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Abstract

SABRE (Signal Amplification by Reversible Exchangemehods provide a
simple fast and coseffective methodo hyperpolarizea wide variety of molecules in
solution andhave been demonstrated wlotons and, more recently, withteenucle
(X-SABRE). In this dissertation we first presentoscillating puse SABRE that use
magnetic fields far away from the resance condition focontinuous excitation and can
commaly triple the polarizationAn analysiswith averageHamiltonan theory indicates
that the oscillatig pulse in effed, adjusts the-gouplings between hydrides and target
nuclei and that a much weatkcoupling produes maximum polarizationThis theoretical
treatment, combined with simulations and experiment, shows substantial magnetization
improvements relative to traditionatSABRE mehods.It also shows that, in contrast to
most pulse sequencapplicatons, wavefoms with reduced tne symmetry in the
toggling frame mlke magnetization generation more robust to experimental
imperfections.

A high-pressureéSABRE approach is presented to enhatloeexchangerate of
the dihydride by increasing its coentration. To adbvethis, two methds are proposed
to improve the concentration of hydrogen gagbruteforce highpressire method and
the supercritical SABRE method. Theute-force approach Isabeen fand toeffectively
increase thegolarizationby over three timed-urther numerical analysis has shown that

combining the oscillating pulse technigueith the highpressure method, and



implementing émperature controlcan effectively futher enhace thepolarizationto

higher levels.
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Chapter 1. Introduction

The inherat limitation of nuckar magnetic resonance (NMR) is its low
sensitivity, which arises from the snall energydifference between the Zeeman splitting
and thermal energy. Ceequently, the resuig equilibrium fractonal magnetizatioms
typically low, randng from 10° to 10°. However, there are hyperpolarization techniques
that can producsignificantly higher magnetization by obtaining spin order from other

sourcegFig. 1.1). Three major methods have evolved otver last severalecales

Huge signal to noise ratio ﬁ

Figure 1.1: Comparison of thermal polarization and h yperpolarization
dissolutiondynamic nuclear polarization (d-DNP)* 2, which derivesnuclearspin oder
from unmired electrons, spin exchange optical pumgp(SEOPY, which derivs it

indirectly from circularly pumped opticdtansitions and hydrogenative parahydrogen



inducel polarizaion (PHIPY: ° which derives spin der from parhydrogen the singlet

isomer dé the H molecule.Despite their benefits, all these methdusve limitations

which have promptedngang researchFor example, SEORsilimitedto a fewnoble

gags, dDNP requies expensive hypgrolarization hardware andequires a long

hyperpolarization timg¢often an houor so for'*C and'*N), and PHIP regires a suitable
precusormolecule and calgst.

Recently, vamus techniques havemeged that employ eversible interetions
between parahydrogen, a target molecule, and aiunriccatalst. These techques
originaed from Signal Amplification ByReversble Exchange SABRE)® method and
involve the exchage of both parahydrogen and target substnath sites on the cataly
metd certer in arapid andreversible manner. At dow magnetic fieldstrength ©
approximately 6 mT,-@ouylings between the hydrides and protongh@wbound species
enable the tmasfer of spin order between them, leading to thentgmeous creatioof
excess mgnetzation onthe target protons. Over tira, a range of exteled SABRE
method (X-SABRE)! have been developedwhich have fewer »@erimental
restrictions One such technique is SABFREHEATH (Sighal Amplification By
Reversible Echange inSHield Enables Aignment Transferto Heteronuclgi which
allows direct targeting of het@nuclei (such a$®N, *C, 1°F, and®'P) with much bnger
T: values thartH. For this technique, the optimal magnetic field strength israt0.6
MT, so experiments are fically canduded in a magre shield. Other XSABRE
method have been modified toansfer spin order dioly from parahydrogen in a high

field magnet®.



SABRE and XSABRE are simfer, faster, and lessexpensie compared to
hyperpolarization mehods available commercially and more generathan PHIP.
However,the amountof polarizationproduced at any one time is generdbhyver than
with d-DNP or SEOPdthough there is no fundamentalsn why this nust be tue. We
have recentlydiscoveredthat a big jart of the reason is that the novel field regime for
SABRE and XSABRE (where evenheterouclear coupling can be readily
interconverted between the strong and weak couplings)mcombined withthe vey
complex exchange dynamics, imply thag tnetlod is theorécally underexploredthere
are cledy better (but nonintuitive) appacha to ceating polarization than a spie
continuous field Specifically, an alternatig twofield pulse sequencéd@th fields high,
but with a snall aveagég canproduce vey largeSABRE enhancemés

We have conducted a systatic investigation into these of periodic field
perturbatios tocreate enhanced magnetization with reduced sensitivity to experimental
imperfectons such as fielihhomogeneit}?. This aproach cpitalizes on a significant
advantage of operating in the low field regime: the abil@yrapidly change the main
magneticfield using simple hardware, much faster than any couplings. We litsined
general insight fromaverageHamiltonan theoy and then prformed highly precise
calculations using an exactissipative master equation tmeent3. Optimal pulse
sequences in all cases appa nontintuitive and did nb match continuousxeitation,
either in their pe&k or aveaage field strength. In boteimulatons and experimentsve
generated maximal magnetizati¢n 5%) with a catinuous~ 0.6 T field, but much

larger magnetizatiofr~ 18%) was produced by a properly timedcillating pulse with an

3



offset from a zero\gerage field by approximaly onefifth that value(~ 0.13 pT) (Fig.
1.2). An analyss using average Hamiltean theory reveald that theoscillating pulse
adjusts the -goudings between hydrides and target nuclei, and that a much weaker

couplingprodu@s maximum pdarization. This theoretical tatment,combined vith
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Figure 1.2: Polarization as a function of both the off set field and the diminished effective
Jcoupling b etween the dihydride and the target nuclei.

simulatiors and experimentded to substantial improvements in magnetization pared
to traditioral X-SABRE methods. We also demomséd that, unlike mogtulse sequence
applications, waveforms with reducedng symmetry in the taging frame make

magnetizatiorgeneratiormorerobust to experiment imperfections.



In the oscillatingoulse sequenagsse,only the efficiency ofthe coheent quantum
evolution is improved. The second part of myesearchis to improve the efficiency
associated #h the chemical excha@e processes. In principlea faser chemical
exchange rate ofhe dihydide induced higlr final polarization Since thechemcal
exchange rat is positivdy proportional tothe concentration othe component we
proposed two diffeent method to dramati@lly increase the concentratiaf hydrogen
gas. Tle firstone B to butely increasethe gas pressure dhe hydrogen gasral then
accordingly increas#s sdubility. Another methods to createa supecritical mixture of
hydrogen gas ad the SABRE soluion. This approachhas the advantage dhe
supercritical fluid beingmiscible with gas, hus ovecoming the limitation of lowgas
solubility in solution.The bruteforce hgh-pressure SABRE method rewd in a hree
fold enhancemeérof pdarization at 30 bar, but beyond this presg, the magnetiz@an
signal exhibited a ddine whose undeylng reason remains unclear and rest@tes
further investigation. In the case of supatical SABRE,CO, was uilized as the solva
due toits green nature anconvenient supercritical parameters. Howe it was fourd
that CO; is camble of binding tahe SABRE catalyst and competingtivihe substrate
and hydrogen gas, which greatly reduces the final potesizaThe ease of binding
depend on the specific catg@dt complex. The utilization of aore suitable SABRE
catalyst forCO; could lead to praatal applications for the supercaél SABRE method.
Becauisethe release afhe SABRE solvent is straightforwaittirough depressurizintpe
gas mixture, nedeing it ideal for resarch and applications that involve bigjical

injections.



Chapter 2: The Basis of NMR and SABRE

Nuclear magnetc re®nance NIMR) is a physial phemmenon in which the
magnetic mom@ of a nucleus a consegenceof its intrinsic spin agular manentun,
precesse at a sedfic frequencyin an added manetic field. When the precessn is
perturbedoy an osdllating magnetic fieldalong a different directiothe nucéus produces
an oscillaing magretic field, and thisis a sigal that can & picked up by a receiveAn
NMR spectum is alte to display detailedlynami@al and stretural information about
moleculesNMR has become a powerfubol for a wide rangefaapplicdionsin physics,
chemisty, biology, mediche after decales of developnent*l’. Howewr, it has
intrinsically low sensitiviy especiallyfor heteonucki dueto the fact hatthe magnetic
energy diffeence between differert spin state is far less than thermal erergy.
Consequeny, hyperpolarizatio NMR techniqueshave been developedo lift this

limitation.

2.1 The origin and theory of NMR
The cacept of spn had been firmlestablished in the BBs afterthe veification
with the Stern 1 Gerlach expaiment?®, In this experimat, a narow beam of atomsis

defleced into discretedirections after traversinga stong magnetic fieldwith a gradient
Theforce o a dpole 77 in themagnetic feld B is given by F = Eé/‘n Ii) therdore, the
deflectionsdemonstated the quantizatin of thedipole momentThe intrinsic property
that causes thmagnetic momer is now known agispind or spin angulamomentumt®.

The megnetic moments proportioral to spin angularmomentum, 7= &, whereg is



the gyromagnetic ratioand different for each particle which indicate that he spin

angular manentum isquanized as well A spin quantum number of m leads @m+1)

disaete states Electon, proton and neutra are all spin-% paticles. Most nuclei

possesspinas wellif the potonspin andthe neuton spindond carcel out, andthe spin
guantm number of a nuleus depends on bw many prdons and reutons it es. The
most widely useducleiin NMR arespin-1/2 nuclej such agH, 1°C, N, °F, 3P and
129 e, and | will predomirantly treat nuclei witlspin-1/2 in all my work.

In quantum phygcs, ewery physical quantityis mappe to a quatum gperator

Spin angulr moment is directioral thus mapped toa vector operatotabdled with

§=(5 §E §) Spin operat@ pointing in X, y, and z diectiors correspondto the well

know Pauli matrces mutiplied by g so that they havethe dimensons of angular

momentum.

= h480 1 8 eh  hO0di bS_.pgm__hl @

=g 2 L A o ag Elog 2 = 2 2.1
g2*2(;““10’9 Syzsy 2i§eo 2$2§2o-§ 1)

The two stationary spin sates of each spiroperato andthe magnitde of their angular

momentm are he egenstatesand the eignvalues ofeach matrix respetively. For

: . - e al 4
exampe, the two sets 6 eigendates and eigenvdues of & are Z;|a> =2 g and
i ¢Y A
&n,,. 0a8 o \ |
| - E,|b> % o which areknown as fispinupd and fispindownd states The $in
| ¢l =

operatotin an arbitray direction



ﬁ=(r1(,r\/,nz) £sing cos f,sin gin ,tos) (2.2)

= £ héco sing' i
§=n8 5% ¢ 2.3)
ngmqe - COsq .

By solving the eigenstates and eigenvalues ofstimatrix we obtain the spin state

paallel to n with spin anguar manertumg and the stag¢ aniparallé to n with spin

h
angular momeatum - >

|7; +) <0s?| V- sinT’
Y o) g

m;-) %ing‘ >—| coszq"‘ >

If a spin is irsatedin amagretic field B, the Hamiltonia (enegy operatoy of this spin

is

7= BBO sk (2.5)
by assuminghe direcion of the magnéic field is along£. The assoaited ime ewlution

unitary operator s
Bte : (2.6)

At time zero, aspin statepointing along the direcion spedfied by the antes (q, 1) is the

upperEg. (2.4). After timet, it evolved irto

(o]
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in which the overdl phase is nelggible. The polar angleqg of the spin st stays the

same, while theazimuth anglevaries withfrequency- gB, which meas thespin rotates

about he fielddirecion atthis frequency. This precessing frequency isalled the Larmor

frequencyand intherange of radio frequey at commonfield strength {-10T).

w= -g. (2.8)
The pe-degeneate enegy levelsE = 77 BD S of a sph split with an added

magretic field becaise ofthe distinct eigenvaluesof the spin operatarThis phenanenon
is Zeemarsplitting®®. The enepy difference letweenthe splitting levelswill be absded
or emited asthe nuclaus flips from one aientation to the othlr. This physical
phenomenon iBludearMagnéic Re®narce (NMR).

In 198 Rabi et al made the first direct measurenmt of nuclear magnetic
moment which wasalso the fist observaion of NMR?, A stream of hydrogen nolecukes
was entthrough three magnietfields in sequece The firstand thirdmagnetic fiéds
were similar with the inhomogeneousne usd in Sterni Gerlach experinent and the
inverseof each otherto refocts the sdit beamwhich were However, the middle field is
homogaeous where the molecules were also subjeced to a radio frequency (rf)

electomagndic radiation at right angle to the constantfield. If the rf erergy wa



aborbedby the moleculesthe beamwas reoriented and &iled torefocus As a result,
theintersity at thedetecto locatedattherefocused spotvent down.

However, making a stram of mdecules is na easy or feasilde for every molecule
species, espeially for large mdecules which limited the practcability of Rabits
techniqueln 1946, Fak Bloch and Edward Midl Pucell expande@n Rab& methodoy
detectingthe displaced magoscopi@ nuclear magnetzaion formed by the magnet
moment of each nucleus in a bulk sampleinsteadof deecting the sigle nmagneic
moment one by pe in a partide steanft> 22 With this technigue, NMR was
demonstrated for the firdsime on liquids ad <lids. The manetic field Bbch wsed
consistsof a timeindependat z canponent and &ircularly polaized field epregnting a
magnetic field rotating orthe (x, y) plane which is the @me asthe middle field useth
Rabits expeiment

B(t) = B,z +B(coswt Zysinut) (2.9
The sph Hamiltonian is
1) = o(B,SE B(Scbs nt $siF i} (2.10)
which is time dependenthis system cabe radicaly simplified to a timeindependent
one after beingtrangormedto the Zeemaninteraction frame which rotates aout the z-
axis with angularfrequency - w. A spin stde which is fixed in thelab frame rotates

about the zaxis with angilar frequencyw in the interaction frane. The opeator that

generates thigotation is Uf(t):expgéhﬁgz . Generdly, states in the original and
¢

10



interadive pictures obeysa mappingrule of‘Y (t)> =ZJ;(t)‘ Xt)). and the Hamiltonian

of theinteracton frame coull be obtained bgubmitting ‘Y (t)> into thetime dependat

Schrodinger eqgation, whichis

&dU 5,

T =UAOHE() +hag (2.12)
¢ dt

Accodingly, after being transfared into the Zeema interacton frame under the

trangormation of IJ;(t) = exp‘é}éhﬁ ;F:; , the Hamiltonianexpressed itq. (2.10) becanes
¢

#e=(w, - SE 48, (212)
where w, = -g8, and w'= -g8, . In NMR expemment B, <« B, is held in the vast
majority of cags If the frequency othe oscillating field is faraway from the Larmor
frequercy of the spin i.e., |W0- W>>O, the static magnetic did in the z-diredion
domindes. While, if w@ 1wy, the field in the x-direction dominates, and resonane

happensThe xfield forces a spn to preassabout x-direction at frequency w' in the

form of

¥ (1)) :expge +W7t§ 8 (0) (213

A spn initially poirting in thepositivez direction, in time ¢ =2L" will be rotated into-
w

y axis (Fig. 2.1 (a)). Thereforg an oscillating magretic field rotating ata frequency close

to w, in the x-y plane with pulseduration of ZL'iS a 90 pulse. When moving bck to
w

11



the lab frame|Y (t)) =exp W7§Z \(t)> the spinis slowly rotating atw; towards
¢

the xy plare, while rgpidly rotating aroundthe z direction & w, . In short, he spinspirals
into the xy plane(Fig. 2.1 (b)).

(a) (b)

8]
(8

X X

Figure 2.1: A schematic diagram showshow a 90 pulse rotates a spin initially alon g the
z-axis in both the Zeeman interaction frame (a) and the lab frame (b). B,/ B, ~0.1

illustrated here, whereas in realistic cases in high field NMR the ratio is 1/1000C
A realstic NMR experment nvolves studying &ollection of interactng niclear
spinsin a bulksampe. A group of spin®f nucleiin a moleale is calleda spin system
andthe entire ample consists adn ensenble of spn systemsFor a sgtem tlat contains
more han one pdicle, the dimensions ahe whole systenwill be ex@ndedin theform

SRin
of Qdim(V,), whereV, is the Hilbert spae (compkx vector spaceof the spin i. A

guanum operatoracting on the whole spin syste is the ensor produd (symbolizedas

A) of thequantum oprata actingon each spinwhich is mathematally expressed as

12



& =—0F0, Bo6 2.14)

system ™

If the systemopeiator (&

systen

only make changsto one orsame of the spins ankeep

thereg untouched we updée theoperatos of theunaffectedspins o idertify operator§
which, for the sakeof simplification, areusually all omitted.

We restrid our studyto dianmagnetic materialgh which ekctronsof the molecule
are all pared so the total magnetic field produced/ these tw electonsis zero.A
theoretcal treatment b a spn systemstats with its spn Hamitonian. Howe\er, the

Hamiltonian of a spin sys®m insated in a stéic magnetic field is not as simple &

- spins

*=-3 giBCg. Even thoughthe Coudomb interactons betweenthe nuclei ard electrons

are merely poduce a static ucture based on the Born-Oppenhaner approximatiod*
(the ultrafast freelom of motion ofelectrans could beavelaged to a constant potenjjal
the eledrons suroundinga nucleusn a molecuk serves tgrovide a shielding of the

apdied magetic field. A shft in the resanance frequencgaled the chemial shift is
caused bythis shietling s in terms ofw= -gBo(1 -), where the value 06 depends

on theconfigurdaion and densty of electrons In addition to surroundingelectrons a
nuclearspin alsointeract with othernuclear spins though directlipole-dipole couping®

maulsa)s B (s sp
4p re

r5

in the form o where m3 is the magnetic consts,

r is the vectorconnectingthe inteacting dpoles g and g, are the gyromagnetic ratios

of the two spinsThe value of this term avages to zero if abbrientations othe mokaule

13



are epresated whichis whythe directmagnett dipole-dipole coupling are ignoredor
rapidly tumbling nolecuesin liquids and gses.

In genea, an NMR spectrumdoesnot only consistof clean andneat siglets.
Multiple lines are ery common even for molecules with rapid molecular tmbling. The
sitting is causeduy the ndirect dipoledipole cowpling (aso alled 3couding or alar
couping) between nuei. A qualitdive interpretation ofJ-coupling is that e shared
electrongn a chemicabond conneting two nucleiarepaired anti-parallel) accordingto
the Pauli exclusionprinciple, which shifts hie anergy ofthetwo bandednudei. Either the
paralkl spin states ammore faveable and the antiparallestatedess favoable(J >0) or
vice versa(J <0) (Fig. 2.2). In the caseof J =0, the energy u=d to fip oneof the
nuclear spin has nothing to do wth the state of thesecond spinHowever whenJ | O,
taking J >0 as a example antiparalel nudear spin stateare lowered in energy and
padlel states areraised in eneggy by the same enount so flipping one spin with the
other spinpointing up is no longer degenerate witlet@se thathe second spipointing
down, whichaccaunts for thesignd splitting. Unlike chemical shifts,the magntudeof J-
coupling is indepenlent of tle appled magnetidield becauseit is an interaction only
induced ly the spin ma@neic moments instead ofthe apgdied field. Also, the J-coupling

interaction does notaveage to zero with rapicholecubr tumbling, and it was shavn to

be d theform ofa scalar product2pJ; S O$ , Where J; refersto the coupling drengtlt®

27 The negative and positiveign of J-coupling cannotbe distinguisted in the NMR

spectrum and only its magnitude dispgayed

14



-
-~
-
-

AA —

¥ Ll -
i 8
T ]
/>0 /=0 J]<O0

01 02 01 ]

Figure 2.2: Schematic interpret ation of Jcouplin g in terms of a two-spin systemwith the
chemical shift dif ference much larger than the 3coupling Ds > J .

Finally, the Hamiltonian & a spin system iniquid state immersed n a static

magneic fieldis

o spins spins spins =

#=-498,(1- 9sF2 @ a5 ¢ (2.15)
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The interactiondescribed by thisimple fam is limited to isotropic liqud solutions
cortaining spin1/2 nuwlei. For solids, anisotropidiquids, and nuclei #h spin greatr
thanz , the Hamiltonian becomes more compliue to the mvolvement & magnetic
dipole and electric quadrupaleteraction®”?°, As is shownin Eq. .15), if thereare no J
couplings each spins independent and can Ieaed sepeatdy as a twelevd system
However,due to thepresenceof the J-couplings the taites of distinct spinsare tunneld,
and meh more interestingpin dynamicsare possible Wha does a90 pulsedo tothis
multi-spin sytem? To dea with the quantum dynamics efstatigical ensemid, it is not
practcal to calclate the evolutionof each spin Instead,the density matrix(or dengty

operton £ of the ensmbleaveragavas conceivedwhichis ddined as
E=an| Y)( 216

Where|Yi> arethe pue state®f thesysten, and p. aretherespectie probailities. The

equaion of motion for the ansiy matrix is known asthe Liouvillevon Neumann

equatim,
% - _;l[ﬁ =0l 217

which derives fom the Schodingerequatia, and tte solution ofthis equabnis
= e AR O, . i
Et) =Rt @)ut) :expé£7 g(@exp% (2.18)

where the seond euaton holds for time-independent Haittonian @ trivial time-

dependent Hamiltwan (which meangdamiltonian at different instances commute with

16



each othetg}E(tl), H@Z) 20).

The initid dersity matrix 5 al® necessry to know the evoluion of the spin
system. Atequilibrium, the paticlesin a systendistribute on d@f erent @ergy states with
a certain pobability. Sincethe identicalmoleculesin a bulk sample ae distinguishable

theenegy distribution ismanaged byhe Maxwell-Boltzmann equan®°

g a/(sT)

pi - n ’

3 e e/(ksT) (219
=1

where, p, is the pobability of statei, e is the erergy of statd, k; is the Boltzmam

constant, T ighe tempeature of the system andn is the numberof all statesIn the

preence ofan external matgtic field B,z, the two staticstates|~) and|®) of a spin-

o gBOh

1/2 nucleushaverespectiveenemgy , hamelydifferent probabilitiesbas& onEq.

(2.19), ard the density matrixs
= 1z Byt \&
=2 E #anh@& 2§ 2.20
E=> G & (220
In the absence ofexternal magstic field, i.e, B, =0, the two stational statefs) and

‘®> of a $inl/2 nuclaus ae degenerateand the density matrixdegenerates tadentity

matrix which has no physicaignificance.According to the tersor praluct conceptEg.
(2.14), the total densitynatrix of the whole in system ishetensa production of each

spints dendly matrix.
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Takethe simpleg interactioral spn system 2-spin sysém, as an exampléqith

anadded magnetic fieldB,z the Hamiltonian of the spin systerns

= wsE+ws, B 0,5 & (221)
wherew, = -gB,(1 -3 andw, = -gB,(1 -.3. Thematix form of this Hamiltonian

with respet to the spimmatix in Eq.(2.1) is

EX | a)b | b a | ) bb
Jij
(aq BTW Py 0 0 0
2
w- W - plz

(a4 0 T e 0 (2.22)
<b4 0 ﬂz - 'Hg 'plz 0
<b47 0 0 0 - _sz +p12

in which the sin-up ‘—|> and sjn-down ‘®> staes are rephced by|a) and |b),
respectively by convention andthe naturalunit 72 =1 is usedfrom now on If the two
nuclei are distingushable the two off-diagonal elementscan be ignored becase the
chamical shift difference ismuch large thanthe Jcoupling w- w>2 g, .
Consequetty, the Hamiltonian is diagonalized and the basis of this m#&ix are the
eigenfunctions ard the diagoral elementsarethe eigenvlues.According tothe sdection

rule that an allowed tansition involves onlythe flip of one nuckar spn, the possible

level transitons and teir energydifference ae

18



lag? | ap 2 W ok
a b +wd
|a 5>a | b)a 1 TW Ik (2.23)
|b27 | @’b 1° W‘lelc
|b [?a | @’a 2'W‘]12’/

which is the reason y the signatentered aw; and w, are spli into doubletHowever,
for indistinguishale nudei, not anly they have idetical chemicalshift w; = y, but also
the statela § and |6 4 are superposedly the Jdcouping J,,. Therefae, |a § and

|b g are replaced byW (symmetic) and % (anisymmetrig, and
the matrix form othe Hamitonianin thenew bais is
bal )alb ) b

ag 129 )09 b

@aqd w2 o 0 0
@b+ Ha P, 0 0 (2.24)
2 2
|a l>_2| b>a 0 0 3:0;12 0
(b b 0 0 o - e

Basd on the seletion rule thatan allowed tansitiononly involvesstaeswith the ame

symmety, there areonly two possible tensitions |a 42 W with energy

sditting w; and |b 4?2 w with the same spitting. Therefore, for

J2
indistingushale nuclei no sgnal spliting associged with J-couyling could be olsened.
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Above the eigavalues and eigenfunotis arecalculatal to analye the
splitting of signals.The quantunevolution methodin terms ofEq. (2.18) yields he sane
results.Now teke two distingushale nuclel as an examp. At equilibrium, the dersity

matrix of the systenis

T gB, & 0 1AE. By g O
= (& A £t hG =5 6 Et I S
k=15 ASE gez- an T )5, 0 2 ar T )S; 6

§ o ~ . (2'25)
la W g w g0 w =

= — +glanh(—= tan E & tan

4 Zééa Z(HBT z h%r gz 9 lg T $z 52

in which the non-linearterm §Z SE is omitted because thetaractionbetveena nuclear

magnetic dipole and a magneticfield = gB,; generallyis much sraller than the themmal

eneggy k;T, thus

tanh%*« 1, and all its higher ordes would be ontted. This
B

approximationalmostdoesnot ater thetrace ofthe matrix andis known as thehigh

temperaturepproximation in NMR. In anNMR expeimentan oscillating RF field with

0
2g,B,

to rotate

frequency w in Eq.(2.9) is superposeddn the static fieldfor a duration of

the bulk magneization of the first spin specgfrom z direction to -y direcion (Eq.

(213). If g = gi.e, spin 1 and gin 2 are the same fecies with a relative stong
amplituce B, the oscillating field tilt both spinl and spin 2 however for a weak
amplitude aly spn 1 are excited unless ;= w (spin 1 andspin 2 are chemcaly

equivaent). The former iknown as a hard pulse atioke latter isasoft or selective pulse
The density mato of the 2-spin system afterthe 90, pulseis
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- £ 18 W g w g0 B

EI—Z —Egéanh%ﬁy ﬂanh% BE 6 (forg 39

or (2.26)
. _E 13 £0

627 = tanh 0, anng L BE e (org g

The dentity matrix £ stays unchamedunder ary evolution, andé:; commuteswith the
Hamiltonian of the system (Eq. (2.21)), thus doesnot change eitar. The only thng

needed tdake intoaccountis how§vy evolves By submitting boththe free precessim

Hamiltonian(2.21) ard §y into EqQ. (2.18), we have

&, - cos(p 3,0 sin( ui) SE si A} sif 2SS

, o (2.27)
cos{p.) cof )&, +sif A) oo v S

whereonly the ;F;-X and §y terms areobservableby the megnetometerThe precessing

transvers magetzation induce asignal voltage in an RF coil which can be digitized
stored and displayedn a computerin modern NMR spectrometea Helmholz col is
usedto boh provide andreceive RF manetic fields (Fig. 2.3). The NMR signal is
usualy representeésa complexnumbe with the real pat being proprtional to the x
magneization and the nnaginary part beingproportional to the y-magretization.

Therdore, the sgnalfor spin lattime t s
signal¢ )’ '—Z(e“(”‘l At 4ot ¥ J’fz)t) . (2.28)

The 1ilted magneization of spin 1 then pecsses about the eternal field & the center

frequency w; but with adoublet splitting of 2pJ,, . If spin 2 isthe same spé&s with spin
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1 andexcited as well, similarly its rotation frequency is certerad at w, with the exact

same spiting.

However, the precessim of bulk magndization is not permanentAccording to
thermo@namics in the absenceof other forces, aysten will tend spataneousy to both
an arrangenentwith maximum entropyand an equilibrium with minimum energ 332,
The ime tha the magnetic momenttaketo lose their synchronization (attan maimum

entropy in the horizontal diredion is trans\erse relaxaton time noed asT,. Even

identical nglei do nat always expgence the sane magpetic field. Due  the fact thathe
neaby oscillating magndic or ekectic fields that comefrom each nuclas and edctron
interferewith the appliednagretic field, some nucleigeience a slighty augmented
magretic field and precss fasterwhile otrers experienca dightly dminished oneand
precess slowerCorsequetly, the magetic moments b the identical nuclei will be
dephasedand macroscopicallythe transersemagnetizéion is zero.The revisedsignd

expression oEq (2.28) is
signal¢ )’ IE(e'i(”i Wt 4ot J’iZ)t) e’ (2.29

Therefore, what is dected is adamped oscillatig electric signal which is named Free
Indudion Decay FID) (Fig. 2.3). A Fourier Transfom (FT) of the FID* gives ths
electricoscillationfrequency, nanely the nudearLarma Frequeng.

The time tha all the magntc momens taketo return backto ther equilibrium

(minimum energy is longitudnal relaxation time nded asT,. The man mechanism for

T, involves a dired dipole-dipole interactionimagine a targtnuclear spirand an
22



90°x Fourier Transform

Magnetization

Figure 2.3: The basic 90" X pulse-acquire NM R experiment.
adjacet spin underg@ing consant rotationd and translational netions The local
magneic fields inducedby their magneticmoments oscillate athe samefrequency as
thar motion. If the oscillatim frequencyof one Pin is comparale to the larmor
frequency of the other sjin, spin flip ocaurs ard enegy tranders béween hesetwo

magnetc momerts. This enegy exchangekeeps going & a rategovernedby T, until

equli briumis reestalikhed.

2.2 The Application of NMR

The dscovery of the chemicalshift and Jcouping corcept illuminated the
direction that NMRcould be ugd as an amgtical methal in interdisciplinary sciences
sudh as chemistry, biology, and médicine At the very beginningNMR was used to
determinethe structure of mal moleculesboth organicand norganc®+3¢. Biochemists
realized that theame methodsould also be apged to much krger lomoleculessuch as
metabolites and toprotein stucture analysis$™3°, epedally with the devedbpment oftwo-
dimersional NMR technique®#2. 2D refers b two time scalesApart fromthe time scale
of the acqusition stggein 1D NMR, the 2D NMRhasan extra time scale of wlution.
The complete sages of 2D NMR is commsed of(i) a preparationstage during which
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RF pulsesareapplied totranger nucleiawayfrom the equilibrium stag, (i) an evdution
stage during whch the chemcal shifts antbr coupling constats freely evolve (iii) a
mixing gage duringwhich further RF pulss or delays areppled to transfer informaion
between the nucleand (v) a detectionstage during which FID signalis collected.For
examge, 2D Corrdation Spestroscopy(COSY)**46 can explicitly display whetrer two
nuclei arecoupled or not withmaoff-diagonal data pointandJ-Resdved spectroscopyX
Reg*: 41 s able todirectly sow the splitting ptiem of a peakcausd by Jcoupling
both of which a@ more usful thanthe 1Dsplitting peaksNMR is alsoa powerful toolto
investigate molecular dyamics. Intramoleular and intermolecular interactiors
associatedwith different nucleican be linked tspeific locationsin the structure Any
changes othe locations ould bemapped to thealter of the corrgpording NMR signal
For exampe, diffusion ordered gectrosopy (DOSY)*? is used todetectthe diffusion
coefficient ofeach canponenin asample, and exchange spectroscopfEXSY)>3is a tool
to study he chemicathft processe asystem.

After the inverion of NMR imadng known asMRI4% % NMR applicatio started
booming n biomedici®® *© It was discovezd that2D images ad later 3D could be
obtained ly applying magneticfield gradientsto a sample. In the presee of this

gradient theLarmar frequency is mapped to a function of pamit
w= -@B,(1 -K1 G¥), (2.30)
whereG is thefield gradient indirection r . A 2D image is constructed by repeatihg

measurerant with gradients in differeindirections.NMR spectioscopy is anonnvasive

technique ard campared to other radiologitanethal like ultraviolet X-ray, andhigher
24



energy electromagneticd@tion it is a nononizing radiationand thus aafer diaghoss

method®”°°,

2.3 SABRE and Parahydrogen
In setion 1.1 it is mentionedhat the Zeenan spliting of nuclear spinsis much
smaller tlan thethermalenergy More specifically, consider potons ina 10 T magnéic

field at room temperature295K. The energy ofspin-up and spirdown states ae

apprximately ° gH—ZBOh

°© 88 10'eV, and the thermd enegy is k,T° 2.5 3107 eV.

Using Bdtzmam distribution (1.19), we can obtain the polaization of proons as

&g, B O
_ :tanh H —0 o
(pup pdown) ca}taﬁ g

10° . The polarizabn of heeronulcé whose

gyromagqnetic rato is much smaller than protos e/enlower. This low sensitrity is the
intrinsic limitation of NMR and limits the potentialapplication of NMR. To overcome
this limitation, the cacept ofhyperpolarizatiorhas been caceived. Thebasic ideaof
hyperpolaization is transferringspin ader fran arother specieswhich is called spi
sourceto the target ndei. Nowaday there have devealped various hypegpolarization
methods, including Dynamic Nuclear Polarization (DNP)Y 2, SpinExcharge Qptical
Pumpng (SEOP?, Paralydrogeninduced Plarization (PHIP)* 5 Signal Amplification
By Revesible ExchangeJABRE)®®, and so on.

SABRE is thdatest nethodwhich was invened in 2009y Ralph Adms and co
workers®. Parahydrogen isused as the spin sourcein SABRE ard a proper

organometallicactsas a @atalyst whichbuilds a connedbn beween the parahydrogen
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andthetarget molecuk through chemical bouts. Both parahydroge and targt substrag

rapdly and reversiblyexchange wih sites on the catalyst metal centein asuitablestatc

magneticfield, Jcouplingsbetweenthe hydridesand the target nuclei onthe bound
species trasfer spin order betweethem, ad this make it posdble to spntaneously
create excess magnedtionon the targe nuclei.

Now, take acloser look athie spin sourg, parahydrogett®3. The twoprotonsin
the dihydogen molecule arindistinguishabldermions sotheir total gatefunction must
be atisymmeric under exchange. The Born-Oppenheimemppoximatiort* is usedto
allow us to congler the mabn of theelectrors o be indgpendent of those of the nuclei
The six degres of freedom of the hydrogenmoleculeincluding the mdion of electrons,
the tanslational motion othe centerof mass ofthe two protos, vilkrational motion
along tle intemuclea vecor, raational motion about te cente of mass nuclear
interadion, and sm, are independertdf each otherCorsequently, tle quantum sate of

thetwo protanscould bewritten as

1Y) =alyal sl gl W9y (2:31)

where T V, R, N, and Sreferto transation, vibration, rotation, nuclear interaction and
spin respetively. |y ), |v, ), and|y ) areall symmetric wave functionswith respect
to nuclearinterchange [yR> is a spherica hamonic function becaise therotation model
of the two protons is approximated to aigid rotor. Therefae, the rotatimal wave

function [yR> associatedvith an even raational quatum number is symmetd, while

lv z) assotated with an od rotatbnal guantumnumbe is antisymmetric To make ste
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that the whole quantum stat¢Y ) is antiymmetric either|y .) is synmetic, and the

spin stte |y 5) is antisynmetric, orthe gposite A dihydrogenmolecule with its two

protors in symmetric spin stéesis called athohydragen and called parahydroge with

the two protons in antisymmetrgpin stdée. The symmetricand antsymmetricspin stées

are

ab b))a total spin quantum number
(2.32)

|So>zi2(|al> ] b))a total spin quantum number:
The stateof protons on each rotatioral orbital with quartum number J is

: J(I+1)n° :
(2J +1) -fold degaerate and hamtational energyT, whee | is the moment

m

of inertia d the two protors. Submittirg thisenegy into Boltzmann distibution (2.19),

we could calcuhtetheratio of pardydragento orthohydrogeras

o

.t a J(J+1)n* o

a (23+1)expee%(2| k}I' )

_ J=even C mB -
pp - o " (2.33)

. a J(I+1n®> ¢

34 (I+Dexpe-—r 2 ¢

J=odd C 2|kaT =

where3 in the denormatoris beauseof the 3-fold degeneation ofthe synmetric spin
statesin Eq. (2.32). Figure 2.4 shows the populdaion of kboth parahydrogen and
orthohydogen inequilibium as a fundion o temperature At room temperatue or

higher tempraturesthe ratio of rahydrogen to ¢inohydrogen is 1:3. Aroun80K, the
27



ratio is 1:1. A atemperaturdower than 2K, the gass almostpure parahydrogerilhe

densitymatrix of pureparahydrogen is
. /2 & &
Fw=lS)(sl (B & & (2:34)

wheresﬁ—l andsﬁ—2 are thePauli matrces ofthetwo praons.

&
%

Population
S
>

0 100 200 300 400
T (K)

Figure 2.4: Population of parahydrogen and orthohydrogen as a function of
temperature.

However,based orthe selectio rule mentioned Iefore that a transiton between
stateswith different synmetry is not allwed the tanstion probalility between aho
ard para steesis zero. Therdore, evenwith temperaturevariation the atho-para ratio
cannot changeand the systen will not be at ts thermal equilbrium because of the
prohibited orthepara transiion. In practice, a magretic mateial which generags a
proximalinhomogeneoumagnetic fields usedas a catlyst to breakhe symmery. The

most commoncailyst is rust The easiestway to geneate parahydrogen isldwing
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thermal hydogenthrough a coppercoil which isfilled with rustand mmersed inliquid
nitroger(77K), and theraround ®% pardnydrogen igproduced
SABRE was firstused to hyperpolargprotons in thetarget mdecule ard the

magnett field used § closeto 100times thatof theearth field(~6.5mT). Later, varieties
of SABRE methodsX-SABRE)? 11. 849 haveextenced the applicatia to heteonuclei
sud as ¥C, N, F and 3P4 SABRESHEATH! (Signal Amplification by
Reveasible Exchangein Shield Enables Alignment TBnsferto Heteronalei) is the most
popular variantby shieldingthe earthfield and adjustingthe addel magnetic ield. For
exanple, the field used to hyppolarize N is usually ~0.6uT”>. The mechanismof
SABRESHEATH!" is scrematicaly represented inFig. 2.5). In a SABRE experiment,
pre-activated catalysandsubstates arefirst disolved in a slvent. Then a fully activated
and stable SABREampkis praduced by lubbling hydrogen gashrough the slation for
a while. During the caalyst activation processthe cyclooctaliene moiety undgoes
hydrogenatiom and remogs from he meal compex, andthe color of the catalst
gradudly fades simultanealy. Finally, an oceahedramolecular structure is eatedwith
the dihydride exchangng with hydrogen moleule and therains\erse ligands eshanging
with thdr free spe@s The spntaneous spin orderarsfer is only associaté with the
fully activatedsample 0 isour investigation.

The different molecdes involved in the hyperpolarizéion process are hydrogen
molecues, SABRE complex andthe targetsubstrée, which are three itferent but non

independent spn systemdy reaon of chemical exchangall the spn systerms
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H— H ISN=C—CH,

Figure 2.5: Schematicalrepresentation of generation of hyperpol arized 5N labelled
acetonitrile. IMes, Py and MeCN represent [1,3-bis(2,4,6trime thypheny I)-imidazoyl],
pyridine li gands, and acetonitrile, respectively. Reprinted with permissi on from ref. 79.

experence q@antum evolubn, chemical eghange,and relaxatn, therdore, thegeneral

masterequation could bewritten as

glv Ggg—(H TRy K'he K've 0 g{f
Hgﬁ: 8-_2 Khe He Rc Kae Kst K sc 8 é, (2.35)
E Oa 5
E:EES Tge 0 K'se Hs+Rs K'sc 9 %

in which H, R, andK are the supeoperators ofquantum evolution, rebxation, and
chemical exchangerespectivdy, and thesubscipt H , C, and Sindicae hydrogen
molecule activated corplex, and free substra respectivelff. Both the wgantum
evolutionand tle relxation of the dihydrogen system arignored. Beaus the inflow
and outlow of dihydrogenmakes anopensystem and we assumehat a dissociated
dihydrogenwill be immediatly replacel by a fesh oneThe substrate molecule ually

contains more thaane spin but the spinstha weakly caiple with the taget nucleicould
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be nedected Similarly, this weak cople appoximation also worksfor the SABRE
complexsystem

Take N labdled acetonitrile asraexample(Fig. 2.6), which consits ofthe
dihydride and tte target'®N nucleus The restof the spins areneglecied becauseof the
zero 0 near zero caiplings. The Hamiltonian of this 3-spin systen in a static low

magnetic fieldB,z is
T=w, (B 4.5 w, B, 51 @ o, 5 (236)

where E exclusively represents the spipesabr of a proton, ath L refers tothe target

nuclel in the subtrate lgand.w, = -gB, and w; = -gB,. Sincethe magnetic &ld

applied s very low ~0.@T, the chertal shift of the nuclei is neglected, and thesecuar

approxmation is nd applicable herei.e., xx+ yy in the J-coupling termsannd be

(a) 14N-pyridine (b)

8

P we o —~
) J”

15N-acetonitrile

Figure 2.6: (a) Molecular diagram of the SABRE comgex with acetonitrile as the
substrate and pyridine asthe co-ligand. (b) reduced 3-spin system of the SABRE
complex

omitted The matix form ofthe Hamiltonianis
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Each emptyspotin the matrixmeais numberzera The basis used here ishe singlet
triplet state(T.;, TS, T,, S ) of thetwo protons times thespinup (a ) and spirdown
(b) of the target nucleus The whole Hamiltonianis block diagonalizedinto two one

dimensonal and two 33 3 submatrices.The onedimensional submdrices have no
physica significancee and will be omitted in althe following content. A closdook at the
two 33 3 sulspaces revealthatthey are nobthe ssme even though very sitar. The oft
diagonal tems have a slighphase differencewhich is na important. The difference

betweenthdr diagonal demerisis the key point wieh break the balacebetweerstates

|a,) and| b, ), and ths generatepolarization of the target nucleiAssume thesystemis

initially composedof parahyrogen andhermallybalancedarget rucld, then the initial
stae could be expessed asﬁz%‘s‘j a)s a4 %‘ $ 8 $ .| Thetwo terms of
E evolve underthe managenent of the firstand second3® 3 submatices reectively.

Figure 2.7 shows howvthe populationof the targe nucleiés spin-up a, and spirdown b,
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statesevolve with time in each subspacandthe total polarizaton as afunction of time
In the alsence ofa magnetic field, thetwo subméices are thesame ard the fluctuatiors
of the a, and b, statesin one subspacecancel outthe other However, wih an

appr@riate magnetic field(-0.5uT is wsed inthe simulatioh the spin-up and down

population oscillations a&e no longerthe sameandthe polarizationis createdlt is

(al) o5 : . (a2) os (a3) o.01
0.4 o4 _ 0.00s!
= | =]
=] = o
03 =03 £
= = 8
3 = ‘= 0
20.2 202 =
=)
o = £ .
0.1 — 0.1 —a -0.005
—B,, —h
0 = 0 -0.01 - - -
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Evolution time (ms) Evolution time (ms) Evolution time (ms)
(b1) o5 (b2) (b3) 0.6
0.4 \/\/\/\/\/\/\/\ 04
- - g 04
£03 03 =
A —L - " § 0.2
= — 8 = —0 =
202 L 202 Ui =
& o £
0.1 N\ M /\/ 0.1 0
0 0 -0.2 - - -
0 50 100 150 200 50 100 150 200 0 50 100 150 200
Evolution time (ms) Evolution time (ms) Evolution time (ms)

Figure 2.7: (a) In the case d no external magnetic field, the popul ation of both the spin-
up &, (blue) and spin-down b, (red) statesin subspace #1 (al) and subspace #2 §2)

(shown in Eqg.2.37) as afunction of time, and how the polarization vary with time (a3).
More specifically, in the first 32 3 subspace thepopul ations of state THoavL and S‘jaL are
summed up to yield the total po pulation of &, and similarly , in the semnd 3% 3

subspace the pgul ations of state THObL and $ b, are summed up to generatethe total
population of b, (b) A counterpart of (a) in the caseof a proper magnetic field.

obvious tha when the added magnetic fiedl is so large that|u;, - w|>|J,, |, the off-

diagmnd element mn the first row ard column ofboth the submatricesin Eq. (2.36) are

nedigible baed on SeculaApproximaion. Consequently, te spinup and down sttes
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of the target nuati are mutualy independentand thereis no longer anypopulation
tranger between themWith only the quantum evolutiorbeing consideredthe dasity

matrix of the SABRE complex evadg in term®f the Liouville-von Neuman Eq. (2.17)
Wk FHe £ FGE s (2.39)

Spin relaxatio must betaken into acountsincehyperpdarized spin are alwayseturning

backto equilibrium. The two dominant relaxation proces$ losingsynchronizatior(T,)

and losingenergy(T,) could bemathematicallyexpressedas

. népjag(E)- rE *E-Dia n
WE A gi.) L g( ) 7
i 8 2i 1j [

(2.39)
Diag(£) and Diag(£ in the dove equation are reducedmatrix of £ and £ with all
the diagnal elementsstaying unchangedwhile all the df-diagonal elemernts vanising.
Diag(£) is fully out of phasebut havethe sameenegy with £. £ is theequilibrium

stae of spn i. T, and T,; aretherespetve longitudinal and tansveral relaxation time

of spini. In thecase of mall molewles, T, and T, are approdmatdy equal Therefoe,

_ spin Cequ _
Eq. .39 can befurther simplified intoy, £ ET /
i 1j

The guantum pocessexpained why spin orde could betransfered back and
forth betweenthe dihydride and the targenuclei However, 6 accunulate polarizaton
chemicalexchangeis aucial. Both dhydrogenand substateshave wo existentforms,
freely tumbling in the sampe solution as an indepedent molecule or inding to the

catalyst center.The two forms areexchangabk at an averagefrequency known as
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excharge rae and denotel with k, andk _, respetively. This chemica exchange rate

dependson manydifferent factors, such as concentratiarf the compoent, temperaire
of the samplechenical-bond energy,and so on.Each tme an exchangehappensthe
guantumevolution poces is interrypted andthe bound speces dissorates and takse
away its spin stae informaton (mathematically manipulated using reed density
matrix), while a free sgciestakes up he enpty spt and integates itsspin date
information into the spm system (mathenatically mampulated using tensormproduc).

More specificdly, in the situatio thatone d the boundigand exhangs with its free

speciesthe new densjt matrix of the #BRE complex becomesr,, (£)A dwhere
Tr,( ) is a reduce ensity matix with the remaining spins displayed in the curly

brackets and thedensity matrix othe disseiated targespinis Tr,, (£ ). However in

the situatiornthat the dihydrideexchange with dihydrogethe new densjt matrix of he

SABRE complex isk,,, A 4, which meanboth a new parahydrogeand a new

araH,
substrate melcule assocta to the catalyst ceat. This isbecasethe complexwhichis
only composed oEubstrate ligandsvithout dihydride is nota possibleconfiguration In
othe words, each »xhange b the dihydrideis accompanied by thexehange of the
transvese substratesConsequetty, the dersity matrixevoluion of the SABRE compéx
and the fresubgratecause by chemicakxchargeareexpresseds

W Kuc( fF HERsc( orBr E 0.0

=(k & )Tey (&) AL W £ Ark-,

and
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Wk X' £ JE (TEL} (JrE-). (2.41)

(
(
\'

where the exchange operateuc, Ksc, andK's. are prementioned irEq (2.35); [C]

and [S] arethe concentratio of the SABRE compex andthe corcertration of the fee

substrate respectvely. This is the traditional way to treat theexchangeprocess.lt is

obvious thaiguantumewolution H , spinrelaxation R , andchemicalexcdhange/C do not
commue with each otherTherefae, to reliably executethe evolution of the densiy
matrix the time stepmust be ver short A recent workreleaseal this limitation of small
step ste by solving the ract form of chemical exchange imlynamic quantum systesm
using infinite-order petturbation thery*3. Surprisingly the maodification of chemical
exchange envergs to asimple expaental form

kDt

k1 kexp - (2.42)

0083 Qo
LA

wherek ard k are the modifiedind premodified exchangerate respetively, and Dt is

the evolution time step By replae k, and k_ in Eqg. (240 and @.41) with

k, Mexpge . Dt and k 1 k ex "g‘e kZDt , we obtan the modiied chemical
¢ ¢

exchange operation
Now we coud easily expand thehemical exchangeparabr to a symmetric4-spin
AA@BBO6system Figure 2.8 gives atypical exampleof this spin gstemi dihydride ard

two pyridne binding to the catalyst centerSimilar with Eqg. (2.40) and (2.41), the
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correspnding differential equation of mbon of both the SABRE complex densty

matrix andfree supstrate density matrix iterms of chengal exchange ar

_—(Tr{HLl}( a8 AsRE! [Q(Tr{HLZ}( oy E QML‘EE) (2.43)

and

(2.44)

Figure 2.8: (a) Molecular diagram of the AA BBzSABRE complex with pyridine as the
substrate (b) reduced spin system of the SABRE complex.

Combining #d these dynamics ¢ether,we have theexact DissipativeMaster
Equation (DMEX), which isextremelypowerful for numerically simulaing the evolution
of spinsystemsFigure1.9 displays howthe hyperpolarization of t target oclei is huilt
up with time. As time goesby more and morefree substrateave contaced with the

parahydrogenand beenhyperpolaized and in the meantime, they keep losiig
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polaization as well Consequentlythe total polarizaton of the &rget spin ensemble

reaclesanew kvd of balanceThered cuwe simulaes an idealevolution without ary

0.1f

0.08

0.06
0.04
0.02

Polarization

0

-0.02 :
0 20 40 60

Time (s)

Figure 2.9: Polarization of the target nuclei as a function of time. Red curve refers to the
ideal casewith out relaxation, whi le blue curve takes rdaxation into account. An AA 8
spin system and 100%parahydrogen are used in the numerical simulat ion, and the

specific parameters are B, = 0.517 , J,,, = 8Hz, J, = 24Hz, k =20s",

k, =2s*, and m:i
[s] 10

spin rebxation while the blue curve refersto a situgion with T, (.. =30s, T, , .4 =3S,
and T, ... =1S. We can alsofigure outthe optimallow field (~ ° 0.6/7T) appliedto the
3-spin systemby sweepinghe magritude of B, (Fig. 2.10).

SABRE enjog alot of advartages Its polarizationprocess iseasy sinceboth the
chemical exchange and spin oder transferare spontaneous and the maximun
polarization isachievel quicky, which isusually 30i 60s(displayedin (Fig. 2.9)) and
much shortetthan othe tedchniques like DNP ad SEOP(geneally, several hours are

needed. Whats moe, SABRE is acosteffective method becausell the materals and
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the low magnetic fiel are easily availdle and lowcost However SABRE has not
become a perfect hyperpolazation mehod. One maja reason is that the
hyperpolarization yieldd by SABRE$ notvery highi theoptimized polaizationis 63%
for 1H, 2%% for 13C, and 43% for 15Nwhich are not closeto 100% espeially for

heteronuclei. Therebre,improvemenbf SABRE is highly necessary

2000
1000}

Enhancement(e)
o

-1000¢

-2000¢

5 2 0 2 4
B (uT)

Figure 2.10: Magnetic field profile of a AAZB spin system, which shows both experiment
(dots) and simulation (curve) results. Image courtesy of S. Eriksson, et al., Sci. Adv. 8, 11,
(2022.
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Chapter 3: Oscillating Pulse Sequen® SABRE

The traditonal SABRE-SHEATH method is limitedn its abiity to produce hgh
levels of polarization A big part of the reason isahthe novel field egime for SABRE
and XSABRE (where evenheteronuclea couplings can bereadily interconverted
betweenthe strong and vak coupling linits), combined with the very amplex exchang
dynamics, imply that the niieod is theoretically underpiored there areclearly better
(but nonintuitivg approabes to creahg polarization than a simple continuousldie
Specifically, ref.76 shows that an alternating tield pulse sequencéd@thfields high,
but with a smallaveragg¢ can produce veryalge SABRE enhancenmés. Therefore,
novel techniques are geired b ahieve a breakthrough ™. Here we more
systematically expl@ the useof the periodidield perturbationswith the gal of creating
enhanced magmization with low €nsitivity to experimental imperfaons such aseld
inhomogeneity?. In particular, we hae studied four pulse equences squarepulse, sine
wave pulse, chirped pulse, amaimp pulse, aslustratedin Fg. 3.1. These invetigations
hold promise for tle development of improved magneticsomance échnques. Each

pulse sequercconsistsof a low offset field (<177 ) and a oscillating pulse wth
interleaving positive and negaive amplitude (LO- 10077 ). Every puseis specified by
three parameteris the corstantoffsetfield B,, the oscillating field B(t), ard the pulse

period T . A simulation with DMEx*? verifi esthe efficiercy of squarepulse (Fig. 3.2). A
3-spin sysem (shown inFig. 2.6) undegoes a squarepulse whase pulse amplitudeis

fixed at10/7T . Theultimatepolarization of thetarget nucleis plotted as dunction of
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(a)

(b)

(c)

(d)

Figure 3.1: Pulse sequences for enhanced SABREexcitation. (a) square pulse, (b) sine
wav e pulse, (c)chirped pulse, ard (d) ramp pulse. The dashed grey line refers to zero
magnetic field, and the black line is an offset field, B,Z. Reprinted with permission from

both the offst field B, and the pulse peiod T . If the pul® osdllates extrerely fast

(T =0), it does not ma& any dfference tothe spns, and thewvhole gstem recovers ta
CW situation (the very left column of the 3D plot in Figure 3.2). The maximal
polarizaion (~5%) is generated ith a continuous- °0.577 field (shown in kg. 2.10).
However,afar larger plarization(~18%) is praduced by aorrectlytimed squaravave

offset fran azeroavelage field by about onurth that \alue (~ °0.137T ). Apart from

numericalverification, a theretical undersanding of the improved performanceof the

pulse sequenceis very helpful

ref. 79.
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-0.3 ¢
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Figure 3.2: Schematic representaton of the unbalanced square pulse and the final
polarization level simulated with  DMEX. The coupling str ength between the two
hydrides is J,,, = 8Hz, and the coupling between the hydride and the target nuclei is
J,. = 25Hz. The offset field B, is varied from - 0.5/ to 0.5/ , and the pulse

period T is scanned intherange of Oto 4.4ms, while the pulse amplitude B is fixed at

C
10T . Simulation parameters: 100% paralydrogen, k = 24s*, K., =8s", % :%.
pulse with B, = 0.1371 and T =4msyields the maximal polariz ation (~18%), which

is much larger than the continuo us wave counterpart (~5%). Reprinted with
permission from ref. 79.
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3.1 Theoretical Perspedive of Pulse Sequence
3.1.1 Hamiltonian in the Interaction Frame

For the sake of comprehensivess, we malyze both AA B -sp& system and
AAO B@B-s@gn sysem The fullHamiltonian ofthethreespin AAO B system i s ex|

as

E)= {8 BO)ou(F 1§ ¢)R2m(Frfoidnd e
TheHamiltonian couldbe rearangal as

Hrargea® = (B, BO)G(E, 1£ L}E w D @i

- . 3.2
4203, (F OF 209, (I, §0F >

in which Dy, =B,( g -.¢ and Dw(t) =B(t)( ¢ -.¢ are the Larmor frequeny

difference beween hydrides andthe farge nuclei cause by the dfset field and the
oscillating pulse repecively. The first term in therearranged Hanltonian whid is
directly proportioral to the zcomponent of thetotal spin angular momentum car b
ignored sinceit commutes vith the rest of the Hamiltonian, giving a simplified

Hamiltonianof theform

HO=( o +m)E 27, Fa i, . (33)
which is not trivially time dependent According to Eq. (2.11), we knowthat an
interaction picture transformationcould simplify the Hamiltonian or even remove the
time-dependenceHere, we usehe only timedeperent £rm DWlEZ to aeatea rotating

operator
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URt) = exp( iE ﬁ 2(t )dt ). (3.4)

Thecorrespading Hamiltonianin the nteracion frameis

Ao =H o€ 2, (P2 a1 GE
- € 20, (F P (35

+2,0JHL{E LEMm ()(llev '%— ) BN E( IlITE)}
in which

M (t) = cod{ 7§ Dv(t )ot

(3.6)
N (t) =sin(rj o(t) dt').

The timedependentinformation has beerpassed orfrom a Zeeman term tahe J

coupling between thehydride and the target nudei. The original Jcoupling tem,

ELE1,LE and the newinteractionform, EL E I, 1 E aretuned by the factoM (t)

1 TAX Ty

and N (t) respedtely. Replacirg the in operdors in the x and ydiredions with the

raising and loweing operatoy ﬁ:IXEJI , and E:IXEH , We calld rewrite the

+

Hamiltonanas

A= € 2p,.(E0P
3.7)

vops,, CELE ()ZnN(t) | LE RO 2+N(t),lL g
|
Whenthe oscillating pulse vanises, the systenrecoves to the CW SABRE-SHEATH

with M =1 and N =0, andthe flip-flop terms EL _‘ and I'%_ L +[ have fixed coefficient%.
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It is worth noting that the change of the-doupling is only caused by frame

transformationandhasnothing todo withthe pulse sguence, which means it is a generic

resut. The offset €rm survivesbecause it commutes withthe rotation operaor ZJE and
the role ofit is to provde a small exterhanagnetc field to the systemwhich works the
same as #cortinueswaveused n theordinarySABRE-SHEATH.

A similar alculation could be escutedto the AA@BBOSsystem Theoriginal full

Hamiltonian of the 4spin system experiemg anextra oscillating pulse is

#1)= {8, (D)o (R 1F LAPE w DWNR L

oo (£ f o1, E0Fuf o8 =

Simplifying the Hamiltaian by takingout the frst termwhich commutes with the resf

theHamiltonian gives
#)=( o +m)(E LY 2 fo.(FOf o (if (B e
Then transfer this Hamiltoniamo thetoggling rame
Rt =exp(+(E, wH7 wh)dt) (3.10)
ThecorrespondingHamiltonianis expressed as
ﬂ(t):d?{(mfo ca))(E LD 2 {aa FrF o (a1
- (€ 2wHH(E Bie 01

N |'|'|(
—fre
X

+2pJHL{EZ Emo(LE &L, JENG( L, A;Q}E EE
+203, {ELE MO(1L1E BL,JENE( .1, BESF
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in which M (t) and N (t) are thesamewith the3-sgn caseEg. (3.6). Since tlere are two

target nuclei inevay SABRE complex, anceach onecoupks wth one of the two

hydrides,these two couplings are adjusted identically bydkeillation pulse.

3.1.2 Average Hamiltonian

It seemsthat the Hamiltonian is not simplified at allbut the physicsis much
cleaer by transferringthe time depenlent information to the Jcoupling and another
bonus of ths frametransformations thatthe aveage Hanltonian convergs wayfaster
in the rotaton frame Analyzing a timevarying Hamiltonian is usually vey difficult,
therefore the average Hantdnian tool®®®2 is appled here toget id of the time
dependerce. The generalprinciple of the averageHamiltonian is that under suitable
conditions, a timedepement Hamiltorian can be replaced withthe time-independen
effective Hamiltonian over a time period.The evdution of a spin systendriven by a
time-dependat external ield can be described lilge average effectof the field ower one

cycleof its oscillaton.

ZJI_:(t)=exp( 4Ddﬂ(t)dt) exr( iﬂT) (3.12)
wher D is the Dyson time orde operator Usually, it is impossible toanalytically
calaulate the propagator ofa non-trivial time-dependentHamitonian Therefore,Eq.
(3.12) is for numeical purposes onlyThearalytical solution of theaverage Hamiltonian
is expanded in a series exmpsion known asthe Magnus expansion

H=H" #H® 2 3 . (3.13)

The firstthreeorders otthe Magnusexparsion are given by
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HO :% A 7 (t)t (3.14)
A :%rjdti "8 (1), () (3.15)

ﬁ(Z):zErjdtl L ALER (1) g() (L) ger k) (L) g ) .18

If the Manus expansionconverge fas enough a good approximationof the
Hamiltonian coud be male by truncatng at thefirst few ordes.
We focus on the AA@ sydem during the whole average Huiltonian analysis.

The generic exmssion d the zereorderaverage Hamiltonian dhe 3spin systemis

- o€ 2, (F P (3.17

A matrix expessiom of this zereorder Hamiltonian is powerful for providing physical
insight. The bass usedhereto express the matrix of the A@ system is a singlédtiplet
basis br the AAdpar and the Zeeman biasfor the B sgn. We only givethe two 33 3

subspacesof the =ro-order Hamilbnian, which indicate thaM,°iN, alter the

interaction betweetthe spin up stateg, and spin down state$, of the targetnudei,

and tha the interaction stregth ony depends on itsnagntude, JMOZ +NZ .
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T.ib, T, @ S a
- JHL) B UE/ pJHL(MOHNO) - /ﬂHL(MO +N0)

i1
>
Qo
S
[
I
T

= 2 V2 V2
e
T:a,_ aepng(Mo‘ INO) pJHH2+ DW la]ZHL
e
®-pd . ye) Dw, -3
La, ge ﬁHL(Mo"No) % %
] (3.18)
Taa, Tl—? p $ b
T b, 80 (Jy - J) + W IOJHL(M S iN) B, (M, -N,) 0
=] 0 0 0 o/ O
2 2 N :
e (0]
- ) ) -
Tl_(iJaL o IO\‘/JgL (Mo +iNO) IO‘]HH2 D'G/ /;]HL 8
e (0]
e pl , -3 - by 34 0
SLa, ge \/gL(MO+INO) 2HL H :

This is a gneric matix form of the zeroorder expansio and the fedures of each

specific pulse arearied by thecoefficierts M, and N, . For the sak of smplification,

we denote the rotation algin a half cycle as

T/2
~

g(B.T)=0) Dut)dt (3.19

so g is a functon of bothpulse ampitude and pulse perioth the squared plsesituation,

M, = sin(q)
q
1 o) (3.20)
NO
q

When g is an integemutiple of 2o, both M, and N, go to zerg which meanshe

coupling between hyrides ad the taget nuclei disappear #his situaton, and nospin
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order transfer could take placgimilarly, in thesine wave cae,the expessons of M,

and N, are
M, :lr’jcosg—wrgel -cosz—’a %}ﬂ
T 620 ¢ T = (321)
N, -1 Fjsing—wr 251 -cos—z’a 3
Alike, for theramppulse, ve have
M, =2 2 cosxdx
o~ ot 1
Dwt (3.22)
N, =2 > 5in X2 dx.
o~ Jowt 1

The zercorder aveage Hamiltonian of the A@BO6 system hawe a similar
expression
7= w6 13 2, [Efo
+2p3, {ELE M, (1L R )EN L, 1 EJF (3.23)
+203, { BLE Mo(1,1E, BLENE L, 1 ELF
and itsmatrix formis diglayedin Eq. (3.24). The basisused here ishe singlettriplet

basis forboth the dhydride and the twoarget nuclei. The couplingetweenstatesS’

and T, stays unchangk andthe coupling betweedates T," and T is always zeo. The

rest ouplingswhich are directly associated witlihe spin order transfeare aljustable
The signalenhancement dhis 4-spin systemis alsoconfirmed by thenumeri@al DMEXx

methal (Fig. 3.3). A square pulsavith fixed anplitudeB =107 is
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T, &p(dy, - 23
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x .
. J
T g ,UJHL(M0+INO) pZHH Jo )ZZH_(MO INO)
o . 3pd,
LS ot pJHL(MO 'HNO) f 5 #!L(MO INO)
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used and the correspaing M, and N, have thesame expesson asthat of the AAB
system Eq.3.20). If (g, - gBT/2 =2n , thecowling betweerthe dhydride and the

targe nuclei vansh so the resulting plarization is zro aong te \ertical line o

T =4.3ms. The optimé condiion for polarizaion by scanning bothhe ofset field B,
and the pulse pewd T is B, = 0.1677, and T =4ms when the puse ampitude is

maintained aB =107T . Compared wh the 3-spin systemthe optimaloffset shited a

little bit which iscausedby the dfferent spincorfigurationof the SABRE conplex, but

the optimalpulse perod stays the samsince J,, is tunedidenticaly in both 3-spin and

4-spin cass.
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Figure 3.3: Polarization of a AA BBzsystem varieswith the square pules period and the
offset field. The pulse amplitude is pinned at B =10/T , and the optimal condition of

polarization is B, = 0.1671 and T =4ms. Simulation parameters: 100%
S

'[s] 10
with permissi on from ref. 79.

parahydrogen, k_ =24s*, k, =8s Jyy = 8Hz, J,, = 25Hz. Reprinted

Another imporant considration is determiing theappropriate truncatiorpoint
for the Magnus expansioifhe zercorda expansion is mut simpler and more intuite
than thehigher orde terms, so it is helpful to find conditions where thercorder £rm

suffices We analytically calaulate thefirst andsecond order Magnus expaitss. Basel

on Eg (315 and (3.16), the comnutation relabns of §H(t,) 7(t,) and

%H(H)ﬂ(tz) gi(t;) are needd.
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Eachpulseshown in Fig. 3.1 haw an axisymmetic Hamitonian in the rotating

framg becauseM (t) ard N(t) of an antisymmetric pulse shpe are axisynmetric

Accordingto Eq. (3.6), M (t) and N(t) referto the @sine and sine valuef the otation

angke 'erW(t ) dt' at ime t. For an antisymmetic pulseshapein eachcycle

T-

ADw(t)dt' = ' oft)dt. (327)

0
Accordingly, M (t)=M (T -t) and N(t)=N(T -t) . Therfore, the Hamiltoan is

axisymmetric

H(t)=H(T ). (3.29
Becausef this axid symmery, all theodd order Magnsg expansios are zero

Visualizing how each matrixelementof the exact aveage Hamitonian
varies with the plse periodT reveals theeasonwhy the higher orderexpanson could
be onitted (shown inFig. 3.4). It shauld benoted tatthe pulse periodT could not be
too long in most SABRE system with reaseable exchange rateugually ¢ 50s),
othemwise theSABRE complex only egeriences a constantigh magnetidield during its
lifetime. Therdore, we are only iteresed n pulse periodithat are smalle or comparable
to the lifetme of SABRE complex. Forthe sake of conciseness, here we oplgt the
squarepulseand ramp pulsandonly display theresult ofoneof the two 33 3subspae
since theothe one has similabehavior.

In thezercorder cas, onl the nonsecular mat® elements \Wwich connect the

a, state ad b states are alteed ard the resulting M's and N's are identical.
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However, fo the hgher aders, diagonal elements are tunedval, which is causedyp
the term Ez -L)and EZI 2ZE I ZJ_EZ in the second oder expansion Even thoughthe M 's

and N'sdivergein the hidher order apmximation this divergenceis always verysmall.

So aethealters of thehreediagonalelemens. In Fig. 3.4, we plot tre diagonal elements

LB, Ty, Sy,
i | P S ()i ) ()i )
J PP J , J
e | Sp(deat)neat)) s, i
- ) ) N 3
S, | ()i ) il My,
B=10uT y B=50,u|T A
B, =-0.13uT B, =—-0.1uT | | |
(a) 5 (b) 5
0r " Diagonal elements of the ol " Diagonal elements of the

.. zero order approximation

zero order approximation
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-15 —— higher-order summation —— higher-order summation
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() |
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-~ ~~
o0 on
= =
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— "MandNof the highdr- — ?:r[ df;c‘ssm(;iatt?znhlghcr-
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Figur e 3.4: A graphical representation of both th e diagonal elements and off-diagonal M
and N asafunction of pulse period T. The results of the square pulse (left) and the ramp
pulse (right) are explicitly displayed here. The upper two pl ots ((a) and (b)) refer to the
three diagonal elements, while the lower two ((c) and (d)) indic ate the changes of the off
diagonal M and N. In all casesthe dotted lines represent the zeroorder results while
the full curves correspond to the summation of all the higher orders (excluding the zero-
order). Reprinted with permission from ref. 79.

as well agheoff-diagmmal M and N . The way wenumerically c&ulate the summation
of all the higherorder expansins(excluding thezeraordel) is subtracing the zereorder
approximation from theexact avemge Hamiltorén. To visually denondrate that this
summation ofhigherorder expansiongoesnot havea signficant impact we compare
the values asocided with zero orde approximationto the values associed with
subtiaction According to Fig 3.4, the terms asociated withithe suliradion are at least
two orders of magnitue smaller thantheir zerecorder countepars. Therefore all higher
order Magnus expansiacould be neglectedand thezercorder expasion is inded a

reliable approximatiorof thewhole average Haittonian.

3.1.3 Correctly Attenuated Jcoupling Enhances Polarization

A direct nunrerical evaluation ofthe full effective Hamltonian usig Eq. (3.12)
gives a goodcomparisonto double checkthe validity of this zercorder expasion
Initially, a meticulos analysis othe square pulg is comlucted.Each cycleof the square

pulse can beroken down intawo constant fikls, B, + B and B, - B, in time £quence.
Labding the coresmpnding timeindepadent Haniltonians a\s?ltf—+ and 71?— , the
propagator dthis spin systens expressed as

U= exp 7T 12 exi{ iHF 13 exp iTT) (329
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Extracting the average Hamiltorian by anexpresson such as’H=iIog(La/T can be

done numericallyby diagonalizingZE to a marix €, then taking the lp of eadh

eigenalue (vhich will alwayshawe magnitude }, ZJIzi:VéLVA; Iog(ZJa =Vi VA, but this
lead toa well-known ambiguity as the pise is onlydetermined mdulo 2p . This
ambiguity is avoided by mitiplying J,,, and J,, by a scale factoa, calculating’ in

the limit of verysmall a, and correctig for 20 pha® jumpsasa is increasd to 1 This
approachjustifies that the zerorder expansian is already a gabappoximation of the
average Hamiltoniar(Fig. 3.5), and higher oders can be neglectedM,, N,, and
m (solid cuneg calculatedwith the zereorder aveageHamitonian are ingreat
agreement with their numerical countarfs @dashedcurves. The coupling magnitude

JMZ+NZ vanishes atg =2n ¢, which agrees with thanalyical expressons of M, and
N, (Eq. (3.20)). 1/I\/Io2 +N/ atteruates agy increases, in that itannot fully recover to

the previous maximum. The value of/M+N¢Z is in the range of [O]] , Which is

obvious fomtheformula of M (t) and N (t) (equation(3.6)) becausehey are conjugate

trigononetric functions. In other wordshé couging between hydridesandtarget nuati
can oty be atenwatedinstead of beigincrease.
Unexpectely, a diminised couping strength yield much higher pdarization

for the snaller off-diagonal matrix elemats reducehe couplingof unwanted states
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Figure 3.5: (@) Curves of M and N asa function of 2. The solid Lines (underlying
P
bright red and bright blue curves) are the zero-order theoretical approximation of M

and N, namely, M, and N,, and the dashed lines (light red and blue) are the exact
values of M and N calculated with numer ical method. (b) shows how the value of

IMZ+N? varieswith 2. Likewise, the solid curve (underlying black) and the dashed
Jo,

line (grey) correspond to the theoretical approximation and the numerical result,

respectively. The horizontal green bar indic ates theoptimal value of VM ?+N? . (c)
Numeri cally simulat ed 15N polarizati on of a 3-spin system wi th the pulse amplitude
being fixed at 10T and the offset being maintained at - 0.1377 . The green arrows

mark the maximum signals and their corresponding value of YM?+ N? . Reprinted
with permiss ion from ref. 79.

Figure 3.5 (b) and (c) gives the relationship betwede final polarizaton level andthe

value of \/MZ+NZ? with the dfset field B, fixed at - 0.1377 . The polariztion is
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numerically smulatedwith the DMEx!® metod, and the degndence oy indicates that

when the interactin stength reluces to,/M?2 +NZ ~ 0.066 (shown witha horizontal

green bar in K. 3.5(b)), polarization isnaxmized. Ths unbahncedsquare wave indeed

yields a large increase irsignal. However, the dinal interaction #ength
\/m~ 0.066 is verycloseto zero, ad thepolarization oscillabns in Fig. 3.5 (c)
imply that the large signalseanct robust to impedctions of the pulse seque such a
inhomogeneity. This issue could beogled if m reduces graduallyand
maintain at 0.066 fo long insteadof periodicaly going to zero. To finé pulse sequece
with this behavio of \/m morecomplex wave forms must be caidaedi sine

wawe, chirped pulse, athramppulse.

3.1.4 Symmetry ReducesRobugness

Similarly, we coud also visalize the M,, N,, and\/MZ+NZ of all the other

pulse sequences asfunction of

B, T ,
? (Fig. 3.6). Same as 1 square pulse¢he M,

and N, of the sne waveand theisosceledriangle pulg periodically \anish at the same

time. Howeva, the chirped pulseand ramppulse have regulayl declinedcurve trend
which is exectly what we arelooking for. The chirped pulg we stug consists oeveny
growingwavelengthin each priod, ¢, t,+ D, é f,+m D, andits smallest perd is

a (t,+j DY E.The specift chirped pise in figue 3.6 (c) hast, = Dt &.2ms.

j=0
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Figure 3.6: Depiction of how M (red curve), N, (blue curve), and \|MZ +NZ (black

dotted curve) vary as a functi on of the pulse period and/or pu Ise amplitude . (a) sine
wave, (b) isos@les triangle pulse, (c) chirped square pulse, and (d) ramp pulse. The
offset field is maintained at - 0.1377 . Reprinted with permission from ref. 79.

JMZ+NZ of this pulseis close to he optmal value0.066 when th@ulse anplitude B
is larger tlan 4017 , acordingly the experimeral robustness tthe pulse amgitude is

indea improved. Thelast ramp pulseHig. 3.6 (d)) turns out © berobust to both the
pulse period iad the feld stiength. Ulike the square pulsand the sie wave whosé#ip-

flop termscen be fully averaged out whenM and N, vanish at the samtéme, the amp
pulse succesdllly avoids zero points and in a wide period ad amplitude

domain/MZ +NZ always staygloseto the optimal value0.065.
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All the hghly symmetric pulses we have studiedhere share a canmon
symmetrical popety, whichis centralaxial ymmetry, since every pulskasa symmetic
trajecory with respect to theenter axis ofeach half cyclgFig. 3.7(a)). Pulses with
higher symmetry intuitively would be expectetb produce @aner pumping dymnaics.
However, given thecases shown abwe this additional symmetry causehe periodc

vanishmentof the effective J,, . To undestand tis key symmetric feaure, note that for

an arbitrary oscillatingulse shapeM and N, are gven by

M, =2AM ()t = "god | pfy)dt ot
{ Im T e S( ’ ) (3.30)
Mo =3

ﬁm( o) dt')dt

(b)
M(t)(IxLx + IyLy)

N®(UL,—1,L,)

Figure 3.7: (a) Examples of center axisymmetric pulses. (al) square pulse, (a2) sine or
cosine wave, (c) isoscees triangle pulse, (d) an arbitrary axisymmetri ¢ pulse. (b) A
coordinate tr ansformation by rotating the original rectangular coordin ate system @olid
line) an angle g to the new system (dashed line).

which ame integals of the cosine and sine functiorof the instantaneous ate

t
~

mDW(t')dt'. In other words M, and N, are he integrals of the projectons of a
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rotating wit vector on thex-axis andy-axis, respectivéy, in a rectangular oordinae

system The roation angleof the first andse®ndhalf cycle is denoted by

T/2
~

A Dw(t)dt' = Bft)dr (3.31)
A coordinate @nsformation ismace intheway thatthe x-axis equaly divides these two
g. M', and N', in this new oordinae are

éM '  =cosgM, +sin dl, Number
[N : : (3.32
iN',= singM, eosdN, G

where M ', equab to somenumberwhich depeds onthe specific pulseshape while
N', is alwayszerofor the angularrequencyDw(t') is synmetric with respetto thexé
axis.Sdving M, and N, gives

éM, =cosqg *Number
t N, =sing 3Number’

To guaratee N', =0, one ofthe following condtion must be trug (i) qz?@ % 8(
(; -
M, =0; (i) g=n t, N, =0; (ii) M, =N, 9. Considertwo speific case, g == +¢,

M, =sind *Numbel, and q:% - ¢, My, = sind Numbe/, with 0<d« 1. Since
thesetwo values ee opposite, andM, is a continuaus fundion of pulse periodl and

pulseamplitude B, a zero pmt must exis between% and:%p. However,cosg, Cin
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3p

the range of > which means tit N, much vanish.Therdore M, =N, 9 has

ENGESY

been proved and hesecoincident zero points recurafter evey 2p rotation which

acountsfor the periodicvanistmentof J,,. Frequentzero-crossimgs impose a sevus

constraint for all axisymmetic pulses on the unstable ields, particularly if
inhomogeneity is psent. Only lever symmetric pulse without axal symmety is
possible taavoidthis issueandthe chirped pe ad ranp pule shown inFigure 3.6 (c)

and (d) aréwo primeexamples.

3.2 Numerical and Experimental Verification

The main theretical conclusons of the pevious section are¢hat a oscillating
pulse with correctly tuned magnitue or periodenhanceshe SABRE polarization by
effectively adjuging the J-couping betweenthe hydride andthe target nuclej and an

axisymmetric pulses certain toyield a periodc vanishment of theffective J,,, which

makes theimproved polarizatiorvery vulnerableto the unstalbe magnetic field.In this
section, we verify he analyical results with oth smulations and experiments.

All oscillating pulse SABRESHEATH expeimens wereperformed by bibling
43% paahydrogen throgh a methanedl4 soluton under 7 bas of pressuret room
temperatureThe SABRE sample used hemas prepared bgdding2uL °N-acetmitrile
(50mM), 1uL natural atundance *N-pyridine (25mM), and1.3mg the caalyst precursor
[IrCI(COD)(IMes)] (4.4mM) into 500 pL deuteratednethanol sdvent. The catalysivas
first activated by bubbhig hydrogen gas tough the SABREsample for ® min to

generate SABE comgdex [IrHz(**N-MeCN)(**N-Py)(IMes)]+(**N-MeCN=""N-
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acetonirile)(1*N-Py=N-pyridine). The wholesample was then bubbled f6@s inside a
solenoid coil wihin a p-metal magnetic shidl (Fig. 3.8). A function generatomwas
connectd tothe solewid col to gereral all kirds of magnetic pulsin the coil wherethe
polarization tlanser occurs Finally, the sample wamarually transferred(1-2s) to a 1
Tesla®N NMR spectrometefor detection

For all the pulsesdisplayel in Fig. 3.1, we numerically simul&d how the final
polarization varies withboth the offsetfiled and the ocillating pulse.Each3D plotin
Fig. 3.9 is a numercal simulationof a specific pulse sequen@nd ®mesaccompanied
with two 2D experimeral data as well as the correspondingumericalfitting. In the
casesof axisymmetic pulse squarepulse and sine wave we swept the offset andthe

pulse perid T . In each situation, the optial offsetfield is~0.13uT rather than ~@uT

testing
[ | [ |

Hyperpolarization

Activation
~30min

Figure 3.8: Experimental proc edure of SABRE-SHEATH. First, activate the SABRE
sample by bubbling hydrogen gas through the solution for about 30 minutes. Then,
hyperpolarize the sample in a shield. Finally, transfer the sample into a magnetometer
for detection.
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in the CW SABRESHEATH ase andthe polaization periodically vanisks with the
change of the pulseperiod The amplitude of the square pulgeasmairtained & 10uT.

At the wints T =20.8nsand T =25msin Fig 3.9(a2), g =2n ¢ which meansM, and
N, areboth 2rq thereforeno polarizaion could ke produced.The polanzationof the

sine wavehasa similar peridicity. Fig. 3.9(b1) showsthe polarizaion of a sine wave
pulse as dunction of both the puse perod and the offet fieldwhile thepulseamplitude

is maintaned at0uT. We vared eitherthepulse periodiIms¢ T @ms, B, = 0.137171)
in Fig. 3.9(b2) , or the offset fld (-17T ¢§ @ A, T =3.5ms) in Fig. 3.9(b3). In

agreementwith the theoretical predictions, he final polarizdion periodically reluces to
zero at a fregencycorresponding tdw, andthe optimal pulseperiods come clos®

zero pohrnzationpaints.
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Figure 3.9: Experimental validation of the theoretical predictions. (a) Squarepulse (al)
Theoretical effects of a square pulse seqence with a fixed amplitud e B=10nT and

various pulse period and o ffset field. (a2) Comparison of theoretical calculations wit h
experimental data holding B, = ©0.137T and varying T . (a3) Comparison of theoretical

calculations with experimental data hold T =22.7ms and varying B, . (b) Sine wave
(b1) Theoretical effects of a sine wave sequence with a fixed amgditude B =50nT and

changing pulse period and offset field. (b2) Comparison of theoretical calculations with
experimental data holding B, = 0.1371 and varying T . (b3) Comparison of

theoretical calculations with experimental data holding T =3.5msvarying B, . (c)

Chirped pulse (c1) Theoretical effects of a chirped pulse with evenly increasing pul se

length from 0.2ms to 2ms in a step of 0.2ms. The offset ard pulse amplitude are both

scanned. (c2) Comparison of theoretical calculations with experimental data holding
B, = 90.1371 and varying B. (c3)Comparison of theoretical calculations with

experimental data holding B =50/7T and varying B, . (d) Ramp pulse (d1) Theoretical
effects of a ramp pulse with a fixed offset field B, = 0.1/ . (d2) Comparison of
theoretical calculations with experimental data holding B, = ©0.171T, B=507T and

varying T . (d3) Comparison of theoretical calculations with experime ntal data holding
T =20ms and varying B. The green dashedlines in each subigure (2) refer to the
maximum polarization obta ined wit h the CW SABRESHEATH method using the same

C
sample. Simulation parameters: 10® parahydr ogen, k, = 24st, K., =8s*, % :%,

Jy = 8Hz, J, = 25Hz. The maximum polarization for a continuous field

experiment (with 43% parahydr ogen as used expeimentally) is marked by the dashed
green lines(~1.6%). Reprinted with permission from ref. 79.

In the caseof chirped pulse(Fig. 3.9(c)), we sweptthe offset field B, and the

pulse amplitudeB becausethe experimental ogration ismuch simplercompaed to
switching tre pulseperiod. The periodicvanishment ofthe final polarizaion disgppeas.
The optimal offset s maintained inthe range fran -0.18uT to -0.08uT, and the
polarization isrobug to all pule amplitudes larger than 40T andstays wihin the range
from 165% to 19%.Fig. 3.9(d) shows the resuls of the ramp pulse We have akady
known the optimal offst is in close t0+0.13 uT, so the offset field washeld at -0.1uT,
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and boh the pulse periodand pulse amplitudewere \ared. Fig. 3.9(d1) clearly displays
that inawide range of both hepulse peiod and the pulse amplitudelte finalpolarization
always stays close to the mamum, which hasbeen confmed by exgriments(Fig.
3.9(d2) and (d3)). By vaying the puse period (1Ims¢ T ¢20m:, B=50mT ,
B, = 0.117), we alvays obtaind almostmaximum paérizéion. All the analyss based

ontheory isin accordance ith the expernentalresuts. The signhenhancemertf these
oscillaing pulse squertes is afigh as300%.

Based on h the theoetical analyss and experimentalerification, we could
safdy drawsome corlusions.Thetime-degpendentinformationof the oscillating pulséen

the lab frameis transferredo thetime-varying effective J,, in an interagion frame(Eq.
(3.5)) creatal with rotation operatr LE(t):exp( J}LEzr'j Mt )dt "), which is a general

truth for all time-dependenpulsesalong zdirection If the pulse isartisymmetri¢ with a
low offset field the zep-order aerage Haniltonian is a good approximaion of the spn
system which is alsoa genericconclusionand has nthing todo with thepulseshape In
addition, if the pulsehas axial symratry by aphase sifit, theflip-flop termsperiadically

vanishwith the puse perod orthe pulseamgitude (Eq. (3.31)-(3.33)), which guarantees
that\/m could be anyvaluein [OJ] including 0.066 Consequetty, adding an
offset around °0.1377 yields maimum polaization While, for a nonaxisymmetic
pulse shapesuch as thechirped pulseand theramp pulsem is alsain the range
of [OJ] in theory, but it sbwly approaches zero instead/e needto make sire that
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JMZ+NZ reache®.066within a reasmable region of pulse period which could nd be

longer thanthe lifetime of the SABRE conplex. Thechirped pulse andhe ramp pulse

with the speific pulse parametsrare precidg moduktedto work poperly.

3.3 Validity of Level Anti-crossings

Differet models and thwies tave beercorceived b undersand and optimize
the performance of SABRE. The onewhich drewmost attentn ard hadlong been
acceptedis levelanti-crossingg(LAC)®® 8386 | AC is a usefutod in many spetroscopic
applicdions andhas been widely used in SABREstgm topredict or exgain the optimal
magnetic field used in SABRE exgriment. Level anticrossings desribe the
pheromenon thathe two energy leved of a two-stae quantum systm avoid crossingin
the peserce d anextra ouging between the twdasisstates.For exanple, considera

two-level systemwith Hamitonian

= : (3.34)

where S and k are the energydifferenceandthe coupling between the twobasis sites
respectively Withoutthe cougding, the o energy levelsntersectatthe point S =0 (Fig.
3.10(a)). However, with the extra coupling & the crossing atS = is avoided (Fig.
3.10(b)). At the avoidedcrossng the two bass sttes are maximally superpsedwhich

leads to the maximum population flowbetween the twags states.
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Figure 3.10: (a) Level crossing of a two-level system. (b) Level anti-crossing of the same
systemwith an extra coupling & =0.5.

This LAC theory claims that the awided crosshg region revealsthe optimal
condition fo SABRE. However,for the AA@B systemusedhere he opimal magnetic

field of SABRE-SHEATH at roan tenmperaturds ~ °©0.6/77 , whichis farfrom the value
~°0.04/ predictedby LACs. It has beerdemonstrad thatthe LAC condition does
not evengive qualitativey corre¢ predctions except for very small couplings @rvery
slow exchang€. Fig. 3.11 depids that he @timal maguetic field is not fixed and

unchanging but varies with the exchange tes d k, andk . The failure of theLAC

condition hereis mainly because ibversimplifies a 33 3(or largel) subspace to &3 2
space and usually camt accuratelyaccount for the dynamics of @horiginal systen.
Interestingly,though the LAC condition becones moke relevantfor the oscillating pude
SABRE, beause thescillating pulsereduceghe offdiagonal elementsn Eq. (3.18) but
not the diagonal ones, thus iproving the separation fromnwanted states.i§. 3.12

depics how the energy levels tfefirst sulspace in Eq(3.18) vary with theoffset feld.
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Figure 3.11: The optimal magnetic field of CW SABRE-SHEATH varies asthe chemical
exchangerates of both the dihydride and the target substrate. The optimal field is not
fixing and changesfrom -0.3uT to -2uT (from red to blue).

The Fig. 3.12(a) relatesto J,, =0, andno LACs occurbecause theris no interaction

between the stas. Whie Fig.3.12(b) refers tahe cae ofoptimal interadion

(a) S0 ' ' ' (b)

Tha,)

-5 C \
-1 -0.5 0 0.5 1 -0.1 0 0.1 0.2
B, (uT) B, (uT)

Figure 3.12 Eigenvalues as a function of the offset field. (a) corresponds to the case of
J,.. =0, while (b) refers to the caseof optimal interaction /Mg +NZ ~ 0.066 with
J,. = 24Hz. Reprinted with permission from ref. 79.
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JMZ+NZ ~0.066, in which the cicled LAC is in great greementwith the ogimal

offset field °0.1317 .

A different models introduced here to support thalidity of LA C, which is al®

a AAB systemwith the oupling betveen the twdydrides beig positive J,,, =8Hz,

while J,, = 24Hz stays mchangedThe same square Ise withamplitude B =10/7T is

appled to his 3spin sywtem. Fg. 3.13(@) depicts how palrizaion varies with bth the

offset field and thepulseperiod, in which theoptimal offset field isabou °0.3877 . Fig.

3.13(b) disgays the LACs of ne 33 3 subgpace wih pule periodbeing ixed at the

optimd value, 36ms, and theffsetfield changing fromO to 0.4uT. The circled LACat

B, ~0.3771 agrees gratly with the optimabffset field. Therefore, the vdidity of LACs

in oscillating puse SABRE-SHEATH is confirmedagan.
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Figure 3.13 The prediction of LAC agrees with experimental optimum. Th e square pulse
we use has a stable amplitu de 10777 while varying offset and pulse period. (@) display s
polarization asafunction of both the offset and the pulse period. The optim al offset and
the optimal pu Ise period are B, = 0.3871 and T =3.6ms, respectively. (b) is the
corresponding LACs of one of the 33 3 subspaces The cirde LAC occurs near

B, ~ 0.37T . Reprinted with pe rmission from ref. 79
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3.4 Robustnessto ExchangeRate

In this section, we use the DMEX? simulation method to demonstrate that
oscilating pulse SABRESHEATH is robust to variabns of excharge rate. We use the
sane sgare pulsess in Fig. 3.9(a) and calculatehe polarzation, varyng the exchange
rate by a factor of 100nlthe case of low suftrate exchangeete (Fig. 3.14), theoptimal

condition stays around, = 0.1171 andT =4.1ms. Ultimately, as tle exchange ratef

the substrategoes up, the optimal offset field increase and the plse period decreases.
Here we give an gplanationusing the quantumythamics of SABRE. Fig3.15 shows
the mlarization of the taget nuclé as a function of quantumevolution time. Both
chamnical exchage and rkaxation processes are neglected. The fourves in Fg.

3.15(@) depicsk the gantum dynamicsising opimal paranetersB, and T for the four

(a) 0 0.25 (b) 0 . 0.2
kH e
-0.05 2 os ky = 10571 015
E 0.15 i
S & 0.1
mc -0.1 0.1 m:-‘].l
" 10.05
-0.15 Ll -0.15
0 o
3 35 4 34 36 38 4 42 44
T (ms) T (ms)
c 0 N @ 0 ) 0.025
ky'= 15" 0.05 ky = 1s~
-0.1 ky, = 5051 | ky = 100571 e
o .04 _
& -02 = -0.2 0.015
= 0.03 =
= -0.3 & ;
0 o0z 03 0.01
04 0.01 -0.4 0.005
-0.5 —0 -0.5 "0
1 2 3 4 1 2 3 4
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Figure 3.14: Diffe rent optimal polarization conditi ons causedby different exchangerates
of substrate. (a) k, =1s*, k_ =1s*, the optimal field is-0.11uT, and the optimal period
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is 4.12ms. (b)k, =1s*, k. =10s*, the optimal field is also -0.11 uT, and the optimal
period is 4.08ms. (c) k, =1s*, k_ =50s*, the optimal field is -0.17uT, and the optimal
period is 4.0ms. d) k, =1s*, k. =100s*, the optimal field is -0.37 uT, and the optimal

period is 3.8ms The four subplots have inconsistent color scalesto show off more detail.
Reprinted with permission from ref. 79.

casesof Fig. 3.14, respectiely. The red ath blue curvesclearly stow that under the
condtion B, = 0.117T and T =4.1ms, the polaization of the target nuclei could be
raised upto 80%. Howeer, when the chemicakxchangeprocessesre included, the
guantum evoluon is interrypted which means thespin ordertransfer isinterrupted On

one hand, if the lifetime d the SABRE ®mplex is long, for elample k =1s* or

k_=10s", thereis enough timethat thetarget miclei could bepolarized befoe they
dissociate from SABRE callyst. On he other hand,during a short lifetime, say

k_=50s" or k =100s*, stbstantal spin orckr tranger process wdks better (the gren

and black curv®. As pulse pgod T decreass, the viue ofJMj +NZ grows, and the

cougding between thdwydridesandthe target nalei increases accordilyg which causes
the spinorder tranger faser (shown in kg. 3.15b)). For afixed pulseperiad T, thee
exids an optimaloffset field which maximizes the polarization of the substrateln
corclusion maximizing SABRE polaization is a tradeoff between thespeed of spin

order transferand the largest transfer degrddsually, the exchrge ratek is in the
range fran 5s' to 50s', and the corrgpording gotimal condition remains near
B, = 0.1177 andT =4.Ims s 4ill larger than tle maximum sgnal (0.2%) produced by

CW SABRESHEATH method
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Figure 3.15 (a) Polarization generated by quantum evo lution of the 3-spin system. Red
curve By = 0.11nT, T =4.12ms; blue curve B, = 0.11nT, T =4.08ms; green aurve

B,= 0.17mT, T =4.0ms; black curve B, = 0.31nT, T =3.8ms. (b) A zoomed-in

version of the red box in figure (a). As the period goes down the spin order transfer
process peeds up. Reprinted with permission from ref. 79.

3.5 SomeExpansions of Oscillating Pulse SABRE

All the pulse sequencese have studied by ow havesuch asmall offset fieldthat al the
higherorder Magnus eyansiors arenegligible. While, for relatively large dfset the
zero-orderexpansioris no lorgeran eligible appraximation. Basel on the andysis ofthe
CW SABRE, a hich constantfield (>5uT) yields ultralow polarizaion (Fig. 2.10).

However in the presence ofinextraoscillating pulsea high polaization is still possible
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with respectto a hgh offset feld. Fig. 3.16 exhibits how thefinal polarzation level

changewith thecongant offsetfield while the oscillating puls is fixed (B =107T and

T =23.5ms). Even when the offset field is larger tlan the amiitude ofthe oscillating
pulse, high polarizgéion is stll available In both Fig. 3.2 and3.9, the offset field is

scannedbut only in anarrow regon of [- 0.5,0.9 7T , denotedwith two blue dotted ines

in Fig. 3.16. With ahigh offset the Magnus egansbn does not convergéast Therefore

0.2 ’ ’
= 0.1}
=
=
= “#N / (I‘{J /
=
=
0.1}

-0.2 J J

-20 -10 0 10 20

B, (1T)

Figure 3.16: Polarization as a function of the offset field. The square pulse used here is
unchanged with fi xed pulse amplitude B =10/7T and pulse period T =20.8ms.
it is dfficult to obtain ananaltical expresion of the approximataverageHamiltonian.
Here, we give a qudlitative description based onthe investigation of the numerical

avelge Hamitonian Accordng to Eq. (3.25) and @.26), not only the oftdiagonal J,,
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terms areadjustdle, but also thediagonal terms could be tuned by E- L, and

F;Z(I le L, in the hgher ader Manus expanens, trerefore more complicated

guantumdynamics arisesl he periadic zero pintsin Fig. 3.9 arecausedy two different
reasonsOne isthat he wo 33 3 sulmatices ae almostthe sane, therdore the transfer
from in-up to spindownin the first subspaceancels outhe transfer from spirdown
to spn-upin the second subspgevhich accounts fothe sharp zerocrossings However,
the geneation of thecury zero crossimgs is becausen eachsubspaethere is ahod no

interactionbetveen the spn-up state g, and thespin-down state b, , i.e., the effedive
J,. ~ 0 in the off-diagonal elementsBetween any two adjacent eros there exists a

maximumpolarization

This high offset field has practial significance. As noted previoudy, the
hyperpolarizatiorof SABRE-SHEATH is genegated ina solenoid cail sitting in a metal
shelter, where the earth field is shieldedby the mu-metal, and a ultra-low field is

provided by the coil If a high offset field works as wel| the bb field (~ 3077 ) could
directly work as the offset fiel. Fig. 3.17 depics how the final polarizéion varies with
the period of a sine wavewith the dfset beirg fixed at3077 and the sine wave
amplitude beingmantainedat 5077 . By modulatng the pulse periodwe @an easily
figure aut the optinum condtion. Modulation of the plse ampitude works equivakntly.
A ramp pulse wh fixed puse period T =20ms) and pule ampitude (B=501T) is

applied to experimentallyverify the \alidity of the high-offset oscillating pulse SABRE

(Fig. 3.18). Thepolarization undergoes periodic changdrom 5% to -5% as the offseis
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Figure 3.17: A depiction of how the final polarization varie s with the period of a sine
wave sequence.This sine wave hasunchanged amplit ude B =50/1 , and the offset is

maintained at B, =30/ .
scanned even when the offset islargea than 577 . The numerical predction (Fig.

3.18(a)) is perfectlyconfirmed by the experirartal resultgdotted line n Fig. 3.18(b)).

(a) 0.2 (b) 6 — . B=50ul

T =20ms

Polarization

- - 6.6 -64 -62 -60 -58 -5.6 -54
B, (1T) B, (1T)
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Figure 3.18 (a) A numerical simulation result shows that the polarization varies
periodi cally wit h the offset field. (b) An experimental confirm ation of (a).

Considera speial case that theffsetfield is equal to theamplitude of asquarepulse so
the overall magnetic field is a unidirectional oscillating squarepulse(Fig. 3.19), which
we call atwo-statesquarepulse.Similarly, the maxmum polarizationof this pulse could
be searchedby tuningthe pulseperiod or pulse amplitudeShannad work’” studied this
two-stae square pulsandusel a differentheoreticd strategy which is the Taydr series
expansionof the soluion of the Liouville von Neumam equation to undersand the

generéon of enhared SABERsignal In addition, ths sigral enhancemenwasverified

|
H B

; +

R g

Figure 3.19 A combination of square pulse and aconstant field which have identical
amplitude yields a unidirectional oscillating square pulse.

by experiment(Fig. 3.20). Fig 3.20 (a) depicts a twestatesquare pulsewith the length of
the first and the scond stee being 3ms ah 135ms. The signal strength varies
peiodically with the amplitude of the quare(greenlines inFig. 3.20(c)). The vertical
black dottedines indicatethe zero ossing cused b vanshedeffecive J,, . Base on
Eq. (3.19), when the rotaion argle ofeachsquaeis 2g= Dw 3t 2=,theM andN in
the offdiagonalgoes tozero sinultaneousy. Fig. 3.20 (b) is avariantof thetwo-stae
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Figure 3.20: (a) A two -state square pulse. (b) A variant of two -state square pul se which
loses the axial symmetry. (c) Experimental verifi cation of signal enhancement The green
dotted line is the experimental data of the two -state pulse, while the blue dotted line
refers to the variant pulse. The olid curves are the corresponding fitting s. Image
courtesy of S. Eriksson, et al., Sci. Adv. 8, 11, 022.

pulse whidch is no lorger axisymmetric. Accordingto the preciougheoreticalandysis,
this pulse s robust to thepulseanplitude and the pulseperiod like the ramp pulsewhich
is ako demonsatedexperimetally (bluelines in Fig.3.20 (c)). As the pulsemagnitwde
changes fom -24uT to -21uT, the signal always stay atthe maximum.We emphasized
eatier that with samesymnetry the pulse shapedoesnot m&e esential differenes,
which is supportedby a postive sine wae (Fig. 3.21 (a)) and a positive triangle plse
(Fig. 3.21 (b)) without an offsetfield. However in the presence an arbitrary ofketor
an arbitray free evolution interlacing wit the pulsethe final polarzaion has similar

features.
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Figure 3.21 Polarization varies as thepulse period of a (a) unidirectional sine wave and
(b) a unidirectional triangle wave. The offset of both casesis zero.

3.6 Conclusion andOutlook

We have shwn, in both experimets andsimulations that a vaety of ostillating
magneic fields cansignificantly improve SABRE-SHEATH hyperpolarizabn. In effect,
the interaction between hydrides and targetlgiuare ajustble by tuning thepulse
amplitude pulseperiod and the ffset. As describedabove, we immve therobustngsto
experimenal imperfections by eploring different pulse shapes.irally, it turns out that a
pulse shape witbut an axial symmtry, such as aamp wave, generate significar
improvenens in achievablepolarization and is robust taxperimenal impefections In
the last part we showthat thisostillating pulseSABRE could be expandetb any pulse
shapeBy corecly adjustingeither thepulseperiad, pulse amptude,or the offset field,
one can eagilobtan the maximunpolarization.

In this work, the largest pohbrization yielded withd3% parahyrogen is ~5.3%;

this would correspnd to 22% polarizeéon with 100% parahydrogern ou simulatiors,
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the maximum pdlrization gererated bySABRE-SHEATH methal is ashigh as60%
using 100% @arahydrogen This ggpo beween pinciple and reaty indicates tlat SABRE
retains room dr improvement Sincethis oscillating pulsein z-direction is not able to
generae 100% plarization evenm an ide&asituation, recatly, our group membes are
studying pulse sequencesn an arbitray direction which has been numecally

demonstrated tturther enhancéhe polarization
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Chapter 4. High-pressureSABRE

In the pevious tapter we improved the effeciveness of SABRErom the
perspective of quantumydamics.However SABRE includesmany other complicated
proceses For example the dihydrogen iflow and ouflow processs andits chemicd
exchangeate also plg a cucial rde. In this chapterwe study how the parahygen
supply impactsthe SABRE sigral. Thissupplyandlossare relded to two factos. One is
the exchange rate the dihydride which deteminesover what period of the the bound
dihydride will be repaced bydihydrogen and the otheris the dihydrogeninflow ard
outflow process which determineghe gable ratio of the fresh dhydrogento the used
dihydrogenin the SABRE solution duing thebubblingprocess

With the exhange rate ahe substate béng fixed, incressing the exchangerate
of the dhydride coud increasehefinal polaiization alot. Fig. 3.1 displaysthe maximum

SABRE sigmal as afunction of the exchange rateof both the dihydride k, and the
subgrate k, . Since the hydride @amot excharge fasterthan the substree k, ¢ k ,

reducing the difference betweerthem erhance the SABRE signal However in the
simulation weassumehat the dissociateddihydrogenwas inmediatly blown out ard
would nd rebind tothe catalysfor recycing, whichis an ideal ase When the ratef
both the inoming and outgoing dihydgen is low, the repla@ment of used
parmhydrogen witlfresh parahydrogen is hiadge and slowed dowrit is evident thatthe
rebinding ofuseddihydrogen will diminish the polarization effiagency. Fg. 3.2(a) depicts

that the polazation eficiency decreaseasthe increasd probability d dihydrogen
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Figure 4.1: Maximum polarizatio n as afunction of both k, and k _(simulati on
parameters are the sameas Fig.3.9)

rebnding. Fortunatdy, in our SABRE exeliment this is an eady sdved prollem by
increasing thebubbling sped becase at room temprature and lowpressire the
solubility of hydragen inthe SABRE solvent rathanol s relatively low so thatthe
amoun of dissolved hydrogenis consequently . Fig. 4.2(b) stows tha in our SABER
experimentrebinding ofdihydrogen is negligild providedthe gasflow rate is higher
than 80 milliliters per minue, sincekeepingraising the flow rate does notbocst the
signal further. Basedon thesefads, increasingthe extangerate d the dihydrde isa
significant factor to enhance the SABRE igmal. Prior thermal egeimentd
investigations®” have altered the ekange rates wihin the SABRE sysim Ly
manpulating its temperature However, this thermal tesdy does not impove the

efficiency of SABRE, becauséoth theexchange raeJ,,, and J,, are ateredwith
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Figure 4.2: (a) SABRE signaldecreases as theincreaseal probability of dihydrogen
rebinding . (b) SABRE signal varieswith the flow rat e of hydrogen gas

temperature Whatis neededs to alter theexchangeate of thedihydride whik keepng
the exchangerate of the sulstrate amost winfluenced. This is how the idea of high-

pressure SABREcame about

4.1 Ways tol mprove the Accessibilty of Dihydrogen

The ®lubility of hydrogengasin methanol at room tempure ¢25°C and 1
atm pessue is approximately 0.017/g%. Accordingto Henryd s #%°laatva cmstant
temperaturgthe concentration of a gas aliquid is directly proportional to he partial
pressue ofthat gas above tHe&uid. MathematicallyHenryd sw darabeexpressed as

C=k, 3P, 4.1
where C is the concetration d the gas irthe liquid P is the @rtial pressure ofhegas

above tle liquid, andk, is the Henryds law constant, which is spécito each gadiquid

system and depends oacfors such & tempeatureandthe natureof the gas and djuid
molecules. In traditional SMWRE, the gas pmsure is usually 7 bar, therefore,the

solubiity of hydrogen in methanolat roomtemperaturas aound 26.2nM. Since tle
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concentration of SABR conplexis aound 4.4mM, in avera@, six hydrogen molecules

are sittng around oea SABRE commx and this lowconentation leas to a low

exchange rate of he dhydride whch is generdy less han 10s* . The most
straghtforward wayto substantidly improve the acessiblity of dissdved hydogen is
increasing the gas pressire For example,at 200 bar and gom tempeatue, the
concentrdion of dissoled dihydrogenis increasedto 748.6mM as a resujtand each
SABRE complex isurraunded ty 170 dhydrogen in average

Another method toincreae the concentration of dihydrogen is generang a
superaitical SABRE sample instead af liquid onesuchthatit is misible with hydrogen
gas.A supercriticalfluid®%® is a substancthat is atatemperaturend pressue aboveits
critical pont, where i exhbits properties 6 both a liquid anda gas At this point, the
substance is in a state thsiintermediate between aggand a liquid.Supercitical fluids
hawe a ersity that issimilar to a liquid, but hey alsohave theability to diffuse through
materals like gas They also have the dity to dissdve materids like a liquid, but their
solvathg paver can be adjustethy changing thetemperaure and pressre’’. For
example, Fig. 4.3 is the phasediagramof COZ® which shows thalifferentphass of
CO2 (solid, liquid, ard gas) andthe conditions nder which they exist, based on
temperature and essure The top ridnt corner of tke diagrambeyond the critical point
represents theegion whee CO2 is a superitical fluid. In this stuation of supercritcal,
thesolvert used in SABRENust meeboth the requirementshat (1) it is ableto dissolve
the SABRE complex as well as the substtas and (2) it has accesble critical

paraneters. Methanol and ebanol aremost canmonly usel solventdecaise theyhave a
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Figure 4.3: Carbon dioxid e presaure-temperature phase diagram. Image credit: B. Finney
and M. Jaobs, Wikipedi a*.

relatively high solubility for both the SABRE &alys and hydroge gas However their
critical temperature isiot easy toaccess.Table 3.1 list the criical temperaire and
critical pressure of someommanly usedsolventd® 191 which showshat only carbon
dioxide andxenon ha&e accessibleritical paraneters. Xenon is grohibitively expensive
inert gas 0 carbon dixideis the most suitablsupercriticalsolvert. Additionaly, there
are many otheadvantagse tousing CO> as asolvent COzisa naturdly occurringgas and
is nonttoxic, nonflammalle, and noncorrosive. It is anenvironmentally friendy sovent.
CQO can disstve both polar and nepolar compunds making it aversatie solvent fo a

wide rangeof applications. The solubili of a compound it€O, can be easily controlled
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Table 4.1: Critical parametersof somecommonly used solvents

Substance Criti cal Temperature Critical Pressure

(K) (bar)
Cabondioxide 304 74
Water 647 221
Ammornia 406 114
Xenon 290 58
Methanol 513 81
Ethanol 514 61
Acetone 508 47
Acetonitrile 546 48
Acetic add 59 58
Benzene 562 49
Toluene 592 41

by adjusing the tenperdure and pressure, lawing for selective rtraction of spedic
compound¥? 103 Assuning we usea gasmixture 0f20% hydrogn and80% CO, at 200
bars to run aSABRE experiment the concentréion of hydrogengas isaround 1.8M. A
gas mixris usel to premixH> and CO in a swpercritical SABRE experinent othemwise
H is loaded to the primer pump dirgéct This primer pumpis undirectional so the
incoming gas cannot fle@ badk. The downstreamgas inthe systen could be pressuried
to somevalue béween 50 bes and 100 barsby the primer pumpas reeced Then the

syringe pump right after the primer pungbowly and acaoratdy pumpsthe gas pressure
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in the sampletube tothe equired valuglusuallyin the rangdrom 150 bas to 400 bars)
(Fig. 4.4). The conventiorl sanple tubemadeof glassutilizedin SABRE,which permits
the lubbling of gas through the solutiors, limited to amaximum gas pressure déss
than 10 bar. Insteal, we use ahigh-pressuretube congructed from zirconia to sugain

pressue reachingup to1000 bar

Syringe pump

Gas mixer

=
no'5at

i

S |

Exhaust éf

High-pressure tube

Figure 4.4: High -pressure system setup, which is composed of a gas mixture a primer
pump, a syringe pump, and a high-pressure sample tube.

Unlike the glass smple tube this high-pressue tube doesnot allow bubbling of
gasthrough thesample therdore, after being pressiredthewhole sample ad thegas in
the remaiing spaceare saled in thetube Conseuently,in the @se é brute-force high
pressure SABRE there exists an extremey low excharge betwen the dissolved
dihydrogen ad the hydrogen gas abe@ the solution due to the pemeability d the
hydrogen gas in thBABRE solution While, in the case & supercritical 3BRE, there is

no such echangeat all. Basedon our previousaralysis, no a little in-flow and ouiflow
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of the hydrogengas causes reeling of thedihydrogenand thendiminishesthe SABRE

signal.However,if the concentration ofthe dissolvedhydrogen isvay larger tharthat of
the SABRE complex only an extremely mdl fraction of the dihydrogen would be
consumediuring the signal buld-up periodof SABRE (which is wsually lessthan 63),

and the rebinding probability could be mainained ata markedy low point (Fig. 4.5).

Therebre, the master equaiti of the SABRE system(Eq. (2.40), (2.41)) requres some
madifications The conversion btween @rahydrogen and orthgdrogenis still ignored

andthe inflow and outflow rate of hydrogenis assmedto be zeroWhile, recyclingof

the dihydrogenmust be consdered and the correspmding differential equation ofthe

densitymatiix of thehydrogenensemblas

1

IJTE| _[H_]RH (TEH}( 65 _Hr)E (4-2)

where [H] is the corentration ofthe dissolvediihydrogen andk, = k, expae kHZDt

is the modified exchage rateof the dihydride.Based orthe new maer equaion, we
could simulag¢ the polarizatiorbuild-up process of theigh-pressure SABR (Fig. 4.6).
In Fig. 4.6(a) we comparehe traditiond SABRE-SHEATH (red cune) and thehigh-

pressue SABRESHEATH (blue cune), which sare the samsimulation paametrs

C
except tha the[[?] = in the highpressure e while each dssociagd dhydrogen

=1
] ~ 1000

is immediatelyreplacel by ax unwsed noleculein the conventionalSABRE case In the
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first ten secondsthese two cses have thesamesignd build-up trajectory As the

consumpion of hydrogenncreases, theesultantsignal experiences decreasen

° ° sovy
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+e e

° —— Hydrogen molecule

Figure 4.5: The left column refers to the traditional bubbling SABRE, in w hich the
concentration of the dissolved hy drogen is very low, but the supplement of fresh gas is
ongoing. However, in closed SABRE systens (middle and right columns ) hydrog en gas

is being increasingly consumed, and recycling of hydrogen is inevitable . When the

concentration of the hydrogen gas is extremely higher than the concentration of the
SABRE complex, the consumption of hydrogen gas becomes very slow, and recycling
will not constitute a causefor concern (the right column).

magrntude. Then high-pressurecasestarts tofall behind the traditional caseand lose
polarizationafter ~23s In this comparaon, we assme both the casediawe the same
exchangeate ofthedihydride. Conseqartly, the tradtional cae isin anided condition,
which hasno hydrogen recycling and outperformsthe highpresure cae without
guestion However,the increasal concentraton of hydrogen leads to a faster chemical
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exchangeate°+1%, By assuming tht the dihydride exchanges as faasthe substratewe
depictthe signal bud-up curve(black line in Fg 4.6(b)), which agrees with aur previous
analsis Fig. 4.1) that afaster achangerate of thedihydride yieldsa higher polarization
Here, the enhacenent is more than 3times The signal build-up time of the high-
pressureSABRE is as sha as 5s and subsequently, there was a ramidcline n
polarizationin that the faster eghangecausing a fasterconsumptionof pardydrogen.
The positive result®btaned fran the analys wararnt further invedigation through

expelimentd confirmation.

(@ o1 (b)
0.08
E g
= 0.06 =
E ‘g ——Slow exchange rates
;E 0.04 E —Fast exchange rates
= s 0.1
0.02 —Open system
—Closed system
0 0
0 20 40 60 0 20 40 60
Evolution time (s) Evolution time (s)

Figure 4.6: (a) Contrast an open SABRE systenthat permits the inflow and outflow of
hydrogen gas with a closed SABRE system that cbes not allow an exchange of hydrogen
gas. (b) Analyze the polarization bui Id-up mechanisms in a SABRE sysem with a high
rate of dihydri de exchange, in comparison to the same system wit h alow rate of
dihydride exchang e.

4.2 Experimental Results ofBrute-force High-pressureSABRE

As the namemplies, the Bruteforce hgh-pressure methodtraightforwardy
increaseghe hydrogen gapressire The SABRE solution weprepare isthe ame a the
one usd in the last chaptewhich is composed of2uL *N-acetaitrile (50mM), 1ul

naural @undance “N-pyridine (25mM), 1.3mg the caslyst precursor
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[IrCI(COD)(IMes)] (4.4mM), and 500 pL deutested meharol solvent. 43%
parahydroge is first loadedinto the hgh-pressue tubeand pressured to ~200 barto
activatethe catalyst To canplete theactivation proces it is recommethed to shake the
tube a few times andmaintain the lgh-pressure gas the tube for at least 30 mirnutes.
Subsequentlythegas can belewly depressuized to seveiabars (which usually takes 45
minuteg usingthe syinge pump andthe consumed parahydrogen candédauded. The
sanple isnow acivated andeady for the 3BRE-SHEATH experment Following this
step, fresiparanydrogen canbe repump intdhe hgh-pressire wbe, whichtypically takes
10 minutes. Thetarget aubstate can be Ipermlarized by placing th tube in an
appopriate magnetic field whin the metal sheld (@s slown in Fig. 3.8). Immediatdy
prior to inseting the tubeinto the shied, it is advisble to vigoroudy agitate the tube
serval times. Tis promotes the dispt@ment of thepardnydrogengas ttat has been
consumedn the solutionwith fresh gaghat ispresent abee the Iguid. Findly, the tuke
can be tansfered to amagnebmeter efor signd detection and the transfertime is
typically around20 seconds.

To investigée whether thereare any chemical dirences beteen the low
pressire and hig-pressire cases inSABRE, the thermh proton spectra of the high
pressure SABREanple was detected. The purpos of this is to compare the chemica
charcteristics of tB SABREsample athigh presures and determinef there are any
noticeable changeor alterations in its chemical compositio. The probn sgectrum of a
sample comprisig high-pressue hydrogen subgrates and the solveninethanol, m the

absence of theMes catalystis depicted irFig. 4.7 (a). Theproton spectrum of pydine
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Figure 4.7:(a) Proton spectrum of a solution consisting of high -pressure hydrogen gas,
substrates (pyri dine and acetonitrile), and deuterated methanol asthe solvent. (b) Proton
spectrum of a high-pressure SABRE solutbn which is composed of the same sample in
(a) with presence of SABRE catalyst IMes. (c) Proton spectrum of the identical sample as
in (b) subsequent to being hermetically sealed for a prolonged duration (a couple of
hours).

exhibits diginct peaksat three different positims, which & labeledas peak . Peak
correspoding to the undeuteratechydroxyl group {OH) of methanol or any emainng
water preset in the sdvent. Peak is attrbuted tothe presnce of dissoled hydrgen
gas in the ample Peak is assigned to th undeuterated methgroup ¢(CH3) of
methanol.Finally, pe& is associated with the methyl group of acetonitriJgon
addition of theSABRE catalyst to the sample and subsequactvation, the substrates
pyridine and ac®nitrile bind to the metal ceer of the catalystThis bindng interaction
results in theppearancef small peaks inthe protonspectum correspanding to the extra
bound speciess depicted in Figl.7(b).

After prolonged sdang of the sample ahigh pressure vithin the tube alterations
are observeth the peaks ofthe hydroxyl group andhe hydrogen gasSpecifically,the
peak associatl wih the hydroxyl group exhits significantgrowth, whereas the peak
comesponding to the hydrogen gasperiencesubsantal shrinkage.Additionally, three
peaks which are equidistat, emergenear the hydrogen gas peaBaseal on theobseved
chemical sHt in close proximity to the hydrogen gas well as lhe splittingpatern
causedby a coupling ofappoximately42Hz it can be inferred thahe threeadditional
peals correspond to thpresewe of HD. This molecule is arsomer ofdihydrogen, with

oneof its hydrogen atoms replaced by a deuterium afidm. presence adetuterium can
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only be attributed to the deuterdtmméhanol used in the experiment. This suggeha
during thedissociationand association process ekxdchangeablesubstrates, methanol
molecules brieflybind to the catalyst center aedchange theirdeuteirum atons in the
hydroxyl groupwith the dhydride, as $iown in Fig.4.8(a) Furthermore, tlsiobsevation
accounts forthe increase in itensity of thehydroxyl group peak inthe spedrum.
Noneheless, tls exchangemechanismcauses geiturbation inthe correlation between
the two hydride species,eladirg to the destruction dheir singlet sate. Moreover, it is
notewvorthy that the rate of this exchangeaction exhibits an upwardetrd with
increasing presse, posig further challengefr accurate chacterizatiorof the SABRE

systemFig. 4.8(b)illustrateghebound species of the dihydrogevhich exhibts

(a) (b)
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Figure 4.8: (a) Deuterated methanol molecule shortly binds to the catalyst center and
exchangesits deuterium atom with one of the dihydride. (b) Hydride signal of the high-
pressure SABRE system

chemical inequivalence of the two hydrides die to the presence of twdlifferent

horizontal ligandspamely pyridine and acetonile. Specifically, the atiphase peak on
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the right side corresposdothe hydride nucleus that forms a bond perparidicto the
acetonitrile ligand, while the anphasedoulet peakon the left side epresents the
hydride nucleus that forms a bopdralkl to the ligand. The splitting of teidoublet peak
arises from theaupling between the hydridand the!N nucleusin the substratéigand.
The detection of the ypermlarized hydrde signal isa relable indicator of sucesful
hyperpolarization ¥ SABRE, as it confirms the existence ¢iydride and itsexchange
process wthin the samje.

Through the mapulation of gas pessure an investigabn was conducted to
exanine the relatonship betwen the gynal of SABRE and the y@ssure ohydrogengas.
Specifcally, Fig.4.9(a) presents a stkeddisplayof the SABRE signd acrossarangeof
pressure spanning from 10 bar to0@ bar, while Fig.4.9(b) depicts the specific
polarization value as #unctionof the hydrogen gagressire Thefindingsof the presen
investigation support thexistence of a positive relatgrp between enhanced solubility
of hydrogen and amplificain of SABRE sgnal, as long as the ggsessureremains
bdow 300 bar Which correspods to a concentratn of dissdved hydrogen gas of
approximately 1.15M However, when the pressure exceeds threshdd, the signal
exhibits a derease, which gggestshat a surplus of hydrogen gas can have arraév
impact on the polazation efficiexcy. This might be becausethat an excessive
concentation of hydrogen gas within the SABRE systeam cause th8 ABER complex
to breakdown. The excesshydrogen gas can cqmate with the substratéor binding to
the netal catalystleadingto the formation b a different comple tha is no longer

capable ofenhancing theN\MR signd. Additionally, the exces$iydrogengascan cause
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the SABRE conplex to becomeunstable, leadingo its decomposition and lossf
activity. The applicationof the high-pressure SABREnethod esulted ina maxmum

polarization ofappraimately 5.9%, surpassing the miawim polarization of 1.7%
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Figure 4.9:(a) A stacked display of the SABRESsignal acrossarange of pressures
spanning from 10 barto 400 bar. (b) A depiction of the polarization v alue at each speific

gas pressure.

96



achiewved using theconventiona SABRE-SHEATH method by more than teefold.
Hence, it carbe corcluded that th high-pressue SABRE method represts a sigificant

advancenent over the conventionahethodolog.

4.3 Experimental Results ofSuper-critical SABRE

Anotherapproach involves thgenerationof a supetritical solution of SABRE
utilizing CO2 asthe supercriticalsolvent. In this contextthe expeimental proocol
utilized was as follows:1{ introduction of the SABRE complex and substrates into the
samge tube; (2) ingction ofa gas mixture of 80% O, and 20%H: into the tubewhich
was subsequentlyr@ssurizedd 200 bar and gitatedto produce shomogewussolution;
(3) sealing ofthesanple and allowing it to remain in this state for a minimuwmanutes
to fully activate the SABREcomplex (4) immersion of te sample tub into liquid
nitrogen to freeze all coponerts, ecept br the hylrogen gas; (5) relese of the
hydrogen gas,dllowed by warming of the sample to room temperaté subsequs
introduction of fresh hydrogen gas and pressiion to 200 ba along with vigorous
shaking to achieve a uniforsoluion; (7) immediatetransfer ofthe sealel sampk tube
into an eéctrified solenoid coil(the placewherepolarizaion takes placgimmerseal in a
hot bah to regulate the sam@ietemperaturg8) ater exposure to the low magnetic field
for a desigated peiod, transfeiof thesamge for signal déection. The activated SABRE
sanple is reisable by repeating the procedureutlined in stes (4 to (8) It is
noteworthy that the critical parametef a mixture differs from thatof its individual
componerg andis contingent upon thweight of each corponert!®“11l Hence, theyas

mixture CO, and Hz has distinct critical parameters in comparison to itsnstituents.
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Specifically, at room temprature when subjeted b 200bar pressurea mixture of 80%
COz and 206 Ho reaches a supercritidsstate.

In this study, we condtied an experiment using thensa SABRE catalyst i(Mes)
and substratespyridine and acetonite) as previously mentioned. The corigponding
protonspectum of the seple is pesented in Figd.10. The three gnall peaks ortheleft

correspond to the free species of pyra The stong peakin the middle indicates
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Figure 4.10:Proton spectrum obtained from a super-critical SABRE sample, which was
prepared by mixing 1 pL pyridine, 2 uL 15N-acetonitrile, and 1 mg of IMes caalyst in
the high-pressure sample tube with a volume of approxim ately 1 mL. The tube was then
filled with a gas mixture of 20% H2 and 80% QO2 at a pressure of 200 bar
hydrogengas. On the right side, thehigher peak correspnds to the free species o
acdonitrile, while thelower peak representee bound speciesnterestimgly, we did not

obsewve any evidence othe presence fothe bound species gbyridineg and no hydride

sigrnal was detected eitheMoreover, a SABRESHEATH experimert usingthis sample
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geneated only a tiny polazation signal, which suggts that the sample isnot suitable
for SABRE. An altenaive sample waghen examined wherein the salent (CO2)
remainedconstant, while a phosphous catalyst was intragtedinsteal (llustrated in Fg.

4.11(a). Only one substrateacetonitrile,was employed andno @-ligand substratevas

required The corresponding prot@spectrum was exhibited in Fig.11(b) wheran
(a) (b)
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Figure 4.11:(a) Molecular diagram of the phosphorous catdyst. (b) Proton spectrum of
the new supercritical SABRE sample which consists d 1 mg phosphorus catalyst, 2L
acetonitrile, and a mixture of 20% H2 and 80% CQ.

the protons present in the hydroggasas well asoth thefree and boud specis of
acetotitrile was detected Encouragingly, desge the low signal to nase ratio, the
hypepolarizzd hydride signal linked to the phosphorus catalyst wascessfully
detected, ssshown in Fig.4.12(a). Additionally, as the two hyddes werechemicaly
inequivalent, they eRibited different chemical shiftsEach pe&és triplet splitting arce
from the coupling of eah hydridewith both a >N anda 3!P. The configuration of his
SABRE complexs displayedn Fig. 4.12(b), whichis a 6spin system comsing two
hydrides, oné®°N in the vertical ligancbf acetonitrile ore N in the horizonthligand of

acetonitile, as well as on&N and onéP in the cadlyst itséf.
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Subsequently, we sought tgtimize the dgree of polarizaon by systematically
varying se\erd key parameers,specifically, thetemperature of thbot bath, theduration
of expasure to the low magnetic fiel@lso callecevolution timg, and the strength of the

low magnetic field. The tengpatue of thehot bath plag a creial role in modulating the
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Figure 4.12 (a) Hyperpolar ized hydride signal of the new SABRE system previously
described in Fig. 4.11. (b)The configuration of the SABREcomplex.

chemichexchange rates of both the dihyle and theexchangeable lgands. Additionally
the duraton of exposire to he magnetic fields carefully chosen to ensure thtae spn
order transferis stopped at the timethat thesystem reaches thmaximum achievable
polarization levd. Lastly, the offset field is manipulagéd to optimze the gantum
dynamics of the pin orde trander process.Figure 4.13 presents a graphical
represatation of the experimental data. The gale utilized in the experments §
previowsly mentioned in Figuret.10. Subfigure @) of Fig.4.13 illustrates the variatioof
the tenperatire d the hotbath, ranging from40°C to 100C while maintaining the
evoluion time at 30s and the magnetic fieldde@uT. The result suggésthat the optimal

temperature for thhot bath isappraximately 70°C. Sulfigure (b) demorstraesthe effect
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of evolution time a the experiment, ranging from 158 #5s while fixing the bt bah

temperaturat 65°C and the magnetic field 8t6uT. The d&a indicaesthat theoptimal

0.2
~0.15
S
E"
= 0.1
g \
20 K
“o0st ;
100°C 0
7 wor 40 60 80 100
1727 1723 1719 1715 Temperature (°C)
f1 (ppm)
0.8
(b)
75s -
60s ;, 0.6
= .
455 =
) .
204 :
7 4
o
155 0.2
20 40 60 80
1726 1723 1720 171.7 Time (s)
f1 (ppm)
(c) 1.5 )
E
g
—_ s s,
= K
S
7 0.5 -~ “
A 0.25 uT
ouT 0
0 0.5 1 1.5
173.5 1725 1715 170.5 ; i
1 {ppm) Magnetic field (uT)

Figure 4.13:lllustratio n of the polarization of the supercritical SABRE changeswith (a)
temperature, (b) exposure time in the low field, and (c) magnitude of the low fi eld.

101



ewolution time is apmximately 4s. Subfigure €) depicts thevariation in the magnetic
field while holdng the hot bath tempature at65°C andthe evolution time at 45s, and
the data suggests that the optimagmedic field is @proximatel 0.75uT.

Despite optimization of the three pameters, the aximum signalobtained
(~1.5%) falls short of theconventonal SABRESHEATH method ¢1.7%99. Even tough
the experimentalmethod las a lot of roonfor improvementfor example we ould do a
morerigorousmulti-dimensionakcanningather tharthreeonedimensionalscanningor
we could expore more paramets like the H2 to CO2 rati@nd the pressuref ¢the gas
mixture, the currentexperimental resultslo not demonstta the potential of tlsi
sugercritical method to enhance the SABRE signalhe low efficieicy of ths
supercriticalSABRE mehod may resultrbm canpetition between O2 and the hydride.
Indeed,CO2 @n form bonds with ertain transition metals by accepting electrons from
the me&tl!'?!1% An anomalous eeriment phenomenon supports this hypatisei
subsquentloading of CO2and H2into the sample te raher than premixig them
results in no hyperpolarized signal of both hydride angetarudei. This obsevation
could be attributedo the prior bindingof CO2 and substrate the central metabf the
catalyg, rencering thesite unavailablefor hyd-ogenadivation and theref@rinhibiting its
competiton with CO2. Degite the absence oduccasful signal amplification this
method holds significant appation potential. The easy isolation of the suatgrby
depressurizingthe ga converts CO2 from a syercritical or liquid staé to a gas,
facilitating its separation from the SABRE comylin solid state and the substrate in

liquid state.Given that mo$ SABRE @talysts and solvents are toxic or bioladjig
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intolerable, diret injecion of the hypepolarized sasmgde into human oranimal body for
nuclear magnetic imagig is unfeasible. Ca®uently, this facile isolation of the

substrag could broaden thecope of SABREapplicationin biomedi@l andclinical fields.

4.4 Combination of High-pressureand Oscillating Pulse

We have peseated tvo distinct strategies for enhancing the SABRE aigiihe first
involves utilizing aroscillating pulse in place of static field to improvehe efficiency of
spn order transfer during thequantum evolution proces The secad involves
augmentng the accessibility of the spin sourceyghydrogen, to érancethe efficiency
of the chemicaéxchangeprocess. An imprtantquestion that naturally arisesvidhether
theintegration of these two rathodscan further ampliy the polatization of the signaTo
addess this gery, a numerical simulatn can beempbyedto obtain an answer.The
SABER systememployedin the simula®n is the 3spin AA@B system,previously

detailed,wherethe Jcouping betwen the two hylrides & J,,, = 8Hz, the Jcoupling

between thearget nucleus and the hydrideds = 25Hz, and he catalysto substrate
concentation ratio is % } =—. The smulation which depict the poarizaion build-up

proaess(depicted in Figuret.14) investigatedour distinct £enarios: (L) the use of an
oscilating pulse SABRE for an open system (representethéylue curve), @) the
implementation of an oscillatingugse $ABER for a closed hgh-pressure system
(depicted bythe rel curve, (3) the utilization of high-pressue CW SABRE-SHEATH

(representéd by the green curye and @) the application of conventional SABRE-
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SHEATH (represented bthe Hack cuve). In the opengstem, thegas pressre is low ¢

7 ban, resulting in a gnificantly lower exchage rate of the dihydride

k, =2s‘compared to theubstratek, =18s*, while in the Hgh-pressure casbecaus

Polarization

0 20 40 60
Evolution time (s)
Figure 4.14:Signal build-up curves of four different scenarios. Red curve: oscillating
pulse SABRE for a closedhigh -pressure system. Blue cune: oscillating pulse SABRE for

an open system. Green curve: constant wave SABRE-SHEATH for a closed high-
pressure system. Black curve: constant wave SABRE-SHEATH for an open system.

C
of the high concentratio of the dissolvedhydrogengas H zﬁloo’ we assume le

exchange ate ofthe hydride and the substrate agoroximately eqivalent Inthe case
of osdllating SABRE, the optmal condiion W:0.0GG is implemented usg
the most basic square pulseardcterized by a pulse aititpde of B=10/7T and a pulse
period of T =4ms. Additionaly, the optimal of§et feld B, = 0.137T establisked in

Chapte 3 is apfied. Whereas for the convenbnal SABRE, the optimal field
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B, = 0.6 is employed. The simulation has naaken inb account theeffects of

relaxationand the inductarec effect of the sdenoid coll. The comparatiorof the four
cases shown in Figl.14 indicates that a combination o$cillating pulse anchigh-
pressure hydrogen g&sableto baog thepolarization higher

In the previoussimuation, the substrats exclangerate isheld constantat a
given value k =18s'. However, itis noted that this rate is temperatedepenént and

can bemodulated byapplying temperature carol. Through varying the temperature of
the SABRE sample the exclnge rée of the hydrides and the substrate which are
presumed tobe identicalundera condition of high hydrogen gas concentration, can be
equivalenty modified. Fig. 4.15 illustrates theprocesss of signal accumulation
corresponding @ various exchage rates. It should be noted that théigh-pressure

SABRE sydem utlized in this study employs an optimasquarepulse, as preously

mentioned.At lower exchange ratesuch ask, =k 4s*, the polarization aceoulation

process is relativelgradud However, & higher exchage ratessuch as, =k =25s*,

this compositeapproachforfeits its effectiveness and fails fwrodice higher polariation
compared ¢ theindividual oscillating pulse SABRE methoBYy precisely controllig the

tempeature, wecan identify the optmal exchang rae that generates the igthest
polarizdion, which is k, =k =5s*. Theoreticaly, the composite method is gable of
generatingpolarizaion levels p to eigh times higher thanthose achieved by the
conventional SABRESHEATH approach. Mverhelessjn practicd experiments, several

factors such as fieldhhomogeneity, inductance effect of the solenoid, and other
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experimentaimperfections can result in sgnificant reductionsn observed pd@lrization
levels All the theoretical analyss presnted in this sectionrequires experimental

validaion in thefuture
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Figure 4.15:Polarization build-up process with respectto diff erent exchangerates.

4.5 Concluson and Outlook

In this chapte, we introduce a novel appach forimproving the SABRE signal
by increasingthe exchange rate of thdihydride via elevated levels of gsolvel
hydrogen gas. To enhance the solubility of logm we expgoredtwo distinct methods.
The first nethod bruteforce highpressue SABRE, involved simpy increasng the
pressureof hydroge gas, which led to anore than threéold increase irthe SABRE

signal. The second niieod creating a supercritit®&ABRE solutionwhich isaccordingly
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miscible with hydogen ga, faled to boost the SABREignal due b the compdition
between the CD usel as theSABRE solvent and hydrogen gas, whigduced the
efficiency of spin oder transferTo further improve tle polarizaion level, we conbined
the highpressure methd with the oscillating pulse metha preserted in the previous
chapter, anl numericaly demorstrated the peintial for an even greater enhameet.
Moving forward, we aim tox®erimenglly validate the effectiveness of this compits
method andattempt thesupercitical method with differert catlysts or solvents. By
identifying a caalyst that can prevent CO2 from competing with hydroggs in
bonding, which is not impossible loeuse wehave alreadpbservedha the ptosphorus
catalyst works much bettéhan IMes cadalyst or by dscoverng abeter siperaitical
solvent thatdoes not iterfere with the SABRE process, we can significantly enhtree
efficacy of the supercritical methodintil now, the observed increase fihe generabn
rate ofthetriplet HD signal with increasing hydrogn gaspressureprovides suyppott for
our hypothesis that theexchange ofthe dihydride alsoincreases. Taconfirm this
experimentally, weplan to use the 2D EXSYEKchangeSpectroscopyY method to

accurately mease theexchangeate in the future.
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Chapter 5: Attempt to Polarize Xenonwith SABRE
5.1 Motivation

Xenon has mique physical and cheoa properties tha make t usdul in a
variety of application$!”: 1*® Hyperpolarizedkenon ould be useds a comast agentri
MRI to enhance the images bktlungs,allowing for bettewisualizationof lung fundion
andthedetectionof lung di®ases.nl gasphase NMR hyperpolarized xenon can beeds
to study the surfaces of materials such as catalystslitee, and polymers provding
valuable insights i their structire am reactivity. kirthemore, hyperpoérized »>enon
can also be usea ienvironmental resarch to widy airsea exchange aratmosphert
chamistry. Overall, hyperpolarized xenon has the potetdiadvanceur understaning
of a range ofscientific and medical fidds, makng it an important area of search.
Nowaday, the nostcommon methoda hyperpolarizexenon is $in ExchangeOptical
Pumpng (SEOB. The procss of SEOP begins by introducingnaixture of rubidium or
cesium vapor anderon into a seald contaner with a bufer gas. The container is then
placed in astrong magetic field typically on the order of severdlesla. Next, circularly
polarized ligh is shae onto the mixture at a spBc wavelergth that matches the
resonanh frequery of thealkali metal atoms. This excites the atoms, causing them to
emit photons tat are absorbelly noble gas atoms. The noble gas atdines undergo
spin exchange collisions with the polarizelikadi metal atoms transfering their spin
polarizaton to the nobé gas atoms. This process leads to a buildup of polarization in the
noble @s, resultig in hyperpolarization. However, SEOP is extremely costly method

which makes it prohibitive fomost gplicaions. SEOP requres specializeegquipment
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suchas highpower lasers and strong magnetic fieldgjich can be expesive to purchase
arnd maintain These systemseed to be presely calibated andmaintained to ensure
optimal perbrmance which can add tothe cost. Moreove, the pr@ess of
hyperpoéiizing noblegasesusing SEOP is timeonsuming and requires a significant
amount of engy. The polariation process can take several hoursewven dag to
complete depending on the desired level of polatiiaa which @n drive up enagy costs.
In contrad, SABRE 5 a relatively rapid and costffective method for
hyperpolarization Successiul hyperpolaization of xenon usingABRE could grey
expard the application ofthis noble gas.So far SABRE has dewnstrated stcesstl
hyperpolarization of hndreds of different organic molecules; however, the
hyperpolarizabn of noble gases hasinyet been acleived. Noble gases akeown to be
inert anddifficult to react, as #y have complete outer electron shi€llake?®Xe as @
example whoseelecton configuration ad orbital diagramareshown in Fig. 5.1. Noble
gassareknown for their very low reactivity due to their Btlaelectronicconfigurations,
with completeoutemost electron shells. Thistable cofiguration makes it diffcult for
them to Ise or gain eldoons and form cheiwal bonds with other elements. However,
despite being a noble gassnon has been found to bepalle of reactinghemicaly
under certain conditions. This is due to the faat, thithoughxenon has a complete outer
shel, it has an otermost electron shell that is relatively largel @iffuse which makes it
possible for xenon to interasfith other elenents and molecules gpecificways that can
lead tochemica reaction$'® 2 Ore such way that xenon caeactis through the

formation of weak chema bonds, suclas van der Wals forces, betweents outer
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electrons and other molecules ams. These weak bonds allow xenon to form
compounds with certain@ments, gch as fluorine, oxygerand nitrogen, undespeific
conditions. Another way thatenoncan react ishrough the process of ionizatiowhere
it loses one or more electrons to becampositively charged ion. Bresultingxenon

ions can therreact with other ionsor molecules to form cheiral compunds.

:

5p
1 4d
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1 3d

Energy Level

= =
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Figure 5.1: Electron configuration of xenon.
Sinae 1962 hundreds of ngle gas compounds have been synthe&iz&d. In 2000 a
metalxenon compund with xenon directly bindingto gold was reated?,
demonstratig thepossibility of xenonmetal bondingWhile the formaion of chemical
bondsbetwesn xenon andransition meals n relatively rae andoften requres specific
conditions, it is possible arhas been observed in a nuambf differentcompound&®132
Such bonding is a preconditionrfthe hyperplarizationof xenon using SARE, as the
target substrateand thepardnydrogenmust bind to themetal center of the catalyst in
SABRE Therdore, the creatiof xenonmetal bonding ha opered up the possibility of

hypermlarizing xenon with SBRE.
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5.2 Current Experimental Observations

Given the limied understanding of thadium-xenon bad, wetried the simpest
SABRE methodirst, continuous wav&ABRE-SHEATH, to testwhetherSABRE could
potentially achieve successfpblarizaion of xenon Three diffeent SABRE catalysts
(shown in kg. 5.2) were aailable for testingand e&h was tried separatelying ahigh
pressure setup, which alled for gas presire adjushentand easy recyalg d xenon
gas. Theexperimenal procedurewas as follows(1) The hgh-pressure sample lhe wa
fill ed with250 pL of SABRE solventard 1 mg of one othe SABRE caalysss. (2) Pure
xenon gas wathen loaded into the tube and pressurizeitbars (3) The ube was then
loaded with prahyrogen ad pressurizedo 200 bars shaken igorously to acteve a
homogeneous sation. (4) The tube wasealed and left fortdeast 3 minutesto fully
activae the catalyst. (5) The solution was thieozenby immersng the sample tud in
liquid nitrogen, anl then hydrogen @s was rieased. (6)Till the sample varmedup ©
room temperature fresh pardnydrogen gas was then reloadeshto the tubeand
pressurized to 200arsagain Subsequentlyseaédthe tibe andvigorouslyshook it for a
couple of nnutes (7) A CW SABRESHEATH experment wasperformed with the
magnetic field ad sample temperature wad, but unfortunately, no hwppolarized
signal was detecte

However, an nexpectephenanenon was bservedduring the experiment. After
the addition of xeno gas but befre the inroduction of hydrogen gas the dak red
solution containing the first calyst (Fig. 5.2(a)) lost its color and tured m@le yellow.

This fading effetwas ungue to the firscatalyst ad was nobbserved with thetbertwo
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Figure 5.2: Molecul ar diagram of the three available SABRE catdysts.
catalyss. The color change wagerified usingthe UV-Vis mettod, as demonstrated in
Fig. 5.3(a), which compaes the absorption spiea of the samfe befoe and after the
additionof xenon @s. Inthe absece of xenonthe red curve exhibits atrption of blue
andultraviolet light nd therefore appears red. In castr, the blak curve inthe presence
of xenon absibs a sall portionof blue light and ultraviolet light, and thus apgars pale
yellow. Howeve, upon closr inspection of the absorptigreaks inFigure5.3(b), it can
be obseved that both samples absoight of the same wavelength, wibnly differences

in theamount ofabsorption
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Figure 5.3: (a) A comparison of the absorption spectra of the sanple before (red) and
after (black) the addition o f xenon gas.(b) Zoomin of the absorption peaks.
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The color change in the SABRE &dgion suggested that the chemical bonds
assocated with tle central metal underwent a ahge. Fpically, in the ativation process
of SABRE, tle cyclootadiene moiety is hydrogeteal and renoved from tle Indium
comple, resulting ina colorlessandtransparent liguidHowever, in this case, the color
change wasau®d by the introduction of xenon gas simygrogenaion cauld na occu
before the additio of hydrogen gas. To inviggate the effect of xen gas, the proton
spectrum 6the sample was comped with and without xenomhe solvent used was
liquid mixture of 150 uyL DMSO-d6 and 10QuL methanold4, becausethe catalyst has
low sdubility in pure methanol buis relatively more solublen DMSQO, while xenon has
low solubility in DMSO but is relatively more soluble in methanol. The uppeen
spedra in Fig 5.4 representthe sample after thaddition of xenon while the lover red
specta representhe sample before thaddtion of xenon.The peak , ,and in
the lower spectrunof Fig 5.3(a) belongto the aromatic groum the catalyst, the peaks

, ,and belongto the cyclooctadiene moiety; Tipedk refers to the methyl
group in the catalyst The peaks and are the residual methanol ahDMSO,
respectively. The only peakn the lower 3P pectrum isrepresents th&'P atombinding
to the iridium certer. The signficant difference between ése specta suggests that
xenon reacted with theatalyst resulting in the observed color fadingTherdore, in
addition tothe freespecies of xenw, there sbuld alsoexists abound species ofexnon in
somecommunds even though # concentrationof which is low. However, only the
signal ofthe ***enonatomwas detectedill ustrated in Fig5.5), and no bound specée

wasobservedasexpecte even after drequency range of thousands of pprhis may be
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Figure 5.4: (a) Proton spectra and (b) 3P spectraof the SABRE sample before (upper) and
after (lower) the addition of xe non.

becaisethe sampleoncentation is too low, resultingh an extremely low sigal to noise
ratio. Or it could be because thexchange rate betweehdbound ad free x@on is too
fast causing tw signabk to merge into oneMoreefforts are needet reveal the truth.
To figure out theconfiguration ofthe SABRE complexin the presencefxenon
we executedseveralmore experimentsrig. 5.6 illustrates(a) the 3P decoupledroton

sped¢rum and (b) the proton decoupled'P pectrum é the SABRE samplein the
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