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Polarized nuclear targets are a crucial tool in particle physics experiments for accessing spin
dependent observables. Current experiments use dynamic nuclear polarization (DNP) to generate
high levels of spin order, achieving polarization levels in exae88% for the'H nucleugl,2].
While DNP targets have been very successful, they suffer from depolarization effects with high
intensity beamsand thus are unable to be used at the intensity frontier with the upcoming

generation of accelerator facilities.

This thesis assesses the capability of a recently developed nuclear polarization technique, Signal
Amplification By Reversible Exchange (SABRE), to address the issues facing DNP targets. SABRE
catalytically converts the high spin orderpafrahydrogen into nuclear spin polarization. It operates

in the solution state at room temperature within weak applied fields, generating the polarization

on timescales of seconds.

Chapter2 assesses the factors that affect polarization transfer efficiency through SABRE, also
presenting the synthesis of a novel selectiveuterated substratdor SABRE3,5pyridine-d,. In
Chapter3, the factors affecting spin order relaxation in SABRE substrates are investigated, finding
that the minimal rate of spin order relaxation for 3ichloropyridine is achieved at close to room
temperature and in fields not exceeding 1 testhapterd presents the first ilbeam measurements

of the resilience of SABRIBlarized material to an incident particle beam, performed at the Mainz
Microtron facility. Here it is found that there is no evidence for a depolarizing effect in the samples
subject to the A2 photon beam, and that a sample subjed high radiation dose from proximity

to the electron beam dump in the A2 Hall exhibited significant repolarizaliit¢haptei5, the
development and performance of a prototype SABRErized target is presented, with

polarization levels in excess 20% being achieved with the substrate -pyridine-d,.
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Chapterl - Introduction

This chapter will provide the theetical backgroun@nd an overview of the literature that waid

in understanding the aims and contents of this the$ise primary aim of this thesistis evaluate

the capability of a recently developed nuclear polarization method, Signal Amplification By
Reversible Exchange (SABRE), to address the shortfalls of current potaritesr targets in
nuclear and particle physics. It will start with an overview of the current status of polarized targets,
the impact theyhavehad on the field to date, and the challenges they face at the intensity frontier
of particle beam experiments. It will be followed by a section explaining the fundamentals of
magnetic resonance imaging, which has been a crucial tool for the study oizedlanedia in this
thesis. Following this will be a reviewgErahydrogenbased polarization methods, with a focus on

the SABRE nuclear polarization method. Lasitre will be a summary of the aims of this thesis.

1.1Polarized nuclear targets

A polarized nuclear target amaterial in which there is a high alignment of the nuclear spins in a
specified direction, resulting in a net polarizatitimat isused for scattering experiments in particle
physics. Polarized targets are a highly desirable fixture at particle beam facilities internationally.
The scattering (or absorption) of particles by nuclear targets in which the intrinsic spin of the
nucleus carbe oriented in space gives access to observables that are far more powerful than
measuringcrosssections alone. Since the development of polarized nuclear targets in the 1960s,
YFE22NJ LINEINF YYSE dziaAft AT Ay3d GKSY KIFE@BS 6SSy Ay
revealed the nature of the structure of nucleons and tested the funglat@ls of quantum

chromodynamics.

At the nucleonic level, measurements of the proton and deuteron spin structure functicarsdg
oz have provided information on how the spin of a nucleon derives from its constituent quarks and
gluons. The measurements have been made at $ A CERNb] and DES)6] using polarized
lepton beams and polarized proton/deuteron targets. Additionally, polarized photon beams have
been used with polarized targets at Maif72 and Bonr8] in order to experimentally verify the
GerasimovDrelkHearn (GDH) sum rule, which relies on the base assumptions of quantum field

theory.



1.1.1Introduction to polarized nuclear targets

The degree of polarization of the target material in a polarized nuclear target is quantified by the

parameter0, where:
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Here, O« and 0s are the populations of the spin states that are aligned parallel (spin up) and
antiparallel (spin down) to the measurement axis. A valué of p denotes a complete alignment
of the spins in one direction, whil§t Tt signifies no net alignmenfThe thermal equilibrium

polarization for electrons, protons, and nuclei witB@n quantum number of % given by:

~ . ~[ 206 )
OAT &= O 11,

i’

S
5
o
<

C

where9 is the reduced Planck constar® is the Boltzmann constantyis the temperature| is

the gyromagnetic ratio and is the magnitude of the applied field.

As can be seen from Eqg. 1.2, the thermal equilibrium polarization of protons increases with
increasing magnetic field strength and decreasing temperature, however even at conditions such
as2.5 T and 1 K, the expected polarization of the proton is only 0.25%. For harnessing polarized
targets for spirdependent scattering effects it is hecessary to have a polarization as close to unity
as possible, and thus it is clear that polarized nuclaegdts need to make use of naguilibrium

polarization levels.
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the high equilibrium polarization of the electron could be harnessed for nuclear polariz@jidte

proposed that this could be achieved by creating a large population difference in the spins of

conduction band electrons in metals, where the transfer of electronic spin to nuclear spin could be

induced through microwave irradiation. This proposal gagied a method for achieving high

nuclear polarizations which would have otherwise been unachievable, and utilized the fact that the

gyromagnetic ratio of the electron is orders of magnitudgher than that of the proton,l®wnin

Tablel.l. Under the aforementioned conditions of 2.5 T and 1 K, the thermal equilibrium

polarization of the electroms 92%.



Tablel.1- Gyromagnetic ratios of the electron and proton.

Particle Gyromagnetic ratio s (rad s' T?)
Electron 1.761x 10"
Proton 2.675x 10°
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proposal was extended to nemetals by Abragam in 19951]. The first experiment using a
polarized nuclear target was performed by Abragam et al. at Saclay in[12jGgihd was quickly
followed by the first high energy experiment performed by Chamberlain et al. at Bef&y his
experiment involved piomproton scattering on polarized protons in a crystalline LMN
(LaMgs(NGs)1200 H BQ) target produced using a method developed by Leifson and Jeffries termed

dynamic nuclear polarization (DNPM].
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polarization became the agreed term for the nuclear polarization technique that made use of
transferring polarization from electron spins to nuclear spins usiigowave irradiation at their
resonance frequency in a strong magnetic field. Thgoamg development of the DNP process has
made it possible to polariz#H and?H spins up to levelexceedingd0% and 50% respectivdly,
however the average polarization of a polarized target during operation is often less than this due
to beaminduced depolarization effec{d5], which will be discussed further @hapterd. The DNP
technique has also been applied to other nuclei, with notable results includindg®Zsp6larization

in pyruvic acid16], 80%'°F polarization in hexafluoroisopropar{di7] and the observation of DNP

enhanced’O signals in watd.8].

1.1.2DNP polarization mechanism

A simplistic explanation of the mechanism behind D¥\#&follows. The target material is prepared
by first doping a suitable solution ofvitith paramagnetic radicalsefore solidifying it by cooling to
temperatures ofaroundl K at fields of a feweslas (for Nkitargets the radicals are provided by
irradiation of the NHusing an electron beam). Here the radicptevide the necessary unpaired

electron spindor DNP

The dipoledipole interaction between the electron and nucleon spins brings the spin populations
into contact. Through microwave irradiation at close to the electron spin resonance frequency,
polarization can be transferred from the electron spins to thelear spindy utilizing the hyperfine

interaction[19]. Changes in the microwave frequency allow for the selection of polarization parallel

or antiparallel to the applied fielf9].



DNP makes use of the fact that the longitudinal relaxation rate of electrons (the rate at which the
spins return to thermal equilibrium polarization) is much faster than that of protons, meaning that
many electroato-proton spin transitions can occur befora proton spin relaxes towards

equilibrium.

1.1.3Experimental considerations of polarized nuclear targets

Important criteria for target materials in polarized targets are as follows:

a) Degree of polarization).

b) Dilution factor,”Q

c) Areal density() (nucleons cri).
d) Polarization builelip time (s).

e) Resistance to radiation damage.

f) Presence of other polarizable nuclei.
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and can be calculated as:
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The areal density of the material, (nucleons cm), can be combined with the beam intensit,

(particles &), to form the beam luminosity) 0 "Qwherel has units of Hz crh

The degree of polarization, dilution fact@nd beam luminosity can then be combined to produce

a quantity called the Figure of MeriQ¢ i
"0t 0 QO 8 018

This quantity is crucial to determining the effectiveness of a polarized target, as the productivity of
a scattering experiment is proportional to ti®¢ 0 For example, halving the polarization will
increase the running time needed for an experiment to achieve a specified accuracy by a factor of

four.

1.1.4Continuously polarizedrozenspin and brute force targets

Polarized nuclear targets have been used at numerous accelerator facilities worldwide, however
they have been a particular focus of Hall B at Jeffersonvidadre currentlyall three forms of solid

polarized target(continuously polarized, frozespin and brute force are utilized20]. In fact,
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detector to polarized targetR21]. For this reason, polarized targets at Jefferson Lab will feature

heavily in this section.

Continuously polarized

Continuously polarized targets were the first type of QidRirized target and are typically used for

high luminosity experiments that are prone to bednduced depolarization effects, thus needing
continual replenishment of the polarization. Typical operating conditions are around 5 T and 1 K,

provided by supemnducting magnets and¥de or*He evaporation refrigeratdi.9].

Initial experiments usedraLMN targef13], however a transition was made to target materials
with a higher dilution factor such as butar@R], propanedio[23], and ammonig24]. Butanol and
propanediol targets are typically chemically doped with the radicals necessary fof2BINP
whereas for ammonia targets the radicals are produced by irradiation of the target mdgtjal
NHs targets typically have higher radiation resistance than alcohol or diol tafy@lshowever they

also contain the unwanted polarized background nu€iiand®N.

Hall B at Jefferson Lab has recently constructed a ewitudinallypolarized continuously
polarized target for use with the CLIESupgradg21]. Here the operating conditions are 5 T,
provided by the CLAS12 solenoid, and, brovided using #e evaporation refrigerator, with the
target samples consisting of msized beads of frozen MNIDs. This target is anticipated to be able

to operate with luminosities an order of magnitude higher than the previous generfin

A key drawback of continuously polarized targets is their reliancéHenor“He evaporation
refrigerators, which necessitate constant operation due to the relatively short nucleon relaxation
time constant {Y) at these temperatures. In contrast, dilution refrigerators can achieve lower
temperatures, extending th&Y and reducing the need for continuous polarization. Continuous
polarization brings constraints on the acceptance angles of the spectrometer due to the large size
of the superconducting magnets needed. These constraints are particularly restrictive for low
luminosity experiments that desire a large angular acceptance from the spectrometer intorder
maximise counting rates. Continuously polarized targets do however benefit from a higher rate of

cooling power due to the use of an evaporation refrigerator, increasing the usable beam currents.

Frozenrspin
This poor angular acceptance of continuously polarized targets was addressed by the advent of
WT NRILB y Q [26]}medk Pabsible due to the development3sfe/*He dilution refrigerators

capable of temperatures as low as 50 mK. Fresgg@n targets utilize the strong temperature and



field dependence of the nucleon relaxaticatte, with the™Y extending from minutes at 1 K to days
below 100 mK19]. Thus, the principle of frozespin target operation is to polarize the material
under regular DNP conditions (e.g. 51TK), then maintain the polarization by dropping the
temperature to around 50 mK. This allows for a lower strength holding field to be used whilst
maintaining a longY. These holding fields can be provided by much smaller magnets which can

allow forangular acceptancef the spectrometer of almost'4 @

Frozenspin targets have been implemented at numerous facilities including at M2
Bonn[28] and Jefferson Lal2]. One such example is the frozepin targetat Hall B at Jefferson

lab, FROS[P], designedo be complementary to theontinuouslypolarized target at Hall B]. The
existing continuouslypolarized target had been used with strong electron beanrents ofup to

10 nA, however the 5 T superconducting magitiet was used for polarizing limited the
ALISOGNRYSGSNDAa I -6cérrediparicldosSte 25T ThisrgaNdsitlillIRed to the
photoproduction studies that were due to take place for the NSTAR programme for which
maximising angular acceptance was cru@al The smaller 0.56 T and 0.5 T superconducting
holdingmagnets used in FRQSfown in Figurel.l, allowed angular acceptance to be increased
to +135°, with the added benefit that the frozespin target can provide either longitudinal or

transverse polarization, a feature not available for the continuopslgrized target.

Figurel.l - Superconducting coils used to maintain the polarization of the FROST tahgeiein
spin moddor runs g9b (top) and g9a (bottom). The holding coil for run g9a measures just 110 mm
long and 50 mm in diameter. Frdj.



The target material used in FROST was butanol doped with the nitroxyl radical TEMPO {(2,2,6,6
Tetramethylpiperidinl-yl)oxyl). The butanol was formed into frozen beads before the addition of
the radical, followed by the addition of water prior to freezitogensure theformation ofa non
crystalline solidThe target was able to be polarized up to around 90% outside the spectrometer

over the course of % hours, using conditions of 5 T and ZZI0 mK[2].

Once the polarized target was returned to the spectrometer, operation was performed in the
holding magnetsvhile the target was maintained at temperatures of 30 nigurel.2 shows a
schematic of how FROST may be operated in a typical experiment. FROST was usezhliec so
GO2YLX SGS¢ LIK2 G2 LINRPRAzOGA2Y  SE LISaBinvulwlineadyK S NE
polarizedphotonbeam andalongitudinally/transversely polarized target were used, and facilitated
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A notable feature of frozespin targets is the extremely long lifetimes of the polarization that are
achievable.Figurel.3 shows how the relaxation rate of the proton polarization depends on
temperature in the absence of the beam, demonstrating results for the frapémtargesat Bonn
andJefferson L. It can be seen that for FROST, at temperatures of 30 mK tixetends to 4000

hours (167 days), taking over two weeks for the polarization to drop by 10%. With-tweanmning

a polarization loss of around 1% per day was experienced and data collecting runs lastd® for 5

days before the target was repolariz§].

Despite these successes, it must be noted that frez@n targets are limited to low beam intensity
experiments as the cooling power¥fe/*He dilution refrigerators is restricted by the phenomenon
of Kapitza resistand@9], whereby thermal phonons are unable to cross the interface between the
helium and the targetThis low cooling power restricts the rate of energy depositiorn taa occur

whilst keeping the target material withithe necessary temperature range for frozsepin

operation.

Polarize (+) Polarize (+
. Take beam Take beam
©
N
N Time
=) —>
o "\ Take beam

Polarize ( ) Polarize (-)

Figurel.2 - Schematic of the operation of the FROST target at Jefferson Lab[2Zfrom



1 1 1 n L |

0.02 0.05 0.1 0.2
Temperature (K)

Figurel.3 - Proton polarization relaxationonstantas a functiorof temperature measuredor the
Bonn frozenspin target at 0.42 Tcircles) andthe Jefferson Lab frozespin target at 0.56 T
(squares). Fror2].

Brute force

An interesting development coming from the advent of frosgmin polarized targets is the use of
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radicals or microwavéradiation. Brute force polarized targets of HD (hydrogen deuteride) were

first proposed by Honig in 19630] for their high dilution factor, where botAH and?H can be

polarized giving dilution factors of 0.67 and 0.33 respectively. The only material bettering this

dilution factor for protons would be molecular hydrogen, however this converts to its magnetically

inert parastate at low temperatures making it unable to be polarized. THagvbackof brute force

polarization are that without the utilization of the short relaxation constant of the electrons as in

DNP, polarization buitdp is exceptionally slow.

An example of the utilization of a brute force polarized target is HDice, used at Hall B at Jefferson
Lab[31]. Here, in order to achieve the necessary high thermal equilibrium polarizafiasheo
nucleons the polarizing conditions used were 15 T and 10 mK, significantly more extreme conditions

than are necessaripr DNP.



In order to address the long polarization build times, the HD target was doped with small
quantities ofortho-H; (o-H,) andparaD. (p-D.) which polarize on much shorter time scales and
readily transfer spin to HD. AsH; and p-D, are metastable states, they eventually decay back to
their magnetically inert states. This process happens whilst the polarization of the HD target builds
up, allowing the target to exhibit a loriy post-polarizing[19]. Even after doping, the polarization

build-up on an HD target takes montf&0].

Brute force targets are also operated in frozgmin modeY S| yAy 3 GKF G 26 SN ¢
fields can be used during operation. HDice was successfully used at Jefferson Lab for tagged photot
experimentq20], however experiments with electron beams showed rapid depolarization effects

due to the production of radicals the target materia[31].

115¢ KS Wt N2dG2y AaLAY ONRAAAQ

One of the most notable uses of polarized targets in nuclear and particle physics is in the
investigationinto how the spin of nucleons is distributed amongst their constituent partons, the
valence quarks, sea quarks and gluons. The distribution of spin in the proton is parametrised by the
proton structure function, g and has been a key subject of interest in the particle physics

community for decadef32].

In 1988 an experiment studying the structure factarwgpas performed by the European Muon
Collaboration (EMC) at CERN using a beam of polarized muons and a polarizg8targee they
obtained a result that sent shockwaves through the figlge proportion of the spin of the proton

that came from the valence quarks was consistent with zero to within error. This result sparked the
LINPOESY (y2é6y Fa (GKS aGLINRPG2Y aLIAYy ONRAAEE GK

In the experiment by the EMC, gvas calculated using the virtuphoton spirdependent

asymmetry A where Awas a measured scattering asymmetry
O 1

and'Q,™ ™ is the cross section when the lepton and nucleon spins are parallel (antiparallel).



1.1.6Trouble at the intensity frontier

With a new generation of accelerator facilities, there is a need for polarized targets that can operate
at the intensity frontier, such as with the 12 GeV upgrade at Jefferson Lab and the upcoming
Electronlon Collider at Brookhaven National Laboratory. The luminosity and beam energy
achievable by this new generation of particle accelerator capablem&eattering (key for new

physics searches) is shown relative to current generation facilitiegimel.4.

Depolarization effects are frequently observed in current polarized target experiments and will only
get worse with increasing beam energies and luminosities. These effects have been observed for
all forms of solid polarized target, including the brutec®target HDicg31], the frozenspin NH

target at COMPAY$5], and the continuously polarized MHargets used SLAC and at
CLA$2[33,34]

The main mechanisms for depolarization are bdamating effects, taking the target away from its
optimal operating temperature, and the production of paramagnetic radicals, which cause
relaxation through dipole interactions. For the upgraded continuouslginzed target at Jefferson
Lab Hall Bpart of the newest generation of DNP targethe target material has to be replaced
every 23 days of running at 8 nA due to radiation dam§gfs]. For the upcoming Electreion
Collider at Brookhaven, the projected beam current fgr scattering at 12 GeV is 2.5 A, otwo
orders of magnitude higher than at Hall BNP targets are unable to be used under these

conditions, and thus there is a desire for polarized target technologies that can.

An example of such a technology that could address the issues with DNP and brute force targets is
the nuclear polarization method Signal Amplification By Reversible Exchange (SABRE) which will be
discussed irSectionl.4. SABRE is a technique that catalytically transfers spin order from a spin
isomer of molecular hydrogen (callgghrahydrogen) to the target material, operating at room
temperature and building up polarization on timescales of seconds to minutes, rather than hours.
Room temperature operation should mean that SABRE is less sensitive to beam heating effects, and
fast polaization buildup should make SABRE more resilient to radichiced depolarization

effects.

10
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1.2Magnetic Resonance

1.2.1NMR basics
Spins, energy levels and sensitivity

Nuclear magnetic resonance (NMR) is a powerful analytical technique which gives information

about the local magnetic environmebf nucle within a sample and can be applied to any

magnetic nuclei. A magnetic nucleus is any nucleds & R2Say Qi KI @S 062G4K Iy S¢@
protons and neutrons, and thusas a nonzero spin quantum numbéy, 1. A nonzero spin®

results in a magnetic dipole momers, via the relation

D ['W O rpd
wheref is the gyromagnetic ratio of the nuclgu

When a magnetic nucleus is placed in an applied field the magnetic quantum numhgithe spin
component along the axis of the applied fietdking valuesfrom “Yto "Yin integer steps,

resulting ing"Y p angular momentum states. Thus
Y a9 O 1
Y o O &y
where"Y and‘ are the components of the spin and magnetic dipole moment indihection of
the applied field.

In NMR spectroscopy sample is placed inside an NMR spectrometer which contains a strong,
uniform magnetic fieldcausng the precession othe nuclear spins in the sample. These spins

precess at the Larmor frequency
1 e O ripdo

where] is the angular precession frequency andsBhe magnitude of the applied field. The spins

will align either parallel or antiparallel with the applied field, with corresponding energies of:
0 ‘pt 6P ‘0 [ @6 Opd m
which for a spirl/2 nucleus (such a#,*3C,*N, °F) results in

O 196 Orpd p

30 19206 8 OrpD ¢
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The transition from the lower energy to the higher energy state can be driven by the absorption of

a photon exactly matching the gap between energy levels, such that

Q 19206 O o

SRR Oripd T
where () is the (reduced) Planck constahtis the gyromagnetic ratio of the nucleus, is the
magnitude of the applied field aridis the frequency of the photorzor NMR spectrometers,will
lie in the radiofrequency (RF) range. A common field strengthridisRspectrometer is 9.4 T,
and thus following fronEq. 1.14the frequencyof a photonneeded to excite the spin of &

nucleus is 400 MHz, the same as the Larmor frequency for that nuéleushis reason,he field

strength of an NMR spectrometer is often quoted in MHz for convenience.

NMR is a techniquethat relies on the net magnetic moment of a sample. It is favourable
energetically for the spins to align with the applied figldwever this alignment is opposed by the
random thermal motion of the moleculeslriving the system to a state where the magnetic
moments have random orientatiorj87]. The energy of this thermal motiat room temperature

is much greater than the enerdgvels corresponding to different spin states, and thus the thermal
motion easily disrupts the alignment of the magnetic momdB#@. As it is slightly favourable
energetically for a magnetic moment to align with the field, this results in an effect across the
sample called bulk magnetization, a slight net alignment of the magnetic moments in the direction
of the field.

This bulk magnetization is otherwise described as the thermal equilibrium polarizaititime

sample0 ,and can be quantified as

-

o
<

- Ow Os . .. J BAT 20 O
V] — - - v
Un Us C Y
where Ox and Us are the populations of the spin up and spin down statesis the Larmor

frequency,Q is the Boltzmann constarand”Yis the temperature

This is a simplification as most spins cannot be neatly classified as wholly spin up or wholly spin
down.Egm®mp &aK2ga GKIG G NR2Y GSYLISNI G§dzZNB 6 H dy
magnetic field strength (50 uT), the thermal equilibrium polarization dHanucleus will be

1.7x 10 For an NMR spectrometer, sensitive to the bulk magnetization, this is equivalent to only
seeing roughly 1 in 6 billion nuclei. As can also be seen in Eq. 1.15, the thermal equilibrium
polarization can be inemsed by using a strong applied magnetic field, as is done in NMR

spectrometers. Keeping at 298 K and increasing the field strength to 9.4 T results in a polarization

13



of 3.2 x 1, an improvement by over 5 orders of magnitude. This still only corresponds to seeing 1
in over 30,000 nuclei, a number which only gets worse for nuclei with a smaller gyromagnetic ratio
such as3C and"N.

The fact that an NMR spectrometer is only sensitive to circa 2°inutlei is why NMR onsidered

a low sensitivity analytical technique. In comparison with other EM spectroscopies suchvas UV
and IR, the sample concentrations needed are orders of magnitude HgfleAs the sensitivity of

MR imaging is directly proportional to the polarization of the sample, there is huge potential for
sensitivity improvements by analysing samples that have highegoilibrium spinpolarization,
termed hyperpolarization. Hyperpolarization techniques have been available since almost the
invention of NMR, however they have gained in popularity more recently since medical imaging
applications were realized, starting with lung imagingingsoptically pumped?®Xe[39].

Hyperpolarization techniques will be discussed further in the subsequent section.

FIDs and FFTs

As previously explained, magnetic nuclei have a magnetic moment and precess in an applied field.

It is helpful to think about an NMR experiment in terms of the net magnetic moment in the sample,
rather than thinking about individual spins, as it is the nedgnetization vector that can be
detected in an experiment. This net magnetization vector is stationary and aligned with the applied
field when the sample is at equilibrium, however if it is tipped away from the axis of the applied
field it will undergo pecession, tracing out a cone shapdis is shown ifigurel.5. The angle the

magnetization is tipped by, denoted asis krown as the tip angle.

This precession of the magnetization vector is what is detected in an NMR experiment. It is used to

VVVVVV 1%

AYRdAZOS | OdNNByd Ay +F RSGSOG2NI O2Af 6KAOK A&

signal (FID). In a typical NMR experiment, a tip angd@vfs used, which rotates the magnetization
into the X¥plane. As seem Figurel.6a, an FD takes the form of a damped sine wave. Due to the
geometry of the detector coil, the detected sigraisesfrom the component of the magnetic
precession in the Xplane, thus the FID sighal decays as the magnetization vector returns to its

equilibrium position as can be seen Figurel.6b.

HDs are recorded as a tim@omain signal, whereas the useful information in an NMR experiment
is in the frequency domain. To extract the component frequencies of an FID, a Fast Fourier
Transform (FFT) is performegroducingan NMR spectrum, an example of whichsisown in

Figurel.6c.
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Figurel.5 - lllustration of the precession of the magnetization vector once tipped by an angle

Recreatedrom [37].
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Figurel.6 - a) Close up of the FID sigramprisedf many sample points of the induced voltage in
the detector coilb) Full FID signat) Resultant spectrum after a Fourier Transform is performed on

the FID.
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Spectrums, spicoupling and multiplets

NMR spectra contain multiple peaks, rather than a single peak at the Larmor frequency of the

nucleus of interest, due tthe local magnetic environments in the sample. These local magnetic
environments contain the information necessary to distinguish chemicals from each other and are
part of why NMR is such a poweranalyticatool. Thesdocal magnetic environments in a sample
result in a slight changing of the Larmor frequency for each nsclend are caused by the
distribution of electrons in chemicdlonds[40]. It is thus possible to gain information about
molecular structurs in the sample by analysing the distributions of frequencies in the NMR

spectrum.

The frequency position of a signal in an NMR spectrum is called the chemicalf #ftobserved
Larmor frequency i5 3, then’ is the reference frequency for that nucleus asd is the
chemical shift in Hg0]. For 'H NMR the chosen reference frequency is the signal from
tetramethylsilane TMS [40] which has the useful property of containing 12 magnetically
equivalent protons which produce a strong singlet peak. Chemical shifts of signals are typically
quoted in parts per milliorffppm) rather than Hz, where the ppm shift is the fractional shift from

the reference frequency and isefully independent of the field strength of the spectrometer.

Alongside the information that can be gained from the chemical shift of a signal, information can

also be gained from its multiplicity. Spipin couplings coming from throudtond interactions

between nuclei in a sample result in the line splitting obreenceq40]. These couplings are called

Jcouplings and their strength is measured in Hz rather than ppm due to being independent of the

external field. ‘ouplings produce splitting patterns where the multiplicity of the line splitting

equals¢ p (for H), where¢ is the number of nuclei in the neighbouring group. The relative
AyGaSyariaAarsSa sAGKAY GKS YdzZ GALX SG F2tt26 tl aoltfQa
characterisation of a sample, for example Hpeakis a doublet/triplet/quartet, then there must

be 1/2/3 protons in the neighbouring group.
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1.2.2NMR relaxation
Longitudinal and Transverse relaxation

Longitudinal relaxationY) is the process associated with thee@mponent of the magnetization

returning to equilibrium from a nomquilibrium state. This quantity governs the rate at which
repeated scans can be taken in an NMR experimmamdone typically needs to wait a period of 5
“Ys before the sample is considered sufficientiglaxed (seeFigurel.7b). It also governghe

relaxation of hyperpolarized signals, which decay as:

MO - OQ )
-0
QéEdl g 6 Y8 0D ¢

where™B0is the signal enhancement factaeris the maximal signal enhancemedis the thermal
equilibrium signa(+/- 1 for positivelynegativelyenhanced signa) andois time. This decay of the

signal enhancement is shownHhigurel.7a.
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Figurel.7 - a) Hyperpolarizedy decay b) ThermalYrecoveryhereb 0 FU j is the longitudinal

magnetization as a fraction of the longitudinal magnetization at thermal equilibrichYZY
relaxation.
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Transverse relaxatiofiY) is the process by which the X¥mponent of the magnetization returns

to its equilibrium value of zero. This process occurs from the dephasing of its component spins due
to differing precession frequenciegthin the samplewhich occurgor two reasons. The first is the
difference in Larmor frequencfor different nuclei in the sample due to their local magnetic
environments- this causes puréY relaxation. The second contribution is from inhomogeneities in

the applied field, with the time constant for samples relaxing due to both effects beinged Y.

“YX'Y relaxation(shown inFigurel.7c)determines the length adicquisition timeghat can be used

in an NMR experiment. 1¥ is short, leading to short acquisition times, then thésultsin broader

peaks in theacquiredspectrum reducing the quality of the information that can be gatherEdst

“Y relaxationcan be accommodated for with theseof special pulse sequencesuch ashe Carr

PurcelMeiboomGill (CPMG) sequenf#l]g KA OK OFy WNBF¥20dzaQ GKS YIF3IySial

Relaxation mechanisms

The dominant forms of relaxation for splii2 nuclei are the dipolar mechanism and chemical shift

anisotropy. The dipolar mechanism is relaxation caused to a nucleus by the rotating magnetic

moment of nearby nuclei. The strength of the effect is dependent on the distance between the two

spins, the gNB Y 3y SGAO NI GA2 2F GKS &LAy O2y{iNRodziAy3d 0;
JeNRYIFIySGiAO NI GA2Z2 2F (KS & LN DdindbastbrSefd@asy 3 NBf | E I
with distanceji,as—> YR GKdza A0 A& aAGNRy3afeée RSLISYRSyl 2y i
ydzOf SAd ¢KS STFSOG AyONBlIrasSa ¢gAGK (GKS FeNBYIFIySGac
moment of the nucleus is proportional tqg as well as increasing with the gyromagnetic ratio of the
WNBf+FESRQ ydzOf Sdza & GKS NIrGS +Fid 6KAOK GKS t20!L ¢

proportional tof .

Another source of relaxation similar to the dipolar mechanism is relaxation by paramagnetic
species. Unpaired electrons in a molecule also generate local fields in an analogous way, however
due to the much larger gyromagnetic ratio of the electron compdeethe proton this effect can

be particularly strong. A common source of paramagnetism in NMR experimenis which is

necessary to remove if low relaxation rates are required.

Chemical shift is the phenomenon whereby in the presence of a strong applied field the electrons
in the molecule give rise to a small induced local field at the nucleus, therefore the nucleus
experiences the sum of the applied field and the induced fi€hds local field is not necessarily

aligned with the applied field and can thus act as a source of relaxation called chemical shift
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anisotropy. This effect is less pronounced#drwhich typically sees a chemical shift of a few ppm

and is more pronounced in nuclei sucht#3 for which the chemical shift can exceed 100 ppm.

Rather than these local fields themselves, it is their time dependence that drives relaxation.
Rotational motion of the molecules in the sample causes these local fields to vamyn(sn
Figurel.8), with the rate of rotation being described by the correlation tirie,the average time
taken for a molecule to rotate by one radian. The correlation functiorf, , describes the time
dependence of the rotational motion throughout the samgls Fourier pair, the spectral density
function, 0] , gives the frequency distribution of the motion. The rate of longitudinal relaxation
("Y) is dependent on the magnitude of the spectral density function at the Larmor frequency of the

nucleus ]

-
Do

Figurel.8 - Variance in the locamagneticfield occurs due to molecular tumbling. Reproduced
from [37].
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1.3Hyperpolarization in NMR

Hyperpolarization has been used in NMR since the 1pB043] with DNPNMR being utilized to
I RRNB A a bawQa AYKSNBy aSyardArorie AaadzsSo 1 & LISNL
inaccessible for decades until in 1986 Bowers and Weitekamp theorised a hyperpolarization

method utilizing the high spin order pharahydrogen[44].

1.3.1Paréhydrogen

Molecular hydrogen, Klis formed from two coupletH nuclei and can exist as either of two nuclear
spin isomers, the triplet stateprthohydrogen ¢-H.) or the singlet stateparahydrogen p-H,).
Orthohydrogen has spif® p and is triply degenerate wheregsrahydrogen has spif® mand

has no degeneracyhewn inFigurel.9. Thepara configuration of His energetically favourable,
however at room temperature the difference between the spin energy levels is negligible compared
to the thermal energy of the moleculand thus each of the fouspin states are almost equally
populated, resulting in a 75:2%tho/pararatio, asshownin Figurel.10. It ispossible to enrich the

p-H: fraction by sufficiently cooling the:Hn the presence of a ferromagnetic catalyst such as
iron(lll) oxide or activated charcoal. Using a liquid nitrogen coglatbhydrogen generator
operating at 77 K would allow formH. fraction of 52%, whereas by taking #fbwn to its boiling

point of 20.3 K it is possible to achieve-bk fraction of up to 99%][45].

1.3.2Parahydrogeninduced polarization (PHIP)

A year after Bowers and Weitekamp theorized of a hyperpolarization method paragydrogen,

they successfully executed the fipdrahydrogeninduced polarization (PHIP) experiment with the
hydrogenation of acrylonitrile to propionitril¢Figurel.11) [46] in anexperiment they termed
Parehydrogen and Synthesis Allow Dramatically Enhanced Nuclear Alignment (PASADENA). PHIP
involves the incorporation of parahydrogen molecule into a target molecule at the location of an
unsaturated bond, mediated by a hydrogenation catalyst. These molecules then retain the
magnetisation of the incorporatep-H, molecule, vastly altering the populations of the spin states
compared to the product molecule withoyp-H, incorporation[47] and allowing for greatly
enhanced NMR detectability. It is important that the symmetry offiie, molecule is broken upon

incorporation, ag-H; by itself is NMR silerjt8].

This technigue came with numerous advantages in comparison tcNINWR. It was able to be
performed at room temperature without the need for sophisticated hardware, and the polarization
could be generated in seconf#6]. It did however come with a number of drawbacks, such as that

the PHIP target molecule must have available an unsaturated precursor that can undergo a
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hydrogenation reaction witlp-H,, alongside the fact that the polarization process is irreversible,

meaning that each sample may only be polarized once.
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Figurel.9 - Spin states of molecular hydrogétere the diagram gives a pictorial representation of
the total spin "Y and spin projectiont . ForsY& sYaand sYg Y p and & phth p
respectivelyFors™, Y mandd 8
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Figurel.10 - a) ortho/parahydrogen conversion percentad® ortho/parahydrogen conversion
ratio.
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incorporating parahydrogen into propionitrile.
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1.4Signal Amplification By Reversible Exchange
(SABRE)

The aforementioned limitations with PHIP are the issue that SABRE set out to solve. Signal
Amplification By Reversible Exchange (SABRE) is a variant of PHIP that takes an alternative approach
to harnessing the high sporder ofparahydrogen. SABRE is a technique first demonstrated in 2009

by Adamset al.[49] that catalytically transfers the high spin order presentpii, to a target

molecule without the need fop-H. incorporation.

The precatalyst used in SABRE is typically of the form [Ir(NHC)(COD)CI], which undergoes
hydrogenation and substitution reactions in the presence pahtl the target substrate to form

the active catalyst, such as [IrtHNHC)(Sub]Cl. Here NHC N-heterocyclic carbene, COD = cis,cis
1,5cyclooctadiene and Sub = the target substrate. A simple SABRE solution would involve four

components, the catalyst, the substrate, a solvent and a suppiytbf
The SABRE polarization process involves the following steps:

1. Active SABRE catalyst is formed through hydrogenation and substitution reactions of the
SABRIgrecatalyst (se€igurel.12a).

2. Ap-H: molecule replaces the hydrides of the active catalyst and acts as the source of spin
order for the polarization step.

3. Jcouplings (spirspin couplings mediated through chemical bonds) between -
derived hydrides and the target nucleus facilitate the transfer of spin from piié
molecule to the substrate, leaving it polarized.

4. The polarized substrate dissociates from the catalyst and returns to solution. The substrate
is chemically unchanged and is free to be polarized again.

5. The vacant site on the catalyst is occupied by another substrate molecule and the process

repeats from step 2, accumulating polarized substrate molecules in solution.

1.4.1SABRE magnetization transfer

SABRE magnetization transfer occurs whét, is incorporated into the active SABRE catalyst
through oxidative addition. Thp-H; protons couple to therans-bound substrates through a -J
coupling network, facilitating spin mixing. This process typically takes place at a levabasiing
(LAC) where polarization transfer is most efficigg,51] LACs arise at a magnetic field in which
two energy levels, corresponding to quantum stagéand s would otherwise cross but due to
spinspin coupling the degeneracy of the states is removed and the states avoid cri@€ginan
illustration ofan LACF 2 NJ | 'y ! | Qis shéwhiiFjfurel.d33a (1 S Y
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Figurel.12 - a) Formation of active SABRE catalyst. b) Magnetization transfer fridpderived
hydride ligands to a ligated substrate. The substrates are in reversible exchange with the catalyst.

¢KS 1l Q. 3&e& FijuBY14)dsa Kimdplisfic yat Yielpful approximation of the spjstem
involved in SABRE. This is a system where the couplin¢here the coupling between the two

p-H: protons) is much larger than the couplings andv  (the similar but inequivalent couplings
between thep-H, protons and the targetnucled® Ly |y 11 Q. &ALRAY &aéai:
brought together at the LAC agd¥|GandsY! & wheresYands'Y dare the singlet and triplet spin

states of p-H.-derived protons, andg dand § dare the two possible spin states of the-le-
polarized nucleus. When the statg¥|tdand $'Yf aare brought together at mLAC, spin mixing
between the two states is possible, as can be seen in Eqg. 1.17. If the system is created with an
overpopulation of thes'Y|astate, then the dominant transitions will ke a© ¢ GandsSY© Y

the conversion of an unpolarized spin to a polarized spin and the converspmrabfydrogen to

orthohydrogen respectively.

SYiaf gYr a O 1® X

The evolution betweergY|dand SYT ais reversible and oscillatory in nature, thus for efficient

polarization transfer it is necessary that the coupling from ke, derived hydrides to the target

nuclei lasts a specific amount of time, nameély B E— [52], whereO , 0 are the

coupling strengths between the hydrides and substrate iifBak An illustration of thiss shown in

Figurel.15. The transfer efficiency can be altered by altering the length of time the substrate is
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bound for, for example by changing the active catalytic speBiae.to the difference in coupling
strengths between the hydrides and nucleus for different nuclei, the LAC field variesH For
polarization the LAC is met atillitesla field§50-52], whereas fot*C/°N polarization the transfer

field is an the order of microteslg53-55].
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of the polarization achievable for'el nucleus. Reproduced frd62)].
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from [52].

1.4.2SABRE substrates and nuclei

SABRE is a technique that is amenable to a large variety of typically nitogeining substrates,
with the stipulation that the substratenustcoordinate to the iridium catalyst. Some of the classes
of substrates that have been polarized by SABRE include pyrjdh&6,57] amined58],
nitriles[59] and diazole$60], shown inFigurel.16.

A recent development in SABR&sed hyperpolarization has expanded the scope of molecules that
can be polarized by SABRE. In 2018 Roy et al. demonstrated that subsequent to the transfer of
polarization to a substrate molecule, tipeHx-derived polarization could be further transferred to
another molecule, here demonstrated by the polarization &fFanuclei inside a tetracoordinate Pt
complex[61]. This technique was named SABRHay and was theorized at the time to be a way of
polarizing classes of substrates that are not amenable to traditional SABRE. This theory was then
realized in 2019 when the SABRElay effect was demonstrated for the redal polarization of
alcoholg[62], which are unable to coordinate tithe iridium catalystin order to receive direct

polarization transfer.

With the increasing interest in using hyperpolarized molecules for biomedical imaging, in 2015
Truonget al. developed a technique for efficiently polarizing heteronuclei suck@sand™N,
desirable as imaging agents due their longer relaxation times in comparisth #his technique

was dubbed SABREHEATIb4] (SABRE SHield Enables Alignment Transfer to Heteronuclei) and
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operates auT fields, requiring the sample to be magnetically shieldethrge variety of magnetic
nuclei can be polarized by SABRE and SSBRBTH includingd, °C, *N, °F, 2°Sj, 3P, and
1195n[49,54,6366], however the most common arfél, *3C and>N.

The maximum reportedH polarization to date through SABREHs 63% polarization of a proton
site in methyd4,6-nicotinate-dz achieved by Rayneat al. [67]. This used variety of optimization
techniques such as selectitd labelling of the catalyst and substrate, use ofigands, and higher
than typical pressures. These techniques will be discussed further later oftNFdhe highest
documented polarization achieved is 79% in pyra®% which similarly made use of some of the

optimization techniques seen [B7].
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Figurel.16 - A selection of the classes of molecule which can be polarized by SABRE.

1.4.3Complementary techniques for SABRE

SABRE polarization optimization techniques

2H labelling
Relaxation is a key factor in creating high levels of usable polarizhtimngh SABRE, both during

and after the polarization buitdp process. It is known that nuclei are particularly susceptible to
relaxation due to their high gyromagnetic ratiand thus additional efforts need to be taken to

minimize this effect.

One of the ways to achieve this is by usiHgabelling, replacing sonfer all) of the *H (protium)
atoms in a molecule witRH (deuterium). This uses the fact that the gyromagnetic ratio for
deuterium is 6.5 times lower than for protium, and thus it will contribute much less to relaxation of

the *H nucleus.

This effect was demonstrated particularly elegantly by Norcott ¢68l.in a study that investigated
selectivelydeuterated pyridinesin which for each of these molecules they only left one position,

(ortho/ meta/ para) undeuterated. The molecules investigated can be seéiigarel.17.
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The control molecule for this study was protonated pyridine, for which the relaxaforalues
were measured as 28 26sand 3 s at 9.4 T for thertho, meta and para sites respectively. For
the selectively deuterated molecules where just one position remained protonated, the view
values were 5%, 113sand & s for theortho, metaandparasites. These results, shownliablel.2,

demonstratean increase in théY of 82%, 332% and 151%, an incredible extension in lifetime.

It shouldbe noted that although the relaxation rate can be significantly extended usingbelling,

care needs to be taken with the sites that are deuterated. SABRE is a technique that transfers
polarization through-&ouplings between the metal hydrides and the substrate nucleus, which for
H polarization happens predominantly throutghcouplings from the hydrides to tloetho proton

in the target molecule. Thig coupling is considerably stronger than thand’J couplings between

the hydrides and themeta and para protons which are less efficient routes for polarization

transfer.

This was seen in the same investigation by Norcott ¢6€], whereby theortho/para-deuterated
pyridine and theortho/meta-deuterated pyridines saw a large reduction in polarization value of
82% and 90% respectively relative to profgmidine, fiown in Tablel.3. The meta/para
deuterated pyridine saw an increase in polarizatiomaght be expected frona reduced rate of

dipolarrelaxation.

Tablel.2 - Changes ifiY values at different sites upon selective deuteration of pyridines found by
Norcott et al.[69].

Sited| (s)
Substrate
Ortho Meta Para
a) Pyridine 28 26 34

b) 3,4,5pyridine-ds 51 (+82%)

c) 2,4,6pyridine-ds

113 (+332%)

d) 2,3,5,6pyridine-ds

85 (+151%)
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Tablel.3 - Changes in polarization values at different sites upon selective deuteration of pyridines
found by Norcott et a[69].

Polarization level (%)

Substrate
Ortho Meta Para
a) Pyridine 4.3 34 54
b) 3,4,5pyridine-ds 5.8 (+35%)
c) 2,4,6pyridine-ds 0.6 £82%)
d) 2,3,5,6pyridine-ds 0.5 (90%)
D D
D D D D
) UT 1 [
~ ~ ~ ~
N N D N D D N D
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Figurel.17 - Selectively deuterated pyridines investigate{69]. a) pyridineb) 3,4,5pyridineds.
¢) 2,4,6pyridineds. d) 2,3,5,6pyridineds. Moleculesh-d leave protons in just the ortho, meta and
para sites respectively.
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Figurel.18 - Methyl4,6-nicotinate-ds.

The use otelective deuteration was performed by Rayeeal. in order to achieve the maximum
reported *H polarizationthrough SABREf 63%for methyk4,6-nicotinate-d; [67] (Figurel.18). In

this molecule theortho and meta protons are magnetically isolated from each other with only a
weak®J coupling between them, and the other nuclei in the molecule possess low gyromagnetic
ratios. This allowed for &Y on the ortho and meta sites of66 s and98 s respectively. The
performance of a novel selectively deuterated SABRE substrate designed to achieve high

polarization levels and lorigyswhilst maximizing the dilution factavill be presented itChapter2.
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As well as the selective deuteration of the substrate moleciHelabelling can also be applied to

the polarization transfer catalyst. As previously discussed, polarization happens in SABRE due to the
transition between thes'Y|dands'Y! Gspin states, ashown inFigurel.15. In reality, there in an
additional process to this transfer, the decay of the ramuilibrium magnetization back to
equilibrium, which turns the sinusoidal nature of the polarization expectation value into a damped
sine wave, ashown inFigurel.19. The rateat which this function is damped is dependent on the
effective™Y of the magnetization within the catalyst complex, and thus polarization efficiency can
be optimized by reducing the relaxation in the complex. Reducing catidysted relaxation is also
important for elongating the lifetimes of alreagbolarized molecws, which experience relaxation

through interactions with the catalyst even if polarization transfer is not occurring.

Elongating théY of the magnetization within the catalyst complex can be achieved analogously to
how it is achieved for substrate molecules, by applying the concejpt tdbelling to the selective
deuteration of the polarization transfer catalyst. This experiment was performed by Rayner et al.
by selectively deuterating the NHC ligand of the polarization transfer caf@listThey compared

the IMes NHC to itsd,, tbz and &4 counterparts (shown ifrigurel.20) and found that significant
gains could be made in the effectiv¥ of both the bound substrate and the free substrate in
solution. All deuterated catalysts extended théfor both the free and bound substrate, however
the IMes-d,; catalyst was found to exhibit the largest improvement for the free substrate, whilst
the IMes-d»4 catalyst showed the biggest improvement for the bound substrate. These results are

shown inTablel.4.
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Figurel.20 - Selectively deuterated NHCs useff0. HerelMes =1,3-Bis(2,4,&rimethylphenyl
1,3-dihydro2Himidazot2-ylidene

Tablel.4 - EffectiveY values for the ortho proton in-#hethyl1,3-nicotinated, with varying
catalyst NHCs, adapted from Rayner e{#]. Here the Free and Eq. bound sites refer to whether
the substrate molecule is free in solution or is bound in the equatorial plane to the catalytic complex.

Sited| (s)
Catalyst
Free Eq. bound
IMes 10.6 14
d>-IMes 13.1 (+24%) 2.0 #+43%
d2>-IMes 13.5 ¢27% 2.0 (+43%
d24-IMes 12.1 (+14.2% 3.2 +129%

Coligands and choice of NHC

As previously mentioned, the scope of molecules that caditeetly polarized by SABRE is limited

to molecules that can coordinate to the iridium catalyst. We have also seen that the efficiency of

the polarization transfer is dependent on the substrate dissociation time, thus it makes sense to
redefine our definition of sbistrates which are amenable threct SABREolarizationt & da2f SOdz S &
which can be efficiently polarized by SABRE can coordinate to the catalyst and have a dissociation

rate constant whih is compatible with the frequency of the coherent evolution at the. £ | S NB
coherent evolution is the term for the mixing of spin states at the LAC that allows for SABRE
polarization transfer. This new definition would then also be dependent on the nuclei to be

polarized, as the LAC conditions will be different for diff¢erguclei.
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can be brought into the set of suitable SABRE substrates, which is through the usigahde and
alternative NHCs. The rate of dissociation of a substragtecule is not immutable and is a function

of both electronic and steric effects of the substrate and catalyst complex. One of the ways the
substrate dissociation rate can be altered is by adding a stabilizing ligand to the catalytic complex,
termed a caligand. lali et al[71] found that the use of a dimethyl sulfoxideSQ coligand would

form the catalytic complex [Ir(kH{Bub)DMSQ.(IMes)]Cl, where here the substrate was the
pyruvate anion. Without a cbgand, pyruvate was too weakly binding to receive efficient

polarization transfer, however the addition BMSOstabilized the complex.

Caligands can also be used to help the coordination of sterically hindered substrates. Bagher
demonstrated this orortho-substituted pyridine$72]. It had been previously shown foicoline

and 25-lutidine that no signal enhancements were observed when employing typical SABRE
techniqueg73], as the ligation of these substrates to the SABRE catalyst is sterically hindered.
Rayner et al. found that upon the addition of 6 equivalent®bfSQds with respect to the metal,
signal enhancements were now observedoth substratesDMSOfulfils the requirements for a
coligand to a weakhpinding substrate as it will bind to the metal centre with similar affinity to the

substrate, in order to not totally displace it.

An additional technique for optimizing SABRE is the choice of NHC ligand for the catalyst. It has
been shown by Rayner et 7] that the choice of NHC influences the rate of substrate dissociation
and the size of th&) coupling in the metal complex. The most common NHC used in SABRE
catalysts is théMes NHC which can be seenhkigurel.20. To change the dissociation rate of the
substrate, modifications can be made at thara-position of the mesityl ring or to the imidazole

ring. Here the electronic properties of the catalyst can be changed by the addition of an electron
withdrawing/donating group such as chloro or methyl, which will decreasel/increase the rate of

ligand dissoiation respectivel\j67].

As well as the electronic properties of the catalyst, the steric properties can also be varied. Wong
et al.[74] found that for stericallyhindered substrates, improvements in the polarization level
could be achieved with the use of catalysts containing asymmetric NHCs. Here it was shown that
the replacement of one of the two mesityl ligands in thes NHC with a benzyl ligand resulted in

a 78% increase in polarization for 3uéidine. More generally, reducing the steric bulk of the NHC
may be suitable for sterically hindered substrates such atuBidine, and increasing the steric bulk

of the NHC may be suitabler sterically unhindered substrates such as acetonitrile.
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Pressure

It has been both theorized and observed experimentally that the availabilipahydrogen is
frequently a limiting factor for SABRE. Bargkiwl.[75] have formulated an analytical model for

the achievable polarization in a SABRE reaction in which they theorize that the polarization level
should be linearly dependent on the rate parahydrogen supply. The solubility of hydrogen in
solution is known to be directly proportional to the pressure of hydrogen above the solujn

and thus pressure cape used as a tool for controlling the dissolved hydrogen concentration.

This theory of Barskiy et al. has been tested experimentally by Duchowny[@6]alHere an

especially higfpressure setup was constructed and the SAB&#ved polarization of pyrazine was
investigated at 3 concentrations over the pressure rateg)0 bar. It was observed that for the
most concentrated sample (60M, mM =mmol L) that polarization levels showed an apparent

linear dependence op-H. pressure overtherangemn o6 NX» ¢ KA & RSLISYRSyOS

pul
>
¢
<

bar, however a furthetwofold gain in polarization was observed by increasingpi® pressure
up to 200 bar. Lesoncentrated samples (17.5 and 4081) showed moderate and no dependence

on thep-H; pressure respectivelgver the range20-200 bar

The results of this investigation tell us that samples can be classified into three categories, strongly
p-H: deficient, mildlyp-H. deficientand nonrp-H: deficient, where strongly deficient samples show
linear dependence on pressure, mildly deficient samples showlinear dependence on pressure,

and nondeficient samples shoalmostno pressure dependence. Highly concentrated samples are
more likely stronglyp-H; deficientdue to their higher demand fgr-H,, whereas less concentrated
samples are likelp have other ratdimiting factors. An investigation into the pressure dependence

for an optimized SABRE system will be presentéthapters.
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Manipulation of polarized material
SABRE in neat liguids

SABRE is typically performadsolutions with dilute substrate concentrations due to the cost or

solubility of the reagents. For solthase substrates it is obvious that SABRE should be performed
in solution, but for substrates such as pyridine, which in itself is a good solverdrésameed for
a searae solvent? Methods for producing highly concentrated SABRE samples are of key interest

for both medical imaging and possible nuclear physics applications.

ShchepinSiG Ffd GSEAGSR {1 . w9 LREFINRTFGAZ2Y Ay Wy
unlabelled**N sampleg73]. Here they trialled pyridine, pyridirgs and °N-labelled pyridine as

both the substrate and the solvent for SABREeir results, shown ifiablel.5, wereas expected

if one takes into consideration the concentration of each nuclei in the sample. FotHhe
polarization of neat pyridine, a signal enhancement of trho protons of only 4.2fold was
observed, a factor of 500 lower than might be expected under traditional SABRE conditions. This
can be easily explained as here the substrate concentration is a factor of 500 higher (12,400 mM vs
25 mM) and the catalyst concentrationasfactor of 18 higher (90 mM vs 5 mM) than a typical

SABRE experiment, whereas el concentration in solution is effectively unchanged.

More interesting is that when pyridine is replaced with pyridaie reducing the protonated
fraction ofortho H nucleiin the substrate by a factor of 200, the enhancements only increase by a
factor of 15. It makes sense to rationalize this as a situation wpéigeis no longer limiting, and
instead the transfer efficiency is the limiting factor. For every substrate molecule only 1 id 200
nucleican be polarized, leading to many wastgtH, association/dissociation cycles that do not
result in spin exchange. FétN, similar trends are seen. Enhancements seen in fabdabelled
pyridine are clearly limited due tp-H, availability and transfer efficiency. Dhapter2, it will be
investigated as to whether increased catalyst concentrations can address the issues with SABRE i

neat liquids.

Tablel.5 - Data from[73], showing the concentrations in solution and enhancement&fband
ortho-tl  ydzOf SA FT2NJ @I NA2dza WySIaQ fAljdARa® b20S
at 90 mM.

Wh S| GdQ N conc. (mM) N Enh. (fold)  O'H conc. (mM)  O-*H Enh. (fold)

Pyridine 45 2,900 25,000 4.2
Pyridine-ds 45 850 125 60
15N-pyridine 12,500 33 25,000 0.3

33



Catalyst poisoning

It has been shown that higtelative catalyst concentrations (low substrate excesses) are key to
achieving high polarization levels with SAB&E, however the short effectivéy time of substrate
polarization whilst bound to the catalyst is a key contributor to relaxation, inhibiting the usefulness
of SABRIgolarized material. A solution to this problem is the deactivation of the catalyst
subsequent to the polarization of the sahe, such that the substrate no longer coordinates and
instead relaxes similarly to its inheréit. This deactivation of the catalyst is of interest for medical
imaging applications of SABRE, as the extension of the lifetime of polarized material will allow for
higher polarization levels at the point of use, as well as time for-pastessing of theanple to
reduce catalyst concentrations to biocompatible levels. For similar reasons, catalyst deactivation is

also of interest for the application of SABRE to polarized targets.

Successful catalyst deactivation has been shown by Mewis et al. with the use of the bidentate
f A 3 y-Bigyridinezppy®and 1,1@phenanthroline phen) [77]. Here the active SABRE catalyst
was [Ir(H)(IMes)(Subj]Cl where the substrate was nicotinamide. When 1 equivalenbf was

added to the active catalyst it was found that two resultant complexes of §{t{#s)(bpy)(Sub)]CI

were formed withbpy lyingtransto both hydrides in the major isomer arichnsto a hydride and

IMesin the minor isoner, seeFigurel.21. The majoisomer, whereipy liestransto both hydrides,

is the successfully deactivated SABRE catalyst and was formed in a 25:1 ratio to the minor isomer.
Note that the axial substrate ligand in the major isomer is not free to exchange and thus is unable
to perform SABREvhereas the equatorial substrate ligand in the minor isomer may still exchange
and perform SABRE.

Beforebpy addition, the™Y values of ovethe four proton positions in the substrate ranged from
16-65% of their freéY values, whereas subsequent to the addition thesévalues recovered to at
least 88% of their frevalues, Bown in Tablel.6. It wasthus successfullghown that catalyst
poisoning can indeed return th& value of the substrate to close to its free value. The experiments
with bpy were repeated usinghen to similar results. Similarly, the deactivated catalyst was the
major isomer whilst the stithctive catalyst was the minor isomer, and extensions of the polarization

lifetime were seen.
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Tablel.6 - Results fronj77] showing the"Ys for the free substrate (no catalyst), the substrate in
solution with the active catalyst, and the substrate in solution after the addititwpyfor the four
proton positions in nicotinamide. Percentages given are in relation to théYresue.

Proton position ~ Freed (s) 4 before bpy addition (s) 4| after bpy addition (s)

1 43.1 7.0 (16%) 38.0 (88%)
2 11.3 6.1 (54%) 11.5 (102%)
3 13.5 3.7 (27%) 14.0 (104%)
4 6.6 4.3 (65%) 6.8 (103%)

c)
NHC
H’lh’ I \\\SUb
“Ir
H | IN
~ l
f)
(@)
3 4
2 N7 1

Figurel.21 - Schematic of (de)activated catalysts frofv7]. a) Active SABRE catalyst
[I(NHC)(H(Sub)]Cl b) Major isomer of [Ir(NHC)@EDpy)(Sub)l c) Minor isomer of
[Ir(NHC)(H)(bpy)(Sub)Cl d) Major isomer of [Ir(NHC)@EPhen)(Sub)Cl e) Minor isomer of
[Ir(NHC)(H){phen)(Sub)TI f) Nicotinamide substrate. Note that for b) and d) the agigbstrate
does not exchangewhereas for c) and e) the equatorial ligand is free to exchange and can
participate in SABRE.

Fluorinatedsolvents

It was previously explained hogvH, availability in solution is often the limiting factor for SABRE,
and that this can be helped by increasing the pressupetdfin the sample. An alternative solution

is to choose solvents for SABRE that have inherently high gas solubility. A candidate group for these
solvents are perfluorocarbons (PFCs), which have already found use in the medical industry as blooc

substitutes de to their high gas solubility making them good carriers of oxygesr9]
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Another quality of PFCs that may prove beneficial for use in SABRE is their lack of miscibility with
water, which may allow a biphasic garation approach to be used in order to remove the catalyst
after polarization. This approach would involve performing SABRE in an organic solvent and adding
an aqueous layer to the sample, causing the substrate to transition into the aqueous layer due to

its highersolubility, and leaving the catalyst in the organic layer.

This biphasic approach using PFCs was investigated by Ettedgige@}, &. which they trialled the

use of a fluorinated SABRE catalyst, solvent adejaad prior to a biphasic separation in order to
produce a polarized biocompatible solution. PFCs are notorious for poorly dissolving metal
complexes and thus a mixture ofglluorinated solvent methyl perfluorobutylether and methanol

ds was use to improve catalyst solubility. It was found that this combined solvent allofee@

20% increase in the polarization of the substrate'¥l] pyruvate in comparison to a pure
methanotd, solvent, which was here attributed to the high gas solubility of PFCs. This
demonstration of improved®C polarization using PFCs is encouraging, however it should be noted
that, due to the high gyromagnetic ratio &fF, fluorinated solvents contribute more to dipolar
relaxation than a deuterated solvent which may be significant in the ca4¢ 8ABRE. PFCs will be

investigated for use folH polarization through SABREJhapter2.

Phase tfransitions

One of the waysr which SABRE may be used for polarized targets in physics experimerds is in
frozen pellet targetused at storage ring facilitiebhis will be discussed further@hapters. Frozen
pellet targets typically use uwized frozerdroplets of materialnd are considered promising for
high luminosity experiment81], making them agrospectivecandidate for producing polarized
targets that can operate at the intensity frontier, such as at the upcordgronlon Gollider (EIC)

at Brookhaven National Lab.

Since SABRE is a process that occurs in the solution state, it is apparent that for SABRE material to

be used in a frozen pellet targétat the polarization would need to be maintained through the

liquid-to-solid phase transitionPreserving polarization through a phase transition has also been

important for medical imaging applications since the invention of dissokibiti® (eéDNP) by

ArdenkjeerLarsen et al. in 200B2]. d-DNP is a technique for producing solutistate

hyperpolarized material through the rapid dissolution of salidte DNRpolarized material.

ArdenkjeerLarsen et al. achieved this f6¥ dzZNB I A GK GKS dzasS 2F |y WiyeaSc

inject hot water over the sampl® thaw it within the polarizing magnet

Whilst solidto-liquid phase transitions are needed foidNP, liquieto-solid phase transitions have

recently been utilized for PHIP and SABRE experiments in order to produce biocompatible solutions
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of polarized metabolic agen{83-85]. The main substrates of interest in this field are fumarate and
pyruvate which are important biosensors due to their role in human metabolism. A key roadblock
for invivo studies using PHIP/SABRE is the toxicity associated with traditional PHIP/SABRE solven
and catalysts, and thus there are strong motivations to produce hyperpolarized biosensors in

catalystfree aqueous solution.

In pioneering work by Knecht et §83] it was shown that PHIFPGpolarized fumarate would
maintain i polarization through two successive phase changes, firstly through the precipitation of
fumarate out oforganicsolution and secondly through the redissolution of the fumarate into
agueous solution. The precipitation steyas performedupon a fritted funnel inside a 100 mT
permanent magnet, separating the fumarate from the PHIP catalyst and solvent. This precipitation
reaction was induced through the addition of HCI to the solytamd the precipitate was washed

with deionized water ad acetone before beig dissolved into agueous solution, all whilst inside
the magnet. Upon measurement it was found that the residual polarization of3Bdumarate
remained in excess of 20% atiht the catalyst concentration in solution was reduced by 99.7%.
Notably, experiments where the precipitation happened in the absence of the holding magnet

showed no residual polarization pesgdissolution.

This catalyst removal technique using precipitation and redissolution was shown to work more
generally by Schmidt edl. in a process they call Raissolution SABRE (ReSABRE34]. In this

study, the redissolution of SABRE&larized pyruvate was investigated in a broadly similar method

to [83]. Here, the nonpolar solvent ethyl acetate was used to encourage the precipitation of
pyruvate and the removal of the catalyst was achieved via phase separation rather than filtration.
¢KS NBRAA&2fTdziA2Y &a0GSLI ¢ a (N (approxéngtelyl 50 uT¥ 2 dzN
10Y¢X ndo ¢ YR médn ¢3X gAGK GKS 9 NIvEQlbw FTAS
polarization respectively. Only at 0.3 T and 1.4 T was significant residual polarization seen, at 4.0%
and 3.6% respectivelfhisleadsto speculatioraboutat which point in the 16800 mT range is the

holding field strong enougto maintain the polarization through the phase change.
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1.5Thesis aims

This work focuses on assessing the capability for SABRE chemical hyperpolarization to be used to
overcome the challengefsiced bycurrent polarized nuclear targegechnologies Current targets
typicallyrely onDNR howeveradvances in accelerator technologies mean that the new intensity
frontier brings levels of radiation and heat deposits which will greatly challenge traditional

cryogenic methods of polarization.

Signal Amplification By Reversible Exchange (SABRE) is a novel nuclear polarization technique
developed to enhance the sensitivity of target molecules in magnetic resonance imaging
applications. It has attracted widespread interest for biomedical imaging applications as an
alternative to DNP for producing hyperpolarized media, however as of yee thas been little
attempt to develop the technology towards uf® apolarized nuclear target, the needs of which

are high proton polarization (preferabbf order unity), a high dilution factor, and good radiation
resistance. The attractive attributes of SABRE are its ability to operate at room temperature and at
low (millitesla) magnetic fieldswhich is a stark contrast to the higkesla)fields and cryogenic
temperatures éroundl K) needed for DNP. SABREIso advantageous #® polarization can be
produced in seconds rather than hours and that once generated the orientation of the polarization

can be easily manipulated using weak applied §eld

Typical SABRtolarized solutions for wetptimized systems may produéi polarization levels of
1-10% with substrate concentrations of-100 mM. For SABRE to be used in a polarized target it is
crucial to bring the polarization levels closer to that of DNP which can reach in excess of 99% for
It is also crucial that the dilution factor is maximized, which involves maximizing the substrate
concentration and minimizing the quantities of catalyst and solvent used, in addition to choosing

substrates thenselves that have a high dilution factor.

This work presents results towards addressing these challenges facing SABRE. It presents work on
optimizing the polarization transfer efficiency of SABIRREChapter2, which is needed in
combination with the extension of polarization lifetimes, seerCimapter3, to reach the desired

high polarization levels. This work will also feature the first ever test of the resilience of SABRE
polarized material to an incident particle beam @hapter4. Finally,Chapter5 will present the

results from a prototype SABRElarized target, capable aontinuous polarization with precise

digital timing and flow rate control
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Chapter2 - Studies in polarization
efficiency

2.1 Introduction

This chapter aims to investigate the factors that affect the levels of polarization delivered by the
SABRE hyperpolarization method. It will include studies dealing with the screening of a selection of
promising substrates, as well as the synthesis of\eehselectivelydeuterated substrate that was
inspired by these findings. The polarization levels of these substrates will be investigated as a
function of a series of parameters, such as the identity of an additionbdjand, and the relative
concentratons of the substrate and the SABRE catalyst. Other studies presented in this chapter
AyOtdzZRS 'y Ay@SadAdalrarzy Ayid2 GKS STFSOiha 27
solvent), a study into novel high Bas solubility solvents, and a study on the polarization otiNe

nucleus.

Throughout this thesis it will be necessary to refer to specific proton sites in molecules, as they
exhibit different behaviour in regards to both polarization efficiency and spin order lifetime. AlImost
all of the substrates discussed will be pyridine datives and thus can be described similarly. Two
naming conventions will be used, seerFigure2.1. The first will beortho, para, andmeta, where

ortho refers to the proton positions next to the nitrogepara refers to the proton opposite the
nitrogen, andnetarefers to the two positions betweeortho andparaprotons. The second naming
convention uses numbering, whereby the positions are numbered anticlockwise from the nitrogen.
An example is 3;8ichloropyridine 8,5-dcpy), pyridine substituted with two chloride groups in the

3 and 5 positions, also referred to as timeta positions.

para 4
meta_ 7~ X\ 375

Z y/
orthoN 2N6

Figure2.1 - Labelling of proton positions in pyridine and derivatives.

The quantification of substrate polarization levels is also a focus throughout this thesis. These

values are reported either as the signal enhancement factor (fold increase, which is field
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dependent) or as the polarization level (percentage, which is-fi@ldpendent). Unless otherwise
stated, signal enhancement factors refer'té nuclei at 9.4 T (400 MHz). The thermal equilibrium
polarization of &H nucleus at 9.4 T is approximately 0.0032%, therefore a signal enhancement of
310fold corresponds to a polarization level of around 1%. Enhancement factors may be positive or
negative, indicating whether the enhanced signal is the same (positive) osid@loegative) phase

as the thermal equlibrium signal. The direction of the polarization is generally inconsequential, as

it can be manipulated by changing the applied field to the sample.

In this chapter the longitudinal relaxation timéY} will be measured for each proton in the
substrate. However, for comparison across SABRE substrates and reaction conditions, the average
“Yis typically reported. Exceptions are made where individual proton sites dominate the relaxation

dynamics and mergeparate discussion.

Catalysts in this thesisre referenced by the identity of their NHC ligand. For example, the
precatalyst [IfMes)(COD)CI] is referred to as thdes precatalyst. For simplicity, the activated
catalysts will be called by the same name despite actually taking a number of forms, for example
the active catalyst [IH1es)(Hx(Sub}]CI that forms in methaneds and [Ir(Mes)(Hk(Sub)Cl] that

forms in dichloromethanel, will both be referred to as thtMescatalyst, unless the specific active
catalyst has been characterized. Here the actual identity of the catalyst links to the choice of

solvent, and potentially the strength of the substrate as a base.
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2.2 Substrate comparison study

SABRE can be applied to a growing range of molecules, however the ideal molecule for use as :
polarized nuclear target must have a high dilution factor (fraction of polarizable nucléQad)igh
polarization,0, and a long polarization lifetiméy. A high dilution factor and polarization is

important as these feature in the Figuod-Merit as:

"0¢ O Q0 (o) §:)
and thus the running time necessary to achieve a specified measurement accuracy is inversely
proportional to the square of each. A loigis necessary as it, alongside the rate of polarization

transfer, will influence the maximum polarization that can be reached for a continuously polarized

SABRE target.

It was decided to investigate a number of possible substrates, determine their achievable
polarization and values, and use these as a rationale to idergifjential candidates for use in a

polarized target.

All substrates were tested under identical conditions with 5 mM ofMie€)(COD)CI]Ies)
precatalyst, 20 mM of the etigand dimethyl sulfoxidels (DMSQds) and 200 mM of substrate, in

0.6 mL of the solvent dichloromethaste (DCMd,). The conditions were chosen to reflect a trade

off between polarization (decreases with reduceeH. excess) and lifetime (increases with
substrate excess). The addition DMSOproved necessary to promote the controlled ligation of

the more stericallyhindered substrates. The samples were prepared and activated as described in
Section7.21F YR 6SNB LRt NAT SR dzaAy3a (K SeciohiRl2TTie I yF
“Y values were found using a thermally polarizZedinversion recovery sequence, detailed in

Section7.3.3

Eight different substrates were investigated, all of which wakbeterocycles. The features
selected for variation across the tested substrates were the number and position of nitrogen atoms

in the aromatic ring, alongside the effects of halogenation and methylation.

The results of these studies are summarized able2.1, with the investigated substrates being
split into 3 categories: N-heterocycles, halogenatedN-heterocycles and methylated
N-heterocycles, for ease of reference. For comparison, a new quantity will be introduced, the
average nucleon polarizatiofQY), which is the product of the dilution factoQand the average

H polarizationp. As can be seen from Eq. 2.1, tB will be proportional to the square of the

average nucleon polarization.
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2.2.1Results

Of the N-heterocycles, pyridinepfy) and pyrazinepZz delivered the highest average nucleon
polarization of 0.069% and 0.070% respectively, equivalent within their respective error margins.
Pyrimidine pm) and pyridazinepd) are stereocisomers gbz, however both yielded significantly

lower average nucleon polarizations of 0.025% and 0.020% respectively.

Of the halogenated N-heterocycles, no signal enhancements were observed for
2,5dichloropyrazine4,5-dcp2?, whereas3,5-dcpyand 2,6dichloropyrazineZ,6-dcp2 had average
nucleon polarizations of 0.050% and 0.009% respectively. Despite the high dilution factor in 3,5

dimethylpyridine 8,5-dmpy), it delivered an average nucleon polarization of just 0.005%.

Across theN-heterocycles, the averagtd "Ywas largely consistent, withy having the lowest
averag€e'Y at 39 s anghm having the highest at 49 s, with the group average befg &ignificantly
higher”Yswere seen with the halogenateld-heterocycles, where the averad¥s were found to
be 83 s, 133 s, and 63 s f8/5-dcpy, 2,5dcpz and 2,6-dcpz respectively. The methylatedl-

heterocycle3,5-dmpy showed the lowest averadé of all investigated substrates at 12 s.

2.2.2Discussion
The highest average nucleon polarizations are founpyiand pz, due to their combination of a
high dilution factor and a high polarization yield, whilst the longest aveiag®r substrates

exhibiting SABRE polarization was found,dcpy.

Halogenation was shown to significantly extend the polarizatiGrwhereby3,5-dcpy saw al10%
increase an®,6-dcpzsaw a50% increase compared to their ndralogenated counterparts. It is
theorized that this is due to the decrease in the rate of dipolar relaxation brought about by the
replacement of the high gyromagnetic rafil nuclei with the lower gyromagnetic ratf#eCIF’Cl
nuclei. Similar trends would be expected with the substitutiorbafmide groups, but not with

fluoride groups, due to their corresponding low/high gyromagnetic ratios.

Methylation of the N-heterocyclesincreases theraction of *H nucleiand thusmay have been
considered as a promising way to increasedheation factor ofthe substrate. However, due to the
mechanism behind SABRE, the increagkeemumber of polarizable nucle expected to decrease
the polarization value of each. Thibecauseahe rate of spin order transféan SABRE is constrained
by factors such as the catalymtd dissolvedp-H, concentratiors. As the rate of spin order transfer
through SABRE will not correspondingly increase witmtireber ofpolarizablenuclej the average

H polarization levels will faibr methylatedN-heterocycles
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Theverylow polarization observed f@&,5-dmpy can be attributed tgoor ligand dissociation rates
due to steric effects, in addition to the shortened polarization lifetirdas to the presence of the
methyl groupsThe 12 s averagey for 3,5-dmpy was significantly impacted by the sh&ts™Y of
the methyl protons whereas for the othetH sitesthe “Ys werel7 s and®7 sfor the ortho andpara
positionsrespectively The lack of polarization &,5-dcpzcan also be attributed to the substrate
being sterically hindered, with the bulky chloride group at theo2ition interfering with ligation to

the catalyst.

In this studyPyand 3,5dcpywere found to be the main substrates of interest, due to their high
average nucleon polarization and hig¥s respectivelyand were thus chosen to be investigated

further.

43



Table2.1 - Results from substrate comparison study. All substrates were tested under identical
SABRE conditions using 5 mMMés, 20 mM ofDMSQds and 200 mM of the substrate in 0.6 mL

of DCMd.. The referenced results from butanol and ammonia are not from this study and have been
included for comparison.

Dilution Polarization, Avg

Substrate Formula factor. . ”_ (%) J|| () Structure
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2.3 Polarization of pyridine

In the substrate comparison studpy was found to have the second highest dilution factor in
addition to the joint highest average nucleon polarization with Coincidentallypy was also the
first substrate to be polarized by SABRE by Adams [&94

It was decided to investigate whether the polarization levelpy€ould be increased by making
alterations to the most commonly used SABRditions (5 mM ofMes catalystand a 5fold
substrate exceg9sand by finding the substrate excessvhich would producethe highest molar
polarization Here the molar polarizatiofs the product of the averagé polarizationand the
concentration of'H nuclei in solution, a metric that illustrates the total polarization transfer that

has occurred, informative for parized targetapplications.

2.3.1Polarization optimization

In this study, the effects of the addition of a deuteratedligand and the deuteration of the catalyst
NHC on the polarization obpy were investigated for 5 samples, containing thdes and
[Ir(IMes-d2,)(COD)Cl]IMes-d2», Figure2.13) catalysts with and without the eigandDMSQds. A
sample withiMeswhere the substratgy was replaced by a mixture pfy and py-ds in a 1:2 ratio

was additionally run.

All samples contained 5 mM of precatalyst, 25 mMsalbstrateand 25 mM of cdigand (where
applicable) in 0.6 mL of methandl. The samples were prepared and activated as described in
Section7.2.1F YR #SNB LRt NAT SR dza A y @ dasdilledh Sdctioh7.S | y F

The"Y values were measured using a hyperpolariZédecovery as described Bection7.3.2

Results

As shown irFigure2.2 and Table2.2, the transfer efficiency to eactH site in the substrate varies
substantially for each sample. For thdes sample, strong polarization transfer was observed to
both the ortho and para sites, with enhancements of1260fold and -1230fold respectively,

however the enhancement for the meta site was significantly lower at-@2@-fold.

For the sample containinglesand a 1:2 ratio opy/py-ds, a drop in the polarization of thertho
site was observed compared to thdles sample. This decrease was offset by gains in the
polarization of themeta and para positions, resulting in a slight overall increase in the average

enhancement.

ThelMes-d»; sample exhibited a distribution of polarization similar to that of thées sample,

characterized by strong polarization of thetho and para sites and comparatively weaker
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polarization of themeta site. Notably, the polarization of each site was higher than forltfles

sample, leading to a higher average polarization.

The IMes + DMS@ls sample showed strong polarization of tlwetho sites but comparatively
weaker polarization of theneta and para sites. In contrast, thdMes-d,, + DMSQ@ds sample
displayed poor polarization of thertho site, exhibiting variability in the sign of the signal

enhancement, accompanied by moderate polarization ofrtieta andparasites.

Among the five samples tested, the highest polarization was achieved iM#sed,> sample which

yielded an average signal enhancementld&80+old, corresponding to a polarization level of 4.1%.

For four out of the five tested samplethe signal decay for thmeta positionwas observed to be
non-exponential, preventing a reliable fit to determine it¢ value. This behaviour suggests the
creation of amixture of magnetic statesan effect previously reportedy Mewis et al[87].
Consequentlythe averag€Y values reported imable2.2 were calculated using only thdata from

the ortho andparapositiors.

A 27% gain in the averag&'was observed with théMes-d,, catalyst relative to théMes catalyst,
corresponding to an increase from 6.2 s to 7.9 s. The additidMB0ds also had the effect of
increasing thé&Y. The averagé€yY for the IMes + DMS&ls sample wa$6% longer than for théMes
sample, and the averagey for the IMes-d.; + DMSGds sample was76% longer than for the
IMes-d,, sample.Usinga 1:2 ratio ofpy/py-ds as the substratevith the IMes catalyst resulted in

the largest effect, increasing the averageby 140% from 6.2 sto 14.9 s.

Based on these results, it can be concluded for these sample conditions that the ranking of
deuteration effects on th€'Y increase isDeuterated cesubstrate Deuterated cdigand
Deuterated catalyst NHCThis observation aligns with the expectation that a deuterated co
substrate and deuterated eligand would have a larger impact than the deuteration of the catalyst

NHC, owing to their closer proximity to the substrétesites withirthe catalytic complex.
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Figure2.2 - 'H enhancements fgry in methanold, with varying catalyst NHCs and-tigands.

Table2.2 - Summary of results for the enhancement optimizatiopyof

H Enhancements (fold) [%0]

System Avg'Hd| (s)
Y Ortho Para Meta Avg. J -'| (<)
-840 + 80
IMes -1260 + 120 -1230+ 100 -220 + 30 6.2+0.1
[2.7+0.3
-910 =+ 110
IMes + pyd 560170 -1630 £ 100 -920 £ 60 149+05
Pyds [2.9+04
-1280 + 100
IMes-d,; -1930 £ 110 -1530 + 130 -500 £ 70 7.9x20.2
[4.1+0.3
IMes -980 + 60
-1700 = 110 -610 £ 30 -440 £ 30 9.7+0.2
+ DMSQds [3.2+0.3
IMes-dy» -600 + 130
-210 + 270 -1280 + 30 -660 + 40 13.9+0.3
+ DMSGds [1.9+ 0.4

"Here the"Ys were calculated using the average of only ¢iného and paraposition protons.
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2.3.2Effect of substrate excess

It is wellestablished that in SABRE the catalyst acts as a source of dipolar relaxation which can
shorten the"Y of nuclei in the substraté/5]. Furthermore, for the application of SABRE for
polarized nuclear targets, any unpolarizable material is undesirable as it decreases the dilution
factor, a critical feature in théO¢ ((Eq. 2.1) Consequently, minimizing the quantity of catalyst
present relative to the substrate is desirable. There are, however, conflicting pressures to increase
the catalyst concentration in solution relative to the substrate, as this will deliver a higherstataly

turnover, and thus typically a higher rate of polarization transfer.

Recently, the possibility for the removal of the catalyst after the SABRE polarization process has
been demonstrated. Notably, lali et al. showed that the poor water solubility of active SABRE
catalysts can be exploited by employing a phase separatiomigef[88]. With substrates such as

pz, they found that polarization transfer could take place in an organic layer, after which the
substrate could be efficiently transferred into an aqueous layer, separating it from the catalyst

which remains in the organic phase.

This technique was named CASABRE (CAtalyst Separated Hyperpolarization through SABRE).
CASESABRE has been developed further by Barskiy et al. and Robertso[881%4l], who have
employed silicanounted catalyst scavengers in order to reach <1 ppb catalyst concentrations in
solution. These catalyst removal techniques can be implemented rapidly (on timescales of seconds),

offering a promising route to producing highly aoked solutions with low catalyst concentrations.

The availabilityof these catalyst removal techniques diminishes the need for low catalyst
concentrations during SABRE solely for the purposes of optimizing the dilution factor. There is,
however, still the need to optimize the substrate to catalyst ratio, balancing itjeeh rates of
polarization transfer at a low substrate excess against the lower rates of dipolar relaxation at a high

substrate excess.

Therefore, it was decided to investigate the effects of varying the substrate excess on the signal
enhancement and th&Y for the substratepy, whilst keeping a fixed catalyst loading. The signal
enhancements allow for the calculation of the substrate polarization levels and the molar

polarizationd , defined as:
0 adob 0P 660 8 (o) §:
Here 0 is the average polarization of polarizable nuch# (n this study), and is the molar

concentration of these nuclei in solutioMhisquantity shares similarities with the terf0in the
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Figure of Merit (Eq. 2.1), whereby the dilution fact@the fraction of polarizable nuclei, is replaced

by the concentration of polarized nuclei in solutidn,

The samples in this study contained 5 mMMésand 25600 mM (5fold to 120fold excess) gby
in 0.6 mL of methaneds. The samples were prepared and activated as describ&kdtion7.2.1
YR 6SNB LRftFINART SR dzaAy3a (KS Setien?.].25Thd Yyaluesk NP L.

were measured using a hyperpolariZetirecovery methogas described isection7.3.2

500 A
g 250 -
Py
g o
&
2 250 A @ Ortho
o ] @ Para
15 -500 - 0O Meta
‘-:E -I— .AVg
-750 4 5 10 20 40 80 120

Substrate excess (fold)

Figure2.3 - 'H enhancements fquy with varying substrate excess.

Table2.3 - 'H enhancements, polarization, and molar polarizationdpmwith varying substrate
excess.

Catalyst Substrate Avg'H

concentration concentration enhancement Avg TH Molar polarization
(mM) (MM) [excess] (fold) polarization (%) (mM %)
5 25 [5] -260+ 10 -0.8%+ 0.1 -106+ 5
5 50 [10] -230+ 50 0.7+0.2 -180+ 40
5 100 [20] 370+ 20 1.2+0.1 590+ 40
5 200 [40] 190+ 30 0.6+ 0.1 630+ 80
5 400 [80] 40+ 20 0.1+ 0.1 280+ 140
5 600 [120] 10+ 10 0.0+ 0.1 120+ 110
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Results

As can be seen iRigure2.3 and Table2.3, the signs of the signal enhancements pgrwere not
constant across the range of substrate excesses investigated. Fosfdihe &d 10fold substrate
excesses, the average signal enhancements were predominantly negative, whereas for substrate
excesses of 2fld and above, the signal enhancememtsre mostly positive. Notably, for some
samples positively and negatively enhanced substrate peaks were observed simultaneously within

the same spectrum.

The highest average signal enhancementgforvere found at a 2dold substrate excess, reaching
370fold and corresponding to a polarization level of 1.2%. The molar polarizatipnpefaked at
a value of 630 mM % for the 46ld excess sample, equivalent to the-f2d excess samphithin
error. There is a sharp dregf in the measured signal enhancements after afdld excess,
dropping by79% from 196fold to 40fold from a 46fold substrate excess to an 86ld substrate
excess. The lowestveragesignal enhancements of only 46ld are observed for the 12fbld

excess sample.

For samplescontainng a 106fold or higherpy excessit was observedhat the signal decay
behaviourcould not beaccurately described by a single exponential functiGonsequently, a
reliablefitting for the Y was unable to be found. It is proposed thveas due to the contribution of
short-lived states derived from longitudinal tw&pin order termswhich are typically absent in
NMR experiments. The detection of such coherences graviously been observed in SABRE
polarized nicotinamide by Mewis et 7]. Normally, when a 9RFpulse is applied these states
will not contribute to the detected signal, however here the use of-tqmangle excitation makes

them visible.
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2.3.3Discussion
Polarization optimization study

In the polarization optimization stugdysome observed trends aligned with expectations, while

others did not.

As anticipated, thdMes-d,, sample showed increased polarization levels relative to lifles
sampleattributed to the deuteration of the catalydt{HC edudngthe rate of relaxation of the spin

order during polarization transfeil his effect is discussed further@ectionl.4.3

Alarger increase in the signal enhancementpyivas expected with the use of the deuterated- co
substratepy-ds. A prior study by Rayner et &und that usingmethyt4,6-d>-nicotinate and its
fully-deuterated analoguamethyl2,4,5,6ds-nicotinate in a 1:3 ratio increased the polarization
levels by20% from 41.7% to 50% relative toethyl-4,6-d-nicotinate on its own[70]. In contrast,

this study found a more modest 7% increase in polarization, from 2.7% to 2.9%.

Substrate excess study

In the substrate excess study, it was initially expected that signal enhancements would decrease

with increasing substrate excess, with thefdold excess sample providing the highest
enhancements due to the highgr-H, and catalyst concentrations relative to the substrate.
However, this trend was not observed. One explanation is that the lower excess samples
experienced greater polarization losses prior to measurement due to faster relaxation, thus

masking the true polazation levels achieved.

An unexpected result was the significant decrease in the molar polarization beyoneodd40
substrate excess. This suggests that the total polarization transfer declines for higher substrate
concentrations. As demonstrated by Cowley et[&l/] and Appleby et a[91], substrate exchange

in SABREypicallyfollows a dissociative mechanism, meaning that the exchange rate, known to be
a key factor in polarization transfer efficiency, is independent of the substrate concentration.
Therefore, a change in the substrate exchange rate cannot explain the decrealsgizgtion

transfer that occurred.

Instead, a proposed explanation involves the effect of increasing substrate concentrations in
solution on thep-H, exchange rates. It has been shown by Appleby g84].that the rate of H
exchange is reduced with increasing substrate concentration, which can be explained by hydrogen
substitution being an associative process with an intermediate step needed. It is proposed that H
exchange is inhibited by the intermediate complex [Ir(NHQ@MCI reacting with a substrate
molecule ratherthan lE~ NB & dzf (0 &3 SA YW Y ANBLY fpOLEtR lowes ratdl) TS & K
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rate of H, exchange is known to frequently be the limiting factor for polarization trarig®&]; and
thus this effect will reduce the polarization transfer efficiency. FBhbstrate andp-H. ligand

exchange pathways are shownhkigure2.4.

A further explanation for the reduced molar polarization observed beyond do#tD substrate
excess lies in the directionality of the signal enhancements. As shdwgure2.3, the 80fold and
120fold excess samples exhibit signal enhancements of opposite signs at different proton
positions. These opposing enhancements partially cancel when averaged, leading to an apparent
drop in the polarization. By instead considering thagnitude of the signal enhancements, the
recalculated molar polarization for the 120ld excess sample (shownTable2.4) is found to be

only a factor of two lower than that of the 4f@ld excess sample. This is more readily explained by

the changing rates g¥-H, exchange at higher substrate concentrations.

The observation of both positively and negatively enhanced substrate peaks is an effect that is not
unexpected for a system of many coupled spins, such abBvifig](py)s(H:]Cl where the
I LILWNREAYLFGAZ2Yy & YIRS FT2N Iy || Q.[92hade yreviausia G S Y
predicted enhanced peaks of different signs for a SAPRIErized substratevithin more complex

spin systems

A possibleexplanationis thatincreasing the concentration @fy lowersthe dielectric constant of
the solvent mixture apy is lesspolar than methanol.As the polarity of the solvent mixture
decreasesit is expected thathe proportion of the charged catalyst [Ir@Mes)(py)s]Cl(favoured
in polar solvents) will decrease and the proportion of the neutral catalyst [Ir(&INE¥)(py)]
(favoured in less polar solvents) will increa8echange in the catalytic complesould change the
pathway by whiclihe polarisation evolves, potentialigsultingin different relative peak phases

the point ofsubstrate dissociation.

2.3.4Conclusion

The optimization techniques that have been investigated here for the polarizatippase the use

of a deuterated NHC for the SABRE catalyst, the addition of a deuterateghod, and the use of

a deuterated cesubstrate. The highest polarization levels were found usingNes-d,, catalyst
without the use of a cdigand or deuterated ceubstrate. This system benefitted from the reduced
rate of relaxation of the spin order during polarization transfer, which is to be expected from the

substitution ofa low gyromagnetic ratio nuclei into the polarization transfer catalyst.

It was also found that the optimum substrate excess to maximize the total polarization transfer

(also called the molar polarization) wasther a 20-fold or 40-fold excess which performed
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similarly. Prior to the experiment it was expected that the molar polarization would reach a
maximum and stay there with increasing substrate excess, however it has since been rationalized
that an increasing substrate concentration in solution would decrease #lisklociation rate and

0 Kdza G KS NHibé&ng Brdughtma\ie &akaltic complex. This would in turn reduce the

capacity of the SABRE catalyst for spin order transfer.

NHC p NHC
/, l \\\‘S ks , |I \\“S +S
S
NHC H NHC NHC NHC

,,, |I \\\“S _‘kHza H,,"':,' || wS - Hu, I wS kszh H,, |I “* rH

r ] r\ . r\ . r\ 2
H” | YH  ky® H7 | YH HY | Yy ky? H’é\g
Figure2.4 - Schematic ofigand exchange pathways in SABRE for an active catalyst of the form
[Ir(NHC)(SJHY]CI, where S = substrate, NHC -hdterocyclic carbene. (a) Dissociative substrate
exchange (b) Associative Hexchange involving the intermediate [Ir(NHG[(B)(H}]CI. The
colours for the hydrogen atoms indicate from whictpéir they derived.

Table2.4 - RecalculatedH enhancements, polarization, and molar polarizatiorpfpwith varying
substrate excess using the enhancement magnitudes.

Catalyst Substrate Avg H 1 Molar
) . Avg “H o
concentratior concentration enhancement olarization (%) polarization
(mM) (mM) [excess] (fold) P 0 (mM %)
5 25 [5] 260+ 10 0.8+ 0.1 110+ 5
5 50 [10] 300+ 50 1.0+0.2 240+ 40
5 100 [20] 370+ 20 1.2+0.1 590+ 40
5 200 [40] 190+ 30 0.6+0.1 630+ 80
5 400 [80] 70+ 20 0.2+ 0.1 440+ 140
5 600 [120] 30+ 10 0.1+0.1 330+ 110
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2.4 SABRE in neat liquids

For a polarized target using SABRE, ideally the target material consists solely of the polarizable
substrate in order to maximise the dilution factor. Typically SABRE is performed with the substrate
dissolved in solution at low (mM) concentrations alongdite catalyst. While the use of a solvent

is essential for substrates that are solid under the reaction conditions (typieallsoom
temperatureundera few bars of pressure), it raises the question of whether a solvent is necessary

for liquid substrateshat can themselves solubilize the SABRE catalyst, such as pyridine.

To investigate this, SABRE experiments were performed usingoyeathere it acts as both the
substrate and the solvent, accompanied by only the SABRE catalyst in solution. A solution of neat
py has a molar concentration of 12.4 M32orders of magnitude higher than is typically used in a
SABRE experiment. This will introduce limitations to the achievable polarization levels, as the
hydrogen solubility in solution will remain similar, and thhse tatio of dissolved hydrogen oy

will be significantly lver compared to typical SABRE conditions. To partially mitigate for this effect,

a mixture ofpy and py-ds would be used, as it has been shown that the polarization spin bath
provided byp-Hz will not be depleted if an unpolarizable nuclei such?ZBkis bound to the

catalyst[73].

The samples contained a 0.6 mL solution of 1% by voloyria py-ds, methanotds, or a 50/50
py-ds‘fmethanol-ds mixture, initially compared at a 6.2 mM catalyst concentration. The catalyst
concentration was then varied for the solvgn-ds between 3.1 mM and 99.2 mM. Additionally, a
sample was investigated with a highmrconcentration, at 5% v/v. The samples were prepared and
activated as described iBection7.2.1F YR ¢SNB LRt I NAT SR dzaAy3 GKS
described irSection7.2.2

2.4.1Results

It was found thatH enhancementevels were around 40 times lower fpy in py-ds compared to
in methanotds, with enhancements of3.7-fold and 166fold respectively, as shown fable2.5.
Changing the solvent to a 50/50 mixturepytds and methanold, resulted in similar enhancements
to the py-ds solvent, at-3.5-fold. Increasing the proportion gdy to 5% v/v inpy-ds resulted in a

slight decrease in enhancements-th1-fold.

As it appeared that the catalyst availability was limiting for the 6.2 mM sample of 19% iwpy-ds,
it was decided to investigate the dependence of the enhancement factor on the catalyst
concentration. It was found that for catalyst concentrations in the range of 3.1 to 99.2 mM that the

'H enhancements ranged froni.8-fold to -16.7-fold, with increasing catalyst concentrations
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providing increasing enhancements. The dependence of'the&nhancements on the catalyst
concentrations was approximately logarithmic, as can be seéfigure2.5. A logarithmic fitting
yielded the equation T& ¥ & ¢, where- is the signal enhancement factor aduis the

catalyst concentration in mM.

2.4.2Discussion

These results can be understood by considering substrate binding dynamicgytwttipy-ds can
fAILGS G2 GKS OFdlrfeadas FyR dzyRSNJ Wy SI GdQ LX I
substrate excess is approximately 26l0@l. Given typicatH SABRE exchange rates eff0ls!
(optimal around 4.5 ‘§[75]), most substrate molecules will not bind to the catalyst over the
polarization window, and thus cannot be polarized. In contrast, a 1% v/v solutiqy af
methanotd, with 6.2 mM of catalyst has a substrate excess of ondfpoR{) and thus each substrate

molecule will have many more interactions with the catalyst over the polarization window.

The slight decrease in the enhancement factor observed when increasipyg toacentration from
1% to 5% v/v ipy-ds may be attributed to a decrease in tfi¥ from a higher density ofH nuclei
in solution. Additionally, a larger fraction of protonated substrate increases the rajgHpf

depletion, further limiting polarization transfer.

The lack of improvement in enhancements when usingyalssimethanol-d. solvent mixture
compared topy-ds alone is somewhat unexpected. Based on the reduced substrate excess, an

increase in enhancements of up to 100% might have been anticipated, but this was not observed.

The logarithmic relationship between enhancemernd catalyst concentrationF{gure2.5)
suggests diminishing returns as the catalyst loading increases. Within the solubility litviesdd

py, this trend indicates that significant polarization levels (e.g. >1%) are not possible to achieve
usingpy as a neat liquid, even with the usej-ds such that the polarization spin bath will not be
significantly depletedlt is postulated that the limiting factofor polarization at low catalyst
concentrations is the high substrate excess, whilst at high concentrgtimasization is limited by

the low p-H; excess relative to pyridine resulting in too slow ratep-b% exchange.

In summary!H signal enhancements achieved using neat pyridine were substantially lower than
those achieved with the conventional methardl solvent. Enhancement levels showed a
logarithmic dependence on catalyst concentration, but the solubility limits of the catalyst prevent
significant (>1%) polarization levels being reachét this approachlt is proposed that highegr-

H, pressures could increase the achieved polarization levels, however this approach is not

considered promising for producing higipolarized solutions of neat material.
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Table2.5- Summary of experimental results for SABREy-ifs, methanotd, and apy-ds/methano}l
ds mixture. The samples contained 124 or 600 mMbyand 3.199.2 mM oflIMesin 0.6 mL of
solvent.

Solvent Substrate conc. (mM) Catalyst conc. (mM)  Avg'H enh. (fold)
py-ds 124 3.1 -1.8£0.1
py-ds 124 6.2 -3.7+0.1
py-ds 124 12.4 -7.0£0.1
py-ds 124 24.8 -10.1+ 0.5
py-ds 124 49.6 -13.1+ 1.1
py-ds 124 99.2 -16.7+ 0.7
py-ds 620 6.2 -3.1+0.2

py-ds/methanol-ds 124 6.2 -3.5+0.3
methanol-d, 124 6.2 160+ 50
20
i}
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Catalyst concentration (mM)

Figure2.5 - 'H enhancements fquy with varying catalyst concentration in solutiohhe amples
contained 0.6 mL of 1% wy in py-ds, with 3.1:99.2 mM ofiMes.
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2.5 3,5-pyridined: - A novel selectively
deuterated substratéor SABRE

One of the keyaims of this thesis is to evaluate the optimal substrate for use in a Sp@&ized
nuclear target. The initial focus was on the substrgtgand 3,5-dcpy. Pywas of interest due to its
high dilution factor, while3,5-dcpy offered the advantage of magnetically isolated protons, which

are less susceptible to dipolar relaxation.

As shown in the substrate comparison study, repeatedlable2.6, relative to the studied
substrates,py exhibited a high average nucleon polarization, wherggsdcpy demonstrated a
long polarizatioriY. It was hypothesized that selective deuteration could produce a substrate that
combined both properties a high dilution factor and an extendéd - by reducing dipolar

relaxation through the creation of magnetically isolated proton environments.

The candidate selected for this was -Pyidined, (3,5py-dz), shownin Figure2.6. In this
molecule, the deuteration of thenetapositions isolates thertho andparaprotons, which are now
coupled only through weakl couplings to each othandvia3J couplingso the lowery nucleus
2H, This substitution is expected to reduce the dipolar relaxation experienced yrtiheandpara

protons, which were previously strongly coupled to the Higmeta protons

Pywas chosen as the candidate for selective deuteration because it is known to polarize efficiently
under SABRE and possesses one of the highest dilution factors of the substrates -studasal,

as the dilution factor inevitably decreases with deuteration.

Table2.6 - Comparison of characteristics @f, 3,5-dcpyand 3,5-py-d.. Results are taken from the
substrate comparison study 8ectior2.2

Polarization ] _—
Substrate Formula level (%) 1 () Dilution factor, ||
Pyridine GHsN 11+0.1 39 0.063
3,5-dichloropyridine GHsCBkN 25+0.2 84 0.020
3,5-pyridine-d GHsDN TBD TBD 0.037
D D
AN
~
N

Figure2.6 - Structure of3,5-py-d,.
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2.5.1Synthesis

The synthesis &,5-py-d. wasadapted from the methodology reported by Huber et[8B], using

3,5-dibromopyridine 8,5-dbpy) as the starting material. The method proceeded as follows

A 250 mL tweneck round bottom flask was flushed with nitrogen for 20 més before being
charged withzinc dust (18.2 g, 0.28 mol) ar5-dbpy (13.3 g, 0.056 mol). A solution of sulfuric
acid-d, (30g, 96 w%, 0.3 mol) dteuterium oxide (100 g, 5 mol) wésen added and heating was
commenced under mild refluat 90 °C.The reaction progress was monitored BizCand upon
completion,typically after 24 hours, sodium hydroxide (40g, 1 mdps added. The product was

isolated bysteam distilhtion over 8 houss, periodically replenishing the water as needed

The resulting distillate was chilled and saturated with sodium hydroXAdter refrigeration,an
organic layer had formed on the surface. This layersegarated driedover calcium hydrideand
O2y RSy &SR A yuntervadiang Figkidhe desitediproducB,5-py-dz, as a colourless
liquid (0.5 g).

Zn
Br Br D20 D D
X D,SO, N
N Reflux at 90°C N

Figure2.7 - Diagram of the substitution reaction needed to prod@¢epy-d..

Analysis of the product was undertaken By NMR spectroscopy. As shownFigure2.8, the
spectrum exhibits characteristaeuterium-induced splitting, confirming that significant deuterium
incorporation has occurred. This is most evident for gaga position peak (7.72 ppm), which
appears as a multiplet rather than the triplet observed for the precugbbpy. The full spectral
range for the aromatic region is shown f8)5-py-d. in Figure2.9. It can be seen by comparison
with a'H spectrum ofpy (Figure2.10) that the position at which theneta peak would typically
occur (7.45 ppm) is almost entirely vacant for the spectrur,bfpy-d.. There is however a small
resonance observed at this position at approximately 1% the intensity odrihe position peak.
This is likely due to a small proportioh3-py-d; and py being produced, due to the less than 100%

isotopic purity of the deuterated reagents.

iSynthesis of 3pyridine-d. was performed by Elliot Crocker.
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1.00

Figure2.8-H NMR spectrum &,5-py-d, over the range 7.68.66 ppm(400 MHzDCMd,, 298K).

N
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Figure2.9 - 'H NMR spectrum &,5-py-dz over the full aromatic regio®00 MHzDCMd,, 298 K).

86 84 82 80 718 18  [ppml
Figure2.10-*H NMR spectrum gfy (400 MHzDCMd,, 298 K).
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2.5.2Issues with deuteration of thartho protons

For an initial investigation into the polarization3b-py-d., samples were chosen to contain 5 mM
of IMes and 25 mM of3,5py-d> in 0.6 mL of methaneds, conditions which had previously
produced high polarization yields wigy.

During this study, rapid deuteration of tlegtho proton site in3,5-py-d> was observed. Deuterium
substitution from the solvent to the substrate when using methathadlk a known phenomenon in
SABRE, occurring due to catalystdiated exchange between the hydroxdéuterium atomin

methanotd, and theortho proton in the substrate molecule.

This effect was mitigated for by changing the solvent to the partadiyterated methanolds,
containing a protonated hydroxyl group. slsownin Figure2.11, the ratio of the integrals for the
ortho and para protons in3,5-py-d. deviated from the expected 2:1 ratio when methamhlwas
used, evidence for the effect. This returned to the expected ratio with the change to the solvent

methanotds, as shownn Figure2.12.

—1.26

— 1.00

- e

7.9 7.8

87 86 85
Figure2.11 - 'H NMR spectrum for the ortho (left) and para (right) proton3,&py-d, (400 MHz,

methanotd., 298 K)Deuteration of the ortho position is seand the expected 2:1 ortho:para ratio
is not observedl'he uncropped spectrum can be founéigure3.1.
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Figure2.12 - 'H NMRspectrumfor the ortho (left) and para (right) protons #5-py-d, (400 MHz,
methanotds, 298 K) No deuteration is seen and the expected 2:1 ortho:para ratio is observed. The
uncropped spectrum can be foundrigure8.2.

After resolving the issues with the deuteration of thetho site in3,5-py-d., the polarization levels
were optimized in a similar manner as foy in Section2.3.1 The samples contained 5 mM of the
catalystsIMes and IMes-d,;, with and without 4 equivalents dDMSQds, alongsidea sample
containing 5 mM of the precatalyst [B(Me9(COD)CI|SIMes Figure2.13) and 4 equivalents of
DMSQds. All samples contained 25 mM of the substraib-py-d, and used the solvent methanol
ds. The samples were prepared and activated as describ®ddtion7.2.1and were polarized using

0KS W{KIF1S FTYR RNBeXn23iK2R RS&ZONAOSR Ay

2.5.3Results

The results from this study are presentedrigure2.14and Table2.7. It was found that the average
signal enhancement usirlyles was-300-fold, which rose by 30% t390-fold upon switching to
the partially deuterated precataly$bes-d... The additiorof the coligandDMSQds was found to
increase the enhancements with tH&es and IMes-d,; catalysts to-1050fold and-1330fold
respectively, equating to gains @60% and240%. The precatalys$IMeswas evaluated with a
DMSQds coligand, achieving an enhancement of only Z6ldl. The SIMescatalyst has been
shown by Lloycet al.[94] to result in faster ligand exchange th#édes due to the NHCligand
occupying more space around the metal centteisthis result isndicativeof the ligand exchange
step becoming faster than optimafor efficient polarization transferOut of the 5 tested samples,

polarization was found to bhighestwith the IMes-d catalyst andDMSQds.
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Figure2.13 - Structures o) IMes. b) IMes-dz,. ¢) SIMesNHCs.
IMes IMes-d,, SIMes
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Figure2.14 - 'H enhancements faB,5-py-dz in methanolds with varying catalyst NHCs and-co
ligands.

Table2.7 - *H enhancements andr's for3,5-py-dz in methanolds with varying catalyst NHCs and
coligands.

H Enhancements (fold)

System
Ortho Para Avg.
IMes -268 + 40 -353 + 50 -300 + 50
IMes-d2. -350 + 30 -470 + 60 -390 + 40
IMes + DMSO -950 + 80 -1270 £ 120 -1050 + 90
IMes-d22 + DMSO -1220 + 60 -1550 + 70 -1330 + 60
SIMes + DMSO -210 + 30 -330 + 60 -250 + 40
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Comparison to pyridine

The enhancements and polarization values ®6-py-d,, found in Table2.7, used a pre

measurement delay of 10 s, contrasting the valuegfofound inSection2.3.1which used a pre
measurement delay of 8 s. Enhancements and polarization valuesSqy-d, were also found
using a 8 s measurement delay and are presented alongside the resultpyrander the same

conditions inTable2.8.

Under the same conditions, using 5 mM of catalyst 28dnM of substratdor their respective
optimized systemghe maximum polarization achieved wi8)5-py-dz is 5.7%, 39% higher than for
py. This represents a significaincrease;however,it should be taken into consideration that the
dilution factor is 70% higher fay. Calculating the average nucleon polarization results in a value

of 0.21 for3,5-py-dz, 19% lower than the value of 0.26 fpy.

These results were achieved at a lowf@fl) substrate excess, and thus the substrate”Ys for

both samples was very short, on the order of secoritiss expected that at higher substrate
excesses,5-py-d, will exhibit a longef’Y than py, which can be utilized to achieve higher steady
state polarization under continuous polarization. The fact 8 &tpy-d, does not suffer a significant
drop in the average nucleon polarization upon deuteration is encouraging, and it is proposed that

3,5-py-d; represents a more attractive candidate for a continuously potaf&ABRE target.

Table2.8 - Comparison of the signal enhancements and average nucleon polarizations achieved
with optimized systems fqry and 3,5-py-d, under comparable conditions.

H Enhancements (fold) [%] Average
System nucleon
Ortho Para Meta Avg polarization (%)
-1280 + 100
Py, IMes-dz, -1930 + 110 -1530 + 130 -500 %70 0.26+ 0.02
[4.1%+0.3
3,5-py-dz, IMes-dz, -1770+ 70
-1630+£ 70 -2050+ 60 - 0.21+0.01
DMSQds [5.7+ 0.2
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Polarization backropagation

To evaluate the performance 8f5-py-d,, it was necessary to calculate the maximum polarization

achieved prior to any preneasurement decay during the transfer process. The acdsevedby

applying baclpropagation calculations to the measured polarization values, using experimentally

determined polarization decay rates during transfer. The transfer time to the spectrometer was

fixed at 10 s, 8 s of which occurred at the residual magrfatid of the room (here referred to as

WO NIKQa FTASERQOS gAGK (GKS NBpedtraméteratBa magnetic 2 O O dzNNAR vy 3
field strength 0f 9.4 T.

The'YI G WOI NIKQad FTASERQ 6l a RSGSNXYAYSR o0& YSI adz2NAyYy3
this field. These polarization valusisowedthe expected exponential decay with time, allowing for

an exponential fit to be applied tbnd the "Y. The effectivé’Y at 9.4 T was obtained using the

hyperpolarizedY recovery procedure described 8ection7.3.2 These two relaxation values were

used to bacicalculate the polarization levels to the point of production, following the procedure

outlined inSection7.4.5

The measuredY values at both fields arghown inTable2.9. Notably, the higHield "Y values are
significantly lower than those presented from theéinversion recovery 08,5-py-d. that follows.

This is expected due to the low substrate excess and the use of a pat@atigrated solvent.

Although the ™Y values forthe ortho and para positions differ significantly at high field, the
convergeunder 9 | NJi K Q & O F X.Rihisishiggestihat the spins are no longer distinend
have entered the strongly coupled reginveherethe spinspin couplingv ) exceedshe
difference intheir chemical shifts, i.a) ) ) , with all values expressead
Hz.In this regime the spins are expected to relax as a coupled system, resulting in effectively

identical relaxation times

After applying the backropagation calculations, the average polarizationlfdes rose by430%

to 18%, and by 260% ftivles-d>to 15%. Here it is found that the corrected polarizationlides

now exceeds that dMes-d,", due to the lower'Yl & 9 NIIKQa FASER AYONBIFaaAy3a f
Thus, it may be that the higher polarization values seen usfeg-d., compared tolMes can be

entirely explained by slower relaxation rates after the polarization process, rather than higher

polarization values being achievaenitially.

iil |t should be noted that this result does not achieve statistical significance.
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Table2.9 - Polarization levels found from aritYs used in the polarization bagkopagation
calculations foB,5-py-d,, for thelMesand IMes-d», catalysts.

Measured W NI KQ:¢ High field Corrected
gstem | Polarization (%) 4 () 1 (s) polarization (%)

Ortho Para Ortho Para Ortho Para Ortho Para Avg.

IMes 3.1 4.1 5.39 5.42 7.8 22.2 17.4 19.6 18.1
+DMSOds +0.2 +*04 =+006 *0.08 +*03 +19 +14 +19 =12

IMes-d2o 3.9 5.0 7.0 7.4 9.7 28.7 15.0 15.8 15.3
+DMSOds  *+*0.2 +0.2  +04 +£10 05 74  +12 +24 11

1

The “Y values for 3,5py-d. were found using a thermalY inversion recovery sequence

(Figure2.15), detailed inSection7.3.3 These values were found for a-#dd substrate excess, in
accordance with the measuré®s in the substrate comparison study $ection2.2. The"Ys for
3,5-dcpy under these conditions were found to &+l s and 1024 s for the ortho and para
positions respectively, resulting in an averdyef 75+1 s. This represents an increase of 90% over
the averag€Y of py of 39.0+ 0.7s, found irSection2.2.1 It is alsmnly 11% lower than thaverage

“Y of 3,5-dcpy, also found irBection2.2.1 It can thus be concluded that the selectoeuteration
process has had the desired effect of extending the polarization lifetime similarly to chloride
substituted pyridines, howevewith a lowerdecrease to the dilution factor threwould occur with

halogenation.

2.5.4Conclusion

In summary, selective deuteration ply was able to significantly extend polarization relaxation
times. Specifically, 80% increase in théY from 39 s to75 s was found for3,5-py-d> when
compared topy at a 40fold substrate excess. It is anticipated that further increasing the substrate

excess could yield even longer relaxation times.

Measured polarization levels were also increased Bithpy-d, relative topy. Under comparable
conditions, it was found that an average polarization of 5.7% could be achieve8,%jtl-d», 39%
higher than the 4.1% achievable witly. While the average polarization value is higher3drpy-

d», it should be noted that the average nucleon polarization decreases by 19% relgpiye to

Upon correcting for polarization decay prior to measurement, it was found that the maximum

polarization achieved was 18% using thkes catalyst and &MSQOds co-ligand. This represents a
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significant advancement towards achieving polarization levels closer to those found in polarized

targets utilizing DNP.

The strategy of selective deuteration to improve SABRE performance has previously been
demonstrated by Rayner et al. with meth4/)6-d,-nicotinate[67,70] However, this work presents
a selectively deuterated substrate with a significantly higher dilution factor than has been reported

previously, 0.037 compared to 0.014 for metdy6-dz-nicotinate.

1.0 —C

£ 0.5
_; —— Ortho fit
e Para fit
= 0.0
T e Ortho
g Para
o
= -0.5

—1.01

0 60 120 180 240 300 360 420
Time (s)

Figure2.15 - Thermal’Y inversim recovery fo3,5-py-d.. The sample contained 88 mM of IMes
and 75 mM of3,5-py-d; in 0.6 mL oDCMd.. Errors were unable to be estimatéat this data, as
repeats were not performed and the signal noise withsscans did not account for the observed
variation (SNR > 4000Errors are expected to be introduced throutje quality of the NMR
shimming reducing over the course of the 12+ hour experinggrirs in the fittedY values are
found from the fitting uncertainties.
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2.6 Perfluorocarbons Novel solvents for
increased-H. solubility

As discussed isectionl.4.3 perfluorocarbons (PFCs) are fluorinated liquids characterised by
having high gas solubility, as well as being chemically inert and immiscible with water. This section
aims to assess whether the high gas solubility of PFCs can be used to ifidrpataization levels

in SABRE, by increasing the dissolpéts concentrations relative to traditional SABRE solvents.
Some solvents in this section, such as methyl perfluorobutyle®ernill not strictly meet the
definition of a PFC, which necessitates the absencetbb@nds, however they will be referred to

here as PFCs for simplicity.

2.6.1Candidate selection

For a solvent to be optimal for SABREyeralcriteria must besatisfied. These include the high
solubility of both the SABRE catalyst and substrate, minimal concentrations &f higtiei that
contribute to substrate relaxation, and critically, high solubilitypét. While PFC solvents contain
a high concentration of°F nuclei- strong contributors to dipolar relaxationtheir performance

with respect to the other criteria required further investigation.

H. mole fraction

This investigation started by evaluating the hydrogen solubility of a range of traditional and
LISNFtd2NAYlI GSR a2t @gSyida o0& OFfOdg FdAy3IQiKSA
represents the mole fractionofdA y &2t dziA 2y LISNJ dzy A G LINB & & dzNB

constant,”O , is its reciprocal (Eq. 2.4). The values Tr for the tested solvents were

determined usingH NMRspectroscopy at 298 K, and are shawiTable2.10".

DaéamM OOO QE ¢

QLU FRTar @ien OR®
0 006 o o8
00 0%

It is important to note that a higher value @ corresponds to éower H; solubility, thus a solvent

with anO  value twice that of another will dissoN®lfas much klper unit pressure.

As shown inTable2.10, the nine besiperforming solvents in terms of ;Hsolubility were all

perfluorinated. Among the tested PF@s16) the mole fraction of dissolved.ier unit pressure

VLY@SNES | SyNEQa Oz2yailyida 6SNB TFT2dzyR o0& 5NJ /| ff
published and can be found if95]. Selected results from this section are presented within the same
publication.
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was between 7 and 54 times greater than that of methatho{2). This represemd a substantial

improvement and positioned PFCs as highly promising SABRE solvent candidates in terms of their

H, mole fraction

Table2.10-L Y @SNES | SYyNEQa O2yail yia 'HNMRbpédirasdopydea a2t @Sy i«
298 K.1-7 are traditional solvents an8-16 are perfluorinated solvents. Results are fri@%].

Solvent 7 2. (MPa)
Deuterium oxideX) 500+ 19
Methanotds (2) 450+ 20
Acetonitrile-ds (3) 39519
Ethanolds (4) 346 + 7
Dichloromethaned: (5) 368+9
Tetrahydrofurands (6) 227+ 6
Toluene ) 190+ 7
Methyl perfluorobutylethen(8) 62 £2
Perfluorodecalin9) 54+2
Perfluorononang10) 45+ 2
Perfluorohexang11) 222+1.0
Perfluoro1-decene(12) 201+0.8
Methyl perfluorocyclohexanél3) 194+ 08
Perfluoroheptang14) 19.0+£1.0
1-Bromoheptadecafluorooctanél5) 13.9+05
Perfluorooctang(16) 83+0.7
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Catalyst solubility

Of the investigated solvents, perfluorooctane was found to have the highesiolé fraction per

unit pressure. It was however necessary to determine which of these solvents would exhibit strong
solubility of the SABRE catalyst. Thus, the solubilitle§ was measured in the traditional SABRE
solvents methanot, (2) andDCMd; (5), as well as the fluorinated solverisl6, with the results

being $iownin Table2.11.

Catalyst solubilityin 8-16 was measured usingH NMR with an internal reference standard of
dioxane, while catalyst solubility 2 and5 was measured by visual inspection. For reference, typical
catalyst loadings used in the results of this thesis are 5 mM in a 0.6 mL sample, equating to 1.92 mg

per sample at a concentration of 3.2 mg#L

Here it can be seen that for fluorinated solveftd1, 13, 14, 16the solubility ofiMesis below 0.1
mg mLY, less than 3% of that used in a typical experiment. For this reason, these solvents were
immediately discounted, leaving the fluorinated solvents methyl perfluorobutyleth@y; (

perfluoro-1-decene {2), and bromoheptadecafluorooctanelp).

Table2.11 - Solubility ofIMes in traditional SABRE solven®5) and selected perfluorocarbon
solvents §-16). Results for&-16) are from[95].

Solvent Catalyst solubility(mg mL")
Methanol-d4 (2) High (>5)
Dichloromethaned; (5) High (>5)
Methyl perfluorobutylether (8) 0.89
Perfluoro-1-decene(12) 0.22
1-Bromoheptadecafluorooctandg15) 0.38
9,10, 11, 13, 14, 16 <0.1

He solubility per unit volume
| Sy NB Qa Qeafes thd moblarIraction of Hn solution to the vapour pressure of Bbove

the solution. For a SABRE experiment, the more relevant quantity is the number of moleis of H
solution per unit volume, which will influence tipeH, SEOKF y3S NI 6Sad | SNBX
constant (O ) will be introduced, that is scaled by the molar density of the solvent to have units

of moles of Hper unit volume per unit pressure (mmot MPa?) as shown in Eq. 2.5.

0 Gaéidm 00D 0 0 06 i € 006N E i RadB 8 OXkd
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Table2.12showsO for the traditional SABRE solveand5 alongside the fluorinated solvents
which exhibited reasonable catalyst solubili8;:12 and 15. These values show that for a fixed
volume and pressure, it would be expected tBafi2 and 15would exhibit H solubility that is 1.8,

3.4, and 5.1 times that &f respectively.

Table2.12-"0 for selected solvents and theis blubility relative toZ%).

Solvent 31+ m {mmol L MPa?) I:;r;f[)i\r/rg?onge
Methanol-d4 (2) 55 1
Dichloromethaned: (5) 43 0.78
Methyl perfluorobutylether (8) 98 18
Perfluoro-1-decene(12) 190 3.4
1-Bromoheptadecafluorooctang15) 280 51

2.6.2Experiments at low catalyst loadings
To assess whether the increased $tlubility exhibited by these fluorinated solvents would
translate into higher polarization values, polarization measurements were performed and

contrasted to that of the traditional SABRE solvént,

Here, the fluorinated solver was chosen, due to demonstrating the highest solubilitiMés of

the PFCs investigated. It could thus be used in conditions closest to the typical operating conditions
for SABRE. For this study, samples were prepared containing 1 ivdsdnd 20 mM opy, in 0.6

mL of8 or 2. The catalyst loading of 1 mM was chosen as it was close to the highest concentration

that could be completely dissolved By

The samples were prepared and activated as describ&kation7.2.1and were polarized using
0KS W{KI1TS YR RNBdcn7?.3AsPPMR ar&kdawd tdodtrdire td dipolar
relaxation due to their high concentration 8F nuclei, it was anticipated that the polarization of
the N nucleus irpy may see a greater benefit than fé polarization, a¥N is less susceptible to
dipolar relaxation. Thus, heréN polarization measurements were madgongside the'H
measurementsfollowing the approachiescribed irSection7.2.2and using gpolarization transfer

field (PTHof -3 mG. Further™N results are presented Bection2.7.
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Table2.13 - *H signal enhancements aAtN polarization values fguy in 8 and 2 with various ce
ligands.

'H enhancement (fold) 15N polarization

©
@
@
3

Ortho Para Meta Avg. Avg. Mag. (%)
©
& 8 -170+10 -180+10 -130+10 -160+10 16010 13.0+1.1
2
B
2 2 810%+110 -1410+60 -270x40 -70x70 71070 85+0.6

S5 8 -380+30 -390+30 -270+30 -340+30 340%30 26+0.2
z
o 2 490+70 -1230+10 -690+200 -330+110 720+ 110 3.4+0.6
o
g 8 -90 + 10 -100+10 -60+10 -80 + 10 8010 3.9+03
=
g 8 -70+ 10 -70 + 10 -50 + 10 -60 + 10 60+ 10 3.9+0.7
(a)
. , g 2
+DMSO-d,  +DMSO-d,
800 1
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S 400 |
E L
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Figure2.16 - *H enhancements fgy in 2 and 8 with and withoutDMSQds.
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Initial polarization results

As shown inTable2.13 and Figure2.16, the average'H signal enhancement magnitudes foy

without a ccligand were found to be 16fbld in8 compared to 71€old in2, a reduction of7 7%
despite the increaseg@-H;, solubility in8. In contrast to the pootH enhancements seen 8) °N
polarization levels were seen to be higheBirelative to2 (Figure2.18). 1*N polarizationlevels of

py increasedrom 8.5% ir2 to 13.0% irB, a gain of 53%.

Notably,the signal enhancements for aHi sites oy in 8 are negative, while i@ the ortho position
is positively enhanced and thgara/ meta positions are negatively enhanced. If the signs of the
enhancements are accounted for, the average enhancementspjoin 8 are larger, with

enhancements ofl60-fold in 8 compared to-70-fold in 2.

The active catalyst formed withy in 8 was found to be [Ir(Cl)(e(JMes)py).] which differs from

the active catalyst found witlpy in 2 which was [Ir(H)(IMes)py)3]*CI[95]. This suggests that
nonpolar perfluorocarbons favour the formation of the neutral catalyst, rather than the charged
catalyst that forms in polar organic solvestsch a® [57]. Catalytic complexes were characterized

using'H NMR spectroscopy.

Qo-ligands

TheH enhancements fopy in 8 were significantly improved by the addition of the-kgand
DMSQds, addedat 5 equivalents with respect to the catalyst. Under these conditions, the average
enhancement magnitudes increased by0% from 166fold to 340Gfold. In contrast, the addition

of DMSQds to 2 showed little improvement in the enhancement magnitudespgf Theaddition

of a caligand brought the signal enhancement magnitudespwpfin 8 closerto the values in2
(Table2.13), however they remained 53% lowéefN polarization levels fell b§0% and60%in 8

and 2 respectively upon the addition dOMSQds. This fall is reflective of a slowing in ligand
exchange rates and confirms that the pdtt performance ir8 is reflective of too rapid ligand

exchange.

Alternative sulfoxide cdigands, methyl phenyl sulfoxielly (MPSQds) and diphenyl sulfoxidedio
(DPS@&dy10) were also investigated, added at 5 equivalents. Avetabenhancementmagnitudes
for pyin 8 with MPSQGds andDPSGd, o were considerably lowethan withDMSQde, at 8Gfold and
60-fold respectivelyFigure2.17). 1*N polarization levels rose slightly when changing frddbM8Q0
ds co-ligand to aMPSGds or DPS@; co-ligand, however botH°N polarization levels were lower

than in the absence of a dmand, as shown iRigure2.18. Figure2.17 shows the'H enhancements

72



for py in 8 for all investigated cdigands, where it can be seen thBIMSQds givesthe largest

enhancements.

H "Y values were measured using a hyperpolariZ&t recovery sequenceas described in
Section7.3.2 In 8, the average™Y ranged from 16.0 to 19.6 s depending on theligand used,
whereas in2 the "Ys ranged from 22.0 to 24.0 s. On average,tHéY in 8 was 18 s22% shorter
than in 2 (23s). This difference may partially account for the lower enhancement magnitudes

observed irB, with greater polarization losses during both the buijoland the transfer steps

15N Y values could only be reliably measured for samples withotigemds, due to the insufficient
signal strengths fathe samples containing ellgands which achieved a lower polarizatidine®N
“Y valuesfor py were53+1 s in8 and 54 st 3 s in2, the same to within errorThe observation of
shorter!H"Ysin 8 than in2 is consistent with the higher gyromagnetic ratio'e#, approximately
6 times larger than that dH[96], thus contributing more strongly tt relaxation. In contrast;N
“Y values are less affected lglaxation fromthe solvent, attributed to the lowr gyromagnetic

ratio of 1°N relative toH.

No co-ligand DMSO-d; MPSO-d, DPSO-d,,

-100

-200

-300

-400

'H Enhancement (fold)

-500

Figure2.17 - *H signal enhancements fpy in 8 with various cdigands.
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Figure2.19 - Average'H"Ysfor pyin 8 and 2 with various ceigands.

Varying catalyst NHC

The catalyst NHC was also varied in these studias attempt to optimize thexchange rate gby

in 8 to improve the'H polarization relative t@. The system gby with DMSQds was used, as this
performed best fotH enhancements i. The chosen NHCs swapped the mesityl groupslés
for parasubstituted xylyl groups, such as the electwithdrawing chlorde group and the

electrondonating dimethyl amino group, shown Figure2.20.
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The!H enhancements®N polarization, and substrate exchange rates are preseintddble2.14.

Substrate exchange rates were found by exchange spectroscopy (EXSY) as described i

Section7.3.4 The exchange rates for theara-chloro substituted IXytp-C) and para-dimethyl
amino substituted IXykp-NMe;) catalysts were 2.3'sand 5.5 8 respectively41% lower andt1%
higher respectively compared to the 3.9 mte foundusinglMes. Both'H enhancements antiN
polarization levels were found to be significantly lower for both catalystpossible explanation
for this is that these catalysts exhibited poorer solubilit§ than was found fofMes, and thus the

1 mM of these catalysts that was used did not dissolve completely.

a) —
N\\%N
b) _ IMes C) _
NVN NVN
Cl Cl Me,N NMe,
IXyl-p-Cl IXyl-p-NMe,

Figure2.20- NHC choices for the SABRE precataydMes, b) IXyp-C| ¢) IXyp-NMe..

Table2.14 - *H enhancements andN polarization levels fgy in 8 with varying catalyst NHCs.

Avg'H 15 o
NHC Enhancements (fold) N polarization (%) Exchange rate, k ($
IXytp-Cl 24 +1 0.7+0.2 23+0.1
IMes 340 + 30 26+0.2 39+0.1
IXykp-NMe, 70 £ 10 0.8+0.1 5.5+0.1
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2.6.3Experiments at high catalyst loadings

In the preceding section, experiments comparing the polarization levety @i 8 and 2 were
performed at low catalyst loadings due to the limited solubilityMésin 8. This prompted further
investigation into whether a mixture of solvents may be able to provide the higloldbility of8

with the superior catalyst solubility ¢, potentially enabling higher polarization levels than2in
alone. Given that SABRE experiments are typically conducted with 5 mM catalyst concentrations,

this was selected as the target catalyst loading.

The mixture of solvents chosen composed of @&hd 20%2 by volume. It was found that this
mixture was able to fully solubilize 5 mMIbles. Samples were prepared with 5 mMIMesand

25 mM ofpyin 0.6 mL of the solvent mixture, with and without 4 equivalentBBfSOds, and in2.

As shownn Table2.15, averageH enhancement magnitudes were found to be higheg an 450
fold, compared to 25@old and 236fold for the 8/2 mixture with and without DMSQds
respectively. Notably, heréhe H signalenhancementsfor py in 2 were all of the same sign
(Figure2.21), unlike at low catalyst loading#n the 8/2 mixtures, some'H sites ifeta proton
without DMSQds, ortho proton with DMSQds) exhibited particularly weak enhancements. This
indicates inefficient polarization transfer, with tieacomplete conversion op-H,-derived spin
order into singlet spin states®N polarization values were found to increase in 81& mixture,

with and withoutDMSQds, relative to in2.

The"Y values of these samplegtesentedin Table2.16, werenotablylower thanthoseseenat the
lower catalyst loadingattributed here to thelower substrate exceg$-fold compared to 26old).

Under these conditionghe averageH "Ysin the 8/ 2 mixture were 36% and 26% lower thanan
with and withoutDMSQds respectively.The >N Y could onlybe measured for the8/2 mixture
with DMSQds due to low signal strengths for the other samples. This gave a vaR@sparound

a factor of two reduction on the previously measured values at lower catalyst loadings.

Table2.15- 'H enhancements andN polarization levels fgry in 2 and an 80/20 mixture o and
2, with and withoutDMSQds, all at a 5 mM catalyst loading.

H Enhancements (foldpo] 15\ Polarization

(%)

Solvent
Ortho Para Meta Avg. Avg. Mag.

[8]/[2] mixture -370+40 -420+40 0+20 -230+30 230%+30 57+0.8

[8)/[2] mixture

+ DMSO -30+£110 -810+100 -200+50 -250+90 250+90 6.8+ 0.6

2 -600+20 -670+40 -190+20 -450+20 450+ 20 3.4+04
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Figure2.21 - *H enhancements fay in 2 and an80/20 mixture of8 and 2, with and without
DMSQdg, all at a 5 mM catalyst loading.

Table2.16 - *H and'*N "Ys forpyin 2 and an 80/20 mixture d8 and 2, with and withoutDMSQds,
all at a 5 mM catalyst loading.

Solvent Average'Hd| (s) N4 (s)
2 12.0£ 0.5 -
[8)/[2] mixture 8.9+£0.2 -
[8)/[ 2] mixture +DMSQds 7.740.2 26+2

2.6.4Discussion and conclusion

In conclusion, perfluorocarbon solvents were found to exhibit significantly increassdlutbility
relative to the traditional SABRE solveftand 5. Among the PFCs teste@was found to be the

most promising, demonstrating the ability to achieve significkhand'®>N polarization levels with
SABRE, attributed to it having the highest catalyst solubility of the tested PFCs. Despite this, the
maximum soluble catalyst concentration was found to be only around 1 mM. It was foundrthat
80/20 mixture by volume o8 and 2 is able to solubilize five times the mass of catalyst that could

be dissolved i alone, reaching th& mM concentrations typically used in SABRE experiments.

At low catalyst concentrations, the optimi&l performance i8 was achieved with thiMescatalyst
and DMSQds, however the enhancementmagnitudes were only half that achieved usifg
For™N it was found that polarization levels &were 53% higher than ir2, and the addition of

DMSQds decreased®N polarization levels i2 and8.
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At high catalyst concentrations, it was found that tB& mixture with and withoutDMSQds
resulted intH enhancements that wer#9% and 44%wer than those achievable Brespectively.
5N polarization levelsvere 68% and 100%igher in the8/2 mixture than in2 with and without

DMSQds respectively.

These trends can be rationalized as follows. The additi@MBOto 8 has the effect of increasing
the 'H polarization values and lowering th& polarization values. This can be linked to the slower
exchange ofDMSQde-containing catalytic species which improvid$ and reduces®N SABRE
efficiency. This effect is slightly compounded by the lengthening ofHli¥ upon the addition of
DMSQds.

The poorerH polarization levels seen &relative to2 can partly be attributed to the loweH"Ys
seen in8, butthis cannot entirely explain the effect. It is thus likely that the substrate dissociation

rates in2 are better suited to efficientH polarization transfer.

The increase it°N polarizationseen with8 relative to2 at low catalyst concentrations, and with
the 8/2 mixture relative to2 at high catalyst concentrations, can be attributed to a combination of
higher p-H: solubility in solution and the fact thabN polarization is less susceptible to relaxation

from the ®Fnuclei in the solvent

It is proposed that further work regarding the optimization of SABRE in perfluorocarbon solvents
may allow for increasetH polarization relative to traditional SABRE solvents, however PFCs have
been shown to be more valuable to the polarization of heteronuclei, sucNaswhich are less
affected by the high gyromagnetic ratio é¥. The issues with catalyst solubility faced by
perfluorinated solvents may be possible to overcome with the use of perfluorinated catalyst NHCs,

such as those demonstrated Bjtedgui et al[80], discussed isectionl.4.3
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2.7 Polarization of°N
2.7.1Introduction

Alongside polarization of theH nucleus, the ability to polarize heteronuclei, specifica¥; was
investigated for the possible application’&f polarized targets. It has been previously been shown
that SABRE is able to polariz€, °N, 1% and other heteronuclgb4,6366], with °N typically
yielding the highespolarization value$68]. Two substratesvere chosen for these investigations,
py, due to its interest for'H polarization and the possibility to have a dddl*>*N polarized

substrate, and acetonitrilels (acnds) due to itshighdilution factor.

Detecting®®N by NMR presents additional challenges comparetHtgrimarily due to two factors:
the low gyromagnetic ratio and the low natural isotopic abundanc®Nf The gyromagnetic ratio
of 1°N (27 MRad 3 T?) is approximately ten times lower than that %t (268 MRadsT?), and its
natural abundance is only 0.36% compared to 99.99%HoiTaken together, these factors make
15N 260,000 times harder to detect by conventional NMR methed$

This challenge is typically addressed by using highly concentrated or isotelgiballgd samples,
often accompanied by extensive signal averaging, however SABRE offers a powerful alternative.
SABREnhanced™N signals can experience signal enhancements in excess of ¥6l00&8],

eliminating the need for such methods, even at natural isotopic abundance.

Since™N is a spirl/2 nucleus, resulting from one unpaired proton, it may be considered that only
2yS ydzOf S2y A& Ay Tl Table2 WL Bdth inedtidatedd suiSteates fdP & K
polarization exhibit a lower dilution factor than is typical ¥erpolarization, with the dilution factor

for acnds being roughly twice as high as foy.

Table2.17 - Chemical formulas, dilution factors and structurespipandacn-ds.

Dilution factor, ||

Substrate Formula (5N) Structure
X
Pyridine GHN 0.013 | P
N
Acetonitrile-ds CRCSN 0.022 D;C—=N
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2.7.2Pyridine

Field sweep
In*H SABRE tHeAC condition (discussed furtherSectionl.4.1) needed for optimal polarization

transfer occursonsistenly at around 6 mT, howevepr *N polarizationthere is generally more
variance seen in the optimupolarization transfer fieldTo determine the optimur®N PTF fopy,

it was decided to perform a polarization study sweeping over all possilsle PT

Here the sample used contained 5 mMibfesand 100 mM of nonsotopically labelleghy in 0.6

mL ofDCMd.. The PTF field was varied across the rafigaG to /mG 0.7 uT to 0.7 pT) in 1 mG
increments.The samples were prepared and activated as describe8ertion7.2.1 and were

LI2fFNAT SR dzaAaAy3d GKS YN Kdsdilsed irS¢cBon7R RFEHICesuNsS e K 2 R F 2 NJ

shown inFigure2.22.
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Figure2.22 - >N polarization levebf py at variouspolarization transfefields. The blue dashed line
indicates the applied fitting.

The positive and negative fields resulting in the highest polarization amplitudes were found by
fitting the sum of two independent gaussian functions to the data to model the dependency around
each LAC condition. It was noticed that this fitting did naggptinrough the origin, and thus it was
determined the milligauss meter was incorrectly calibrated, resulting in correctiofsobmG to

the measured field values. Here it was found that the highest polarization amplitudes occurred
at-5.1 mG and +4.1 m@jth the maximum polarization using a positive PTF being&8%y d that

achievable using a negative PTF.
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Effect of substrate excess

5N polarization levels, molar polarization aitds were measured fopy at varying substrate

excesses betweenld and 126fold. The samples contained 5 mM Ibles with 25600 mM of
BN-labelledpy in 0.6 mL o DCMd,. The samples were prepared and activated as described in
Section7.2.1and 4 SNB LR f I NAT SR dzaAy3d {KSBNWeKribddd | y I
Section7.2.2 at a field of3 mG.

As showrin Figure2.23 and Table2.18, there was a negative dependence of the polarization level
on the substrate excess, with polarization levels dropping by a factor of four over the investigated

range from 7.8% at a-fold excess to 1.9% at a 1-88ld excess.

The molar polarization metric is the product of the concentratiod®Nfnuclei in solution and the
average™N polarization. The molar polarization rose between-®lf and an 8€fold substrate

excess by a factor of 7.6 from 190 mM % to 1450 mM %, after which it began to fall.

As carbe seen inFigure2.24, the >N Y for py increaseswith increasing substrate excess. A factor
of 2 gain from 28 s to 57 s is seen with an increase froffold®xcess to an 8dld excess, however

no further increase is seen at a 1#fld substrate excess.

These results can be rationalized similarly to thos8ention2.3.2for the *H polarization oy at

varying substrate excesses. Here the expected negative dependence on substrate excess is showr
This was not observed iSection2.3.2 which is theorized to be&lue to higher rates of pre
measurement decay negatively biasing the measured polarization of thexoass samples. Due

to the longer"Y of N relative to'H this does not occur here. The molar polarization decreasing at
higher substrate excesses can be explained &ettion2.3.2 whereby the increased substrate

concentration reduces the rate gfH; exchange, thus reducing the rate of polarization transfer.

Table2.18- 1N polarization, molar polarization aritfs for py at varying substrate excess.

Catalyst Substrate 15 - 5N Molar
. . N Polarization . 1501
concentration concentration (%) polarization N 1| (s)

(mM) (mM) [Excess] (mM %)

5 25 [5] 7.8+0.8 190+ 20 28+ 1

5 50 [10] 75+15 380+ 80 351

5 100 [20] 6.8+£0.5 680+ 50 48+ 1

5 200 [40] 47+0.5 930+ 100 48+ 1

5 400 [80] 3.6x0.5 1450+ 200 57+1

5 600 [120] 1.9+0.2 1120+ 90 55+1
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Figure2.23 - N polarization and molar polarizatiaf py at varying substrate excesses.
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Figure2.24-N"Y for py at varying substrat&excesss Eror bars are present for all points but may
not always be visible.
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2.7.3Acetonitrile

Acnds was the target of a polarization optimization study due to its characteristics that make it a
promising substrate for use in‘aN polarized target; its high polarization yield and high dilution
factor. Polarization of thé&N nuclei inacn-ds of up to 31% has been demonstrated previoJsj,

and the higher dilution factor of 0.022 compared to 0.013dgresults in d0¢ (8.2 times higher

for the same polarization yield.

This study varied the eligand used for the polarization atrnds. The samples contained 5 mM of
IMes, 200 mM ofacntds and25 mM of celigand in 0.6 mbf DCMd.. The samples were prepared
and activated as described 8ection7.2.1andg SNB L2 f I NA T SR dz& AmgtHod i K S
for 15N, described irSection7.2.2 at a field 0o£3 mG.

Results and discussion

The™N polarization ofacnds was found to be strongly dependenndhe coligand identity, as

shown inFigure2.25 and Table2.19, with the polarization ranging from undetectable levels up to
7.9%, equivalent to a signal enhancement of 24;00. Here the detectability threshold is

estimated to bea polarization level adiround 0.05%.

It was found that the cdigandsDMSQds and 3amino-1,2,4triazine @-atz) both resulted iracnds
polarization lowerthan without a co-ligand, with no detectable polarizationccurring using
DMSQds, and a polarization level of 0.35%uind using3-atz, comparedto 0.59% for the sample
without a coligand. The samples containing the-liggandspy and benzylaminebiza) both saw
improvements in polarization relative to the sampiéhout a coeligand with polarization levels of

2.6% and 7.9% respectively.

Notably, the celigand most beneficial fdfN polarization here is different to that féH polarization
found previouslyDMSGds has frequently been seen to increase polarization level&Hphowever

here decreases th&N polarizationby over an order of magnitude. The effect aligand has on

the polarization levels of the substrate is primarily due its effect on the substrate exchange rate.
Due b the larger strength of thé couplings fo®N polarizationcomparedto the 0 coupling

for H polarization, the optimal substrate exchange rate'fdr is found to be much higher than for
1H[95]. ThusDMSQds, known to slow down substrate exchange, resulting in decred3sd

polarization levels is expected.

5N Y valuescould onlybe measuredor samples containinthe py andbzaco-ligands due to low
signal strengths for other samplé€ghe”Ys measured using either digand were similarl 62 s with

the coligandpy and 146 s with the ctigandbza

83



Table2.19- 15N polarization levels andy's foracnds with varying ceigands.

Coligand 15N polarization (%) 1 (s)
DMSQds No detectable signal -
3-amino-1,2,4trizaine 0.35+ 0.09 -
No celigand 0.59+ 0.04 -
Pyridine 2.6+0.3 162+5
Benzylamine 7.9+ 0.8 146+ 2
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Figure2.25- N polarization levels facnds with varying celigands

2.7.4Conclusion

In conclusion, it has been found that the optimal PTF9drpolarization opy occurs at5.1 mG.
The maximuni®N polarization opy was found to be 7.8%, achieved at $ofd substrate excess,
and the highest molar polarization wésund to be1450 mM %, occurring at an 30ld substrate
excess. Th&N Y for py was found to increase up to a maximum and plateau at around &ol80
excess, with a maximum measurédof 57 s, 46% longer than the averag€”"Y found for py in

the substrate comparison study Bection2.2.1
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5N polarization oficnds; was found to massively benefit from the presence of digand, with the
sample containinghe coligandbzaachieving a polarization of 7.9%, over ten times that which
could be achieved in the absence of aligand. It is notable that polarization levels decreased
significantly with the use of the dagand DMSQds, known to work well fofH polarization. It is
speculated that this is due telower exchange rates thmare optimal for'>N polarization,as

DMSGQds is known to slav substrate exchange.
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2.8 Chapter ZConclusion

In this chapter, it has been found in the substrate comparison study that the higHesterage
nucleon polarization (the product of the polarization and the dilution factor) could be achieved with
the substratespy and pz. Additionally, the longestY of the SABRRolarizable substrates was
achieved with3,5dcpy. Py and 3,5dcpy were chosen to be studied further for their high

polarization yield and polarization lifetimes respectively.

In the study focusing on the polarization optimizationpgf the highest polarization levels were
achieved usingy and thelMes-d», catalyst. Here the deuteration of the catalyst NHC reduced the
rate of relaxation of the spin order during polarization transfer. In the substrate excess stymy for
it was found that the highest signal enhancemsntcurred at a 2dold substrate excess, while the
highest molar polarization was found to be similar for thef@@ and 46fold excess samples. The
molar polarization decreased above a#0d substrate excess, here dtiuted to slower rates of

p-H: exchange with increasing substrate concentrations.

When investigating SABRE in neat liquids, without an additional solvent, it was found that
polarization levels gy in a 1% v/v solution witlpy-ds were around 46fold lower than in a 1% v/v

solution with methanolds® ¢ KS LJ2 f | NR T I gy &o2lg be in&easetl By ralsiyig they S | i Q
catalyst concentration, however the dependence was approximately logarithmic, and it was not
possible to reach the levels achieved in methasolithin the solubility limits of the catalyst. It is

proposed that SABRE irat liquids is limited by the low catalyst and dissolpdd concentrations

relative to the substrate, and is not a feasible solution to producing highly concentrated solutions

of polarized material.

In this chapter the successful synthesis of a novel selectileiyerated substrate3,5py-d; is
demonstrated. When comparing the polarization achievable on this substrgg, tid was found

that a measured average polarization of 5.7% could be achieved usitigé¢kel,, catalyst and the
coligand DMSQds. This represented 89%increase over the 4.1% achievable wjila under
optimized conditions despite the average nucleon polarization suffering a slight decrease. After
correcting for premeasurement écay, the maximum averadél polarization achieved witB,5-

py-d> was 18%, a significant achievemeHere thelMescatalyst andhe coligandDMSQOds. were

used.

An increase in théY of 90% for 3,5-py-d> compared topy was observed at a 4fold substrate
excess from 39 s to 75 s. This demonstrates the successful achievement of synthesizing a

selectivelydeuterated substrate that combines the high polarization values sepywith the long

86



relaxation times seen iB,5-dcpy. This substrate also represents a significant increase in the dilution

factor compared to previous instances of selectivadyiterated substrate§67,70]

In an investigation into novel, high gsslubility solvents, it was found that perfluorocarbons had
significantly higher levels otKolubility than the traditional SABRE soh&entethanold, andDCM

d>. PFCs did however exhibit limited catalyst solubility, with only three of the nine tested PFCs
having a catalyst solubility of over 0.1 mig just 3% of that needed for a typical SABRE experiment.
As catalyst solubility was deemed to be the limiting factor for polarizatiorethyl

perfluorobutylether(8), which had the highest, was chosen to be investigated further.

At low catalyst concentrations, tHél polarization level gy in 8 was found to benefit from the co
ligand DMSQds, however the average signal enhancement magnitudes were only half of that
achievable in methaned.. In the absence of a eligand the substrate exchange rates were too
rapid for efficient'H polarization transfer and too slow f&iN polarization transferconfirmed by

the addition of DMSQds which improved and worsened théH and N polarization levels
respectively. It is proposed that with further studies to better optimize the exchange ramsiof

8, continued gains in the achievable polarization level relative to traditiSABRE solvengll be
made. Additionally, the issues with catalyst solubility faced by perfluorinated solvents may be

possible to overcome with the use of perfluorinated catalyst NHCs.

Higher soluble catalyst concentrations could be achieved using a mixt@eamd methanolda,
which was able to solubilize 5 mM les, the level used in a typical SABRE experiment. It was
found here however that théH polarization levels using this solvent mixture weigainonly

around half that achievable using metharhl

PFCs did however outperform traditional SABRE solvent$°Nopolarization. At low catalyst
concentrations, the'®N polarization ofpy in 8 was 53% higher than in methandd, at 13.0%
compared to 8.5%. The mixture &f and methanolds used for high catalyst concentrations
performed even better relative to methanal, achieving double thé®N polarization- 6.8%
compared to 3.4%. StrordgN polarization using was attributed to the lack of sensitivity of tAeN

nucleus to dipolar relaxation fromie *°F nuclei in the solvent

In a study on the polarization of tHéN nucleusit was found that the maximum polarization py

was achieved at a-old substrate excess, with the highest molar polarization occurring at an
80-fold excess. For thEN polarization oficnds, the polarization in the absence of a-kigand was
very poor, however polarization levels of 7.9% could be achieved with the use of-ligaicdbza,

an order of magnitude higher than in the absence of digand.Thisresult is attributed primarily
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to changes in the ligand exchange rates, which are an ongoing area of investigation within the

group.

The results of this chapter regarding the high polarization level8,®py-d, will be used in
Chapters in order to achieve polarization levels in excess of 20% using a continuouslygablariz
prototype SABRE targeéfhe substrate8,5-dcpy, notable for its long polarization relaxation tisie

found in the substrate comparison study, will be investigated furth€hapter3.
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Chapter3 - Studies in Relaxation

3.1 Introduction

This chapter investigates the factors that influence relaxation, the process by which non
equilibrium magnetization returns to equilibrium. It will focus on longitudinal relaxation, which
governs the time taken for the-@omponent of magnetization to retarto equilibrium, and is
characterized by the time constai. "Y influences the repetition timgused in thermally polarized

NMR experiments and, importantly, characterizes the lifetime of hyperpolarized states.

A long polarizatioiY is desirable for the application of SABRBolarized targets for a few reasons.

A lower rate of relaxation means that a lower rate of polarization is necessary to continuously
maintain a fixed polarization level. This is important as polarization rates in SABRE are often
constrained by limiting fetors such as the available concentrationpsH; in solution and the
catalytic activity Another benefit to a longy is that it allows for more time for processing a solution

of hyperpolarized material after polarizing subsides, for example to reduce the quantities of catalyst
and solvent and thus increase the dilution factor of the materialkey feature in the Figure of

Merit for polarized target experiments.

The factors influencingy that are investigated in this chapter are: sample temperature, external
magnetic field strength, substrate concentration, and catalyst concentration. These factors have
previously been studied talimited extent, however they are critical for the application of SABRE
to polarized targetsAdditionally there will be a discussion of the RASER effect observed during
these studies, a phenomenon which involves the stimulated emission gbh&Bns in

hyperpolarized samples.

The main substrate of interest in this chapter will be-8iéhloropyridine 8,5-dcpy, Figure3.1),
chosen for its exceptionally low rate of intrindl¢ Y relaxation, due to the magnetic isolation of
the *H nuclei. This allows for a more precise investigation into factors affectingytthen would
otherwise be possible. Additionally, the achievable polarization and the dilution factor are higher

for 3,5-dcpythan for other substrates with a similarly lofiy.

Cl X Cl

=
N

Figure3.1 - The structure 08,5-dcpy.
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3.21| dependence on temperature

The temperatures needed to operate a DNP polarized target are one of the key engineering
challenges associated with DNP. For high intensity beams, the contingalstized targets used
operate at around 1 K using®dle or*He evaporation refrigeratdi21]. For experiments restricted

by low luminosities, the frozeapin targets used operate at even lower temperatures of just tens
of mK using 8He/*He dilution refrigeratof2]. Thelow temperatures needed fdDNP targets bring
significant drawbackssuch as a restriction in the allowable heat depositigithin the target,
limiting the allowable beam current. In addition to this there is #h&sociated costwith the

cryogens and energy usage, alongside the necessity for expert technical si9&99]

One of the key advantages of SABRE is that it has been demonstrated to operate well at room
temperature. The efficiency of polarization transfer in SABRE is highly sensitive to the chemical
kinetics of the system used, however if care is taken in the etaficeligand for the SABRE catalyst

it is frequently possible for the optimum substrate exchange rate to occur at close to room
temperature[100,101] Knowing this, it is also important to understand the temperature

dependence of the relaxation rate of the polarization.

To investigate the dependence of on temperature, it was decided to use thernial inversion
recovery experiments, eliminating the need for the SABRE catalyst and consequently any effects of
catalystinduced relaxation. The chosen sample composition was 200 mM of the suliaBatepy

in 0.6 mL of methaned:, chosen due to its higher boiling point compared R&CMd,. The
temperature range investigated was 243 K to 3233R.2 °C to 49.9°C), chosen due to practical
limitations. The sample temperature was altered using the variable temperature functionality of

the NMR spectrometer, and the samples were prepared and activated as describection7.2.1

3.2.1Results

The results of this 9.4 T study, seerfFigure3.2 and Table3.1, show a significant dependence of

“Y on the sample temperature, also showing that a maxiri¥llies within the investigated
temperature range for botAH positions. The averag¥ for 3,5-dcpyranges from47.5+ 0.3s at

243 K, increasing thl13+ 1s at 303 K, before falling to @2s at 323 K, with a percentage increase

of 140% from the minimal to the maximal value. The minimal and maxiislor the ortho and

para positions are found at the same temperatures, 243 K and 303 K respectively, with a larger
percentage change observed for tpara position. Also shown iffigure3.2 is theabsolute value

of the rate of change of the averag® betweendata points 3'Y; 734 . 3"Y; 734 is found

to be highestbetween305.5 K and 308 K (3234.9°C), reaching a maximum of2Gt 0.9s K,

equating to anaximumpercentage rate of change afound7% Klfor the averagéy. 3"Y; 734
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is generally lowest far from the optimal temperature for thé falling to1.03+ 0.03s K! and0.9+

0.3s K!atlow and high temperature extremes respectively
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Figure3.2-H"Ys and theabsolute value of theate of change of thaverage'Y ( 'Yy 7w "Yfor
3,5dcpy at varying sampletemperatures over the range 24323 K All measurements were
acquired at 9.4 T (400 MHz).

Table3.1 - *H"Ys andthe absolute value of theate of change of thaverageY (W'Y, Tw "Yfor
3,5dcpy at varying sample temperatugeover the range 24323 K. All measurements were
acquired at 9.4 T (400 MHz).

1] ]
Tempezature Hal (s) £ (s K)
(K) [°C] Ortho Para Avg A
243 F30.2 45.1+0.4 524+ 04 475+ 0.3
: ] 1.03+£0.03
263 [10.2 63.9x 0.7 76.8£ 0.8 68.2+£ 0.5
: ] 1.30+0.04
283 P.9 85.2+ 0.6 112+ 1 94.2+ 0.6
0.8£0.1
293 [19.9 92+ 1 122+ 2 102+ 1
0.320.3
298 4.9 93+ 1 124+ 4 103.3x 1
1.6+0.6
300.5 [274] 97+ 1 128+ 1 107+ 1
25+0.7
303 30.9 102+ 2 137+ 3 113+1
5.0+0.8
305.5 [324] 901 123+ 3 101+1
6.2+ 0.9
308 [34.9] 79+ 2 98+ 3 85+ 2
2804
313 B9.9 68+ 1 79+ 2 71+1
0.9+ 0.3
323 9.9 59+ 3 68+ 4 62+ 2

91



3.2.2Discussion
As described irBectionl.2.2 one of the causes of intermolecular relaxation is the interaction
between the thermal motion of molecules and the precession of their magnetic moment. The rate

of rotation of molecules in solution is given by their correlation timewhere:

LI O ro
Here"Yis the temperature and- is the viscosity of the solution, which also exhibits temperature
dependence.The distribution of the rates of rotation of molecules in solution is given by the
correlation function,”"Ot . The Fourier pair of the correlation function, the spectral density
function, 01 , gives the distribution of the rotational frequencies these molecules The
magnitude of0] at the Larmor frequencior the relaxed nucleug ) determines the strength
of relaxation experiencefB7]. The temperature dependence of the intermolecular relaxation

experienced is brought in through the temperature dependencé @ind thusi? [102].

Consideringhis, it might be expected thaty would be lowest at the temperature which maximized
0] and would rse either side of this temperature.-shaped distributions such as this for the
temperature dependence of théY are predicted by Bakhmutov and HdJdé®2,103] citing the

dependence of théYont .

Here, however, the oppositerend is seen, wherea local maxima in théY is observedwhich
decreases at either side. It should be noted thais not the only contributing factor toY. Another
suchtemperaturedependentcontribution is the increamg rate of molecular collisions at higher
temperatures.This enhanced collision rater othermechanismscouldaccount for the deviation

from the dependence predicted by Bakhmutov and Hore

The maximuniY occurring at 30.9C in this study is encouraging for polarized target applications

of SABRE, as this temperature is easily achievable and indicates that the optimum temperature for
polarization transfer efficiency and for relaxation may be similar. This optimum temperfture
relaxation strongly contrasts to DNP systems which strive foiKaibin temperatures to minimize
relaxation[2]. In addition, the maximum temperature sensitivity of théis only7% K!, orders of
magnitude lower tharfor DNPbelow 1 K  ( Kdza &dzZ33SadAy3a GKIFG KSIG
for a SABRpolarized target.
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3.31 dependence on holding field

Alongside the temperatures needed for DNP, the other significant engineering constraint comes
from the strong magnetic fields needed. Both continuously polarized and fregientargets
require superconducting magnets which, similarly to the refrigerasipstems, need liquid helium

to operate. The superconducting magnets necessary for continuously polarized targets are a
particularissue,due to the large amount of material within the detector restrictiitg angular

acceptance.

The field dependence of the polarization transfer efficiency in SABRE is well stuthied
dependence of théY on the external field however is less well understood. It is known that-for
nuclei the optimum polarization transfer field lies at around 6 [Bd], however for a SABRE
polarized target there is a need for the preservation of polarization after polarization transfer has
concluded, especially if the target is of a Paomtinuous design, such as a frozen pellet target
(discussed isections.6).

For polarized target applications of SABRE there is a need to perform processing of the polarized
material to isolate the polarized substrate and thus increase the dilution fa@aring the
processing of the material it is important to minimize the decay of polarizatioerefore this
process should take place in a field where thds at its maximum, if feasiblét is thus desirable

to understand the dependence of tfi& on the holding field of the target material.

In this study, the'Y of 3,5-dcpy was measured using the hyperpolarizédrecovery sequence
described irSection7.3.2 The external field, ranging from 210.7 T, was supplied by the various
spectrometers used, the Magritek Spinsolve Carbon benchtop NMR and three Brukdiekigh

NMRs, details of which are givenSection7.1

Four identical samples were made up containing of 2.5 mNVek precatalyst and 50 mM &,5
dcpyin 0.6 mL oDCMd,. The samples were prepared and activated as describ&btation7.2.1
YR 6SNB LRt NART SR dza Ay HesditeSirS&efo7I22S | YR RNE L
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3.3.1Result%

As can be seen Fgure3.3 andTable3.2, both theortho andparapositions in3,5-dcpyshow very

little variance irf'Y with the change in holding field. The averayevaries from a minimum of 76§

at 7.0 T to a maximum of 82 s at 1.0 T, a percentage increase of only 7%. In fact, it happens that
three out of the four valuesf the average'Y (1.0 T, 7.0 T, 11.7 T) are the same to within one

standard deviation of each other.

180 ~ X Ortho

150 - Para

—&
P4

Holding field (T)

Figure3.3 - *H "Ys for 3,5-dcpy at varyingfield strengtts. Error bars are present for all points but
may not always be visible.

Table3.2 - *H"Ys for3,5-dcpyat varying holding field strengths.

Field (T) i
Ortho Para Avg
1.0 48.8+ 0.6 150+ 9 82+ 3
7.0 47.6x 0.3 145+ 3 80+ 1
94 46.0+ 0.3 138+ 2 76.7£ 0.5
11.7 47.5+ 0.7 139+ 3 78+ 1

vV Selected results from this study have been published and can be fod&f]in
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3.3.2Discussion
According to Bakhmutop02], in the extreme narrowing limit, characterizedibyt L p, the™Y
loses its dependence on tlexternalfield strength while retaining its dependence on temperature.

The conditions to meet for the extreme narrowing limit are:

1 Small molecule sizes.
1 High temperatures.

1 Low viscosity solvents.

It is thus suggested that the samples iisthtudy(and the previous studyfall into this regime due
to satisfying each of these criteri@hiswould suggest that the lack of dependence of tieon the
holding field strength is to be expectethe lack of field dependence of théis also evidence that
chemical shift anisotropy (CSA) is not a large contributor to'theelaxation of3,5-dcpy, as it is

known that the CSA contribution t& relaxation scales witho8[102].

The consequences of this result are that a holding field of a strength similar to that used in
continuously polarized DNP targets will not be necessary for a Sg@&tized target. An upper

limit on the holding field necessaty maintain the polarizatiof SABR{golarized material can be

set at 1 T, achievable with either permanent magnets or conventional electromagndtsiling

out the need for cryogeftooled superconducting magnets. This will allow SARREized targets

to be capable of 4 angularacceptance, which is crucial for maximizing counting radsswill be

seen inChapter4, long“Ytimes of a few minutes fdg,5-dcpyare able to be achieved on a benchtop
MRI with an internal field strength of 0.33 T, effectively setting a new upper limit on the maximum

strength needed for a storage field.

As the transfer of spin order in SABRE is a reversible process, once the spgilysaftopped and

the polarization step has concluded it is necessary to remove the sample from the polarization
transfer field. This is because SABRE is a reversible equilibration and allowing the backwards
equilibrationto occur would result idast relaxation of the generated polarization. Fét SABRE,
coherent evolution of the spin states at the LAC is maximaiaatnd 6 mT, however frequently this

is not a sharp resmnce[104], and thus field strengths similar to this should be avoide also

the case that at zero field the energy levels of the spin states become degenerate and thus

polarization isjuicklylost.

In dissolutiorDNP, applied fields are necessary for the transfer of polarized material between the
polarizing magnet and spectrometer. Here fields of 75 mT are typical in order to ensure that
Zeeman splitting dominates over other spin interactions, sushdgoledipole interactions,

Jcoupling, or chemical shift anisotropy. The applied field also acts to supress the thermal mixing
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between!H and heteronuclei (such &%) spins in the sample. It is thus suggested that a suitable
lower limit for thefield strength needed to maintaitH SABRHerivedpolarization lies between 75

mT and 1.0 T.
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3.41| dependence on substrate concentration

TypicallySABRE experiments are conducted in dilute fashion with substrate concentrations of tens
to hundreds omillimolar.Dilute samples are used in SABRE partly due to economic considerations
but alsobecausemore concentrated samples will likely have lower polarization levelp-lds

availability is frequently a limiting factor. Looking back to the Figure of Merit:

"0¢ O Q0 O R
where 0 is the beam luminosityQs the dilution factor and) is the target polarization, it is clear
that the dilution factor of potential target material must be optimized due to the quadratic
dependence of théO¢ n"Q This would involve increasing the substrate concentration as high as

possible, whether this occurs before the polarization step or in a processing step after polarization

hasconcluded

In contrast to the concentrationsommonlyused in SABRE samples, n@ahas a concentration of

12 M and a saturated solution 8f5-dcpyin DCMhas a concentration of arourgM. It is expected

that "Ys will shorten as sample concentrations increase due to the increased intermolecular
interactions between substrate moleculeand thus it is important to understariw what extent

this occurs.

This study investigates th& of 3,5-dcpyat varying substrate concentrations. Here it was chosen
to directly vary the mass fraction, where:
DOiE DO 01 0O Q

YO @O0 04 @io dOoPQE Ee———— ‘.&JT
DQIiEiMe ado Ve e

O 1d

This is because the mass fraction values could be known in advance, however the substrate

concentration would depend on the final volume after the substrate was dissolved in the solvent.

DCMd. was chosen for the solvent in this study due to its ability to solubilize high concentrations
of 3,5dcpy, and 10 mM ofDMSGhs was added to theDCMd. in order to act as an internal
reference standard. The integrals of tBMSOpeak for each sample were used to calculate the
increase in volume that had occurred for the solution after the substrate had been added. These
new volumes were used in order to find the corrected substrate concentrations. In this study the
substrate masfraction was varied from 1% mass, expected to give close to the maximaf3,5

dcpy, up to 40% by mass, which lies near the solubility lim&,5dcpyin DCMd..
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3.4.1Results

As can be seen iRigure3.4 and Table3.3, the expected relationship of a decreasiig with
increasing substrate concentration is observed. It is found that the avé¥eadgcrease$rom 135s
at the lowest mass fraction of 1% to 44 s at the highest mass fraction of 40%, a drop of 67%.
Interestingly, it is found that there is a significant dioi in the "Y for both the ortho and para
positions between the 5% and 10% substrate mass fractions. Here it is found that there is a 40%

reduction in the averagéy with just an approximate doubling of the substrate concentration.

160 -
1 I I X Ortho
140 -
K ¥ Para
1¥ X
120 A Avg
100 A T
@ 80 - i
™~ T x X
~ 60 - _
1 p
20 -
0 T T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40

Substrate mass fraction (%)

Figure3.4 - *H"Ys for 3,5-dcpy with varying substrate mass fractions in solution. The samples
contained 140% by mass {B45 mg)3,5-dcpy. Error bars are present for all points but may not
always be visible.

Table3.3 - *H "Ys for 3,5-dcpy with varying substrate mass fractions in solution. The samples
contained 140% by mass {845 mg)3,5-dcpy.

Mass Corrected He (s)
fraction (%) concentration (mM) Ortho Para Avg
1 90 1304 147+5 135+3
5 470 1304 147+5 1363
10 970 67.3+ 0.6 97+ 3 771
20 1930 47+ 1 86+ 2 60+ 1
30 3070 36+ 1 68+ 1 46+ 1
40 3900 35.1+ 0.4 62.1+0.4 44+ 0.3
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3.4.2Discussion

It is proposed that the results seen kigure3.4 and Table3.3 are caused by a change in the
dominant source of relaxation between the low and high mass fraction samples. For the 1% and 5%
mass samples the measurédvalues are identical to within error, despite an approximat®|a
increase in the substrate concentration. This suggests that the dominant source of relaxation is the
intramolecular dipolar relaxation betweéhl nuclei, which is inherently low f8;5-dcpydue to the
magnetic isolation of théH nuclei. A 40% reduction in the averdyewith a further doubling of

the substrate concentration suggests that here intermolecular dipolar relaxation between
molecules now contributes strongly to relaxation. Changes in"thenay also arise from the
changing viscosity of the solutioRCMd: is a low viscosity solvefit05], and thus the viscosity of

the solution is expected to increaseonsiderablyas the substrate mass fraction becomes

significant.

The results seen here show that the maximum substrate mass fraction that is usable without being
detrimental to the"Y is 5%, equivalent to 470 mM.i#t urdeterminedas towhat this value would
be for higher dilution factor substrates, such @gor 3,5-py-d,, which are more promising for
polarized target applications, however for these substrates a concentration of 470 mM equates to

a percentage by volume of approximately 4%.

The 67% drop in théY seen in this study between the lowest and highest substrate mass fraction
would result in a significant decrease in the maximum achievable polarizationcfumtanuously
polarizedtarget utilizing SABRE. It is thus proposed that it is necessary to stay below the limit at
which intermolecular interactions contribute significantly to relaxation, shown here to be 5% mass

(470 mM) for3,5-dcpy.

Alongside the concentration of substrate in solution, another important factor influencing the
substrate”Y is the molar excess of the substrate relative to the SABRE catalyst. This is investigated

in the following section.
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3.57 dependence on catalyst concentration

In the substrate comparison study 8ection2.2, conducted at a 4fold substrate excess relative
to the catalyst3,5-dcpywas found to have the one of the highé¥s. Interactions of the substrate
with the SABRE catalyst are known to be a large contributdY telaxation[52]. Therefore, the
dependence of theé'Y of 3,5-dcpy on its molar excess over the catalyst was investigated to

determine the extension to thé&Y that could be achieved at a large substrate excess.

This dependency was investigated for both thkeesandIMes-d», catalysts, to determinéhe effect
of the replacement of high *H nuclei with low 2H nuclei in the catalyst NHIEwas hypothesized
that the "Y at large substrate excess (low catalyst limit) would be the same for both catddysts

that the IMes-d>, samples would reach the maxinid at a lower substrate excess.

These studies were conducted at a fixed substrate concentration of 40 mM to avoid any effect on
the Y from intermolecular interactions at high substrate concentrations. The precatdistsand
IMes-d22were used in concentrations ranging from 8 mM to 0.2 mM resulting in substrate excesses

of 5fold to 20Gfold, and the solvent used waBCMd.. The"Ys were measured using the
hyperpolarizedY recovery sequence detailed $ection7.3.2 utilizing 30 scans with an intscan

delay of 10 s. The samples were prepared and activated as descrilssttion7.2.1and were
LI2fFNRT SR dzaAy 3 (KS asWéséibeld Bectiopf7.2RNE LIQ | LILINE | OK

3.5.1Resulty

The results of this study for both catalysts can be seeRigure3.5-Figure3.6 and Table3.4-
Table3.5. It can be seen that there is a very strong dependence ofYran the substrate excess
for both the ortho andpara position protons ir8,5-dcpyfor both catalystsForthe IMescatalyst, a
6-fold increase is seen in the averdgefrom a 5fold to a 206fold excess, increasing from 32 s to

192 s. For théMes-dy, catalyst a 5.1fold increase is found, from 35 sto 178 s.

Looking afigure3.5 and Figure3.6, it can be seen that théY approaches its maximum value at a
faster rate for thdMes-d; catalyst, confirming expectations. This is evidenced at aiol0excess,
where, for thelMes catalyst, theortho and para positions are at 69% and 76% of their maximum
values (20€fold excess) respectively. In contrast, for tMes-d, catalyst, by an 8@old excess the

ortho andparapositions have reached 78% and 90% of their maximum values.

Vi Selected results from this study have been published and can be foy&é]in
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Figure3.5-"Y of 3,5-dcpyat varying substrate excessedative to thelMescatalyst Error bars are
present for all points but may not always be visible.
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Figure3.6 - "Y of 3,5-dcpyat varying substrate excessedative to thelMes-d,, catalyst Error bars
are present for all points but may not always be visible.
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Table3.4-"Y of 3,5-dcpywith varyingsubstrate excessrelative to thelMes catalyst.

Catalyst Substrate He (s)
concentration  concentration
(mM) (mM) [Excess] Ortho Para Avg
8 40 [5] 16+ 2 64+5 32+3
4 40 [10] 27+ 1 96+ 3 50+ 2
2 40 [20] 46.0+0.3 138+ 2 76.7£ 0.7
1 40 [40] 70+ 2 165+ 3 102+ 2
0.5 40 [80] 106+ 4 203+ 7 138+ 4
0.33 40 [120] 115+ 2 2395 156+ 2
0.20 40 [200] 154+ 3 267+ 2 192+ 3

Table3.5-"Y of 3,5-dcpywith varyingsubstrate excessrelative to thelMes-dy; catalyst.

Catalyst Substrate He (s)
concentration  concentration
(mM) (mM) [Excess] Ortho Para Avg
8 40 [5] 16.1+0.9 73+ 2 35+ 1
4 40 [10] 39.3+£0.3 127+ 2 68.6x 0.5
2 40 [20] 57.3+ 0.7 149+ 3 88+ 1
1 40 [40] 92+ 2 176+ 3 120+ 2
0.5 40 [80] 119+ 4 209+ 8 149+ 4
0.33 40 [120] 141+ 1 229+ 2 170+ 1
0.20 40 [200] 152+ 3 231+ 7 178+ 3
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3.5.2Discussion

An unexpected result from this study is that tRéfor the para position in3,5-dcpywas found to

be 16% higher for the 26fld excess sample witlMes compared tolMes-dz. It is proposed that
there is no physical mechanism for this observed difference, and that this difference is due to fitting

errors.

Due to the measurement period of 290 s, for the 206l excess samples tiparaposition will only
experience around 1Y through the measurement period, falling to aroundf its initial value.

Because of this, there can be large differences in the fitting param¥étghich will have little effect

on the quality of the fitting. It is thus proposed that the error stated for these values, calculated
from the standard deviation of the fittetlYs forrepeat measurements, underestimates the true
error. It is also noted that small discrepancies from the stated sample compositions may result in
noticeable differences in the measuré¥. It is thus likely that the truéY for the paraposition of
3,5-dcpyfor the 2006fold excess samples witMesandIMes-dx. is similar, likely lying in the range
240260 s.

5SaLIAGS GKAAZ (2 ,thekr®asutredbiisiof2>MNm s for thgparaspbsiichh he
200fold excess samples & 5-dcpy are likely the highest reportedH “Ys measured in room
temperature solution state NMRan exciting result. A study that has found similarly I&HgYs
wasperformed by Rayner et dl70], in which &Y of 177 s was measured for thepdsition in 2,4
pyridazined,, shown inFigure3.7. Unsurprisinglyproperties that both of theséH nuclei share is
the isolation from other high nuclei, the sample being devoid of any paramagnetj@a@d low/no

catalyst being present.

D H
H X H Cl X Cl
/,N ~
D N H N H

Figure3.7 - 2,4-pyridazined, from [70] in which &Y of 177 s was measured (lef8,5-dcpyfrom
this study in which &Y of >240s was measured (right). The site for which tifevas achieved is
coloured in red.
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This study demonstrates the massive extensions that can be made to subi¥tsdig reducing the
catalyst concentrationthe concentration in the 208old excess sample here is 25 times lower than

a typical 5 mM loading used for SABRE experiments. Knowingvihaf the length observed here

are possible to achieve with SABRE substrates has significant implications for the applications of
SABRE. As mentioned previously, ovig are important to the maximal polarization that can be
achieved with a continuously polarized target, however the results shown here also enabled the
experiment described in the following chapter, testing the resilience of SABRE polarization to an
incident photon beam at an accelerator facility. This was an experiment that due to practical
limitations was only possible to achieve for SABRE samplebdtadt detectable signal that lasted

in excess of 10 minutes.

Thesestudies into the effects of catalyst concentration on the substfathint at what the optimal
substrate to catalyst ratio may be for use in a polarized target. These results cannot answer that
question fully as the maximal steadyate polarization that can be achieved will also depend on
the rate of polarization. We cares however that for theMes-d, catalyst that only a 5% increase

in the averag€Y of 3,5-dcpyis observed between the 12@ld and 206fold excess samples whilst
GKS OFiGlrfteaid O02yOSYyidNl A2y RSONBI &8 pHlbnmdtedn 52 ®
then it seems likely that the decrease in catalyst concentration, and thus catalytic output, will
outweigh the marginal increase ifiY. Thus, for3,5dcpy the optimal substrate excess for

maximizing steady state polarization will be unlikely to exceedf@D

It is anticipated that the dependence ©f on catalyst concentration will have a similar profile for
other substrates, with changes to the horizontal asymptote and the rate at which the asymptote is
approached.A study investigating the optimal substrate excess for a similar substrate will be

presented inSection5.4.2
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3.6 RASER effect

3.6.1Introduction

When the study inSection3.2 was initially attempted, it was observed that there were large
distortions to the baselines of the acquired NMR spectra that obfuscated the results. After further
examination of the FID signal$ appeared that these samples were exhibiting evidence of the

RASER effect, with spontaneous emission of radiofrequency (RF) waves.

The RASER (Radio Amplification by Stimulated Emission of Radiation) effect is analogous ftc
laserg[106,107]and maser$108,109]which emit coherent radiation in the optical and microwave
regimes. It has been seen previously in PHIP and SABRE expefiméits4], however the

observation of the effect is recent.

The theory of stimulated emission of radiation was first conceived by Einstein in[1'B8]7 For
stimulated emission to occur, the system must have discrete energy levels, and there must be a
population inversion in which the excited state has a higher population than the lower energy state.
The energy difference when a transition from the eaditstate D) to a lower energy stated )

occurs is released as a photon of this enei@y ('O ), shown inFigure3.8. This photon then has

the necessary energy to trigger the emission of a photon when it encounters another spin in an
excited state. If the right conditions are met then a chain reaction can be triggered. The necessary
conditions include a high proportiasf spins in an excited state, and that the excited state is stable

over the necessary timescales.

For the RASER effect observed in SABRE samples, the population inversion is produced by th
hyperpolarization process producing an overpopulation of the excited nuclear spin state. Due to
the energy gap between the spin states, the emitted photons arbérRF range, similar to the RF
waves that are used in the pulse for an NMR experiment. If the right conditions are met in a SABRE
polarized sample then a chain reaction offtiéton production can occur, with the transitions

between spin states being measible in an FID acquisition.
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Figure3.8 - Diagram of spontaneous emissiflaft) and stimulated emissiofright) of radiation.

3.6.2Evidence of the RASER efféct

Evidence of the RASER effect can be seétigure3.9. Figure3.9a shows a 90pulse FID from a
sample which exhibited signs of the RASER effect. Here it is difficult to notice anything unusual in

the FID until it is enlarged, shown inside the green box.

Figure3.9b and Figure3.9c show the FIDs acquired after & pulse and with no RF pulse
respectively, with a longer acquisition time. Here the RASER effect is much more prominent as all
signal acquired after around 2 s fieigure3.9b and all signal foFigure3.9c would not be expected

to be seen in the absence of the RASER effect. An FID of a sample not exhibiting the RASER effect is

shown inFigure3.10.

The effect is further confirmed blyigure3.9d which shows the spectrum produced from an FID
acquired on a hyperpolarized sample exhibiting the RASER effect with no RF pulse applied. Here it
can be seen that only peaks visible in the spectrum are fronottieo and para positions of the
hyperpolarized substrat&,5-dcpy. These peaks have been excited due to the RASER phenomenon
and there are no other peaks visible, such as from the catalyst or solvent, due to the lack of an RF

pulse to excite them.

The sample used for these results contained 5.2 miMafs, 26 mM ofDMSQds and 104 mM of
3,5dcpyin DCMd,. The RASER effect was also observed in other samples, with the effect being
confined to samples that formed the neutral SABRE catalyst in the preseBd¢SdD

Vil Selected results from this study have been published and can be fo&6l]in
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Figure3.9 - a) H FID after 90pulse b) *H FID afterl® pulsewith longer acquisitionc) *H FID
recorded after no RF excitatiaa) *H NMR spectra recorded without RF excitation (1 s acquisition).
All spectra are recorded at 9.4 T (400 MHz) and do not share the same vertical scale. Parts of the
FID, coloured in green, are shown expanded in the green inserts.

1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 Time (s)

Figure3.10- *HFID that des not exhibithe RASER effed®ecorded at 9.4 T (400 MHz).
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3.7 Chapter onclusion

In this chapter, a number of key results on the factors influencingtd hyperpolarized material
have been presented. These results have been acquired for the SABRE sulStdatgy which
was chosen for its exceptionally low rate of intrin$i¢Y relaxation. This allowed for a more precise

investigation into factors affecting thé& than would otherwise be possible.

In the investigation of the temperature dependencée gfelaxation for3,5-dcpy, it was found that

there was strong variation in théy over the measured temperature range of 2833 K. The
average"Y across altH sites exhibited a 130% increase from its minimum to maximum value,
reaching a peak of 112 s at 303 K (3@ The averad® continuously decreased for temperatures
further from the optimum It was found that thepercentagerate of change othe "Y with
temperaturepeaked at7% K between 305.5 and 308 K, a sensitivity that is orders of magnitude
lower than is observed below 1 K for polarized target material utilizing DNP. This demonstrates that
a SABRHBRolarized target will be able to withstand significantly higher heat deposits tare
possible with DNP targets.

In the investigation of thanagneticfield dependence ofY, very little field dependence was
observed over the investigated range of ALD.7 T. It was found that the minimal and maximal
values for the averageyY over this range were 78 s and 82 s respectively, only differing by 7%, with
three out of the four investigated field strengths giving the same avef#de within error. This

lack of field dependency of thér is predicted for the relaxation of molecules in the extreme
narrowing limit, characterized by small molecule sizes, high temperatures, and low viscosity

solvents- conditions satisfied here.

These two studies have given important insight into the physical conditions under which SABRE wiill
perform optimally as a polarized target materia¥ relaxationfor 3,5-dcpy at 9.4 T has been
demonstrated to be lowest at just above room temperature, coinciding with the temperatures
which are frequently optimal for polarization transfer. It has also been shown that the maximal
holding field necessary to maintain SABRE poléwizaspecifically foB,5-dcpy, is 1.0 T, with no
measurable increase ifY at stronger fields than this. This knowledge is of importance for the
processing of polarized material or for neontinuous polarized target designs, such as a frozen

pellet target.

In the study of the "Y of 3,5dcpy with varying substrate concentratisnit was found that the
average"Y decreases from 135 s at the lowest mass fraction of 1% to 44 s at the highest mass

fraction of 40%, a drop of 67%. It is found that there is a significant-cffojp the Y for both H
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positions between the 5% and 10% substrate mass fractions, with a 40% reduction in the average

“Y coming from a doubling of the substrate concentration.

It is proposed that this effect is caused by a change in the dominant source of relaxation between
the low and high mass fraction samples, with the dominant source of relaxation changing from
intramolecular dipolar relaxation to intermolecular dipolar redéion. Changes in ther may also

arise from the increasing viscosity of the solution with increasing substrate concentration.

It is found that the maximum substrate mass fraction that is usable without being detrimental to
the Y is around 5%, equivalent to 470 mM. Foyror 3,5-py-d» a similar concentration would be
equivalent to a percentage by volume of approximately 4%. The drop itYtbeen in this study at
substrate mass fractions >5% would result in a significant decrease in the maximum achievable
polarization for a continuouslyolarized target, thus it is proposed that it is necessary to stay below

this limit.

In the investigation of the dependence of on the catalyst concentration it was found that the
corresponding increase in the substrate excatdew catalyst concentration®sulted in significant
increases to the substratéy. It was found for thédMes and IMes-d,; catalysts that the averagey
increased by 8old and 5.%fold from 32 s to 192 s and 35 s to 178 s respectively, between-the 5
fold and 206fold excess samples. It was also seen that"thapproaches its maximum value at a

faster rate for thelMes-d», catalyst, confirming prior expectations.

Unexpectedly, theY for the para position in3,5-dcpy was found to be higher for the 26fld
excess sample witiMes than with IMes-dz,, when it was anticipated that they would reach the
same value in the low catalyst limit. It is proposed that there is no physical mechanism for this
observed difference, and that this difference is due to fitting errong MeasuredYsof >240 s for

the parapositionin the 206fold excess sampdof 3,5-dcpyare likely the highest reportedH “Ys

measured in room temperature solution state NMR

This chapter also presents evidence for the RASER effect, a recently observed phenomenon
analogous to laseffd06,107]and maser$108,109]that involves the stimulated emission of RF
photons in hyperpolarized samplesurther understanding of the conditions that give rise to this
effect is important, as the effect could result ine unwantedrapid depolarization of polarized

material.

109



110



Chapter4 - Radiation resilience of
polarized material

4 .1Iintroduction

This chapter will detail the first ever test of the resilience of SARREEized material to an incident
particle beam, a test conducted at the Mainz Microtron (MAMI) accelerator factlégtjord.2] in

the A2 experimental hall. The A2 facili§elctiord.2.1 impinges the intense MAMI electron beam

on a thin metallic foil radiator to produce a beam of enetggged Bremsstrahlung photons. This
photon beam was used fordpeam measurements of the polarization levels of SAp#&tized
material, to test for anydepolarization effects. The MAMI electron beam was also used to expose
a sample of SABRE material to a high radiation dose in order to test for the effects of radiation

damagein the sample

Sectiord.3discusses the aims of the experiment and details the methodology used to monitor the
in-beam decay of polarizatiosectiord.4 presents the results of any influence on the polarization
decay for SABRiolarized material ibeam, for three different substratesSectiord.5 presents

the results for a sample exposed to a higher dose (near the electron beam dump) during the run
period. Sectiord.6 discusses the implications of the new measurements for establishing the
capabilities for SABRiblarized material to be used in particle beams. Further experiments
necessary to increase the understanding of the effect of incident radiation on S#iREed

material are also discussed$®ctiord.7.

4.1.1Motivation of the experiment

Polarized nuclear targets utilizing DNP are known to suffer biedoced depolarization effects,
particularly with high intensity electron bean@ne such depolarizing effect is beam heating, where
the energy deposited by the beam warms the sample, increasing the rété faxation This
effect can be mitigated for by using techniques such as beam ras{@@hgsweeping the beam
spot over the target surface to irradiate the target evenly, however it cannot be completely
eliminated. The other commonly observed depolarizing effect is the production of radicals in the

sample, which act as a source of paramagnetiaxation.

Ammonia (NH), first used at Brookhaven AGS in 1§BDP6], is the current target material of choice
for polarized proton targets needed to withstand high beam intensities. This is due its lower

tendency to produce radicals, resulting in it somewhat replacing the alcohol targets used
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previously. The depolarizing dose for polarized Mirhets has been found to be over an order of

magnitude higher that of butanol or HD targ¢id.6,117] as shown ifrigure4.1.
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Figure4.1 - The relaxation rate® ~y) for protons in ammonia, butanol and HD targets at Jefferson

Lab as a function of total accumulated dose from an electron bEaom[118].

Beaminduced depolarization effects are particularly restrictive for experiments utilizing frozen

spin targets with a charged particle beam. Frospim targets are currently the only option for

achieving close to4angular acceptance using fixed polarized targets. A frepémNH; target was

chosen for Drelyan measurements by the COMPASS collaboration witlheam[15], however,

in this experiment the beam current was limited to just 16-f»0 times lower than for recentp

measurements at Jefferson Lab using a continuously polarized {&%jeT his was due to the high

sensitivity of theé'Y to beamtinduced heat deposition at the target temperature of 60 mK, required

for frozenspin operation.The average polarization of the target decreased from its maximum of

86% to between 68% and 76% during operation, a consequence of the roughly 40% drof¥in the

observed even at these low beam currents.

When commissioning a transversely polarized target to complement the new longitudinally

polarized target used with CLAS12 at Jefferson Lab Hall B, both the brute forcedpozéarget

HDice and a DNP frozapin NH target were considered. The requirement was that polarization

must be maintained for at least 21 days under an electron beam current of 1 nA in order to minimize

wasted running timg118]. Under similar conditions, HDice exhibite@ivaof only 46 hours due to

the effects of beam heating and radical product[8a]. For a frozerspin NH target, calculations

showed that achieving the requiréd would require a holding field of at least 2.5 T, accounting for
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the expected rate of heat deposition. A field of this strength would also be suitable for a
continuously polarized target, maintaining polarization for significantly longer due to the
replenishment of polarization, and thus this is the current candidateaftransversely polarized

target.

For the continuously polarized longitudinal target at Hall B, beam current8afAlare usef35],
yet this still only reaches 25% of the maximum beam current that can be delivereéiai B of
160 nA[119]. Even at tle restricted beam currentised targets have to be replaced after2days
of running because of unacceptably low polarization levels due to radiation damage bi-the

targetmaterial[35].

As discussed ichapterl, there is a clear need in the international community of nuclear and
particle physics for polarized target methodologies that can operate at the frontiers of intensity.
The measurements that will be presented in this chapter are a step towards that gaaty tie

first constraint on the resilience of SABRitarized material to an incident particle beam and high
radiation doses. It is the hope that SABRE can address the issues facing the use of DNP targets wit

intense charged particle beams.
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4.2The Mainz Microtron facility

The Mainz Microtron (MAMI) is a particle accelerator facility located at the Instituiérnphysik
at Johannes Gutenberg University (JGU) in Mainz, Germany. MAMI is dafged electron
accelerator capable of beam energies of up to 1.6 3€0]and continuousvave (CW) operation.
This electron beam can be fed into one of the three experimental halls: A1, A2 or A4, seen in
Figure4.3.

MAMI differs from other electron accelerator facilities due to its unique design using three Race
Track Microtrons (RTMs) and one Harmonic Double Sided Microtron (HDSM). These microtrons
allow for CW operation, where the accelerator delivers a steady amimpted beam of particles,

rather than delivering particles in bunches.

The Al collaboration uses high precision electron scattering experiments to research the structure
of atomic nucle[121], whereas the A4 collaboration focuses on measuring parity violating
scattering asymmetries in order to probe nucleon struct{ir22]. The experiment described in this
chapter was performed at the A2 collaboration which, unlike at the A1 and A4 collaborations,

performs experiments using energggged Bremsstrahlung photons.

4.2.1The A2 collaboration

The A2 collaboration at MAMI investigates a range of topics in hadron physics using a combination
of unpolarized, linearly, or circularly polarized tagged photons with unpolarized or polarized
targets[123]. The beam derives from the production of Bremsstrahlung photons during the passage
of the MAMI electron beam through a thin radiatdr20], with the energy of these photons being
provided through measurement of the scattered electrons by the Gladgdawmz tagging
system[124]. For unpolarized targets, liquid hydrogen or deuterium is typically used, whereas for
polarized target experiments a frozespin DNP targd27]is implemented using a variety of target

materials.

4.2.2TheA2photon beam

As previously mentioned, the photon beam at A2 at MAMI is produced through the Bremsstrahlung
process. As the electron beam passes through the radiator, the electrons lose energy through
interactions with the electromagnetic field of a nucleus in the raatianaterial. This energy loss is
emitted as a photon in a process called Bremsstrahlung (breaking) radia#ibh) shown in
Figure4.2. Radiators for Bremsstrahlung production are typically either amorphous -khigh
materials e.g. W, Pb, Cu) or crystalline, (e.g. diamond). Crystalline radiators are necessary for the

production of linearlypolarized photon beams through coherent Bremsstualg radiation. A2 at
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MAMI has a selection of three radiators, copper, diamond, andaieMradiator. TheMgaller
radiator was used in this experiment, aigimade from the alloy VACOFLUX 50 (49% Co, 49% Fe,
2% V), with a thickness of 10 um.

The energy spectrum of amorphous Bremsstrahlung photon production follows the distribution:
60 8P 0 () &)
where ‘O s the relative probability of a photon containing an ene@y

In this chapter, the intensity of the photon beam at A2 will be referred to with units of nA, despite
being a neutral particle beam. Here theam current refers to the current of the electron beam

which produces the Bremsstrahlung photons. The beam curi@ig,calculated as:
"0oi noé to i oy
wheren) is the charge of the electron andis the number flux of electrons. Thus, a beam current

of 10 nA equates to an electron flux@® p 1T i

The electron beam energy used iriglexperiment was 855 MeV, produced using the first three
RTMs at MAMI. The maximum photon energy of the photon beam was thus 855 MeV, and the

relative intensities of photon energies will follow the 1/E distribution seen in Eq. 4.1

@ ,’/h
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Figure4.2 - Diagram of the Bremsstrahlung process.
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Figure4.3 - Floorplan of the MAMI accelerator facility. Fr¢h26].
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4.3Experiment aims and methodology
4.3.1Aims

The first of the two aims of this experiment was to measure the changes to the polarization decay
rate of SABRPRolarized material in the presence of the A2 photon beam. This was done for three
SABRiEompatible substrates: 3;8ichloropyridine 8,5-dcpy), 3,5dibromopyridine 8,5-dbpy),

and 2,6dichloropyrazine Z,6-dcp2, which were chosen because of the long lifetimes of their
hyperpolarized states, a necessity for this experiment. Three different substrates were investigated
such that it could be determed whether any bearnduced depolarization effects were substrate

dependent.

These measurements were important for understanding the capability of SABRE material to offer a
low-cost alternative to DNP targets for use in photoproduction experiments. Additionally, they
demonstrated a novel methodology for-beam polarization decay @asurements that could be

adapted for use with a charged particle beam.

The second aim of the experiment was to measure the effects of a high radiation dose on the
achievable polarization levels and relaxation rate of SABRE material. This was necessary in order t
understand whether SABRE material would be subject to highs rafteadical production, thus
shortening the"Y. It also provided information on whether the SABRE catalyst was stable under
such high doses. Both of these combined would inform an estimate as to what the usable beam

currents might be for a SABRElarized target operating with an incident electron bea

4.3.2Methodology
Inrbeam polarization decay measurements

The procedure for the Hveam polarization decay measurementiss as follows. SABRE samples

were prepared in a custommade polarization cell, consisting of glass tubing separated into two

regions using a seraircular insert, as ishownin Figure4.4.

Before each run, spent gas in the polarization cell from the previous run was removed and was
replenished with 5 bar op-tHhe® ¢ KS al YLIX S 61 & LRt NAT SR KNP
described inSection7.2.1, whereby the sample was placed within a 6 mT handheld Halbach array

and shaken for 45 s in order to allow for the buiid of polarization.

After polarizing, the polarization cell was inserted horizontally into a benchtop MRI, oriented with
the bore along the axis of the beam, and the decay of polarization was measured using a series of

low tip-angle FIDs as is describedSaction7.3.2 For each substrate, the same sequence of tip
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angles would be used for all runs such that any differences in the decay rates could not be attributed

to the measurement sequence.

Immediately after the sample was inserted into the MRI, the experimental hall was quickly vacated
and the photon beam was then turned on, whilst the hyperpolari2zédecovery sequence was
running. Typical wait times between the end of the polarization step and the beam being
operational were a few minutes. This necessitated the use of substrates with long polarization
lifetimes, such that sufficient signal remainedcenthe beam was operational. The polarization
decay profiles of samples in the beam were compared to those of control runs in which the beam
was not turned on, to quantify the change in decay rates. A diagram of the experimental procedure

can be seen ifrigure4.5.

a)

c) 1%’

Figured.4 - a-b) Thefritted glass insert in the polarization ced) The full polarization cell.

b)

a)
~)
A

N1
N

>

N1
N1
\ I

Figure4.5 - Diagram othe experimental procedure. a) Prepare sample @hdith p-H.. b) Transfer
to Halbach array and shake for 45 s. c) Transfer to MRI and start acquisition. d) Vacate hall and turn
on photon beam.
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High dose sample irradiation

Throughout the fowday beamtime, a cell containing a SABRE sample was placed near the electron

beam dump in the A2 hall. The relative polarization values &aavere compared on the sample
before and after the irradiation dose. The electron beam dump was chosen as it was the area of
the experimental hall in which the sample would come under the highest radiation bombardment.

The locatiorat which the sample was placed can be seeRigure4.6.

Figure4.6 - Location of the irradiated sample within the A2 experimental, t@ikcled in red
Floorplan adapted frorfiL26].

Sample preparation

All investigated samples contained 0.63 mMMEs-d». precatalyst 75 mM of substrate and 3.1

mM of DMSQds co-ligand in 5 mL oDCMd., representing a 12fold substrate excess andféld
coligand excess over the catalyst. The samples were degassed using a-bustoapparatus
comprising of a vacuum pump, cold trap and nitrogen line, showigiare4.7. This was connected

to the polarization cell as shown Kigure4.9. The samples were degassed three times using the
freezepumpthaw technique described inSection7.2.1, with nitrogen purgesheing performed
between each degassing ruithe smples were then pressurized wigitH. (5 bar) and left to
activate fully over 3 hours to form tiveespective active SABRE catalyStep-H, was supplied by
the ZULF NMR group at JGU Mainz and had an enrichment percentageXofT@p-H filling
setup is shown ifrigure4.8 and Figure4.10.

119



B S A

Figure4.8 - Picture of thep-H; filling setupfor the polarization cell.
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Figure4.9 - P&ID forthe polarization cell degassing apparatus.
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Figure4.10- P&ID forthe p-H: filling setup forthe polarization cell.
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Measurement setup

The experimental setup used for thelyl@am measurement of the polarization decay can be seen

in Figure4.11 andFigure4.12. As is shown, the MRI was positioned on its side with the axis of the
bore parallel to the beamline, such that the internal 15 mm bore was precisely aligned with the
centre of the photon beam. A lead collimator (not shown) with 3 mm internal diameter280d
mm length, located upstream of the MRI, was used in order to control the -sexfonal size of
the beam. The hollow bore of the MRI allowed the photon beam to impact directly onto the bottom

face of the polarization cell.

The polarization cell itself can be seerfigure4.4. The cell was customade and consisted of 15

mm heavywalled borosilicate glass tubing, separated into two regions by a semicircular insert

made from fritted glass. The cell was sealed at the top using twatldéxit-off valves which

allowed for connection to the degassing aph; filling apparatuses. The fritted glass insert (not

liquid permeable) seen in this cell allows for the mixing of the two regions of the cell (containing

the sample volume ang-H, K S| RA LI OS 0O dzLl2y @AIA2NRdza aKI 1 Ay3IX KA OI
FYR RNRLIQ LRtFNARTIFGAZ2Y | LIINRIFOK GKIFG 61& dzaSRe G
tilted vertically to allow the sample volume to flow into the lower region of the. githis point

the cell could be tilted horizontally with the sample volume remaining in the lower region of the

cell, held there by the surface tension of the fluid. This design was necessary in order to ensure

homogeneity within the sensitive region of theRMprobe.

u
-
B
-
-
=)

v‘; BN

Figure4.11- Closeup of the SABRE sample in the benchtop MRI.
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Figure4.12 - MRI positioning next to the beamline
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4.4In-beam polarization test

Thissectionwill start with calculations of the dose received by the samples from the A2 photon
beam. This will be followed by the results of the measurements quantifying tHBeam
polarization decay rate of SABRB&arized material for three SABRE substrates:
3,5dichloropyridine  8,5-dcpy), 3,5dibromopyridine 8,5dbpy), and 2,edichloropyrazine

(2,6-dcpa. The section will conclude with a discussion of these results.

4.4.1Sample dose

In this experiment, ke collimator effectively filters out lowegnergy Bremsstrahlung photons
which exhibit a larger scattering angle. Consequently, the photon beam exiting the collimator
predominantly consists of photons with energies exceeding 10 MeV. At these energ@mrele
positron pair production is the dominant energy loss mecharjis?s]. These electrons and
positrons are then free to dissipate energy further through Bremsstrahlung radiation, in a repeating

process called an electromagnetic cascade.

The total photon flux fol0 MeV photons at a beam current of 10 nA was found to be 4.2 x 10
Hz. This was found by extrapolating data from the Glasiftainz tagger (over the range 4855
MeV) using the 1/E dependence of Bremsstrahlung phdtofikese photon flux measurements
were then combined with the average energy deposition per photon, found for varying photon
energies using a Geantd4 simulation of the target matéri@his gave a total rate of energy

deposition of 6.4 x 160J s'.

Depolarization was expected to occur primarily through radiolysis, the generation of free radicals
by ionizing radiation. Radiolysis of the substrate molecule directly would be expected to destroy
the polarization, whereas more generally the presence dficas in solution has the effect of

decreasing théY due to the high magnetic moment of the electr{8v].

Assuming a uniform energy depositiocrass the sample, the calculateate of beam heatingvas
only 5 mK mint. Some areas of the sample will have experienced a higher local rate of heating,
howeverit is expected that due to coneton within the sample and losses to the surrounding
environment that no significant temperature gradients wotddm. Thus the temperature changes

due to beam heating wersignificantly les thanthose requiredo producea measurable effect on

the "Y, as shown by théemperature dependencstudyin Section3.2, andcantherefore be safely

ignoredas an influencing factor.

*Photon flux measurements were conducted by Mamad Eslami during this experiment.
*Geant4 simulation results were performed by Dr Mikhail Bashkanov.
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Table4.1 - Photon flux, energy depositipmnd beam heating for samples within the A2 photon
beam

Sample dose
Photon flux 4.2x10°PHz
Energy deposition rate 6.4x10%J ¢
Beam heating 5 x 10° mK min

4.4.2Polarization decagrofiles

The normalized polarization decay profiles and fitt&@d for all runs for all substrates in the A2
photon beam are shown iRigure4.13and Table4.3-Table4.5. As can be seen Figure4.13, there

is no visible deviation between the beawn runs and the control runs after the beam is applied,
showing that there is no pronounced change to the relaxation rate in the presence of the beam. A

gquantitative analysis of the polarization decay ratah be presented next.

It can be seen in the logarithmic plots of the polarization decay profiléSguare8.3 that small
discontinuities in the decay profile are sometimes observed with a change in tip angle in the

measurement sequence. An explanation for this will be propos&katiord.4.5

The data for the decay profiles has been cut short for each substrate to the point at which it was
deemed that the signal to noise ratio (SNR) had dropped below an acceptable threshold. The
sequence of tip angles used and the measurement times used fodélay profiles of each

substrate can be seen irable4.2.

Table4.2 - Tip angle sequence, intscan delay, and measurement times for each substrate.

Tip angle Inter-scan  Total measurement Cut measurement
Substrate - ) .
sequencé delay (s) time time
15x ,10x 5, 20min 25 s 12min55s
3,5depy 25x 10 25 (50 scans) (32 scans)
12min15s 6 min 30 s
3,5-dbpy 20x 2, 30x 5 15 (50 scans) (27 scans)
17 min15s 9min45s
2,6-dcpz 20x 2,50x 5 15 (70 scans) (40 scans)

For3,5dcpythe average’Ys of the bearmon runs for the full decay, before the beam, and after the
beam were 166.7 s, 165 s and 152 s, 2% lower, 3% lower and 3% lower than for the control run

respectively. It should be noted here that run 1 had a lower than intended beam currénAf

XHere the requested tip angles are shavant the actualdelivered tip angle may differdue to errors in the
RF pulse length calibration. For each sampthis calibration error is expected to act as a constant
multiplicative factor across all pulseghisdeviation should not exceed10% of the requested angle.

125



as a 10 nA current was unable to be delivered for this run.3fdbpy the average”Ys of the
beamon runs for the full decay, before the beam, and after the beam were 105.3 s, 107s asd 100
1% lower, 1% lower, and no change from the control run2f®dcpzthe average’Ys of the beam

on runs for the full decay, before the beam, and after the beam were 174 ss 467 148 s, 2%
lower, no change, and 1% lower than for the control run. Thus, for all three substrates, the average
“Ys for the bearmn runs lie close to or within one standard deviation (SD) from the control run,

showing no evidence for an increased decay rate.

Table4.3 - tH"Ys for3,5-dcpy, for the full decay, the decay before the beam is turned on, and the
decay after the beam is turned on.

Time of HY (s)
Run
beam (s) Full Before After
CGontrol 2801 169.9 + 0.8 170 £ 2 156 + 4
Run 1 (5 nA) 280 165.3+ 0.7 161 +2 153+ 2
Run 2 (10 nA) 280 168.1+0.9 168 +3 150+ 8
Beamon Avg 280 166.7 + 0.6 165 + 2 152 +4

Table4.4 - *H"Ys for3,5-dbpy, for the full decay, the decay before the beam is turned on, and the
decay after the beam is turned on.

Time of He (s)
Run
beam(s) Full Before After
Control 220 105.3+ 0.8 107+ 2 100+ 20

Run 1 (10 nA) 290 106.2+ 0.5 106.5+ 0.8 90+ 30
Run 2 (10 nA) 280 105.6+ 0.7 106+ 1 ]
Run 3 (10 nA) 220 102+ 1 104+ 3 100+ 10
Beamon Avg 260 104.6+ 0.4 106+ 1 100+ 20

Table4.5 - *H"Ys for2,6-dcpz for the full decay, the decay before the beam is turned on, and the
decay after the beam is turned on.

Time of HY (s)
Run
beam (s) Full Before After
Control 2201 174+1 162+ 2 148+ 1
Run 1 {OnA) 225 166.4+ 0.9 161+ 1 143.2+ 0.9
Run 2 (10 nA) 215 176+ 1 163+ 2 150+ 2
Beamon Avg 220 171.2+ 0.7 162+ 1 147+ 1

Xi Control runs had no beam applied. 'Before' and 'after' values correspond to theofilmeamfor beamon
runs. The time of beam used for the control runs is noted.
Xi Averagefound from runs 1 and.3The Y after the beam could not be founfr run 2due to a low SNR
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4.4.3Ratio of runs

To better display the deviation of the beaom runs from the control runs, the ratio of the
normalized decay profiles for the beaom to the control runs was calculated. The results are

presented inTable4.6 and Figure4.14.

At the time the beam was turned on, the averageamon to controlratios for the normalized
decay profiles were 0.98 + 0.6& 3,5-dcpy, 1.04 + 0.04or 3,5-dbpy, and 0.98 + 0.0for 2,6-dcpz

all of which are statistically indistinguishable from unity.

At the end of the runs, the average ratios were 1.00 = @ot3,5-dcpy, 0.92 + 0.17or 3,5-dbpy,
and 0.99 + 0.13or 2,6-dcpz again showing no significant deviation from unity. These results
indicate changes of +2%,2%, and +1%dm the time of beam to the end of runs ftine three

substrates respectively, demonstrating no systematic variation.

Given the absence of a systematic effect in the decay profile ratios, it was decided to undertake a
statistical analysis of the instantaneous decay rates of théesm samplespresented in
Sectiod.4.4

Table4.6 - Ratio of the beanon runs to the control runs for all investigated substrates.

Ratio of beamon runs to control run

Substrate Beamturned on End of run
Runl Run2 Run3 Avg Run 1 Run2 Run3 Avg
3,5-dcpy 0.96 1.00 - 0.98 £ 0.03 0.86 1.13 - 1.00 £0.19

3,5-dbpy 1.09 1.04 0.99 1.04+0.04| 1.10 0.88 0.77 092+0.17

2,6-dcpz 0.94 1.01 - 0.98+0.05| 0.89 1.08 - 0.99+0.13
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4.4.4Ratio of log differentials
To statistically assess whether the rate of decay of each sample changed in the presence of the

beam, the instantaneous decay rates were compared between the bwaand control runs.

For this, a logarithmic transform was applied to the normalized decay prafiles, 1 Tw 0 ,
wherew 0 is the normalized decay profile, which linearizes the exponential decay. The gradient

of w 0 is directly proportional to the decay rate of the polarization.
The discrete gradients between consecutive data points were calculated as:

Yo 0 w 0 w 0
Yo 0 0

o) 4]

whereois the time elapsed since the start of the decay measurementgaadhe scan number.

For the bearron and control runs, these gradients were defined as:

O Yo 0 oma
h S’/C‘) 3 rqi
h
O Yb o 38 o8
h S’/b ’&
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Avalue ofY ¢ indicates that the polarization of the beaon sample has decayed twice as fast

over that time interval, whilsty @ would indicate a decay rate half as fast.

The quantitiesO and'Y will be referred to as the log differentials, and the ratio of log differentials
respectively. The ratio¥ were calculated for each beaon run across all substrates and are
shown inFigure4.15. The average of the ratid¥ , 7 , for before and after the beam for each

substrate are presented ihable4.7-Table4.9.

Results

For3,5-dcpy, the average value df; for the beamon runswas 1.01+ 0.07 before the beam and
1.01+0.10after the beam, representing no change in value with both lying within error of unity.
This can be interpreted as the rate of decay of the polarizatio®,®ticpy in the photon beam
being>{ 1% higher than that of the control run to a confidence level,afdnd>®1% higher to a

confidence level of 2.
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For3,5-dbpy, the average value af; for the beamon runs was 1.& 0.1 before the beam and 1.3
+ 0.7 after the beam, representing a 30% increase and a significant widening of the standard
deviation. Here it is deemed that the error is too large to pose sensible limits on the rate of

relaxation, for which the reason will be discussed later.

For2,6-dcpz the average value dgf; for the beamon runswas 1.02t 0.04 before the beam and
1.00+0.07 after the beam, representing a 2% decrease with both values lying within error of unity.
Thus, it is found thathe rate of decay of the polarization @{6-dcpzin the photon beam i38%
higher than that of the control run to a confidence level of Aind>{4% higher to a confidence

level of 2 -the strictest confidence level out of the tested substrates.

Tabled.7 - Average ratio of log differentialé,. , for 3,5-dcpyfor before and after the beam was
turned on.

Run 1-ull >m 1 R
Run 1 (5 nA) 1.02+0.05 1.04+0.07
Run 2 (10 nA) 1.00+£0.12 1.01+0.10
Beamon Avg 1.01+0.07 1.01+0.10

Table4.8 - Average ratio of log differentials|,. , for 3,5-dbpy for before and after the beam was
turned on.

Run 1-Hull >m il R
Run 1 {0nA) 1.0+0.1 1.3+0.9
Run 2 (10 nA) 1.01+0.08 14+11
Run3 (10 nA) 1.1+0.2 1.2+0.9
Beamon Avg 1.0+£0.1 1.3+0.7

Table4.9 - Average ratio of log differentials],. , for 2,6-dcpzfor before and after the beam was
turned on.

Run 1-ull >m i R
Run 1 (10 nA) 1.04+0.06 1.03+0.09
Run 2 (10 nA) 0.99+0.05 0.98+0.09
Beamon Avg 1.02+0.04 1.00+£0.07
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4.4.5Discussion

It has been found in this experiment that there is no evidence for an increased rate of depolarization
for samples subject to the A2 photon beam. This was found for all three methods of analysis, the
decay rate fittings, the ratio of beawn to control runs, and the analysis of pciotpoint decay

rates using the ratios of log differentials. The strictest limits ondhanges to theate of decay

were found for the substrate3,5-dcpyand2,6-dcpz finding that the decay rates in the A2 photon

beam increaed by»{ 1% andi%respectivelyto a confidence level of,1

As illustrated byFigure4.15, the behaviour ofY for 3,5dbpy becomes erratic in the latter region
of the decay, after around 220 s, wheké fluctuates between 0 and 5. In contra8t, remains
more stable fothe substrates3,5-dcpyand?2,6-dcpz varying within the ranges 0X.4 and 0.8L.3
respectively. This behaviouriisistrative of thelow SNRor the 3,5-dbpy samplein the latter stages

of the decay seen for this substratdecause of the reduced polarization levels and shor¥er
relative to 3,5-dcpyand 2,6-dcpz Due to thelow statistical precision of measurements after the
beam for3,5-dbpy, strict limits on the ifbeam changes to the decay rate cannot be set, however

once again there is no evidence for beamduced depolarization.

Decay profile discontinuities

It can be observed iRigure4.13and Figure8.3, that for all substrates the polarization decay profile

is not a smooth exponential decrease as expected, and contains small discontinuities. These occur
with a change in the tip angle in the measurement sequence, and are observed for both the beam

on rurs and the control runs, thus can be ruled out as being a beam induced effect.

The proposed explanation for this effect is a calibration error in the length of the RF pulse necessary
to produce a specified tip angle in the sample. During the degassing procedure there was some loss
of sample volume which led to the sample volume driogpbelow that needed to completely fill

the lower portion of the cell. If the sample volume within the detector coil of the MR is less than
what was calibrated for, the tip angle produced by the RF pulse would be largespbaified This

would explainvhy the calculatedYs for both the bearon and control runs were slightly lower for

the latter stages, as more of therdagnetization was being used up than had been calibrated for.
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4.5High dose sample irradiation

This section will present measurements on the effects of a high radiation dose to a SABRE sample,
achieved through proximity to the intense electron beam at MAMI. These measurements will help
to inform whether a SABRblarized target is able to operate #te frontiers of intensity for
electron scattering experiments, potentially becoming the only technology allowing Tor 4
acceptance to be able to operate with electron beam currentsohA- where DNP frozespin

targets fail. This section will presermheasurements on the polarization level afid before and

after the high dose, assessing the results for information on the radiation damage to the sample.

4.5.1Sample dose

The sample chosen to be irradiatedthis study was a replicate of tl¥5-dcpy SABRE sample used

for the inbeam tests As is shown irfrigure4.6, the sample was positioned against the electron
beam dump in the A2 hall. The sample was positioned verticallytiagtliquid volume occupying

a height of 5 cm and diameter of approximately 1.1 cm, with a volume of 5 mL. The calculated
electron flux through this position was 20 MHz, and the dose estimates will be made for an
estimated running time of 80% over 4 days, equak #®x 10° s of beamon time. Calculating the

total electron flux:
¢ pmOA & pTi  YEOBNQORN EEOR® p TS
PUWQE ODPE ADQXGO T 18Q¢ 0 O
It is found that the totaklectron fluxreceived is equivalent to that received from 15 minutes of
irradiation at an electron beam current of 1 nA.
Calculating the total dose received by the sample using an average energy deposition of 23.6 MeV,
found by Geant4imulationt":
VB PTTNQI 0V QR OI WQOAYE 0T R BB

CBVj& pT QQ oD p OB O &

The value for the energy deposition found from the Geant4 simulatign@0 ‘Q & i & Qs

between the collisional losses o 0 ‘Q & i &"Qand the total collisional and radiative losses

ofo @i Q& ®i ®'Qath calculated by hand), and is thus verified as a sensible estimate

It is found that over the 4 days of irradiation the total dose was 3.1 K8seit is assumedhat the
sample is irradiated uniformlysince over the long irradiation period molecular diffusion and

convective mixingire expected to distribute the dose evenly.

XV Geant4 simulation results were performed by Dr Mikhail Bashkanov.
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4.5.2Results

Figured.16-Figure4.17 and Table4.10-Table4.11 present the results of this experiment.
Figure4.16 indicates a slightly decreased decay rate in the normalized decay profile following
irradiation, visible for the first 400 s, after which point the SNR becomes poor in both runs. This
observation is borne out by the fittetivvalues:125 + 3 defore and139 + 7 s after irradiation
respectively- 11 + 6% higher after irradiation, on the verge of statistical significance. Consistently
Figure4.17 shows the ratio of the posto pre-irradiation decay profiles reachigmaximum value

of 1.24 at 375 showever the SNR became poor after this point. This is due t@ctarization
decaying to a point wheréhe intensity of themeasured signalsid not significantly exceed the

signal noiseillustratedby the increasing size of the error bamg=igure4.17.

The relative polarization after irradiation wdsund to be 17% lowerthan before. Absolute
polarization levels could not be measured due to insufficient MRI sensitivity and resolution to
acquire a thermal spectrum. Repeats to find the statistical significance of this measurement were

also not possible due to time constraints.

A control measurement, run upon return to York, is showhahle4.11. Here a sample of identical
composition was prepared, and its polarization divdvere measured before and after aday
period, replicating the duration of the MAMI experiment. This control was designed to exclude the

effects of sample aging from the results found at MAMI.

In this experiment it was found that thi& was153+ 2 before and.53+ 4 after the 4day duration,
representing no change. Additionally, the relative polarization after four day$8< 0.06. Here

the Y values were found to be longer than that at MAMI, attributed to a more thorough degassing
procedure being possible in York. These results found no evidence for effects on the polarization

level or"Y after 4 dayshowever,cannot rule out small changes.

A possible reason for the observed changes in"thand polarization for the irradiated sample at
MAMI is the deactivation of the catalyst through radiolysis. A lower concentration of active catalyst
in solution would be expected to produce lower polarization levels in the sample, alongside
increasing thesubstrate™Y. Both effects would occur due to the resulting increase in substrate
excess, causing lower catalytic productivity for polarization transfer, as well as a reduced rate of
relaxation experienced by the substrate molecules through catalyst interactionise Aagults from

MAMI do not exhibit statistical significance, no definitive conclusions on catalyst deactivation can

be made.

In order to accurately quantify the effects of radiation damage on a SABRE sample, further

experiments will be needed in future. This experiment, however, provides a first test of the
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radiation resistance of a SABRE sample, showing that significant repolarization of the sample is

possible with no decrease to théy, after a high radiation dose has been received.

Table4.10-"Ys and relative polarization values for the irradiated samplg, Bticpy.

Sample He (s) Relative polarization
Before irradiation 125+ 3 1
After irradiation 139+7 0.83

Table4.11-"Ys and relative polarization values for a control sampl@,5flcpyleft to age for four
days, conducted back at York.

Sample He (s) Relative polarization
Before 153+ 2 1
After 153+ 4 0.99+ 0.06
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Figure4.16 - Normalized signal decdgr the samplébefore and after irradiation.
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Figure4.17 - Ratio of normalized decay profiles for the sample before and after irradiation.
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4.6Experiment implications

4.6.1Polarized targets for photon beams

The results from the Hpbeam tests show that théY of SABRipolarized material will not be
significantly affected by a photon beam of a similar intensity, and thus Spd&&ized material
would be well suited in this manner for use as a polarized target with photon beams.-bharm

“Ys of3,5-dcpy and 2,6-dcpzhave been measured to be >150 s, however as no evidence for-beam
induced depolarization was observed it is thought that this could be improved upon with an
alternative sample composition. A of this length would be long enough for the butg of
significant levels of polarization in the sample, and is twice as long as that of a continuously

polarized SABRE sample achieving >20% polarization that will be preseGtegpiers.

A current experiment that operates using an intense photon beam is the GlueX experiment at
Jefferson Lab Hall 227]. Here typical running conditions are a 9 GeV electron bggstimal for

linear polarizatior{128]), with a beam current of 150 nA, incident on ai80 (5 x 10* & ) diamond
radiator [129]. TheMgller radiator used at A2 has a thickness ofub) equal to6 x 10* & , and

thus it isexpected that the photon flux at GlueMder typical conditions would be around ten times
higher than was found for this experiment at MAMLUrther experiments are needed in order to
show that SABRE can operate in photon beams of this intensity, however the results here show

promise.

There is currently demand for a polarized target at Hall D in order to measure theméghy
contribution to the GDH sum ru[@30,131] however the cost has proved prohibitive. SABRE
polarized targets may prove an attractive lawst alternative to traditional DNP polarized targets

for such situations.

4.6.2Polarized targets for electron beams
In this experiment it has been shown that SABRE material retains a high level of polarizability and

no reduction to the'Y after a dose equivalent to 15 minutes at 1 nA for an electron beam.

As SABRE polarization is built up over timescales of tens of seconds to minutes in the solution state
it is possible for the complete replacement of SABRE material in a potential target within a few
minutes, without significant detriment to the polarizati levels. This gives SABRE a large advantage

in terms of the rate of radiation damage it can withstand relative to DNP, for which targets need to

last days at a minimum in order to reduce running time losses due to target replacements.
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AsSABRE materiahn be quickly replacedithin a polarized target, the resultsdhtainedat MAMI
suggesta conservativelower estimate for the operable beam currents in an electron scattering
experiment without significant polarization lossesaround 5 nAThis is comparable to the 8 nA
beam currentachievdle with the most radiation resistant class of curreggneration DNP targets,

continuously polarized NHargets[34,35]

Here it is assumedhat only the totalabsorbeddoseis relevant Although the MAMI sample
received its dose over a much londinescale than would occwrith a continuousdirect electron

beam this distinction is unimportant for a SABREjet Unlike DNRargets, which are operated at
cryogenic temperatures and can accumulate Kingd radiatiorinduced radicalsSABRE targets

operate at room temperature where radicals are shlived and do not build up.

SABRE further benefits frolow temperature sensitivityso beam heating effects are expected to
be minimal.As showrin Section3.2, nearthe optimum temperature théY of 3,5-dcpyis reduced
by & most 7% per’C of warmingThus with respecto radiation damagethe main concern ithe
destruction of the SABRE catalyst and substtlateugh radiolysisboth of whichare determined

by the total dose rather than thigradiationtimescale.

Beamtinducedradiation damages an issue for traditiongdolarized targets (DNP or brute force)
due tothe loss in running timérom the replacement and repolarization of the target material.
Brute force targets such as HDice take months to build up polarizg@@nwhereas DNP NH
targets take hours to polarize, not including the hours/days taken for therpadiation of the

sample and annealing the sample once radiation damagedtasirred[34].

In contras, SABRE samples can be prepared simply and can be activat&lhouts prior to
polarization The polarization can be built up within minutes, and the samples can be continually
replenished to avoid radiation damage, without need for experiment downtime. Additionally, the
polarizing field needed for SABRE is around 6 m¥Hfqolarization, for which the fully can be
maintained in fields <1 Bsshown inSection3.3. The lack of superconducting magnets needed
shows that 4 angular acceptance is achievabldese advantages of SABRE relative to traditional
polarized target technologies show why this technique is very promising for polarized target

applications.
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4. 7Future work

This experiment has shown that it is readily achievable to measure theam decay of SABRE
polarized material and has placed an upper bound on the rate of bedoced depolarization of

this material in the A2 photon beam at MAMI. In addition to thie polarization levels and of
SABRE material have been found to be minimally affected by an electron beam radiation dose

equivalent to 15 minutes at 1 nA.

It is proposed that future experiments could be performed to improve upon the results utilizing the
A2 photon beam by increasing the statistical precision of the measurements and by making
measurements at a facility capable of a higher photon beam intgn$he statistical precision of
these results was limited by the equipment sensitivity, which could be improved upon with the use

of a dedicated benchtop NMR spectrometer for polarization measurements of the sample.

Additionally, a future experiment that should be performed is an investigation of the effects of a
higher dose from an electron beam than was possible in this experiment. Ideally, a-fd\&irEd
target would be able to operate for hours withinig nA electron beam before significant radiation
damage of the target material occurred. This would involve a total dose over 10 times higher than

was possible to deliver in this experiment.

These tests should be performed with a continuously polarizing cell, such as that presented in
Chapters. This would allow for investigation into the effects of a photon or electron beam on the
achievable steadgtate polarization of the SABRE target material. This will pose some challenges in
the experimental design, as the facilities where these experim&otdd be possible use evacuated

beamlines, unlike at A2.
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4.8 Chapter Lonclusion

In this chapter,the results of an experiment representing the fiistbeam measurements of
depolarization effects w0 SABR{polarized materiahave been presentedThese measurements
were made for theSABRE substrat8sb-dcpy, 3,5-dbpy, and2,6-dcpzand were achieved at th&2
facility at MAMIwith the use of a portable benchtop MRI positioned in line with the photon beam.
Additionally, measurements were made of the effects of a high radiation dose, attained in proximity

to the MAMI electron beamon the polarization levels and relaxation rate 0BABRE sample

These results place an upper limit on the influence on the decay rate of $%BREed material

due to exposure to a gamma particle beam with the aforementioned properties. The strongest
constraints can be obtained from the data of the substra3ésdcpy and 2,6-dcpz- in which the

SNR for the period after the beawas operationatemained strong. Weaker limits are imposed for

the substrate3,5-dbpy for which the SNR at later times was poorer. The general trend found, using
a method based on the ratiod the log differentials)Y , is that there is no evidence to support an
increased rate of polarization decay with the photon beam incident on the sample for any of the
substrates. Consequently, there is also no evidence to show any substrate dependence of the

effects of bearrinduceddepolarization.

The results from this experiment show that thi& of SABRIpolarized material will not be
significantly affected by a photon beam of a similar intensity. THam”Y was found to be >150s

for the substrates3,5-dcpy and 2,6-dcpz well in excess of that needed to achieve high levels of
polarization using SABRE, where polarization levels of >20% have been achievetvwoitiv@ s

using a continuously polarizing c&keeChapters). Current experimentsvith photon beams use
intensitiesup to an order of magnitude higher than possible MAMI [127], and thus firther
experiments are needed in order to show that SABRE can operate in photon beams of such

intensity. The results here, however, show promise.

For the sample subject to a high radiation dogesitionednearthe electron beam dump, a high
level of polarizability (>80%) was retained, with no detriment to théeing measured. This was
after a dose equivalent to 15 minutes at 1 nA frame electron beam. Further experiments are
needed to show whether the slightly decreased polarization is due to radiation damage of the
sample, as repeat measurements were not possible and the polarization technique has inherent

variability.

As SABRE material can potentially be replaced within minutes if necessary, combined with the lack

of radiation damage seen with the high dose sample at MAMI a lower estimate for the operable
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beam currents for a SABRE target in an electron scattering experiment is found to be 5 nA. This is

similar to the highest beam currents usable with DNP polarized tafg4135]

Although this work provides a first measurement of a SABRE cell in a particle ibéaimportant

for future work to extend the limits of heat and radiation depdasitfrom particle beams. High
intensity electron beams are a clear next step. There are challenges in achieving this as such beams
due to their strong iorgtion, are transported in evacuated beam pipes. Future work in York will

explore the challenges in introducing polarised SABRE materials into vacuum.
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Chapter5 - Prototype SABRbolarized
target

5.1Introduction

This chapter presents the development, operation, and performance of a prototype SABRE
polarized target designedfor continuous polarization with precise digital timing and flow rate
controlLG 6S3IAya 6AGK I RSAONARLIIAZ2Y 2F GKS {1 NBHS
Initial results are then presented, examining the effects of the flow rate, substrate excess and
increased pressure in the polarization cell. Finally, the perémce of this prototype target is
compared to the current genation of DNP targets, followed by the proposal of necessary

improvements to adapt the prototype for use in particle physics experiments.

5.2Design

The prototype target Kigure5.1) achievesp-H, delivery in a different way to how has been
RSAONAOSR LINB@A2dzat e gAGK GKS W{KF{1{S FyR RNJ
filled with p-H, and then shaken to dispergeH; in solution this cell operates by bubblingH.
O2ylAyd2dzate GKNRJdAK GKS OStf o0& YSIya 2F |

to SABRE have been taken previously, such as by Sheberstov, Kircher, and BjaB2tia4.

Figure5.1 - Image of the prototype SABRBlarized target, alongside benchtop MRI (used for
polarization measurements), and Halbach array (used to provide the polarization transfer field).
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5.2.1Paréhydrogen supply

Theparahydrogensupply for the prototype target is produceding a custorrouilt p-H, generator
(Figure5.2), using a generation method that has been described previgli88j. It operates by
passingH: gas from a cylinder over a paramagnetic iron (Ill) oxide catalyst dinhichfacilitates
the spintransfer process The generatoproduces a constant supply op-H: with a purity of
>99%J45]. The outlet pressure of thp-H, generator can be altered by regulating the pressure of

the inlet gas.

Figureb5.2 - Photoof custombuilt parahydrogengenerator, capable of producing >99% purkbp
at temperatures of 28 K.
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5.2.2Prototype polarized target

Thep-H. supply is fed into a mass flow controller, which enables precise regulation of the flow rate
and is adjustable via computer control. Solenoid valves manage the timing pftih#ow. When

the solenoid valves are open, a pressure differential is established across the polarization cell due
to the difference between the inlet and back pressures, allowifg to flow through the solution.

Once the solenoid valves close, the pressure on either side of the polarization cell equalizes within
<1 s, stpping the flow ofp-H.. A digital timer controls the solenoid valve operation, ensuring

precise bubbling times.

The pressure differential across the polarization cell is controlled by adjusting thepihet
pressure, monitored using a digital manometer, and the back pressure, monitored using an
analogue pressure gauge. As can be sedigare5.3, a bypass loop allows for gas flow through

the system without passing through the polarization cell. This bypass is used for flushing residual
oxygen from the lines before operation. During operation, the polarization cell is placed within a 6
mT Halbacharray which provides the necessary polarization transfer fieldHopolarization. The

I LI NI Gdza O2YLRySyida FINBE O2yySOGSR dzaAy3 |
selected for its chemical resistance, with connections made vianl#a¥ Swagelak fittings.
Further detail can be found in the P&ID schematic of the prototype targ€igare5.4 and the

equipment specifications iBection7.1.3
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Figure5.3 - Diagram of prototype target apparatus.
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5.2.3Polarization cell

The polarization cell, shown Figureb.5, is constructed from 10 mm OD heavy wall borosilicate

GV1

Polarization cell

Gas outlet

glass tubing and is connected to the gas inlet and outlets via a custade fitting.p-Hz is delivered

Ay a2
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cell can be isolated using IDEXhutoff valves positioned upstream and downstream of the cell.

Figure5.5 - Closeup of polarization cell.
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5.30peration
5.3.10peration of the prototype polarized target

For experiments with the prototype polarized target the typical operating procedure was as follows.

1) Flush line with Hto remove traces of ©

2) Activate sample under low flow rate pfH, for 1-3 hours.

3) Collect reference data for sample at thermal equilibrium polarization.
4) Perform hyperpolarizeYymeasurements.

5) Measure polarization at varying bubbling times or flow rates.

To minimize oxygen contamination, samples were prepared in a glovebox using degassed solvents
and the apparatus was flushed with before use. Sample activation was conducted under a low
flow rate ofp-H, to reduce the rate of solvent evaporation. Activatiomuoencedfor 1-3 hours,
depending on the solvent, until a colour change from yeltmange to clear was observed.
Additionally, thisp-H, flow helped purge any residual oxygen from the samples. Polarization
measurements were obtained by manually tréersing the polarization cell from the Halbach array

to a benchtop MRI.

5.3.2Choice of solvent
When selecting a solvent for experiments with the prototype SABRE target, the desirable criteria

were:

1) Efficient polarization transfer.
2) Low contribution to dipolar relaxation.

3) Low tendency to evaporate.

These factors all significantly impact the achievable polarization levels of the target material. The
first two criteria determine the rate of spin order transfer and relaxation, which directly influence
the maximum steadytate polarization achievable at fixedp-H; flow rate. The third criterion
governs thep-H; flow rates that can be used whilst maintaining acceptable levels of solvent

evaporation.

Initially, methanolds (CROH) was selected as the solvent for experiments, due to issues with the
traditional SABRE solvents methaxgland dichloromethanal,, shown inTable5.1. However,
samples utilizing methanal; exhibited an increased rate of dipolar relaxation due to its higher
concentration of'H nuclei compared to fully deuterated solvents. As a result, a new solvent was

sought to meet all three criteria. This led to the selection ofdi¢hloroethaned., which addressed
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the issues of substrate deuteration, rapid solvent evaporation and shortened polarization
relaxation times seen with the other solvents. The primary drawback of dichloroettianas its

high cost per unit volume relative to the other solvents.

Table5.1 - Boiling points, approximate purchase prices, and issues for tested solvents with the
prototype target. Prices for 1.@ichloroethaneds and methanold; are from the most recent
purchase for quantities of 20 g, whilst prices for methahhaind dichloromethanel, are found
online from Sigma Aldrich for quantities of 25 g.

Solvent BO'“?OgCI;)Omt Cost (E/mL) Issues
Caused deuteration of thertho
Methanol-d4 (CRROD) 65 10 site in3,5-py-da.
Dichloromethaned. : .
(CDCh) 40 22 High rate of solvent evaporatiol
Increased contribution to dipols
Methanol-ds (CROH) 65 5 relaxation relative to CiDD.
1,2-Dichloroethaned, 83 57 High cost

(GD4Cb)
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5.3.3Quantification of substrate polarization levels

The substrate polarization levels in the prototype target sample were calculated using slightly
different methods depending on the solvent. In both cases, it was necessary to calculate the integral
of the substrate signal on the MRI at thermal equilibripatarization levelsl( ) to determine the

substrate signal enhancement, and thus polarization levels.

For samples using methandd (CROH), the hydroxyl proton provided a detectable signab at

on the MR, allowing for a thermally polarized spectrum to be acqulredontrast, samples using
1,2-dichloroethaned, had no detectable signal & on the MR] therefore a separate sample of
CDOH was run on the MRI to use as a reference sifDal,Because the imaging response from
the MRI lacked chemical shift information, it was not possible to identify the contributions from the
substrate or solvent signals to any acquired spectra. For this reasodjéijhNNMR measurements

were required when sing either solvent.

For the methancts samples, thermally polarized integrals for the substrate peaks and for the full
spectrum were measured using the NMR spectrometer. The ratio of these integrals was then used,
combined with the integral from the thermal spectrum from the MRI, in orderatcdate the

thermally polarized substrate signal on the MRI,.

For the 1,2dichloroethaneds samples, the integral of the substrate peaks was compared to that
for a reference methanedl; sample, both on the NMR spectrometer. The ratio of these integrals,
along with'O , were then used to calculat® .
{AYATINIT &z (2 K2g¢ Aa RS&ONR O Sectiohir4NJtha Kighal W{ K
enhancement factors, was calculated for the substrate as:
0 o
D P

whereO s the integral for the hyperpolarized substrate signal, @ds the calculated integral
for the substrate signal a . The signal enhancement factor can then be combined with the
known thermal equilibrium polarization fdH at the field and temperature of the benchtop MRI,

0 ,in order to calculate the substrate polarization levels:

6 - 0 8 O Rg
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5.4ResuUlts
5.4.1Varying thep-H; flow rate

The rate of flow op-H, through the polarization cell was expected to strongly influence the rate of
polarization. This is because during SABRE polarization transfprHhpolarization feedstock is
converted into unusable-H.. If the concentration ob-H, becomes a significant fraction of the total
dissolved K wasted catalytic cycles occur in which polarization transfer does not take place for an
unpolarized substrate molecule. If a polarized substrate molecule is bound to a catalyst molecule
containingo-H. it will undergothe backward equilibration, losing its polarization. Evidently, high

o-H: concentrations will reduce the polarization rate.

To investigate the effect of thp-H, flow rate on achievable polarization levels in the prototype
target, experiments were conducted using a sample containing 2 mMesand 10 mM ofpy in

2 mL of methanatls. The inlet and exit pressures were set to 4 bar and 3.5 bar respectively, and
the flow rate was varied from 30000 scc min, where 1 scc mihcorresponds to 1 chof H. per

minute at standard temperature and pressuré@) 1 bar).
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Figureb.6 - Polarization opy with varying flow rats of p-H.. Error bars are present for all points
but may not always be visible.
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Results

As shown inFigure5.6 and Table5.2, the results of this study demonstrate a strong trend of
increasing substrate polarization levels with rispgk flow rate, up to 600 scc min However,
beyond this point further gains are diminished, evidenced by the polarization values for 600, 800
and 1000 scc mihall falling within error of each other. As the substrdté will be constant
throughout this study, the polarization levels reached will reflect the changing rate of polarization

transfer.

This behaviour aligns with expectations: at Ipwt, flow rates, polarization transfer is primarily
constrained by-H. influx, leading to a quadinear relationship between flow rate and polarization,
as observed for flow rates between 10 and 50 scc’mit higher flow rates, thearafraction of
dissolved blapproaches unity, meaning that further increasing the flow rate yields only marginal

improvements in polarization.
lRRAGAZ2Y I ffey KAIKSNI FE26 NIGSa Yl & Shiikdey OS
rapidly but also by improving gas dispersion through more vigorous bubbling. Further investigation

is needed to determine the extent to which improved dispersion may contribute to the observed

increase in polarization at higher flow rates.

Table5.2 - Polarization opy with varying pH: flow rates.

Flow rate (scc min) Polarization (%)
10 0.38+0.01
25 0.70%£ 0.02
50 1.12+0.03
100 1.50+ 0.07
150 1.6+0.2
200 1.89+ 0.06
300 2.12+0.04
400 2.21+0.07
600 24+0.1
800 2.3+0.2

1000 2.48% 0.02
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5.4.2Substrateexcesstudy for 3,5pyridine-d;

As demonstrated iSection2.3.2andSection3.5, the substrateto-catalyst ratio strongly influences
key polarization metrics, including the maximal polarizatidn () and the decay constantY).
This study investigates how these metrics vary with substrate excess for the suldsfated; in

the prototype SABRpBolarized target.

To assess the effect of altering the substrate excess, the substrate concentration was held constant
whilst the catalyst concentration was varied. The samples contained 40 r8[-py-d., with IMes
precatalystconcentrations ranging from 0:8 mM andDMSQds co-ligand concentrations ranging

from 2-32 mM, maintaining a 4:1 eligandto-catalyst ratio. The solvent used was 1.6 mL of
methanotds, with the apparatus operating ainlet and exit pressures of 4 bar and 3.5 bar
respectively. To minimize solvent evaporation, thek flow rate was set to 50 scc min'Ys were
measured using a hyperpolarizédrecovery sequence as describediaction7.3.2, performed on

the MRI at conditions of 0.33 T and°80

Polarization buileup data was collected by measuring the polarization level at varying bubbling
durations, allowing the polarization to fully decay between each measurement. To characterize
polarization dynamics, a new metric, the polarization buitdcanstant (Y) is introducedY is the

time constant by which a steaeltate polarization in the cell is approached, where the rate of
polarization is balanced by the rate of relaxation. and”Y were determined by fitting the

polarization buildup data to the equation:
DO U p Q oD

where0 is the maximal polarization reached aid is the polarization buildip constant with
units of s.An example graph showing haw and”Y are found by fitting Eq. 5.3 to polarization

build-up data is found ifrigure5.8.

Results

The results of this study, seenRigure5.7 andTable5.3, show a strong dependence of the maximal
polarization § ), the decay constant’Y), and the polarization buildp constant {Y), on
substrate excess. The highest polarization levels were achieved at a substrate exce$slaf 60
reaching a value ai  of 4.26%, with the lowest value for  of 1.07% being achieved at a 5

fold substrate excess.

The value of'Y increased with substrate excess, eventually reaching a plateau abovefcdd40
excess.'Ys for the 40fold to 80fold excess samples lie almost within 1 SD of each other at

approximately 26 s.
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In contrast to”Y, "Y continued to rise over the investigated range without showing signs of
saturation, reaching a maximum of 22.6 s for thef8@ excess sample. Notably, the build

constant remained lower than the decay constant under all tested conditions.

7 ' BEMaximum polarization, (Pyax) o ) - 28
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Figureb.7 - Key polarization metrics f&;5-py-d; at varying substrate excesses. Note here that the
x-axis is not a linear scale. Error bars are present for all points but may not always be visible.

Table5.3 - Key polarization metrics f@&,5-py-d- at varying substrate excesses.

Substrate excess Maximum Build-up constantq||  Decay constant|
(fold) polarization, |fu 4, ©) )
(%)
5 1.07+£0.01 54+0.2 9.6+ 0.5
10 1.68+0.03 8.2+ 05 129+0.4
20 2.39+0.03 13.8+ 0.6 19.8+0.2
40 3.52+ 0.06 16.9+ 0.9 26.1+0.1
60 4.26+ 0.05 19.2+ 0.7 26.1+ 0.5
80 2.65+0.04 22.6+x0.8 25.6+0.3
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Figure5.8 - Polarization levelat varying bubbling durations for the 0ld excess sample 8f5
py-d.. 0  and"Y arefound by fitting thepolarization buildup data to Eq. 5.3.

Discussion

It was expected thad would reach a maximum within the investigated range of substrate
excesses, due to the competing effects of decreasing rates of polarization transfer and increasing
“Y with lower catalyst concentrationszigureb.7 and Table5.3 show that the"Y of the substrate
reached its maximum by a 46ld substrate excess. Based on this, it was anticipated that the
maximal polarization level would decrease for higher substrate excesses due to a further reduction

in catalyst concentration and no additionatiease Y.

Contrary to expectations, the maximal polarization level for the@@ excess sample was 21%
higher than for the 4@dold excess sample. A proposed explanation for this is that heand
exchange at theatalystis primarily dissociative but exhibits associative qualifi¢ssmears that

whilst ligand dissociation is the rai#etermining step, the incoming ligand can influence the
exchange process purely dissociative process would suggest that ligand exchange is independent
of substrate concentration, whereakassociative qualitieare presentthe incoming ligand can

weakly interact with the complex before full dissociation of the outgoing ligand.

Higher relative ligand concentrations increase the probability of such interactions, stabilizang
intermediate complex,and thereby accelerating the exchange procdsss thus proposed that
faster ligand exchange occurs with a-féld substrate excess, bringing exchange closer to the

optimal rate and thus increasing the efficiency of spin order transfer.
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An additional explanation is that the lower-tigand concentration found in the é@ld excess
sample would result in reduced competitive binding for catalyst sites. This would decrease the
formation of complexes with two equatorially bound-igands (tans to the hydrides) which, due

to the lack of an equatorially bound substrate molecule, do not contribute to spin order transfer in

that catalytic cycle.

In this study, the'Y was expected to be lower for these samples than was seen previously in
Section2.5.3due to the use of the partialideuterated solvent methaneti;, and thus a maximum

“Y of 26s was not unexpecteddection5.4.3will present the results of an experiment that uses an
alternative solvent, 12lichloroethaned., which allows for the inherently longr of 3,5py-d to

be utilized.

“Y was found to rise continuously with increasing substrate excess, however was found to always
be less thariY. The followingectionwill give a mathematical proof for why must be strictly less

than "Y under the same conditions. It should be noted that in this stidywas found from the
build-up of polarization that was generated at 6 mT, whilst tifelata was acquired at the 0.33 T

field of the MRI, and thus the relatidly  “Y does not strictly apply.

Polarization buildip model

Whilst operating under consistent conditions (flow rate, pressure, temperature, field strength), the

rate of change of the polarization within the polarization cell can be approximated as:

Q06
Q0o

0 oa
~ Q)

®)
©
CA

where is the fractional polarization level of the célis the time since polarization transfer started

with units of s,'Ois the maximal rate of polarization through SABRE (equat to ) with units of

s?, and"Y is the time constant for the polarization decay with units of s. The rate of polarization
transfer is modulated by the ternp(  0), as only unpolarized material can undergo polarization
through SABRE and thus the rate of polarization transfer decreases as polarization levels increase

Eqg. 5.4 can be integrated to give:
Lo —— 0 — Q opd

which describes the polarization level in the cell at timeThis simplifies to Eq. 5.6 when the

polarization level is 0 @t 11(a good approximationfah L 0 ):
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By taking the limib© Hofor Eq. 5.6 we find that the exponential term tends towards zero and thus

the steadystate polarization of the polarized material is given by:

0 o oY 8 O ¥
£ o P OY
~
Substitutingd into Eq. 5.6 gives:
06 0 p Q 8 (o) ;1%

Looking at Eq. 5.8 it can be seen that the time dependence of the polarization is characterized by

the term:

Q OB
which determines the rate at which the steadiate polarization is approached. Comparing Eq. 5.8
to our fitting for the polarization buildip constant{Y) in Eq. 5.3, it can be seen that the bracketed
termin Eq. 5.9 is equal ttY , and thus:

y
p OY

o 1

where “Y is the polarization decay constant affdis the maximal rate of polarization transfer
through SABRE. Looking at Eqg. 5.10 it can be seerithat"Y, as"Ohas been defined to be a
positive quantity. It can also be seen tfidtapproaches two different limits for the cas&$Y L p

and'0Y| p:

"Yh  "OYL p
Y %ﬁ “0Y1p8 o p

Finally, looking back to Eq. 5.7 it can be seen that the stetadg polarization of the cell)  , is
only dependent on the teriJY. This dependence is shownRigure5.9.
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5.4.3Pressure study for 3;pyridined:

It is well known that the rate of polarization transfer in SABRE is often constrained by the availability
of p-H; - the polarization feedstock. This comes in two forms, where either the total concentration
of Ky in solution is limiting, resulting in slower than optimal rates eekchange with the catalyst,

or the p-H; fraction of the dissolved His significantly less than 1, resulting in wasted catalytic cycles

(or even the relaxation of polarization through the backwards equilibration).

Due to safety limitations when working with pressurized gasses in sealed glassware, SABRE
experiments are typically performed at pressures <10 bar. A Sp8Riized target used for
scattering experiments would likely make use of alternate materials tloaldvallow operation at
higher pressures, such as metal alloys (e.g. titanium alloys), carbon fibre composites or high
strength polymers, such as PEEK. All of these materials satisfy the criteria of beimgagroetic,

having a high tensile strengtand keing suitably chemically resistant.

Since a SABRIblarized target would be able to operate at higher pressures than the prototype
described in this thesis, it was decided to investigate whether increasing the operating pressure
could enhance polarization levels. To assess this, polarizateasurements oB,5-py-d,, were
conducted at various pressures achievable with the polarized target, such that the results could be
extrapolated to higher pressures. This experiment was performed using an optimized system for
achieving the highest polagtion levels with SABRE similar experiment performed by Duchowny

et al.[76]is discussed iBectionl.4.3

For this experiment the samples contained 40 mN\8 &py-d», 0.67 mM oflMes-dx; and 2.67 mM
of DMSQds in 1.6 mL of 1,2lichloroethaneds. This is similar to the composition of the-&d
excess sample iBections.4.2 however here thdMes-d,, catalyst replaces théMes catalyst and
the solvent 1,2ichloroethaned, replaces methanetl. IMes-d; was chosen as it has been shown
to result in higher polarization levels thatMes for 3,5py-d. in Section2.5.3 and
1,2-dichloroethaneds was chosen due to its higher boiling point and lower concentratiotHof

nuclei than methanaots.

Pressures were varied across the range25bar andg-H, flow rates were varied across the range
40-200 scc min, with an additional run at 300 scc miperformedfor the sample at 5.5 bar. Lower
pressures were not attempted as it was expected that solvent evaporation rates would be too high
at the desired flow rates. The pressure was varied by adjusting the back pressure, which will be
approximately equal to thenessure in the polarization cell, via the regulator. The inlet pressure
was adjusted toalways be 0.5 bar higher than the back pressure, keeping a constant pressure

differential. Replicate samples of the same composition were used for each studied pressure due
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to solvent losses through evaporation. Full polarization bupdiata was acquired for each sample,
however only for the flow rate 40 scc minThus, polarization values are compared at their values
after a bubbling time of 2 minutes for each pressure and flow rate, rather than the fitted parameter

0 asis seen iSection5.4.2

Results
281
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Figure5.10 - Polarization levels 08,5-py-d. with varying back pressure andH flow rates.
Polarization values were taken for a fixed bubbling time of 2 mintites fittings here are used as
a guide for the eye.

Table5.4 - Polarization levels 08,5-py-d. with varying back pressure andH flow rates.
Polarization values wereundfor a fixed bubbling time of 2 minutes.

H Polarization (%)
Pressure (bar)

40 scc mint 100 scc min 200 scc min 300 scc min
2.5 11.2+ 0.4 16.2+ 05 184+ 06 -
4 11.7+04 16.8+13 199+ 06 -
55 125+ 06 19.0+1.2 22.8+08 24.8+£ 09
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It was found that the polarization levels exhibited limited dependence on the pressure within the
polarization cell, however they were are strongly influenced by e flow rate, as shown in
Figure5.10and Table5.4. At a flow rate of 40 scc mipincreasing the pressure from 2.5 to 5.5 bar

(a 120% increase) results in only an 11% rise in polarization. A larger increase in polarization with
pressure is found at a flow rate of 200 scc ™insing by 24% between 2.5 and 5.5 bar, however
this is still far from the linear increase that would be expedtfethe sample wastrongly p-H.

deficient

In contrast, the polarization increases significantly with highk flow rates. AB.5 bar, increasing

the flow rate from 40 to 100 scc mir(a 150% increase) leads to a 52% polarization gain, with a
further 20% increase observed when increasing the flow rate from 100 to 200 sécDuia to the
higher boiling point of the solvent at 5.5 bar, the rate of solvent evaporation was low enough that
a run at a flow rate of 300 scc miirould be performed. Here it was found that a maximum
polarization levebf 24.8% could be reached after 2 minutes of bubbling. The avéiageer the

three replicate samples was #® s, measured on the MRI at conditions of 0.33 T, 303.2 K.

Backpropagation calculations were used to account for polarization decay during transfer to the
MRLThéYlF G 9F NI KQa YI IySiaAard M2k biths sanipld and Seé téadze R

time was 4t 0.5s, yielding a correction factor of 1.#40.03.

Discussion

The weak dependence of polarization on pressure here indicates that the system is not in the
strongly p-H. deficient regime, where polarization would scale linearly with pressure due to the
changes in hydrogen solubility, an effect demonstrated by Duchowny [@63l.This suggests that

the rate of H exchangas not the rate limiting step in the catalytic cycle, and that further increases

in the pressure may not be expected to result in significant increases in the polarization level.

The strong dependence of polarization on il flow rate suggests a substantial ratepf, to

o-H, conversion in solution, and implies that even higher polarization levels could be achieved with
increased flow rates. The maximum polarization level at varying flow rates is shown for the 5.5 bar
samplein Figureb.11, where the data appears to be well suited to a logarithmic fitting over the
studied range. Extrapolating this trend predicts polarization levels of around 34% with a flow rate
of 1200 scc mifhi Solvent evaporation rates limit the maximum usable flow rate in this experiment
to 300 scc min, however addressing this challenge through either the use of higher pressures, a
solvent recovery system, or a less volatile solvent could allow these potential polarization gains to

be realized.

160

(@]



Such high polarization levels being reached is primarily attributed to the use of a fully deuterated
solvent, with an averagéy of 70 s being measured in this experiment, almost three times longer
than the 26 sY seen for a similar sample Bection5.4.2 This londY allows for the buildup of
polarization over a longer time period, as seerFigure5.12 where the buildup constant of the
polarization is 58 s, also around three times longer than was se8aation5.4.2 The use of the

deuterated catalystMes-d,; is also attributed to the high polarization levels seen here.

Figure5.11 - Polarizatiorlevels with varying flow ratfor the sample at 5.5 bar with a logarithmic
fitting. a) shows the rang®-300 scc min. b) shows the rang®-1200 scc mit

Figure5.12 - Polarization builelp for the sample at 5.5 bar with a flow rate of 40 scc'inkhere
the corrections for the preneasurement decay have not yet been applied.
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