhdse sequence
parametedimensiongor a subset oéxchange parameters. Even still, this only reduces the
grid dimensionalityto  T. For instance, in just theo-dimensional slice of the parameter
space shown ig.42A contains 1,300 simulations and reqappsoximately 30 minutes of

computationalime to calculate on a minimal (4+1)X spin system. Insteattwagtinghe
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Figure42: Projections of pulse sequence phaspaces fopumped LIGHBABREA. Optimizing
the @ I phasespace by explicitly calculating a grid varying the parameters will fin
optimal conditions to generate hyperpolarization so long as the grid is permitted to span ¢
that contains the optinal condition. For each plot, the solid lines indicate the position o
maximum for that exchange rate, and the dashed lines indicate that position of the maxim
the other rate. However, this method becomes computationally expensive when three @
parameters are coptimized. B. A 10% random sampling of the grid before exhau:
optimization can eliminate large regions of the phase space. The maxima may be found
optimizing around regions of interest. This circumvents havingxtaaustively search the ent
parameter phasespace. All simulations use a (4+1)X model.

entire space by brute force, large regions of the space may be neglected byapdiamly
the space atfeactional rate, which was done at a 10% sampling rate as an EiqafiB (
Subsequently optimizing around local mawiithaa narrowr gid can yield the optimum
sequence parameters but at a greatly reduced computational Bepensing on the

experimentand the number of parameters beingoptomized additional iterations of
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randomly sampling areas of the phase space closer ltwathenaxima can reduce
computational timdt should be noted that witin approximately-fbld decrease in the

average lifetintbat the maximum polarization decreases by a factor of approximately 4.

In addition to initially dowsampling the pulse sequence parameter-gyess
other parameters such as the hydride exchan§® vatey weakly affect tipeilse sequence
optimization other than scaling the resulting hyperpolarizetgpm3). Increasing the
exchange rate by a factor of four only resultsin a ¢ & i change in the optimum pulse
length and no additional change indpimal pulse powefhe one parameter that e
directly affects is thie parameterHig.31), butvery weakly aftér | "Q . As suchit is
often acceptable to fix the valu&bin the initial optimization of pulse sequence parameters
and then sample thiate as the optimization entéral stages of optimization, which we
refer to as the fingraining stagdt should be notedthati t he tradi ti onal
setup this parameter is highly couptedthe bubbling rate of the system, which is often

controlled qualitatively by use of a needle,\adweell as the diffusion of parahydrogen in
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Figure43: Parameter elimination during optimizationCetain parameters, such @& which
does not vary greatly for most SABRE experiments, often have a weak dependence
optimization other than resulting in a scaling factor. As such, these parameters tegy bz
neglected when initially optimizing pulse sequence parameters.
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the solution. As such, this parametperbiapsthe most difficult to experimglly contrql

so finegrain optimization of th® is oftennot required

In addition tooptimizing how singlet order is converted into magnetization, it is also
important to consider the mechanisms for how the singlet order is being preserved when sp

order is not being transferr@dg.44). Previously, we noted that evolution undebthend
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Figure44: Effects of spin order conservation on sequence optimizatién The exchange del
of the pumped LIGHBABRE sequence allows conversio@@0° "0 'O, whereasB.the SLI¢
SABRE experiment converts 'O © 'O "O spin order andC.a 'H decoupled LIGHSABR
variant preserve¥DJ0bydecouplingd . D.For a constant set of pulse parametebs ( v T8 |,
F YOg§ and o ¢ TiOQ, optimization of each of these sequences and rest
performance is vastly different depeimd) on the method by which spin order is presen
Vertical lines indicate positions of the maximum hyperpolarized signal. For all simul&@ion:
v ,Q ¢i ,andOIT°Y plc

130



0 couplingsessentiallyeducethe parahydrogen spin order fré@00° 0O, and
proposed thatH decoupling by simply irradiating #@&pins coulgreserve the transverse
terms of the singldtnecht and coworkers introduced the SEBKBRE (SLIC = Spin Lock
Induced Crossingiethod thaappends a¥¢ pulse on théH nuclei that convert® "O ©

‘0 O (if anafphase pulse is used), which can be convertéypepolarizedy spin order
under a subsequent SLIC plifseéven wherallthe parameters tfespinorder transferring
pulseare kept constant, tdependencef hyperpolarizatioan other parametetbat should

be consistent between different experiments, stinehrgsrpulse delaymeo , dramatically
changes when compared to the original LISSABRE experimenh the case of LIGHT
SABRE, the optimal hyperpolarizatioadsievedvhen no delais used, as in that case it is
more advantageous to continually hyperpolarize the system, which essentially does not permit
the loss of spin order by continually ugiag parahydrogen exchanges with the tabalys
this limit, coherently pumping thleystemreducesthe ultimate hyperpolarizatiobut
continually irradiating tmeatchingcondition is entirely possilasthe powerdissipation of

the LIGHT-SABRE experimenis minimal (microwatts). However, the SEBABRE
experimentan generate compagalilyperpolarization by addingoay pulse on théH
channel andptimizes at a condition consistent with a coheqmnthped experimef |

Q ). Finallydecoupling thé by irradiating at a powenof; TV p T oduring

the exchange delay presef@30 spin order and leads to the largest generation of
hyperpolarization for the three experiments. Furthermore, this experiment also optimizes in a
coherent pumping regime. The fine structure observed in thels¢ians is a direct result

of the irradiation on th#&d channel.
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While the model (4+1)X system is representative BNtpyridine system that was
used to develop and benchmark many of the high #&ARBRE experiments to dateegre
are only a few-$ABRE systems that readily hyperpolarize without a coligand. Asssuch,
much more pertinent tiscuss optimizatiarsing digh field (3+1)YABX spinsystemFor
comparisons sake, we will begin with a systemmsthétie chemical shift differenceveen
the two hydrides T @ ™Q which is the experimental value'fiNaacetonitrile?N-
pyridine system at 8.45T, anitlzes the same couplings as the (4+1)X system we have been
using,0 wOgando0 ¢ UOa These couplings are nearly the same fdtNhe
pyridine and™N-acetonitrile XSABRE systemg/e willexaminghe'H decoupled LIGHT
SABRE Fig. 33) experiment as an examfolea directanalogy tohte previous discussion
(Fig.45). At a pulse power of ;  @'Odand resonance offset®f ¢ TiOQ the pulse
(6 ) and exchange delay)(length optimize to approximately ¢ Tt T i, which is
preserved whe® p ¢ isincreased f® v 1@ . Interestingly, there @structure

ato 0 o @i that likely results from an accumulating pulse effect because this feature

100 100
ABX 'H dLIGHT
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Figure45: Pulse and exchange delay optimization'sf dLIGHT in an ABX systehhe pulse an
exchange delay lengths @ptimize to approximately the same length@f o0 1 1 i. In thig
regime, many pulses are coupled together over the lifetime of a singkhgdrogen, suggestil
a low conversion efficiency per pulse. Crosshairs indicate position of the maximum. Co
indicate percent polarization (P%).
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Figure46: Structured features in the 4w space When the pulse and exchange delay len
are on the order of the dominant couplings and pulse sequence powers, which often appe:
0O O p madifor typical experiments, fine structures appear that should be sampled
increased frequency. O#n regions of phase space are significantly less structured, and &
do not require such fine samplinGolor bars indicate percent polarization (P%).

is disproportionatley smaller for v 1t , where a given complex is exposed to fewer
pulsesAs'H decoupling is used for the entire duration of the pulse sequencegethere ar
pulse artifacts that appear in thedd phase space. Comparing these two exchange rates
used inFig.45 is interesting, as it highlights that hyperpolarization decreases by a factor of
approximately 10 with an approximateiyl decrease imé average lifetimenportantly,

while most of thed b  phase space is unstructured, fine details will emerge when these
sequence parameters are on the order of the couplings and puls@igod@ré\s such, it

is often advantageous to increase the sampling rate of the simulations in this regime

In general, we find two modes in which LIGBABRE variants optimizEig.47).
When the exchange rate is slow enough to @errpitilse in the hyperpolarization dynamics
(a maximum polarization), then the dynao@osptimize in a regime where the system is
coherently pulsed. Inglcoherently pumpeéinit, we find an optimura a pulse length of
0O T Tiands ¢ TOa However, as the exchange rate increases such that the

average lifetime of the complex is less thaf-fhdse length, the solution w#ind to
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Figure47: Two optimization modes of LIGHSABRE sequences & O vWhen the'Q is
slow relative to the coherent evolution, the pulse sequence optimizes to a coherent pu
regime. In this regime, th&y H phase space becomes highly structused deviates from
simple nutation pattern as seen at longer delay lengths.the ligand exchange rate increa
structure is lost and the solution optimizes to a psewtmtinuous regime where the pulse len
is much longer than the average lifetim@olor bars indicate percent polarization (P%).

optimize to a regime where the irradiation may be applied continudbslyadmtinuously
pumped limitthe3]  also decreases so to avoid generating unnecessary phase rotation under
this term Similar effects are observed when exploring theld phase spac€i@.47B).

Thisshifting to a continuously pumped limiggests that thid dLIGHT pulse sequence i
inefficientwhen the exchange rate increaassevidendeby the large decrease in the

hyperpolarization
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With the above points in minge may now pursue optimization of the experimental
phase space. We shall use'ttheLIGHT sequence as an examplablishing 5
P& QOftor 3 T @ ™aoandif 'H excitation is on resonaneg (). Furthermore,
we will perform optimization assuming a fiRed ¢i  and shall explore optimization for
the two exchange rates that we have previousljusegh ¢ andQ v 1 .Under
these conditions, there are 4 optimizable parametetsi( o fo ), and given the various
examples listed above, thisse space may be indexed on a grid consisting of the ranges
1 5 3 pfp bBp O¢ and oM ¢Ip mihee hp plormtfep T. In  the
notation ¢fudB-®, the range extends frairto Gin steps ofc and h joins two of these
ranges together. Thesults in a grid with 1,822,500 data points, which would 6a0dirngs
to fully calculate on the computer that was used to run these simulationsl 046€l (GPU
12 core @ 4.0 GHz, 12 GB RAMpaiza and Warréffreportecbn a computatical method
for pulse shaping that follows acadled evolutionary strat€whereby a largémensional
grid is sparsely sampled and the top 5% of simulations that minimize a cost function are then
used as starting points for subsequent generéigndy. Each subsequent generation takes
the starting point and perturbs the parameters in each optimization dimension. This strategy
may be iterated multiple times to find optimal pulse sequence solutions, and the size of the
perturbationmay beadjusted to fagcs on specific regions of phase spAtter three
generations, the resulting hyperpolarization fromHhdLIGHT pulse sequence was

increased by approximately S0¢both the cases@ p ¢ andQ v

Interestingly, both cases optimizeddanditions where tA®N-channel was essentially

continuously irradiating the bound species. Furthermore, the optimum solutions indicate that
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Figure 48: Evolutionary strategy for higliield X-SABRE optimizatianA. The polarizatio
resulting from the evolutionary strategy (ES) relative to the grid optimization results
previously in this section show that the resulting hyperpolarization may be increas
approximately 50% in just three generations of the etiohary strategy. Final polarizatic
indicated above bardB. The rate at which polarization is pumped is not necessarily corre
with the final polarization. FOR2 p ¢ , the higher pumping rate is accompanied by a lz
polarization, whereas foQ v 1 the higher polarization results from a lower pumping r
This emphasizes the need to run the simulation for long enough that the polarization con

the initial buildup rate does not necessarily yield the largest hyperpol&igzd8Bh (While

thisisthe casef@® p ¢ ,the optimum solution for the casé&bf v 1@ generates
hyperpolarization more slowly than the grid optimized solution, but ultimately yields larger
signal. This stresses the importance of optimizing the solution using simulations that permit

the cowvergence of the hyperpolarization.

An interesting feature of this optimization is that levetrassing (LAC) condition
3 1 m U does not actually predict where the optimum hyperpolarization is

achieved when exchange is considéigdl9). At slow exchange rates, the requisite pulse
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Figure49: Optimum hyperpolarization after continuougradiation for 20s For both slow an
fast ligand exchange, hyperpolarization idFadLIGHT experiment is optimized (solid line
conditions that are far from the LAC condition (dashed lines). In these simulafbnsg i
Color bars indicate peent polarization (P%).

power is approximately half of what is required to generate hyperpolarization while the
resonance offset optimizes at approximately 0 . For fast exchange, the resonance
offset is approximately double the expected valiie and 0 . While the LAC condition

is useful to gain an intuition of the regimes where hyperpolarization will be generated, it is

insufficient in predicting the mpum hyperpolarization.

While perandpaper theory can provide insight on the development of new X
SABRE experiments, optimization of hyperpolarization should be done through use of the
DMEXFR2 simulations. We have shown illustrative examples of ogttivezimgkield X-

SABRE signal that can be extended to exploring optimization with othéeldigh
experiments as well as to rgaweration ultralow field experiments. Grid optimization is
perhaps the most accurate method for optimizationt lexponatially scales with the
number of pulse sequence parameters. Evolutionary strategy in conjunction with grid
optimization accelerates the process and is a robust method to finding the global optimum.
Computational optimization ofSABREexperiments motived by penciindpaper theory

is a key step in considering the effects of exchange when designing new experiments.
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4 5 Qutlook and conclusions

There ara few interesting extensionshadwork that wilbe interesting to explore. The first
pertains teurrent effort$or increasing the polarization and scale SARRE experiments,

which will be critical for preclinical and clinical applications. As mentioned previously, perhaps
the most difficult parameter to control is the parahydrogen replenishtaei ,r &5
conventional XSABRE systems use a setup wetegas is continuously bubbled through

the sample. Thinstrainghe amount of parahydrogen that may be dissolved into solution
The concetnation limits may be circumvented by either increasing the pressure of
parahydrogen in a conventional solution or generating a supercritical stateowiXe Q&s

where the molar fraction pH. can be as high as 20%wever, such a system wduwdde

a fixed amount of the parahydrogen singlet state that would not be replenished by bubbling

(Fig.50). One of the significant hurdles associated with such an experimental geometry is that

at the lab fieldp( ' TT"Y ¢ ' )Y the transverse termstbésinglet 0 "0 "0) are
100

iixjéx 4'iiyi?y

112122

0 1 2 3 4 5
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Figure50: Spin order while loading a supercriticat¥ABRE samplé requires approximately
minutes to pump thehighpressure NMR tube to 160 bar for a supercriticai @Xe experimen
During this time, the catalyst facilitates the destruction of the transverse terms of the single
(blue), rapidly leading to an attenuation of the singlet. However, @& term of the singlet i
largely preserved during this time, and can be used in lieu of the transverse terms
broadband XSABRE experiment.
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not preserved due to evolution undertthecoupling.The O "O term ispreserved at this
fieldand isavailable to use for expeirmentation eventa@&rminutes required to pressurize
this systemmportanty, the systemnlyretains approximately 10% of the initial transverse
spin order over this periodle may target hyperpolarization with the broadbaSABRE
experimenbn this sampl&xperiments may be applied sequentéliput having to reload

new sampleas only a small amount of this spin order is converted into magnetization with

each pulse sequence.

Consecutive broadbandSABRE experiments may be easily simulated using the
DMEXFR2 to computationally interrogate the potential for thisagomh.We find that it is
possible to generatgenerate hyperpolarizatioging consectuve broadbaneéSXBRE
experimentgFig. 51A), and showgood agreement to the singi®t variant of this
expeirmentHere, we show a scan of thdelayusingt ¢ @ iusingat T& Wi
step sizeswhere the multiplexed curve is calculated by consecutively incredsitegathe
and the single shot curve coincides with separate simulations that all share the same initial
state.Evenat the maximum spiorder consuption of this expeirment, which coincides with
the conditions yielding the largest sighal resultant hypesfarization only decreasesn

O 1 bPto0d p bafter 1 TexperimentBave been repeated.

Importantly, this effect will be strongly dependent on the exchange rate of the
parahydrogen with the catalyst as well as the concentrations of the relevwarKespgog
‘OirnNo pfu 1,we may calculat® 'O after 5 minutes at the lab figltile varying
the hydride exchange rakgg(52). In all of these simulations, we have assarieee
parahydrogefly; ¢ 1 and”Y; o ¢ 1t jand bound parahydrogefy uvi andthat

relaxation of the singlet state on the bound spegjkgibleWhen bound to the catalyst, the
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Figure51: Multiplexed XSABREA. Running a higipressure SABRE experiment in multiple
mode (blue) differs only slightly from the singlkot version of this experiment (re
OiFN0  pfu mand OiF Y pX¢ min a model (3+1)Y system usi®y ¢i . B.A
broadband XSABRE expement usingt o & i may be run in multiplexed mode as a test of
longevity of the signal. This delay maximizes the signal, and subsequently maximizes con:
of spin order. Even after 40 experiments, the hyperpolarization is greatertthamp B makng
this a promising technique for parameter identification for the high pressure and supert
SABRE experiments.

singlet spin order is unlocked into spin order that relaxes more rapidly to equilibrium. Hence,
there is a strong dependennghe hydride exchange rate on the preservation '6f'e

spin order during the 5 minutes of loading tilffele conventional -8ABRE experiments

usually exhibit polarization levels consi¥®entp @i ,these experiments are inherently
diffuson limited. In a supercritical expeirment, where the parahydrogen is much larger than
in a conventional experimemg expect) to increasein order can be preserved by simply

cooling the system while being pressurized, thus decreasing thexoydmde eate.

140



Ll + Liyly

Lzl

~ 5
) f\
0 5 10 15 20 25
ki (s7)
Figure 52: Spin order preservationafter 5 minutes at the lab field For all simulation:
'OIFN0  pfu mand OITY pfc 1in a model (3+1)Y system usity p 1t . The
fraction of preserved spiorder is strongly dependent on the hydride exchange rate, decre

with an increase in the exchange rate. This effect is largely independent of the ligand e>
rate.

Another extension of the work presented here is the abhigpeagpolarize rapdlil
exchanging target®f the various techniques introduced here, hyperpolarization in the
broadband XSABRE experiment scales the fastest. ddecreasing the overall sequence
length Y ft t p 1) permits access to faster exchange rkigs58), with
enhancements of p Tat exchange rates as fasas v i . Hyperpolarization at
such fast exchange rates will be critical in expanding the applicAH8AB&E to a broader
substrate scope as well as to improve compatibility with therisope XSABRE
experiments, which often have to be run at elevated temperatures. In comparison,
hyperpolarization in thel dLIGHT experiment scales @as meaning that performance is
attenuated at fast exchange rétewever, the twexperiments do perform comparably when
the exchange rate is in the regime 1 Q  p v . All of thesimulations ifFig.

53 haveassumed hydride exchange rat&3 of ¢ i

Here, we have extended the scope of high #SIABRE to be compaike to that
of the widely used SABFEHEATH method. We demonstrated the ability to coherently

drive the XSABRE level antrossing condition, which permitted us to experimentally
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Figure53: Broadband XSABRE antH dLIGHT in the fast exchange limitop. Decreasing th
total length of the broadband -8ABRE pulse sequence&’ (Yt T p 1) makes th
sequence less sensitive to the exchange rBtom. Compared to theéH dLIGHT experime
the broadband SABRE experiment exhibits superior performance at fast exchange rat
similar performance at slow exchange rates. For'thelLIGHT simulations, ;  p& ‘Q"Odnc
irradiation was continuously applied for 20 dl simulations were run on a truncated (3+
system using thé&°N-acetonitrile parameters at 8.45T.

ground the DMEXFR2 model under high field conditions. Using this model, we then sought
to expand the scope of high fiekBXBRE by targeting asymmetric ligand environments for
hyperpolarization, which form the vast majority - &ABRE systems. THE decaipled

LIGHT -SABRE variants spin lock the transverse components of the singlet state using strong
irradiation at the centérequency of the parahydroggarived hydride#n silicexploration

of this system facilitated the development of the broadb&ABRE experiment, which
expanded the capabilities and bandwidth offileighX-SABRE experiments. This permitted

the first demonstration of simultaneous hyperpolarization of multiple targets at high field.
Finally, we showed illustrative examples to loesgptimization procedures that would

permit robust optimization of-8ABRE pulse sequences.
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Chapter5: Expanding theapabilitiesf
X-SABRE atltralow field

While thedevelopments of high fieldXABREare supported byedades oéxperimental

and theoretical techniqué&swvasonly recently that spin physics at ultralow magnetic fields
became interestirand accessiBle*®*2 Relative to experiments at high magnetic field,
ultralow magnetic fields are simple to generate with nearly arbitrarpwentnel amplitude

and waveform in any directidrhis provides an enormous amount of experimental flexibility
and broadens tlapportunities to control the underlying spin dynaifiesultralow field X
SABRE experiment SABREHEATH utilizesstaticmicrolesla magnetic fields to generate
the necessargatching conditions to transfer hyperpolarization to heteroMuaddi.of the

work in this chapter was done in collabaratith Christian TannandClark Erikssonyho
worked in the Warren lab as undelgate researcheend followed from the pioneering
coherently pumped ultralow fieldSABRE experiments performed by Shannon Eriksson
and Xiaoqing LiHerein, we will explore various routes to expanding the capabilities of

ultralow field XSABRE byshapirg the magnetic field in various ways.

It is beneficial to review the underlying mechanism for SSBIEBTH, as this will
inform the following discussion. At ultralow magnetic field, the chemical shift Hamiltonian
becomes negligible and frequency diffeserare controlled directly by the Zeeman
interaction. Many of the following results will be discussed using 43naji¢PN -SABRE

system, which at ultralow field has the Hamiltonian:
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ThisHamiltoniarcontains two orthogonal o subspaces that dictate hyperpolarization and
two disconnected eigen states proportional to unity. We will focus on one of the orthogonal
hyperpolarizatieactive subspaces for this discussion, whibk\ 18 ¥ basis set (singlet

triplet on the hydrides, Zeeman ontik&eronucleus) is given(gjl constants irad s):

sSYT a gY a sYl a

TaYT s i 2 o
= ﬁ, l:) cl:)c L,)C ° ~ U&
5w T T
ay) s — = 2y
(0 U T )

This Hamiltonian suggest hyperpolarizasanansferred frorgY| @toSY{ Gwhen the

matching condition 1 0 Ft 0 is met.Converting the frequency difference

into a magnetic field via ] [ [ 6 yieldsa matching condition given by

06 Uu ft v ™ttt YThese magnetic fields are a s
magnetic fieldd( 0 T “Yn North Caroling, but in practicdor most magnetic
resonance laklisjs the stray fields aearbysuperconducting magnets timatst be removed

which are often | ar ge.rThignanhe accamplishEdaby wsingdas ma
‘ -metal shieldwhichis a ferromagnetic allayth a high magnetic permeabiiitst when

saturated acts as a magnetic wavemuidean reduce the external magnetic field by a factor

of approximatelypZp 1 1t Tthe internal magnetic field may be tuned usingokenoid

electromagnetwhich depending on the configuration and current can generate extremely

homogeneous magnetic fields
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Figure 54: The SABREHEATH experimeniA solenoid is placed inside ‘ametal shield t
generate controllable microTesla magnetic fields. Scanning the magnetic field in the mic
regime yields the SABFEHEATH field profile. Similar to the profile in LKSHBRE, this profile
anti-symmeric about the center frequency, which under these conditions is when m* "Y

Experimentallyif is common practice to scan the fggloduced byhe solenoido
generate a SABREHEATH profile Fig.54). The field profile gives the field that maximizes
the hyperpolarizatiprwhich is often nedr p*‘ “Yas well as the residual field of the
magnetic shieldmportantly, this magnetic field is about an order or magnitude larger than
the field predicted by the level @ntissing conditior.he LAC predicts the magnetic field
as if the couplings to ti§eY| dstate do not exist, and approxira#tes thredevel system
as a twdevel systentence, the actual magnetic field that optimizes hyperpolarization is

much larger than the figddedcted by the LAC condition.

As previously mentioned, the SABRIHEATH experiment has several distinct
advantages over high fiekBXBRE methods. Firstly, hyperpolarization can nearly always be

achieved ab p‘ "Yor any substrate, meaning that it @&y to rapidly assess a broad
scope of XSABRE targets without needing to reoptimize the experiment. Sebandly,
experiment was used to demonstrate large heteronuclear polanzatioies a minute,
orders of magnitude faster than dDMReshowed tht pumping the SABREHEATH field
between an evolution field ( p‘ “Yand a delay field ( v 1 “)Ycould unveil the

coherent hyperpolarization dynamics at ultralow field, which spurred the work in the previous
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chapter at pumping theXABRE dynamscat high fiefd Since then, there have been several
avenues that have been pursued to further optimize the ultralowSERRE egeriment.

Herein, some of these advances will be describ&dwrdirections will be discussed.

5.1 Pumping heteronuclear singlets

As mentioned previoushye demonstrated the possibility to cohereatiye X-SABRE
hyperpolarized magnetizatfowhile directY magnetization was the original target spin state
for this sequence,-SABREhas also been shown to genengfeerpolarized singlet states
('Y DY) between pairs of nuclei, such@sand*N, spin pairsHowever, thexistence of
more exotic spin statesich asinglets between heteronucl¥0)) had only been once
reportedbetweenH and*C**3 Furthermoregontrol of population in and out ofiststate

had yet to beoherently manipulatdditroducing another spim on the hyperparization
target, andritingthe Hamiltoniaim a\ 18 N 1basis set (singigiplet on the hydrides and

the heteronuclear spin pajiyes a hyperpolarization active subgpades) for the model

N, *C-acetonitrile system

SY'vya sywva gYwYa SY'Y &

OyYTY s ) to O

ny c ~

'?’a . , 4 , , &
- AYTY 8 10 — 30 10 A LD

o 5 ~
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We have defined) 1 1, H 1 1, 30 0 v Fr, and
t0 0 0 7t for brevity.Note that hyperpolarized spin order may be transferred
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from™Y P Y when 1 0 0 . Atnonzero magnetic fields, ttrensitions
out of the singtestate aramplifiedby 3} , butthe YD singlet spin order is preseratd

zero magnetic field 1 ), astheHamiltonian subspace simplifies to:

SY'Y & SY'Y & SY'Y & sY'Y &

HAYY s T t0 30 1t &
= A9Y'Y s to m 30 o 4 L8
ay"y s 30 30 0 30
oayY"y s 10 10 30 0 O

Thereis still a nofzero transition dipole moment betwé€€r “Y spin orders, which
permits evolution of the parahydrogen singletistoglet between theteronucleit zero

magnetic fieldanother Hamiltonian subspace equally pulspspin ordesimultaneously
with this space pumpiriy , meaning thato magnetization is generatBldte that this

Hamiltonian subspace has no experimentally tunable parameters.

In an effort toextract the coherent hyperpolarization dynamics of heteronuclear
singlet statesye experimentally showed th¥ order could beoherently generated in a
coherently pumped SABREHEATH variant that utilizes a zdield pulse of time
interleaved with high magnetic figklg.55)**. In the previous coherently pumped SABRE
SHEATH experiment, the pumped spin ordéyi6 areigenstatef delay field , and thus

it does not evolve during the inperise delay. N t hi s ¢ a s dalts dofleent 6 d e | a

evolution out of the parahydroggnglet state but alpermits evolutioof the transverse

terms of thé Y spin orderaccording to
YH o YO YO AT #® 0o

L
YO YO OEd o YD
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Figure55: Spin order preservation of heteronuclear singlétvhile thelongitudinal“Y0 terms
are preserved at the delay field and may be coherently pumped, the transverse terms
heteronuclear singlef Y0  "Y0 ) lose phase coherence over the course of the experimen
to chemical exchange and do not accumulate hyperpolaripéa order.

As the magnetic field in a SABRHEATH can be very homogeneous, loss of phase
coherence due fluctuatingsy is less of a concettman it would be at high magnetic field
However, the combination of multiple applications of thefisddpulse generatinyd

spin ordeand exchange with the catalyst cdhedsansverse terms of this singlet lose phase
coherence, and the system only preserves longitddirsgin ordefFig.55). Evensa large

signalenhancements were observed b\, 1-**C)-acetonitrilgFig. 56). As in the previous

coherently pumped-8ABRE experiments, the oscillations arise from the coherent driving of

5N read

4000

2000
0l-

g/ Thermal

-2000

'40000 10 20 30 40 50

tp (ms)

Figure56: Coherently pumping heteronuclear singletd zerofield pulse is applied to the syste
to coherently drive production oY spin order followed by a high fieldl ¢ ®° "vhat
acts to halt coherent flow of hyperpolarized spin order. Repeating this sequence

experiment time of 60 seconds permits the coherent hyperpolarization dynamics to be re
in the final signal as a function 6f. The DMExFR2 simulationslid lines) were run on a (7+¢
system parameterized on thé’{l,1-'*C)acetonitrile parametersusin@ ¢ 1 ,Q oi ,
and OiT Y pX¢ miThe experimental data was collected and analyzed by Chrlstlan Tani
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the systemFurthermore, as the heteronulcear siisgéetwespin order, it ray be detected

on both the™N and*C channels at high magnetic field.

Conveniently)YO spin ordeis an eigenstate of high magnetic field and is detectable
in a conventional NMR spteometerso long a$ 1 or if there aranequivalent-J
couplings out of the spin palihis spin order gives rise to gitase NMR peaks, which
integrate to zer@-ig.57). However, an asymmetric integration of the NMR spegtalds
signals proportional to the preseriéd spin order of the heteronuclear singlbts is
different than a magnitude transform off the spectrum, which will take the modulus of
and then integrate the signal. This ensures that noisaswdunctomly distributedoes not
contribute to the integratioNote that given the opposite gyromagnetic ratidN ahd*3C
that the signals are also oppositely sighethermore, these operations are algebraically
orthogonal, which means that tinegy be applied to the same NMR spectrum to quantify

linear combinations 0f and"Y0 in the final hyperpolarized signal.

J s(w) +f s(w)=0

Lls(w) — Lzs(w) o (S,L,)

j s(w) +f s(w) « (§z)
R1 R2

Lls(m) — Lzs(a)) =0

Figure57: Data analysis for heteronuclear singlet spectfBhe NMR spectrum of th€N spin il
(**N,**C)acetonitrile is shown with polarizetvd spin order (blue) andY spin order (red
Dividing the spectrum into two regions, delineated by the spin state of¥enucleus, permi
an easy interpretation of the spectrum in quantifying the expectation values of magnetizati
"YO spin order. Symmetric integration (normal) will yield a signal proportional tc
magnetization, as is conventional in magnesisonance. Asymmetric integration yields the si
proportional to the™Y0O spin order created upon pumping the heteronulcear singlet.
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Figure 58 Coherent hyperpolarization dynamics in®,"*C)acetonitrile. The coherer
hyperpolarization dynamics of the heteronuclear singl¥ at zero field are relative
unstructured. The'®N magnetization"Y) dynamics at a nomero field ofd pH U "dre
much more structured and result in complex dynamics in the coherent SSBEET
experiment. The experimental data was collected and analyzed by Christian Tanner.

The {N,1-*C)acetonitrile systehighlighted twonterestingpoints of controlling
the coherent hyperpolarization dynanmc¥-SABRE. Firstlywhile the hyperpolarization
dynamics at zero magnetic field ratatively unstructured, the dynamics of this system
become extremedgructurecand complicatedt any norzero field(Fig.58). This is despite
there only being 5 coupled spi nuclei in the frespecieswhich correspond to the two
target nuclei'{N, °C), and the thre#d of the methyl grougSecondly, the Hamiltonian
containsa variety of parameters that cannot be experimentally controlled, such as the form of
the Hamiltonian at zero magnetic fielgl%.4. However, the ability to control the coherent
degrees of freedoaflows us tananipulate the systemways similar taoaventional NMR

at high field. As such, the following sections will examine new methods in approaching

ultralow field XSABREIn an effort to govern the spin dynamics of these systems more finely.

5.2 Ultralow field shaping for control of coherent-$ABREynamics

The work done antrolling the coherent hyperpolarization dynaatiagtralow magnetic

fields® % essentially introduced the ability selectively generate evolutioh the
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hyperpolarization by a specifiég anglé in analogy witbonventional magnetic resonance.
When hyperpolarization is maximized, one essentially permits a filivensisa between

the initial ©JO and final Y or "YJ) states corresponding to &-pulse in the
hyperpolarization dynamiddhe abilityto control theevolution of this inversion permits
opportunities to translate technigines conventional magnetic resonance to further control
different aspects of the hyperpolarization dynamics. An interesting application to this problem
is highlightedy the zerdield Hamiltonian shown &q. 5.4which contains no manipulatable
parametersThe only method to control evolution in this Hamiltonian is to reintroduce a

magnetic field to halt evolution between certain target states.

Conventional SABREHEATH is performed using a static microTesla magnetic field
of 6 p‘ "“WHowever, if the magnetic fieldli®wed to have both a static compon@ni
and a timevarying componertt 0 thatis cyclic with a peric&¥and is defined as having
W oda mthenhe Hamiltonian of “"NaSABRESHEATHIsystén3 + 1) Y

becomes:

=0 [ ®a 60 O O | B4 60 Y
LEp
¢ 0 0J0 0 'OJY
We may rearrange this Hamiltonian such that the first term is proportional to sipintotal

angular momentum in thedzection:

=0 [ &G 660 O 0O Y I ro®a 60 Y

¢ U '000 v "OJY
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ThetermO O Y commutes with the rest of the Hamiltonian as well as the target state,

Y, and thus may be dropped for brevity in the following anabfamsngay [ I

gives the Hamiltoan:

=0 3 W& 60°Y ¢ 0 0J0O 0 OJIY vy
Note that6 0  mreturns the SABREHEATH Hamiltonian in the form with the total z
angular momentum droppda assess the dynamics of this-tlegendent Hamiltonian, we
will again employ average Hamiltonian th&dhen the periodYis much faster than any
other term in thédamiltonianat any timgonly the lowestrder average Hamiltonian
gives:
R e
L&
3y ®AY ¢ v 030 0 "0OJY
This Hamiltonian iglentical to the SABREHEATH Hamiltoniarwhen the total-angular
momentum is droppeBerhapshe simplest implementation of this is whed is a square
wave with an amplitude For this conditioYL 3f 6  for the above assumptions to
hold. While the effective magnetic field is sirdply the instantaneous magnetic fifsdd
this casds 6 0 ©. This is important as nuclear spinxatian in the liquid state is
determined by picosecomdationakdynamis,thus onlythe instantaneous magnetic field will
dictate relaxation rates. Using this meperdhits experimental control over the relaxation
rate of various nuclei, which can bepartant when attempting to maximize the

hyperpolarized signal.
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There is an experimental limitloow rapidlya square wave may be generated in an
electromagnéhat is coupled to thmaximummagnitude of the magnetic field produced by
the solenoid. Forsolenoid of length>area, number of turns of wiré, resistance, with

a voltage across the solenjthe magnetic field produced is approximately:

, ‘0w
uP T
6 Ty P
Coupled to this magnetic field ie thductance of the coil:
“0 0
. o
0 o PP
The risetime of this coil is then proportional to:
+ Y/b
0 66 U ¢

While the magnetic field of theesaid is linearly proportional to the number of loops of
wire used to wrap the solenoid, the inductance is quadratically propotiiohalsiach, real
coilshave a finite risetime of the square weoeavever, fot L "YL 37 O ,allthe

assumptions made to this point are adequate. Typically, teeve@xperimental factors

i Rising edge
I’—:: 2
~ 0
9
4 Falling edge
0 20 40 60 80 100

t (us)

Figure59: Calibration of field and risetime of an electromagneRising and falling edges ¢
bipolar square wave oscillating at 5 kH¥ (p 1 Tt). For this magnetf p g iby measurin
the voltagedrop across a known resistor addO ¢ 1 K. The magnetic field produced
this coil can be shaped on timescales much faster thdn 06
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that arise when constructing an electromagnet, so many of these parameters are simply
measure(Fig.59). Even with the finite risetimes, it is entirel\siides to build electromagnets
thatsatisff L "YL 3f 6 , meaning that the magnetic field may be shaped faster than
the coherent dynamics of the system e\Natarally a squakgave is a composition of many
different frequency components, and wawefdistortion may be avoided bging a

sinusoidal waveform with a single frequency component.

The idea of utilizing a shaped magnetic figld experimentally validated by
comparing the hyperpolarization*®f-pyridine using a SABREHEATH field ofd
PP “Yo a squarvave excitation of the hyperpolarization u&ing PP N0
¢ 1t "Yand a period oY p o ‘ci(Fig.60). Under these conditions3 O S
p @ @gandthelimitYL 3f 6 is satisfiedJnder these conditions, thes@egligible

difference in the hyperpolarization sigoetween when the magnetic field is either

SABRE-SHEATH
By = —1.1uT

Square-wave
(Bg) = —1.1uT
B ~ 20 uT
T =133 us

-40 -20 0 20
Awy (Hz)

Figure 60: Initial experiments using squargvave excitation of SABREHEATH. ToSABR
SHEATH hyperpolarizatiiN-pyridine using) pP* "Hor an experimental duration of 60
Bottom. Squarewave excitation of SABFEHEATH using & p®‘ Y0 ¢ 1 “Yand
square wave period 6% p o ‘0i(7.5 kHz). The signal obtained using this experiment is r
identical to the signal obtained by SABREEATHOIY Y 1@ tfor these expeiments.
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instantaneousty on-averagat the optimal fieldondition butvarying the magnitude of the

field carbe varied to control th& of the system, and potentially increase polarization.

While the coherenhyperpolarizationlynamicgresent for SABRSHEATH are
preserved by using a rapid squaree excitation, the dynamics become very interesting when
the condition'YL 37 0O Is not met.We will no longer restrict the period
complicangthe convergence of the average Hamiltonian. To circumventtbaaluylate
highrorder terms in the Magnus expansionwilleuse a toggling frame &ucelerate the

average Hamiltonian convergeroe flexibility, we will define

3 60k3 0oh v o
where0 0 is generalized waveform thatperiodic over’Y is amplitudenormalized
(maximum amplitude of on@nd has a zeaverage/Ne may additionally assume that the
waveform is antisymmetabout ¥¢, which will simplify the following analy$iss lets us

define a toggling frame using the #irag/ing component of the magnetic fiaédthe

reference framavhichis defined by the transformation

6O AgP® Y OO =AgEB Y 0O vP T

For brevity, we will introduce thetation

go 3 WO 0 L L
As the timevarying flip angle of the toggling framikich simplifieeq. 5.14o:

-0 Agptrgo = Ageng o v @
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Remembering that formally, the rotating frame transformation is applied to the evolving

density matrix, which at the end of a peieigiven by:

Y Q AgPpQ Q& 0o " AGED Q& 6 Q B X

Typically, we aim to desggquences and toggling frames such that

Q Oh up Y
to simplify analysis of the average Hamiltohigarthisdoes not necessarily need to be the

caseThe toggling frame Hamiltonian is then given explicitly by:

=0 & 4&Y ¢ 0 '0J0 v O

AT o ©O°Y 07 VP ©

OEJo ©O°Y 07

We have used the definitias ok 37 06 G Let us examine the form @fo for the
case described here wited is center antisymmetidth a zeremeanlf we now define

0 O with the form

O 0 T 0 "YIG

Oy W o Y vg 1
wherev 0 0 "W¢ O and generates the asgimmetry about¥c , then we may
defineg 0 asa piecewise tirdependent function as:

ce DO Cee T o "V

go 3dA . 4 7 wy Lg p
v W0 e ™@u o < ‘Mg o0 Y
vy

Utilizing a centesintisymmetric waveform ensures that at the end pétlod thatg Y

mtand thuseq.5.18is satisfied. Using the squamsesefor example:
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p T 0 "W

p "¢ o Y
‘ _ L& ¢
. 0 m O C
90 3 v 5w o Y
Similarly with a sawtooth waveform:
o
e
00 Y
GO . -
wy p ‘'W¢ o0 Y
vg o
0 m 0 "V
go 3 |‘rbY
ey 0O "¢ o Y

Using the square wave as an example, we may calculate the toggling frame Hamiltonian in a

piecewise timdependenfiorm as:
=0 3 Y ¢*v 000 v O

. Ai® o OY OV -
v 2z A Vo o o~ n 0]
OEd o O 07 S ug T

v AT® Y O OY 0O . o
v ey e n Yg o Y
vy OEH Y 6 0% 0"

Note that when) 0 is antisymmetric abol¥¢ that the first period fromm 0 "WI¢
corresponds to a positisense rotation of the Hamiltonian a given #&jectoryand the
second period frorffifig¢ 0 “Ycorresponds to a negatsense rotation along the same

trajectory. As such, this lets us simply integraterfromd  “YI¢, as the integration from

"¢ 0 “Ywill have the same averag@such;z  is given by
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33 Y ¢ 0 030 v 0O

c“ 0 —m AlT® o0 0O 07
“YIC OEd o 0O 07Y

33 Y ¢ 0 030 v 0O

OEd -
OFF Y oy oy
c“ 0 r:’ :ﬂ Wc (-Y
Ny K& - &
Al
P ﬁ., YIG 0% O
3 YI¢ o

o
Equation 5.2shows that the phase and magnitude afahsverse terms of the coupling
may becontrolled by altering the period of the square (Fay€1). Note that aSY° trthat

the SABRESHEATH Hamiltonian is recovered, as is expected in the limit discussed

previously. However, d¥increasesthe amplitude of thé termscan be selectively

decreased arlbe relative phase of the coupling mayécontrolledand whes}  "WI¢
is integewvaluedthese terms average fully to z8mmilarlythe sawtooth gives:
= 3 Y ¢ 0 030 v 0O
0 Y
\ C 3 oY oY -
e v c 3 Y o
UV &r. - &
Y Y
¢ 3 Loy oy
¥ G 3 Y o
The function® 06 and’Y 0 are the Fresnel integralich are defined by
v e 20
o a QA | ec— v& X
, ¢
Y Q Q®E IC— vg Y
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Figure61: Operator magnitudes under different waveformd-or squarevave excitation, th
‘0Y 'OY term of they coupling can be fully converted into@Y "OY term. Wher
@  “YI¢ is an integer value, these terms fully average to zero. When a sawtooth wave
used, theOY "O°Y term cannot be fully converted into'®Y “OY, meaning that there ai
also no nodes where the transverse terms of ¢the couplingaverage to zero.

Importantly, whiléhe transverse terms of the coupling may be fully averaged to zero in

the case of the square wave, this is not the case in the sawtooth wave. Let us examine the case
ofdy  "W¢ pFcasanexampl@hich corresponds td ghase rotation of the transverse

coupling termgrajectory,or ‘OY ‘OYO "OY 'OV . For the square wavihe

‘OY 'OY spend an equivalent amount of tlmeeng positivelyaluedfor every point on

the trajectonas they do beingegatively valued, meaning that on avéieg@y “OY

terms average to zetbus leading to the presence of nddewever, while a sawtooth wave

that satisfied  "W¢  pf¢ makes the same transformation/@¢ “O’Y terms spend

more time in the positivelalued region of the trajectory than they do in the negatitedy

region of the trajectory. As such, there is an incomplete averdge¢eohs andD'Y
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